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Abstract Sugarcane ethanol production occurs in
non-sterile conditions, and microbial contamination can
decrease productivity. In this study, we assessed the micro-
bial diversity of contaminants of ethanol production in an
industrial facility in Brazil. Samples obtained at different
stages were analyzed by pyrosequencing-based profiling
of bacterial and archaeal 16S rRNA genes and the fungal
internal transcribed spacer region. A total of 355 bacte-
rial groups, 22 archaeal groups, and 203 fungal groups
were identified, and community changes were related to
temperature changes at certain stages. After fermentation,
Lactobacillus and unclassified Lactobacillaceae accounted
for nearly 100 % of the bacterial sequences. Predominant
Fungi groups were “unclassified Fungi,” Meyerozyma, and
Candida. The predominant Archaea group was unclassified
Thaumarchaeota. This is the first work to assess the diver-
sity of Bacteria, and Archaea and Fungi associated with the
industrial process of sugarcane-ethanol production using
culture-independent techniques.
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Introduction

Brazil is the world’s largest producer of sugarcane [82]
and the second largest producer of sugarcane ethanol [69].
A total of 8.81 million hectares of sugarcane were har-
vested in Brazil during the 2013-2014 season, most of it
in the state of Sdo Paulo (4.56 million hectares). Productiv-
ity in the 2013-2014 season was 74.8 tons per hectare, an
increase of 7.9 % compared with the previous harvest of
69.4 tons per hectare [26]. The income generated by etha-
nol exports was approximately $1.87 billion in 2013 [14].

There are currently 390 active sugar- and ethanol-pro-
ducing plants in Brazil [15]. Many of these plants operate
under the biorefinery concept, producing not only fuel eth-
anol and sugar but also products such molasses, bagasse,
vinasse, filter cake, energy (i.e., by burning bagasse), and
yeast to be used as a protein-rich component of animal
feed. The ability to produce multiple products from sugar-
cane gives the ethanol industry flexibility and contributes
to its sustainability by increasing the economic value of the
process as a whole [11]. Brazil plays an important role in
this sector, not only because of its large ethanol and sugar-
cane production, but also because of research that has led
to the development of new higher-yielding sugarcane vari-
eties and the optimization and mass adoption of flex-fuel
engines in Brazil [11]. Because sugarcane is grown in the
vicinity of industrial plants, Brazil also has unparalleled
logistics and low sugarcane shipping costs [25].

Ethanol can be produced directly from sugarcane juice
or from a mixture of sugarcane juice and molasses. In
the first steps of the process, sugarcane juice is decanted,
heated, and concentrated to produce the must, which is
full of sugars and ready for fermentation. Saccharomyces
cerevisiae yeasts are then added to the must, and fermenta-
tion is run for 8—12 h, producing a fermented must (wine)
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containing 7-10 % ethanol. The yeasts are then recycled,
and the wine is distilled to recover the ethanol [11].

Although ethanol production from sugarcane is well-
established, improvements are always needed. Industrial eth-
anol production process does not occur in sterile conditions;
microbial contamination is expected and tolerated [76].
However, contaminants can decrease productivity by com-
peting for nutrients needed for yeast growth and fermenta-
tion and by producing organic acids that inhibit yeast metab-
olism [5]. High levels of bacterial byproducts (e.g., acetic
and lactic acid) can lead to costly downtime spent cleaning
the machinery [10, 75]. Other problems caused by contami-
nant microorganisms are gum production, yeast flocculation,
and synthesis of toxins that inhibit yeast and decrease their
viability, all of which can reduce productivity [62].

Classic microbiology techniques have been used to iso-
late and characterize contaminants [20, 21, 35, 54], which
include Gram-negative and Gram-positive bacteria of the
genera Pediococcus, Enterococcus, Acetobacter, Glu-
conobacter, and Clostridium [10, 76]. However, the most
common species belong to Lactobacillus, a genus of fast-
growing bacteria that tolerates ethanol and low pH [6, 10,
76]. In addition, other types of yeast, the most important of

Fig. 1 Schematic of the
sugarcane ethanol production
process. Obtained samples are
indicated in parenthesis

which is Dekkera bruxellensis, can also be contaminants of
the process and are even more difficult to control without
directly affecting S. cerevisiae [7].

High-throughput culture-independent methods have been
used to describe microbial communities in different indus-
trial processes [28, 38, 59, 83, 87] but have not yet been used
to describe microbial contaminants in ethanol production.
This is the first study using pyrosequencing to characterize
the microbial contaminants present in different steps of the
industrial sugarcane ethanol production process.

Materials and methods
Sampling

Samples were obtained in July 2012 at a distillery in the
state of Goids that produces more than 100 million liters
of ethanol per season. Triplicate samples (500 mL each)
of the following stages of the ethanol production process
were collected in sterilized glass bottles: sugarcane juice,
mixed juice, clarified juice, evaporated juice, must, and
wine (Fig. 1). The temperature and pH of the samples were

RS

N

Evaporation at “

1 1 5°C i (mlll\s/tl g?l.;t)le) h
(evaporated juice sample) J
Fermentation Wine ! Centrifuge
8- 12h (Wine sample)

JL)

@ Springer



J Ind Microbiol Biotechnol (2015) 42:73-84

75

measured on site with a thermometer and pH-Fix test strips
(Macherey-Nagel GmbH & Co, Diiren, Germany), respec-
tively. Samples were then transported to the lab on ice and
stored at —80 °C until used for DNA extraction.

Total DNA extraction

Aliquots of each sample (approximately 40 mL) were cen-
trifuged at 18,650g for 30 min, and DNA was extracted
from the pellet with FastDNA® Spin Kit for Soil (MP Bio-
medicals, LLC, Santa Ana, CA, USA), according to the
manufacturer’s instructions.

Total DNA was used as template for polymerase chain
reaction (PCR) amplification of bacterial and archaeal 16S
rRNA genes and the fungal internal transcribed spacer
(ITS) region. The primers used were 27F (5-AGA GTT
TGA TCM TGG CTC AG-3') [49] and 519R (5-GWA
TTA CCG CGG CKG CTG-3') [81] for bacteria; 109F
(5’-ACK GCT CAG TAA CAC GT-3’) [85] and 915R (5'-
GTG CTC CCC CGC CAA TTC CT-3') [77] for archaea;
and ITS1F (5'-CTT GGT CAT TTA GAG GAA GTA A-3')
[36] and ITS4 (5-TCC TCC GCT TAT TGA TAT GC-
3") [84] for fungi. Adapters used as priming sites for both
amplification and sequencing (454 Life Sciences, Bran-
ford, CT, USA) were ligated to the 5’ end of the primer
sequences (adapter A for forward primers, and adapter B
for reverse primers). The conditions for PCR amplification
with the 27F/519R primer pair were: denaturation at 95 °C
for 3 min followed by 25 cycles of denaturing at 94 °C for
30 s, annealing at 52 °C for 30 s, and extension at 72 °C for
1 min 40 s, with a final extension step at 72 °C for 7 min.
The conditions for PCR amplification with the 109F/915R
primer pair were: denaturation at 94 °C for 5 min followed
by 25 cycles of denaturation at 94 °C for 1 min, anneal-
ing at 52 °C for 1 min, extension at 72 °C for 1 min 30 s,
with a final cycle of 52 °C for 1 min and 72 °C for 6 min.
The conditions for PCR amplification with the ITSIF/ITS4
primer pair were: denaturation at 95 °C for 5 min followed
by 30 cycles of denaturing at 95 °C for 30 s, annealing at
55 °C for 30 s, and extension at 72 °C for 1 min, with a
final extension cycle at 72 °C for 10 min. Each 20-pL PCR
reaction contained 0.25 pM each primer, 0.25 mM each
dNTP, 0.4 U Taq DNA polymerase, 1x reaction buffer
(with 1.5 mM MgCl,), and approximately, 10 ng total
DNA. Amplifications were performed using an Applied
Biosystems GeneAmp® PCR System 9700 thermal cycler
(Applied Biosystems, Foster City, CA, USA). Ten reactions
were performed for each sample, and the PCR products
were pooled and purified with the GeneJET PCR Purifica-
tion Kit (Thermo Fisher Scientific, Waltham, MA, USA).
After purification, the PCR products were quantified using
the Qubit® fluorometer (Invitrogen, Carlsbad, CA, USA)
and NanoDrop™ 1000 Spectrophotometer (Thermo Fisher

Scientific). Pyrosequencing of the purified PCR products
was performed on one-fourth of a sequencing plate using
GS FLX Titanium platform at Macrogen, South Korea.

Pyrosequencing analysis of microbial communities

Sequences were analyzed using the software package
Mothur [74]. Denoising of the raw data was performed
with the tool shhh.flows, an adaptation of the PyroNoise
algorithm [67]. Multiplex identifier barcodes and adapt-
ers were removed, as well as sequences shorter than
250 bp. Bacteria and Archaea sequences were aligned
using the align.seqs tool against the SILVA databases
[65]. Fungi sequences were aligned using the online align-
ment tool Multiple Alignment using Fast Fourier Trans-
form (MAFFT). Chimeras were removed with the tools
chimera.uchime (Bacteria and Archaea) and chimera.
perseus (Fungi). Phylogenetic classification of the micro-
organisms was performed using the SILVA databases [65]
for Bacteria and Archaea and the UNITE database [47]
for Fungi. The number of sequences in each sample was
normalized to the smallest number of sequences for each
group (Bacteria, Archaea, and Fungi). Sequences were
clustered into operational taxonomic units (OTUs) using
the average-neighbor method at a 3 % distance threshold.
Mothur was used to calculate diversity and richness indices
and to carry out molecular variance analysis (AMOVA).
Principal component analysis (PCA) was carried out using
the UniFrac algorithm to perform qualitative and quantita-
tive comparisons among bacterial communities [53]. The
level of significance was set at 0.05.

Results

The temperatures of samples obtained during different
stages of ethanol production varied from 30 °C (sugarcane
juice) to 92 °C (evaporated juice), whereas the pH of sam-
ples was approximately constant throughout the process
(Table 1).

Pyrosequencing of bacterial and archaeal 16S rRNA
genes and the fungal ITS region generated a total of
172,450 raw sequences. After quality control and removal
of chimeric sequences, 140,791 sequences longer than
250 bp remained for subsequent analyses. Between 1,267
and 10,313 high-quality sequence reads were obtained per
sample (Table 2).

Bacterial diversity
After normalization, 1,267 sequences for each sample

were analyzed for the domain Bacteria, which identified
21 known phyla or candidate divisions in the six stages of
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Table 1 Temperature and pH of samples obtained during stages of
ethanol production

Sample Temperature (°C) pH
Sugarcane juice 30 4-5
Mixed juice 45 5-6
Clarified juice 83 5-6
Evaporated juice 92 5

Must 35 5-6
Wine 31 4

ethanol production. Four phyla (Firmicutes, Proteobacteria,
Actinobacteria, and Bacteroidetes) were predominant in
the samples, as well as unclassified Bacteria (Fig. 2a). The
phylum Firmicutes was dominant in sugarcane juice, clari-
fied juice, evaporated juice, and wine samples, accounting
for 49.5-98.2 % of the bacterial sequences, whereas Pro-
teobacteria was dominant in mixed juice and must samples,
accounting for 38.0-91.1 % of the sequences.

Within the phylum Firmicutes, the most abundant class was
Bacilli (5.5-98.2 % of the sequences), which was predomi-
nant in sugarcane juice, mixed juice, clarified juice, evapo-
rated juice, and wine (Fig. 2b). Gammaproteobacteria was the
most abundant class within the phylum Proteobacteria (0.03—
87.4 % of the sequences) and the predominant class in must.
Unclassified Bacteria were more common in mixed juice than
other stages of ethanol production (5.0 % of the sequences).

At the genus level, a total of 355 groups were identified,
215 of which were known genera, and 140 were unclas-
sified groups (Fig. 2c). Leuconostoc was the most abun-
dant genus in sugarcane juice (49.9 % of the sequences),

Lactobacillus was predominant in mixed juice and wine
samples (16.7-62.6 % of the sequences), Tatumella was
predominant in clarified juice and must samples (11.1-
77.7 % of the sequences), and Paenibacillus was predomi-
nant in evaporated juice (41.4 % of the sequences).

The sugarcane ethanol production stage with the highest
number of bacterial OTUs, defined at a 3 % dissimilarity
level, was mixed juice (385 OTUs), which showed higher
than expected richness and diversity according to the
Chaol, abundance-based coverage estimator (ACE), Shan-
non, and inverse Simpson indices (Table 2). This sample
also had the lowest Good’s coverage value. Wine samples
had the smallest number of OTUs (19 OTUs) and the low-
est expected richness. Must samples had the lowest diver-
sity estimate.

Good’s coverage estimator showed that the number of
sequences obtained for evaporated juice, must, and wine
were able to cover the existing bacterial diversity at these
stages (Table 2). On the other hand, samples of sugarcane
juice, clarified juice and mixed juice did not cover the total
diversity. Similarly, results of Unifrac PCA, both weighted
and unweighted, indicated that the bacterial communities
present in evaporated juice and must samples did not differ
significantly (Fig. 3). However, the other stages of sugar-
cane ethanol production, the bacterial communities differed
(AMOVA, p < 0.001).

Archaeal diversity
Pyrosequencing of the archaeal 16S rRNA genes was pos-

sible only for the sugarcane juice and mixed juice samples.
The number of sequences was normalized to 3,130 for

Table 2 Number of sequences, number of observed operational taxonomic units (OTUs), coverage, and richness and diversity indices for the
domain Bacteria, Archaea and kingdom Fungi at various steps of sugarcane ethanol production

Sample No. of seqs.? OTUs Chaol index ~ACEP Shannon index  Inverse Simpson index ~ Good’s coverage estimator
Bacteria
Sugarcane juice 8,441 209 518.89 915.01 3.13 6.01 0.89
Mixed juice 1,267 385 763.36 1,142.62 4.92 45.97 0.82
Clarified juice 7,201 248 612.79 893.35 4.05 21.00 0.88
Evaporated juice 4,584 64 93.18 109.59 1.63 2.80 0.97
Must 10,313 62 122.00 245.06 0.66 1.22 0.97
Wine 6,214 19 22.17 2845 175 4.53 1.00
Archaea
Sugarcane juice 3,130 88 115.18 117.85 2.17 3.71 0.99
Mixed juice 3,962 98 213.74 292.08 2.02 3.80 0.98
Fungi
Sugarcane juice 9,113 495 914.16 1,177.66  3.97 17.25 0.96
Mixed juice 6,537 496 930.03 1,212.43 397 16.83 0.96

& After chimera removal

® ACE abundance-based coverage estimator
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these ethanol production stages (Table 2). Only two phyla,
Euryarchaeota and Thaumarchaeota, were detected in these
samples, along with unclassified Archaea (Fig. 4a). Thau-
marchaeota was the main phyla detected in both stages,
accounting for 90.9 % of the archaeal sequences in sug-
arcane juice and 96.5 % of the sequences in mixed juice,
whereas Euryarchaeota accounted for only 8.6 % of the
sequences in sugarcane juice and 3.1 % of the sequences in
mixed juice, and unclassified Archaea sequences accounted
for 0.5 % of the sequences in sugarcane juice and 0.4 % of
the sequences in mixed juice.

At the class level, the most abundant group was unclassi-
fied Thaumarchaeota (48.0 % of the sequences in sugarcane

P1 - Percent variation explained 36.34%

juice and 58.5 % of the sequences in mixed juice), followed
by ArcC-u-cD06 (22.1 % of the sequences in sugarcane
juice and 23.3 % of the sequences in mixed juice) (Fig. 4b).
A few representatives of South African Gold Mine Gp 1,
Terrestrial Group, Marine Group I, and Miscellaneous Cre-
narchaeotic Group were detected in mixed juice only (data
not shown).

At the genus level, 22 groups were found in both sam-
ples, four of which were known genera, three were candi-
date genera, and 15 were unclassified genera (Fig. 4c). The
most predominant group was unclassified Thaumarchaeota
(48.0 % of the sequences in sugarcane juice and 58.5 %
of the sequences in mixed juice), followed by unclassified
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ArcC-u-cD06 (22.1 % of the sequences in sugarcane juice
and 23.3 % of the sequences in mixed juice) and unclassi-
fied Soil Crenarchaeotic Group (14.5 % of the sequences in
sugarcane juice and 6.4 % of the sequences in mixed juice)
(Fig. 4c). As shown in Table 2, more OTUs were detected
in mixed juice samples (98 OTUs) than in sugarcane juice
samples (88 OTUs). Species richness was higher in mixed
juice, as assessed by abundance-based estimators (Chaol
and ACE) and the inverse Simpson’s diversity index. How-
ever, the Shannon diversity index value was slightly higher
for sugarcane juice. The Good’s value for estimated cover-
age was 98-99 % (AMOVA, p = 0.086) (Table 2).

Fungal diversity
Analysis of fungal diversity by pyrosequencing of the ITS

region was performed only for sugarcane juice and mixed
juice samples. Three phyla (Ascomycota, Basidiomycota,

@ Springer

70
(a)
60
50
40 m Ascomycota
30 = Basidiomycota

m Chytridiomycota

Percentage of sequences (%)

20 O Unclassified Fungi
10
0
Sugarcane juice Mixed juice
Samples
30
(b)

o Agaricomycetes

@ Dothideomycetes

8 Eurotiomycetes

® Saccharomycetes

o Sordariomycetes
Tremellomycetes

8 Unclassified Ascomycota

Percentage of sequences (%)

Sugarcane juice
Samples

(c)

m Candida

O Meyerozyma

m Unclassified Ascomycota
m Unclassified Fungi

= Unclassified Sordariomycetes
Unclassified Trichocomaceae

Percentage of sequences (%)

Sugarcane juice
Samples

Fig. 5 Most abundant fungal a phyla, b classes and ¢ genera in sug-
arcane juice and mixed juice

and Chytridiomycota), as well as unclassified Fungi, were
identified in these samples. Ascomycota was the predomi-
nant phylum, accounting for 60.3-64.4 % of the sequences,
followed by unclassified Fungi, accounting for 30.0-
31.9 % of the sequences (Fig. 5a). Phylum Chytridiomy-
cota was represented by just one sequence in the sugarcane
juice sample.

The most abundant classes in both samples belonged to
the phylum Ascomycota (Fig. 5b). Saccharomycetes were
predominant in sugarcane juice, accounting for 27.0 % of
the sequences, whereas Sordariomycetes was predominant
in mixed juice, accounting for 19.8 % of the sequences. The
class Eurotiomycetes was more abundant in mixed juice
samples (18.4 % of the sequences) than in sugarcane juice
samples (9.7 % of the sequences), whereas Lecanoromy-
cetes and Exobasidiomycetes were found only in sugarcane
juice (0.01 % of the sequences for both classes) (data not
shown). More representatives of the class Agaricomycetes
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were found in sugarcane juice (2.2 % of the sequences)
than in mixed juice (0.5 % of the sequences).

At the genus level, 203 groups were identified, includ-
ing 59 unclassified groups and 144 known genera (Fig. 5¢).
Unclassified Fungi was the most abundant group in both
samples. Unclassified Sordariomycetes and unclassified
Trichocomaceae were more abundant in mixed juice (7.3
and 10.7 % of the sequences, respectively) than in sugar-
cane juice (3.5 and 5.8 % of the sequences, respectively),
and Candida was more abundant in sugarcane juice (8.7 %
of the sequences) than in mixed juice (5.72 % of the
sequences).

The number of OTUs, defined at a 3 % dissimilarity
level, was similar for both samples (495-496 OTUs), as
were values for richness and diversity estimators (Table 2).
Good’s value estimated coverage at 96 % (AMOVA,
p = 0.013) (Table 2).

Discussion

This is the first study to describe microbial communi-
ties associated with industrial sugarcane ethanol produc-
tion using culture-independent methods. Despite advances
in current molecular techniques, most studies in this area
have used classic cultivation techniques [50, 54, 70], which
does not provide a complete picture of microbial diversity.
Further, most studies focus on contaminants found in the
must, wine, and yeast cream [18, 30, 31, 54]. Contaminants
can inhibit yeast growth, decrease carbohydrate utilization,
increase acidity, and reduce ethanol production by as much
as 22 % [57, 78]. Therefore, we performed a thorough anal-
ysis of the bacterial, archaeal, and fungal communities pre-
sent in different stages of the industrial ethanol production
process, including the early steps that are usually neglected.

In a typical plant, such as the one that was the focus
of this study, sugarcane is washed and chopped after its
arrival, and the juice is then extracted by mills, with a sugar
extraction efficiency reaching 96 % [24]. The remaining
bagasse is sent to boilers to be burned as fuel, often pro-
ducing enough energy to make the plants self-sufficient
and frequently generating a surplus. Larger impurities are
removed from the extracted juice with fixed or vibrating
screens, and the pH is adjusted to 6.8-7.2 with calcium
hydroxide. The juice is heated to 105 °C, and heavier par-
ticles are decanted to produce the clarified juice. Sugars
are concentrated by evaporation of the clarified juice at
115 °C. The evaporated juice is then cooled to approxi-
mately 30 °C. The sugar concentration is adjusted to pro-
duce the must, which is inoculated with yeasts for 8—12 h
of fermentation. Yeasts are removed by centrifugation, and
the resulting wine is distilled to recover the ethanol [11, 24,
37] (Fig. 1). In this work, for a comprehensive analysis of

the microbial community present in the ethanol production
process, samples were obtained at six different stages going
from the early to late stages of the process (sugarcane juice,
mixed juice, clarified juice, evaporated juice, must, wine).

For sugarcane juice, previous studies have focused on
endophytic diazotrophic bacteria such as Gluconacetobac-
ter diazotrophicus [63], because of its ability to fix nitrogen
and promote plant growth, as well as bacteria of the genera
Herbaspirillum and Burkholderia [12, 34, 66]. Other gen-
era of endophytic bacteria that have been isolated and stud-
ied include Enterobacter, Erwinia, Klebsiella [68], Pantoea
[52], and Bacillus [68]. In this study, the most abundant
genus in sugarcane juice was Leuconostoc (Fig. 2¢) which
belongs to the phylum Firmicutes. This genus was also
predominant in mixed juice and clarified juice. Leuconos-
toc are Gram-positive, non-spore—forming immobile cocci
[33, 71] that can be found in environments associated with
plants and decaying plant material [71]. In mixed juice, the
predominant genus was Lactobacillus (Fig. 2c), also a Fir-
micutes, which is naturally present in plants, soil, and the
gastrointestinal, urogenital tracts, oral cavity, and skin of
animals [55]. Thus, our data show that the microbes pre-
sent in sugarcane juice and mixed juice include both endo-
phytic and epiphytic bacteria, along with other microorgan-
isms naturally present in soil. Diversity indices and Good’s
coverage value (Table 2) suggest a higher diversity for the
mixed juice stage, likely because the sugarcane juice sam-
ple was derived from a single variety of sugarcane, whereas
the mixed juice sample was obtained from the mill, where
sugarcane of different varieties and from different farms
had been crushed. In addition, feedstock and soil are not
the only sources of microbial contaminants. Some of the
contaminants are likely associated with the chopping and
milling equipment.

To date, few studies have characterized sugarcane-
associated fungal microbiota. In sugarcane cultivars from
Iraq, Abdullah and Saleh [1] identified, through cultiva-
tion, Ascomycetes of the following genera: Arxiomyces,
Chaetomium, Coniochaeta, Kerinia, and Leptosphaeria. In
another study, the same authors [2] reported 16 mitosporic
fungi of the genera Alternaria, Bipolaris, Curvularia, Exse-
rohilum, and Drechslera. Azeredo et al. [29] isolated yeasts
from the leaves, stems, and rhizosphere of sugarcane at
different stages of development and reported that the pre-
dominant species were Cryptococcus laurentii, Cryptococ-
cus albidus, Rhodotorula mucilaginosa, and Debaryomyces
hansenii. This study reported that Pichia, Torulaspora, Tre-
mella, and Saccharomyces are also associated with sugar-
cane leaves, stems, and rhizosphere [29].

In our study, pyrosequencing analysis of the fungal
ITS region revealed the presence of 144 known genera
and 59 groups of unclassified Fungi in the sugarcane juice
and mixed juice stages of sugarcane ethanol production.
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Although amplification products were also obtained for
wine samples, pyrosequencing was unsuccessful, probably
due to technical issues. For the other steps of ethanol pro-
duction, amplification of fungal sequences was not possi-
ble even after repeated attempts. This may have been due
to the small amounts of fungal DNA present in the sam-
ples or primers that were not adequate to cover the fungal
diversity present. Most of the fungal sequences that were
amplified belonged to the phylum Ascomycota, followed
by unclassified Fungi and the phylum Basidiomycota. In
all samples, only one sequence belonging to the phylum
Chytridiomycota was identified (Fig. 5a). At the genus
level, most of the sequences detected in sugarcane juice
and mixed juice could not be classified, suggesting a high
but largely unknown fungal diversity, despite many previ-
ous studies using culture-dependent methods. Similar to the
results of previous studies [4, 17, 51], Candida and Mey-
erozyma were among the predominant genera (Fig. Sc).
Studying acute contamination episodes in distilleries from
the Brazilian states of Pernambuco and Paraiba, Basilio
[4] identified D. bruxellensis, Candida tropicalis, Pichia
galeiformis, and Candida as the main yeasts present. How-
ever, D. bruxellensis, considered to be the most damaging
species of contaminant yeasts [7], was not detected in our
samples. Cabrini and Gallo [17] found that the predomi-
nant contaminant yeast genus in the Pedra ethanol plant in
Brazil was Saccharomyces, but other genera such as Can-
dida, Torulopsis, Pichia and Schizosaccharomyces were
also present.

Differences between the fungal groups found in sugar-
cane juice and mixed juice were also observed, suggesting
that microorganisms are brought into the ethanol produc-
tion process with feedstock and soil impurities. Results
from AMOVA suggest that the fungal communities differ
significantly between stages (p = 0.013). Good’s value esti-
mated coverage was 96 % (AMOVA, p = 0.013) (Table 2),
indicating that the number of sequences analyzed were suf-
ficient to cover the expected diversity in these stages.

Archaeal diversity has been studied in various environ-
ments such as oceans [32, 46, 72], rumen [27, 86], and soil
[9, 19, 40]. However, to date no studies have described the
diversity of Archaea in sugarcane or in the sugarcane etha-
nol production process. Although we were able to amplify
archaeal 16S rRNA genes from the sugarcane and mixed
juice samples, amplification of archaeal sequences was not
successful for the other ethanol production stages despite
repeated attempts. The possibility that archaea were absent
in these samples cannot be ruled out. However, it is also
possible that archaea are present in very low numbers, mak-
ing PCR amplification difficult, or that the primers used
were not adequate to cover the archaeal diversity present.
Another possibility is that archaea in the first steps of the
process are originally present in association with the plant,
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and in further stages, they are not able to compete with the
other microorganisms present.

The predominant archaeal phylum in both sugarcane
juice and mixed juice samples was Thaumarchaeota, fol-
lowed by Euryarchaeota (Fig. 4a). The phylum Thaumar-
chaeota is one of the most abundant archaeal groups on
Earth, and it comprises a range of archaea from different
environments [16, 64] including ammonia-oxidizing micro-
organisms and archaea with unknown energy metabolism.
Members of the phylum Euryarchaeota are present in many
environments such as the rumen of goats [27], hydrother-
mal vents [58], solfataric fields [73], soil [42], rice roots
[39], and other places [42]. Although not completely char-
acterized in terms of metabolism, they include known psy-
chrophiles, thermophiles, mesophiles, halophiles, and alka-
liphiles. At the genus level, sugarcane juice and mixed juice
were dominated by unclassified sequences such as unclas-
sified Thaumarchaeota. Only one candidate genus was
among the most predominant groups in sugarcane juice and
mixed juice, Candidatus Nitrososphaera (Fig. 4c). The pro-
visional “Candidatus” status is given to cultured prokary-
otes whose characterization needed for the International
Code of Nomenclature of Bacteria description is incom-
plete [60].

Results of AMOVA showed that archaeal communities
did not differ significantly between stages of ethanol pro-
duction (p = 0.086). Good’s coverage estimator (Table 2)
indicates a high coverage of Archaea diversity.

For stages of ethanol production following the sugarcane
juice and mixed juice stages, only bacterial diversity could
be analyzed. The production of clarified juice requires
correcting the pH of mixed juice to 6.8-7.2 and increas-
ing the temperature to 105 °C in an attempt to eliminate
contaminating microorganisms (Fig. 1), accounting for
the observed shift in predominant bacterial populations in
the subsequent stages of ethanol production (i.e., clarified
juice, evaporated juice, must, and wine). The predominant
bacterial genus in clarified juice was Tatumella, an Enter-
obacteriaceae that has been isolated from fruits, soil, and
human samples [13] (Fig. 2c). Good’s coverage estimator
(Table 2) indicates that the number of sequences analyzed
was insufficient to cover the existing bacterial diversity at
that stage. However, it is clear that the higher temperature
of 105 °C (83 °C at the time it was measured) acted as a
selective pressure to decrease bacterial diversity, because
the Good’s coverage for clarified juice is higher than that
for mixed juice.

Sugars are concentrated in the evaporated juice stage,
and the temperature reaches 115 °C (Fig. 1). Good’s cover-
age estimator indicates that the sequencing effort was suf-
ficient to estimate bacterial diversity in this stage of etha-
nol production (Table 2). The second rise in temperature
occurred in this stage, and this temperature (115 °C) was
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the highest in the process. Few bacteria are likely to survive
this high temperature and the osmotic pressure due to the
high concentrated sugars, resulting in lower bacterial diver-
sity. The predominant genus in this stage was Paenibacil-
lus, Gram-positive, spore-forming rod bacteria [41, 79]
(Fig. 2c). Spore formation would clearly give this group a
selective advantage under the high temperature conditions
of this stage, as bacterial spores are resistant to processes
that would normally kill vegetative cells such as heating,
freezing, dehydration, and radiation [80]. In addition, high
sugar concentrations increase the thermal resistance of
some bacteria and their spores [8]. Furthermore, the gen-
era predominant in evaporated juice (Paenibacillus) and
clarified juice (Tatumella) produce biofilms, which can be
resistant to high temperature, cleaning products, ethanol,
and acids [48, 79]. This ability can help explain the pres-
ence of these genera in stages of sugarcane ethanol pro-
duction where the temperature is high enough to eliminate
most bacteria.

Must is essentially a cooled (45 °C) concentrated sugar
solution that is ready to receive yeasts for fermentation
(Fig. 1). Gallo [35] studied the microbiota of must before
fermentation, reporting that the predominant genera were
the Gram-positive rods Bacillus and Lactobacillus, with
Enterobacteriaceae accounting for only 9.52 % of the iso-
lated microorganisms. In our study, the predominant genus
detected in must (before fermentation) was Tatumella, a
member of the Enterobacteriaceae family. This genus, like
many Enterobacteriaceae, is capable of fermenting glu-
cose and sucrose, suggesting that the amount of sugar in
the must favored its growth [45] (Fig. 2c). There is also the
possibility that the equipment was already contaminated by
bacteria from previous fermentations, further favoring the
presence of Tatumella and unclassified Enterobacteriaceae
in this stage of the process because of their potential abil-
ity to form biofilms. The value for Good’s coverage estima-
tor was high (97 %), indicating that must bacterial diversity
was adequately covered by the sequencing effort (Table 2).

In this study, the greatest change in the bacterial com-
munity occurred in wine stage, which was analyzed after
yeast removal by centrifugation. Lactobacillus was the
predominant genus, followed by unclassified Lactobacil-
laceae; these groups together accounted for 97.7 % of the
sequences (Fig. 2c). The Good’s coverage value was 1.00
(Table 2), indicating complete coverage of bacterial diver-
sity. Bacteria of the genera Bacillus and Lactobacillus have
been reported to be major contaminants of ethanol produc-
tion [3, 54, 76]. Lactic acid bacteria not only cause prob-
lems during fermentation in ethanol production from sugar-
cane, but also in ethanol production from corn [76], wheat
[43], tapioca, barley [21, 22], malt [56], triticale, and rye
[50]. As observed in this work, these bacteria may origi-
nate from earlier steps of the production process or from

feedstock [48] and may be the most problematic contami-
nants, because they are fast-growing, resistant to high tem-
perature and low pH, and tolerant to ethanol, rapidly out-
numbering fermenting yeasts [61].

Because of the high number of Lactobacillus sequences
in the wine stage compared with earlier stages in the pro-
cess, it is possible that enrichment for Lactobacillus
occurred throughout the process. Alternatively, their source
may be equipment contamination from previous fermenta-
tions. This genus is also capable of producing biofilms [44,
48], indicating the importance of testing equipment for bac-
terial contamination. Efficient cleaning of the equipment
may be an important measure to control contaminants.

In the course of ethanol production, contaminants such
as Lactobacillus can obstruct pipes, sieves, centrifuges,
heat sinks, increase flocculation of yeasts and decrease fer-
mentation activity. Flocculation and organic acids produced
by bacteria can also decrease yeast viability, reducing etha-
nol production, leading to stuck fermentations and causing
shutdown of facilities for cleaning [23].

Contaminant Lactobacillus are a drain for available sug-
ars that would be converted into ethanol by yeasts, as well
as for nutrients needed for optimal yeast growth and etha-
nol production [57, 61]. Makanjuola et al. [57] deliberately
added pure cultures of Lactobacillus brevis, L. plantarun
or Leuconostoc spp. to a laboratory scale malt whisky fer-
mentation, and observed reduced yields of ethanol ranging
from 6 to 22 %, lower yeast crops, reduced carbohydrate
utilization, increased acidity due to acid lactic production
and lower final pH, as well as foam production and floc-
culation. Chang et al. [21] isolated bacteria from ethanol
production from starch, identified them and studied the
effect of these contaminants in laboratory scale-fermenta-
tions. Authors found that all isolated bacteria were lactic
acid producing, and Lactobacillus fermentum, L. casei and
L. salivarium were the predominant species. These bacteria
led to a greater than 30 % reduction in ethanol production
in a cell-recycled continuous process. Narendranath et al.
[61], studied the effect of Lactobacillus plantarum, L. par-
acasei, L. rhamnosus, and L. fermentum in ethanol produc-
tivity, and found a 3.8-7.6 % reduction in ethanol concen-
tration, depending on the contaminant strain. Lactobacillus
also cause problems in the food industry, like deterioration
or contamination of meat products, pickles, mayonnaise,
salad dressing, cheese, soy sauce, sake and beer [48].

Comparison of bacterial richness and diversity and the
number of OTUs present in the different ethanol produc-
tion stages showed that the most diverse bacterial sample
is mixed juice (Table 2). Good’s coverage values for sug-
arcane juice and clarified juice samples indicated that a
higher number of sequences would be needed to cover
their total diversity. The PCA graphs (Fig. 3) and AMOVA
results demonstrated that bacterial communities differed
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significantly between samples, except for evaporated juice
and must samples. This result was expected, because the
main significant difference between samples of evaporated
juice and must is temperature (i.e., 92 °C for evaporated
juice, 35 °C for must).

Conclusions

In summary, our analysis of microbial biodiversity in the
stages of sugarcane ethanol production revealed changes
in the microbial community as the process advances. In
the earliest step of ethanol production, sugarcane juice
has high bacterial diversity, which further increases in the
next stage (mixed juice). It is likely that these microorgan-
isms enter the ethanol production process with feedstock
and soil impurities. High-throughput sequencing revealed
a lower diversity of archaea and fungi in these two early
stages. The presence of archaea in the ethanol production
process has not been previously reported. In the next steps
of the process (i.e., clarified juice and evaporated juice),
bacterial diversity decreases as temperature increases. The
predominant bacteria in these stages are capable of pro-
ducing biofilms and spores, which may explain their pres-
ence in these samples and the occurrence of re-infections
in subsequent ethanol-producing seasons. Biofilm-produc-
ing bacteria were also predominant in must, likely because
of the higher sugar concentration and lower temperature.
However, after fermentation the wine is dominated by
Lactobacillus and unclassified Lactobacillaceae, with
almost 100 % of the sequences belonging to these groups.
Lactobacillus was the most common genus throughout the
ethanol production process. Although these bacteria are
present from the beginning of the process, they appear to
have selective advantage over other bacteria at the end of
the process through their tolerance for ethanol [54, 71] and
production of acids that can kill other bacteria and yeasts.
Thus, it seems that the process itself strongly selects for
Lactobacillus. It will be interesting to further study these
Lactobacillus populations to determine which specific
ones are present.

The present study is the first to reveal the presence of
archaea in sugarcane juice and mixed juice used for indus-
trial ethanol fermentation. Our analysis showed that despite
many studies investigating contaminants of ethanol produc-
tion, there is still a lot to be learned about the diversity of
microorganisms associated with this process, with many
of the microbes designated as unclassified Archaea, Bac-
teria, and Fungi. The microbial diversity found in this work
was higher than that described by previous studies. How-
ever, additional research is needed to determine how con-
taminant microbial communities may change over time in
the same industrial facility, and whether they differ among

@ Springer

sugarcane ethanol plants in the same geographical region.
Furthermore, new studies should address how antibiotics
commonly used in industry to control contaminants affect
these microbial communities.
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