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Abstract: For decades, microorganisms in beet sugar production have been studied using culture-
based methods. However, these methods are not sufficient to describe such a complex bacterial
community. In this study, therefore, an amplicon-based sequencing technique (Illumina MiSeq
platform) was applied to characterize the bacterial community and its dynamics in the extraction area
and juice purification station of an Austrian beet sugar plant. Depending on the process conditions
thermophilic bacteria, such as Geobacillus spp., Caenibacillus spp., and Thermus spp., and mesophilic
bacteria, such as Leuconostoc spp. and Bacillus spp., were found. Besides these microbiological
characteristics, the antimicrobial effect of a rosin acid-based product (Defostab 220) on the bacterial
communities was investigated in industrial and laboratory trials. The antimicrobial effect of a given
concentration of rosin acid varies from bacteriostatic to bactericidal effects on different occurring
groups of bacteria.

Keywords: beet sugar factory; bacterial communities; antimicrobial; rosin acids; flow cytometer

1. Introduction

The extraction of sucrose from sugar beets takes place in several steps. In Austrian
plants, a combination of a countercurrent mixer and an extraction tower is employed. First,
sugar beets are sliced into cossettes, which are treated in a solid-liquid extraction process
using the countercurrent principle to extract sucrose (Figure 1).

In this area of the tower extraction system, the temperatures vary from 20 ◦C in
raw juice to 72 ◦C in the tower end of the countercurrent mixer. In the next step, juice
purification, temperatures of over 90 ◦C and pH values of up to 12 are necessary to re-
duce non-sugars and to stabilize the juice. Then, water from the so-called thin juice is
evaporated, and the resulting thick juice is used to crystallize white sugar in a multistage
crystallization process [1]. Due to the conditions of high pH values and high tempera-
tures in these processing steps, the growth of microorganisms was not considered to be
of any technological relevance for a long time. This assumption changed in 1930 with
the observation of microorganisms influencing the storage of beets [2]. In addition to
technological challenges, microorganisms can cause financial losses due to sucrose losses,
as sucrose may be metabolized into different microbiological metabolites. The total sucrose
losses caused by microorganisms are calculated to range between 0.02% and 0.66% of
processed beets [3,4]. Since 1930, various methods have been employed to determine the
microbiota present during sugar beet production to obtain a better understanding of the
process and to limit microbial activity. For example, a large set of different antimicrobial
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agents have been applied to combat microorganisms in different processing steps. Most
investigations have been carried out using culture-based methods [5–8]. These methods
are limited because many species are difficult to culture or are even not culturable due to
special growth requirements. Furthermore, culture-based methods require preselection
of media and cultivation conditions [9]; this preselection of incubation conditions may
subsequently influence the identification of microorganisms, which is undesired. Charac-
terizing the whole bacterial community and its diversity is therefore quite difficult. This
difficulty led to the use of molecular-based methods mostly based on DNA analysis that are
more sensitive, more accurate and more specific and may even be faster [10]. Despite this
progress, microscopic or cultural methods are most often used to identify microorganisms.
Some methods, which have also been applied in the sugar industry, combine culture-based
methods with molecular biological methods, such as 16S rDNA sequencing or Matrix
Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry (MALDI-TOF
MS), to identify isolates [11–13]. The advantages of these combined molecular biologi-
cal methods include identifying microorganisms with greater sensitivity and accuracy.
However, these methods still have the disadvantage of requiring pure cultures. Further
applicable culture-independent methods could include real-time polymerase chain reaction
(PCR) or specific microscopic techniques such as transmission electron microscopy (TEM)
or scanning electron microscopy (SEM) [10]. Detecting and characterizing all occurring
microorganisms in one sample is very challenging and almost impossible with the methods
mentioned above, as the interactions between microorganisms may interfere with the
detectability of the microbiota.
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A possible time and cost saving solution for characterizing a complex bacterial com-
munity is utilizing high-throughput sequencing techniques. These techniques provide
qualitative and semi-quantitative data about the composition of the bacterial commu-
nity. Flow cytometric analyses can help to normalize these data and additionally provide
information about the physiological state of the microorganisms. Notably, this applica-
tion of flow cytometric analysis is becoming increasingly important for rapid, ecological,
environmental, and food microbiology studies [14–16].

2. Materials and Methods

To date, no investigations have been conducted to determine the bacterial commu-
nity, including non-culturable organisms in beet sugar production and to characterize the
influence of microbial interactions. Due to the processing conditions, such as lower tem-
peratures and pH values, microorganisms are found mostly in the beet end of production,
extending from the fresh beet to the evaporation station [2,8,12]. Therefore, the present
work attempts to characterize the microorganisms present in the extraction area and juice
purification station in an Austrian beet sugar factory by amplicon-based sequencing for a
more detailed description of the microbial composition in addition to the investigations
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carried out by Kohout et al. [13]. Additionally, the quantities and physiological state of
microorganisms were monitored by flow cytometry. To the best of our knowledge, this
report describes for the first time the application of two high-throughput methods for the
characterization of microorganisms in the sugar industry, including a more detailed evalu-
ation of the antibacterial effects of a rosin acid-based formulation (Defostab 220) in a lab
and industrial scale in parallel [13,17,18]. Since 2000, AGRANA has been using rosin acid
product containing abietic acid, combined with fatty acids to combat microorganisms in the
sugar industry. Like the hop acids, these show a stabilizing effect on the pH value [18]. In
addition, building on the knowledge from Kohout et al. [13], this study aims to investigate
how the resin acids affect the bacteria by analyzing them with flow cytometer technique.

2.1. Trial Setup

In total, 156 samples were obtained from an Austrian beet sugar plant with a daily beet
slicing capacity of approximately 12,000 t within three months (November, December, and
January) during the 2017/18 season. Additionally, to the samples from the extraction area
microbiologically analysed by Kohout et al. [13], also 48 samples from juice purification
(Figure 1; thin juice, hard juice, eluate before and after UV-treatment) were taken for more
detailed analyses including amplicon-based sequencing to obtain further knowledge about
the bacterial community. The sampled extraction system had two extraction lines, two
extraction towers and two countercurrent mixers. The press water and fresh water used
for the two extraction lines were identical for both lines. The raw juice produced in both
lines was combined, and a sample was taken from the combined juice. The trial was set
up according to Kohout et al. [13]. In November 2018, December 2018, and January 2019,
samples were taken on two consecutive days when the rosin acid-based antimicrobial
formulation was applied in the extraction area and on two consecutive days when no
antimicrobial agent was used in the whole extraction process. Sampling using sterile
sampling containers at all sites of extraction (Nine sampling points: raw juice, juice tower
1 and 2, juice of mid-tower 1 and 2, cossette-juice mixture 1 and 2, fresh water and press
water) and all sites in juice purification (Four sampling points: hard juice, thin juice, eluate
before and after UV-treatment) took place at the same time in the afternoon on day 1 and 2.

2.2. DNA Isolation

All samples were treated immediately after sampling: 50 mL of every sample from the
extraction process, with the exception of fresh water, was aseptically transferred into 50 mL
sterile centrifugation tubes (VWR, Radnor, PA, USA), and afterwards, they were centrifuged
at 8000 rpm for 6 min at 4 ◦C. The supernatant was discarded such that the remaining
pellet was still covered with liquid. Because of the very low DNA concentration expected
in samples from the juice purification process and fresh water, 500 mL samples were
centrifuged under the same conditions as mentioned above to generate pellets for DNA
extraction. The pellets were stored at −20 ◦C until further processing. Total bacterial DNA
was extracted using the DNeasy PowerFood Microbial Kit (Qiagen, Venlo, Netherlands)
according to the manufacturer’s instructions. To quantify DNA concentrations, a Qubit 2.0
fluorometer with the dsDNA HS Assay Kit (Invitrogen, Waltham, MA, USA) was applied.

2.3. Amplicon-Based Metagenomic Sequencing (Illumina MiSeq) and Metagenomic
Data Processing

The V3 and V4 regions of the bacterial 16S rRNA gene were sequenced by creating
two-step and three-step, Nextera barcoded, PCR libraries using the locus specific primer
pair 341F (5′-CCT ACG GGN GGC WGC AG-3′) and 805R (5′-GAC TAC HVG GGT ATC
TAA TCC-3′). The PCR libraries were sequenced on an Illumina MiSeq platform using a
v3 600 Cycle kit (Illumine Inc., San Diego, CA, USA) to produce paired-end reads. The
reads that passed Illuminas chastity filter were subject to demultiplexing and trimming
of any Illumina adaptor residuals by Illuminas own real-time analysis software (MiSeq
reporter software v2.6 (Illumina Inc., San Diego, CA, USA); no further refinement or se-
lection). The FastQC software version 0.11.7 (Babraham Institute, Cambridge, UK) was
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used for determining the quality of the reads [19]. Paired-end reads were discarded if the
locus-specific V3-V4 primer could not be trimmed from the sequencing reads with the
software cutadapt v1.18 [20]. The sequenced molecule was reformed in silico with the
software USEARCH version 11.0.667 by merging the trimmed forward and reverse reads
of each paired-end read with a minimal overlap of 15 bp [21]. After a quality filtration step
of the merged sequences, whereby maximal one expected erroneous base per merged read
was accepted other reads including ambiguous bases or outliers regarding the expected
amplicon size distribution were discarded. The surviving reads were denoised using
the UNOISE algorithm implemented in USEARCH to form operational taxonomic units
(OTUs) with a similarity level of 97% discarding singletons and chimeras in the process [22].
After filtering the resulting OTU abundance table for possible barcode bleed-in contam-
inations with the UNCROSS algorithm, the UNBIAS algorithm was used for adjusting
the abundances for 16S copy numbers [23,24]. OTUs were compared against the refer-
ence sequences of the RDP 16S database release 11. The determination of the taxonomies
was done with the SINTAX algorithm implemented in USEARCH whereby a minimum
confidence threshold of 0.6 was set [25,26]. For visualizing the metagenome krona charts
were used [27]. Alpha diversity was calculated by using the richness (observed), Simpson
and Shannon indices. The weighted UniFrac distance method based on rarefied OTU
abundance counts per sample was used for the calculation of the beta diversity. To expose
possible patterns of inter-sample relations, these sample distances were then used in a
detrended correspondence analysis (DCA). Further analyses of the tested groups such
as the variance (PERMANOVA) and similarities (ANOSIM) were done. Alpha diversity
calculations (Simpson and Shannon indices) beta diversity calculations including DCA and
rarefaction analysis were performed with the R software packages phyloseq v1.22.3 and
vegan v2.5-1. The Simpson index can take values between 0 and 1.0; the closer the value is
to 1.0, the less diverse the microbial community is. This index is contrary to the Shannon
index, where a high value means a high diversity of the microbial population [28–30]. The
library construction, sequencing and data analysis described in this section were performed
by Microsynth AG (Balgach, Switzerland).

2.4. Live/Dead Quantification of Bacteria by Flow Cytometry

Twenty-millilitre aliquots of the samples were frozen at −20 ◦C. SYBR-Green (Invitro-
gen, Thermo Fisher Scientific, Waltham, MA, USA) working solution at a concentration of
1:100 (10,000* concentrate in dimethyl sulfoxide (Merck KGaA, Darmstadt, Germany)) [31]
and propidium iodide (PI, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) in
ultrapure water at a concentration of 0.5 mg/mL were used for the staining procedure to
determine the physiological state of the cell [15].

Samples taken from the extraction area (except for fresh water) were passed through
20 µm filters (Sysmex Austria GmbH, Wien, Austria) and diluted 1:10 with 0.9% sodium
chloride solution (Merck KGaA, Darmstadt, Germany). Raw juice and samples from the
mini-fermenter trial were diluted 1:100 before staining. For samples from juice purification,
no filtration step was necessary to remove fine particles. SYBR Green was added at a final
dilution of 1:10,000, and incubation was performed at 37 ◦C for 15 min in the dark. After
adding PI at a final concentration of 5 µg/mL [31], the prepared samples were measured
with CyFlow Cube 6 (Sysmex Austria GmbH, Wien, Austria). Fluorescence from SYBR
Green-stained cells was acquired on the FL1 channel (525 nm), and the signal from PI-
stained cells was acquired on the FL3 channel (700 nm). The forward scattered light is
called forward scatter and correlates with the size of the cell. Wider scattered light is called
side scatter and describes the structure of the cell [15]. The flow rate was set to 1 µL/s,
approximately 4000–5000 events/s, and the measurement duration was set to 50 s. Before
each measurement, the instrument was washed for 50 s with sheath fluid. FCS Express
Cytometry Software v6 (De Novo Software, Pasadena, CA, USA) was used for data analysis.
Gates to quantify live and dead populations were established with the help of controls
with living or dead cells in the sample matrix. Therefore, samples with different matrices
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were centrifuged (13,400 rpm, 10 min) before sterile filtration, and they were diluted. The
E. coli DSM 5695 suspension (diluted in 0.9% sodium chloride solution) for defining the
dead cell gate was heated in the microwave (>100 ◦C; 10 min) to kill the bacteria. The
effect was verified by attempting to culture the samples. To set the viable cell gate, an
E. coli DSM 5695 suspension (diluted in 0.9% sodium chloride solution) was added to the
sterile-filtered sample and to the filtered sample to separate the signal of living cells from
the autofluorescence background signal.

2.5. Mini-Fermenter Trial Setup

Samples from the juice of the central part of the extraction tower (mid-tower) were
taken in December 2018 and stored in 20 mL aliquots at −20 ◦C. The aliquot was added to
480 mL of a nutrient broth (10 g/L Bacto peptone, 5 g/L meat extract, 5 g/L yeast extract,
1.31 g/L K2HPO4·3H2O, 0.1 g/L MgSO4·7H2O and 0.01 g/L FeSO4·7H2O) preheated in
a mini-fermenter to 65 ◦C [18]. The temperature and pH value (Mettler-Toledo GmbH,
Vienna, Austria) were measured online every 5 s with a customized program written in C#.
L-Lactic acid and glucose were analysed every hour with Super GL (Dr Müller Gerätebau
GmbH, Freital, Germany) following the manufacturer’s guidelines [32] until a pH value
of 5.8 was reached. At a pH value of approximately 5.8, antibacterial agent was dosed to
stop lactic acid formation and stabilize the pH value. The necessary concentration of the
antibacterial agent was determined in pretrials. One millilitre of rosin acid-based product,
Defostab 220 (Defotec Entschäumer Vertriebs-GmbH, Krefeld, Germany) was added at a
concentration of 3 mg/L. For the control sample, the trials were carried out the same way
without adding the product. Before dosing, 15, 30, and 45 min after dosing and at the end
of the trial (after 24 h), samples were collected for viability measurement and additional
L-lactic acid and glucose analyses. The mean value and standard deviation of all analyses
were calculated from at least three mini-fermenter tests and compared with the values
obtained from untreated mini-fermenters (control samples).

2.6. Statistical Analyses

All data were investigated by repeated measures analysis (MANOVA) using JMP©
pro software (JMP© pro 15-1-0, 6-bit version, 2019 SAS Institute, Inc., Cary, NC, USA).
Statistical analysis of the industrial trial results was performed as described by Kohout et al.
(JMP Pro Model specification: MANOVA fit with repeated measures response) [13]. Again,
“sampling points”, “treatments” and “periods”, as well as their simple interaction terms,
were treated as fixed model effects, and effects on the response variables were considered
to be significant at p < 0.05. Additionally, the same model was applied with special
focus on the extraction area. Therefore, a reduced data set was analysed by including
only responses from samples taken at the extraction tower and the countercurrent mixer.
Data from the mini-fermenter trial were also analysed by repeated measures analysis but
only with “treatments” as a fixed model effect to detect significance between differing
treatments as well as time effects during sampling. Furthermore, multiple comparisons for
responses by condition based on Least Significant Difference (LSD) means were made to
demonstrate the effects of dosing rosin acid-based product between sampling during the
mini-fermenter trial.

At the beginning, the plausibility and validity of the raw data were verified, and the
bacterial count results were subjected to log10 transformation. The repeated measures anal-
ysis was performed separately for each response variable to obtain a standard univariate fit.
Significant effects were further examined by contrast analysis with Bonferroni correction at
a significance level of 5%.

3. Results and Discussion
3.1. Identification of Microorganisms in the Extraction Area and Juice Purification

The output of the metagenomic sequencing of the duplicates sampled on two consec-
utive days in an Austrian sugar factory over the beet sugar process was in total approx.
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22.1 million reads with a length of 300 bp. The reads and operational taxonomic units (OTU)
per sample are tabularized in Table 1. The majority of total bacteria sequences over all
samples were from the phyla Thermus (60%), followed by Firmicutes (29%) and Proteobacteria
(6%). The Firmicutes contained mostly the class Bacilli (99%), which are divided in Bacillales
(79%) and Lactobacillales (21%).

Table 1. Reads and Operational taxonomic unit (OTU) calculated based on amplicon-based metagenomic (Illumina MiSeq)
sequencing analyses and bacterial count based on flow cytometry measurements. Values are expressed as means of two
replicates and the standard deviations (SD).

Periods Process
Stage

Sampling Points

Reads OTU

Rosin Acid No Treatment Rosin Acid No Treatment

Mean SD Mean SD Mean SD Mean SD

November

Extraction

Fresh water 12,228.00 * 15,911 * 4 * 9 *
Press water 15,090.50 10,115.16 3251.5 2305.88 16 1.41 11 1.41

Juice of mid-tower 1 26,274.50 2267.69 19,095 24,744.49 13 0.00 3.5 2.12
Juice of mid-tower 2 15,928.00 21,374.42 24,194.5 6767.72 12.5 0.71 2.5 0.71

Tower juice 1 18,143.50 2551.95 12,786 * 13 1.41 12 *
Tower juice 2 26,064.50 8954.09 12,136.5 692.26 19 1.41 9.5 4.95

Cossette-juice mixture 1 15,843.00 3358.76 5182 6313.05 13.5 3.54 9 1.41
Cossette-juice mixture 2 30,421.00 12,539.83 6596 9277.24 32 12.73 10 9.90

Raw juice 3726.00 3445.02 10,562.5 8495.89 55 8.49 25 24.04

Juice
purification

Hard juice 178,524.00 28,550.14 17,3944 15,253.71 1 0.00 21 4.24
Thin juice 119,452.00 22,429.43 124,578 6853.28 1.5 0.71 1 0.00

Eluat before UV 18,015.00 * 15,325.5 4868.43 4 * 4 0.00
Eluat after UV 14,614.50 211.42 22,596.5 11,916.87 4 0.00 4 0.00

December

Extraction

Fresh water 43,396.50 35,391.40 12,021.5 3995.86 3.5 0.71 4 0.00
Press water 9637.00 562.86 8569 1043.69 19.5 2.12 16.5 0.71

Juice of mid-tower 1 26,288.50 3160.06 27,570 6057.08 14 5.66 7.5 4.95
Juice of mid-tower 2 30,174.00 * 38,261.5 3270.37 13 * 2 0.00

Tower juice 1 13,319.00 3798.58 11,126.5 1731.70 31.5 24.75 11 0.00
Tower juice 2 15,014.50 7008.14 12,591 76.37 63.5 24.75 11 0.00

Cossette-juice mixture 1 8181.00 10,504.78 11,426.5 1997.58 64.5 40.31 15.5 4.95
Cossette-juice mixture 2 22,260.50 10,693.58 12,601 353.55 71 32.53 11 0.00

Raw juice 22,420.50 5838.58 7326.5 2069.70 119.5 4.95 70 12.73

Juice
purification

Hard juice 143,327.00 10,534.48 123,280.5 84,686.64 18 14.14 19.5 4.95
Thin juice 145,599.00 2979.75 126,441 4167.69 1 0.00 1 0.00

Eluat before UV 70,983.50 86,489.77 208,905.5 100,409.87 6 2.83 8.5 2.12
Eluat after UV 104,739.00 * 42,854 28,629.34 6 * 7 2.83

January

Extraction

Fresh water 10,228.00 * 43,980 34,129.22 4 * 21 24.04
Press water 11,162.50 3650.79 9279.5 1177.33 18.5 2.12 14 0.00

Juice of mid-tower 1 18,860.50 10,550.74 36,115.5 1593.11 11.5 3.54 12.5 3.54
Juice of mid-tower 2 1852.50 1697.76 32,030 4236.98 29.5 6.36 9 4.24

Tower juice 1 15,531.50 4796.31 26,656 11,820.00 88 1.41 13 2.83
Tower juice 2 20,088.00 12,682.67 17,257 415.78 116.5 4.95 14 1.41

Cossette-juice mixture 1 25,381.50 6385.88 14,483 2616.30 99 7.07 17 2.83
Cossette-juice mixture 2 19,220.50 12,271.84 28,385 11,631.91 114 4.24 18.5 2.12

Raw juice 79,043.50 47,853.45 24,697 7937.98 94.5 17.68 98 16.97

Juice
purification

Hard juice 181,206.50 16,917.53 198,801 30,549.84 27.5 9.19 21.5 3.54
Thin juice 91,786.00 20,605.09 109,973 5115.21 1 0.00 1 0.00

Eluat before UV 10,240.00 1012.58 17,774.5 9613.12 4 0.00 10.5 9.19
Eluat after UV 27,725.00 * 11,998.5 4780.75 4 * 4 0.00

* Only one Illumina MiSeq Sequencing analyze was possible.

The different conditions in the production process of beet sugar strongly influence the
bacterial community. In the extraction area, bacteria belonging to the phylum Firmicutes
were mainly detected. In juice purification, bacteria belonging to the phylum Deinococcus-
Thermus were predominant. In the regenerate/eluat, which is used as fresh water in the
extraction tower, bacteria belonging to the phyla Proteobacteria and Actinobacteria were
primarily observed (Table 2).
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Table 2. Summary Overview of the most frequently occurring bacteria on each sampling point in the extraction and juice purification area as identified by amplicon-based metagenomic
sequencing (Illumina MiSeq) technology. 1: fresh water, 2: press water, 3.1: juice of mid-tower 1, 3.2: juice of mid-tower 2, 4.1: tower juice 1, 4.2: tower juice 2, 5.1: cossette-juice mixture 1,
5.2: cossette-juice mixture 2, 6: raw juice, 7: hard juice, 8: thin juice, 9: regenerate before UV-treatment, 10: regenerate after UV-treatment.

Genus Family Order Class Phylum Gram
Stain Growth Temperature Relation to

Oxygen
Spore

Former Sample Point Literature

Tumebacillus Alicyclobacillaceae Bacillales Bacilli Firmicutes positive 5–37 ◦C aerobic + 2 [33]

Bacillus Bacillaceae Bacillales Bacilli Firmicutes positive 35–50 ◦C aerobic or mi-
croaerophilic + 2 [34]

Bacillus Bacillaceae Bacillales Bacilli Firmicutes positive 25–65 ◦C facultatively
anaerobic + 2 [35]

Geobacillus Bacillaceae Bacillales Bacilli Firmicutes positive 42–70 ◦C anaerobic + 5.1; 5.2; 4.1; 4.2 [34,36]
Geobacillus Bacillaceae Bacillales Bacilli Firmicutes positive 45–70 ◦C aerobic + 5.1; 5.2; 4.1; 4.2 [34,37,38]

Anoxybacillus Bacillaceae Bacillales Bacilli Firmicutes positive 55–67 ◦C aerobic + 5.1; 5.2; 4.1; 4.2 [39]

Caenibacillus Sporolacto-
bacillaceae Bacillales Bacilli Firmicutes positive 40–65 ◦C aerobic + 3.1; 3.2; 4.1; 4.2 [40]

Leuconostoc Leuconostocaceae Lactobacillales Bacilli Firmicutes positive 20–30 ◦C anaerobic − 6 [41]
Leuconostoc Leuconostocaceae Lactobacillales Bacilli Firmicutes positive 20–30 ◦C anaerobic − 6 [41]
Leuconostoc Leuconostocaceae Lactobacillales Bacilli Firmicutes positive 20–30 ◦C anaerobic − 6 [41]
Leuconostoc Leuconostocaceae Lactobacillales Bacilli Firmicutes positive 20–30 ◦C anaerobic − 6 [41]

Fructobacillus Leuconostocaceae Lactobacillales Bacilli Firmicutes positive 20–30 ◦C aerobic − 6 [42]
Lactobacillus Lactobacillaceae Lactobacillales Bacilli Firmicutes positive at 45 ◦C, not at 15 ◦C anaerobic − 3.1 [43]

Lactobacillus Lactobacillaceae Lactobacillales Bacilli Firmicutes positive at 45 ◦C, not at 15 ◦C micro
aerophilic − 2, 3.1 [43]

Lactobacillus Lactobacillaceae Lactobacillales Bacilli Firmicutes positive at 45 ◦C, not at 15 ◦C anaerobic − 2; 6 [43]
Lactobacillus Lactobacillaceae Lactobacillales Bacilli Firmicutes positive at 45 ◦C, not at 15 ◦C anaerobic − 2 [43]
Lactobacillus Lactobacillaceae Lactobacillales Bacilli Firmicutes positive at 37 ◦C anaerobic − 6 [44]
Arthrobacter Micrococcaceae Actinomycetales Actino-bacteria Actinobacteria positive 30 ◦C aerobic − 1; 9; 10 [45,46]

Ralstonia Burkholderiaceae Burkholderiales Betaproteo-
bacteria Proteobacteria negative 28, 30 and 37 ◦C aerobic − 1; 9; 10 [47]

Burkholderia Burkholderiaceae Burkholderiales Betaproteo-
bacteria Proteobacteria negative 30 ◦C not at 42 ◦C aerobic − 1; 7; 9; 10 [48,49]

Thermus Thermaceae Thermales Deinococci Deinococcus-
Thermus negative 49–72 ◦C facultatively

anaerobic − 7; 8 [50–52]
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Raw juice represents the sample with rather low temperature in the extraction area ow-
ing to the countercurrent processing principle resulting in highest alpha diversity (Table 3,
Figure S1 and Table S1). The fresh cossettes cool the juice coming from the extraction tower
through the countercurrent mixer (Figure 1). This step results in a raw juice temperature
of approximately 30 ◦C. The lower temperature causes the predominance of mesophilic
bacteria, such as Leuconostoc and Lactobacillus species (Table 2). This finding supports the
results of previous studies based on cultural methods [8,12,13]. In addition to the predomi-
nating phylum Firmicutes mentioned above, bacteria belonging to the phyla Proteobacteria,
Actinobacteria, Acidobacteria, and Nitrospiraceae occur in raw juice. The microbiota of Chinese
sugar beets in different growth stages of the plant was identified based on amplicon-based
sequencing (Illumina technique) and resulted in bacterial groups of the same phyla as
detected in this study [53]. These bacteria may have been washed off from fresh beet
cossettes by the raw juice due to the countercurrent processing principle. In the previous
process step, the extraction as well as in the following step, the juice purification, these
bacteria could no longer be detected or were only measured at very low relative abundance.
In the extraction area, countercurrent mixer and extraction tower (sample 3–5 in Table 2), a
mixture of aerobic and anaerobic thermophilic endospore-forming bacteria could be found
(Table 2). To extract sucrose from the cossettes, extraction water is used. This water consists
of regenerated water from the regeneration of ion exchangers used to remove calcium from
juice after the juice purification process, known as fresh water, and press water generated
by pressing the exhausted cossettes (Figure 1). Bacteria detected in extraction water were
rarely found or could not be detected in further steps in the extraction area. This absence
of bacteria is observed because the fresh water in the investigated factory is treated with
UV radiation. Press water showed high microbial contamination levels [13] and high alpha
diversity (Table 3, Figure S1 and Table S1), but these bacteria were not predominant in
the juice from the mid-tower or the tower juice. In both extraction lines, the bacterial
community was very similar, except for the sampling point at the central part of the ex-
traction tower. In the juice from mid-tower 1, Lactobacillus species were found (Table 2).
This finding confirmed the results of a previous study based on culture methods, where
a significantly higher number of lactic acid bacteria were detected in these samples from
mid-tower 1 [13].

In the samples originating from juice purification, hard juice and thin juice, the
calculated alpha diversity was very low (Table 3, Figure S1 and Table S1), and the Thermus
species was found to be typical. Additionally, in hard juice, other bacterial species, such as
Burkholderia species, could be detected, but this genus was no longer present in thin juice
(Table 2). This finding may be attributable to bacteria that remained in the ion exchanger
resin usually used for decalcification of the juice and were washed out in the regeneration
cycle with the regenerate. Regarding the effect of high temperatures (approximately 80 ◦C)
on the bacterial community and typical for the resin columns, it could be assumed that the
Burkholderia cells are not viable. In previous studies, no aerobic mesophilic bacteria were
detected in such samples. Nevertheless, microbial contamination of the resin has been
reported in plant protocols. The regeneration treatment, which also mechanically affects the
resin material, can cause cracks and crevices in the resin, where microorganisms can grow
and persist. In this context, a previous study reported the occurrence of nitrite-forming
Thermus species located in ion exchanger columns [51]. These species could not be identified
in the regenerate, suggesting that they survive in the resin. No published investigation
based on cultural methods could detect growth in hard and thin juice samples [54].
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Table 3. Number of bacteria and alpha diversity expressed as Simpson and Shannon index, calculated based on amplicon-based metagenomic (Illumina MiSeq) sequencing analyses and
bacterial count based on flow cytometry measurements (detailed rarefaction curves shown in Figure S1 and Table S1). Values are expressed as means of two replicates and the standard
deviations (SD).

Periods
Process
Stage Sampling Points

Bacterial Count (log10/mL)

Rosin Acid No Treatment Rosin Acid No Treatment

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

November

Extraction

Fresh water 0.35 * 0.16 * 1.18 * 2.01 * 5.12 0.69 3.89 1.53
Press water 0.34 0.07 0.51 0.08 1.48 0.10 1.17 0.12 6.08 0.10 6.04 0.15

Juice of mid-tower 1 0.57 0.20 0.68 0.09 0.92 0.43 0.58 0.22 6.80 0.70 6.46 0.22
Juice of mid-tower 2 0.44 0.38 0.74 0.01 1.35 1.04 0.43 0.00 6.63 0.74 6.52 0.28

Tower juice 1 0.88 0.05 0.88 * 0.35 0.13 0.34 * 5.96 0.87 6.82 0.21
Tower juice 2 0.68 0.41 0.93 0.09 0.67 0.77 0.22 0.26 5.79 0.86 5.91 0.11

Cossette-juice mixture 1 0.87 0.04 0.55 0.44 0.38 0.08 1.05 0.93 5.99 0.83 5.94 0.06
Cossette-juice mixture 2 0.65 0.36 0.61 0.34 0.75 0.56 0.74 0.43 5.89 0.78 5.81 0.02

Raw juice 0.16 0.17 0.61 0.54 2.82 1.10 1.06 1.42 7.22 0.10 7.17 0.01

Juice
purification

Hard juice 1.00 0.00 0.95 0.04 0.00 0.00 0.18 0.12 5.25 0.53 3.70 0.26
Thin juice 1.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 5.58 0.06 6.40 0.83

Eluat before UV 0.39 * 0.38 0.02 1.11 * 1.13 0.04 4.59 0.16 4.05 0.89
Eluat after UV 0.38 0.01 0.37 0.00 1.13 0.01 1.15 0.01 4.34 0.17 3.54 1.17

December

Extraction

Fresh water 0.69 0.44 0.35 0.01 0.57 0.79 1.17 0.01 5.13 0.64 4.56 0.55
Press water 0.17 0.05 0.20 0.01 2.13 0.21 1.90 0.05 5.96 0.18 5.83 0.21

Juice of mid-tower 1 0.66 0.06 0.65 0.12 0.72 0.20 0.68 0.34 6.11 0.30 5.98 0.16
Juice of mid-tower 2 0.42 * 0.73 0.01 1.09 * 0.44 0.01 6.24 0.26 5.72 0.08

Tower juice 1 0.88 0.04 0.84 0.01 0.43 0.21 0.46 0.02 5.11 0.15 5.58 0.13
Tower juice 2 0.82 0.02 0.86 0.03 0.68 0.09 0.40 0.08 4.99 0.15 5.59 0.19

Cossette-juice mixture 1 0.37 0.44 0.82 0.02 2.24 1.43 0.50 0.08 5.05 0.01 5.43 0.01
Cossette-juice mixture 2 0.51 0.11 0.86 0.01 1.32 0.30 0.39 0.02 5.49 0.61 5.66 0.12

Raw juice 0.17 0.04 0.19 0.06 2.79 0.23 2.55 0.57 7.40 0.36 7.16 0.05

Juice
purification

Hard juice 0.82 0.16 0.79 0.03 0.42 0.31 0.53 0.04 4.18 0.83 3.43 0.10
Thin juice 1.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 5.43 0.08 5.87 0.20

Eluat before UV 0.52 0.23 0.52 0.07 0.90 0.38 0.90 0.26 4.81 0.22 4.33 0.22
Eluat after UV 0.64 * 0.32 0.07 0.81 * 1.39 0.04 4.79 0.13 3.99 0.14



Appl. Sci. 2021, 11, 737 10 of 16

Table 3. Cont.

Periods
Process
Stage Sampling Points

Bacterial Count (log10/mL)

Rosin Acid No Treatment Rosin Acid No Treatment

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

January

Extraction

Fresh water 0.38 * 0.21 0.21 1.13 * 2.16 1.44 5.36 0.89 4.88 0.41
Press water 0.18 0.06 0.28 0.03 2.06 0.21 1.59 0.08 6.11 0.06 6.14 0.17

Juice of mid-tower 1 0.48 0.22 0.55 0.12 1.08 0.39 0.99 0.32 5.95 0.07 4.69 2.64
Juice of mid-tower 2 0.12 0.05 0.73 0.00 2.58 0.31 0.48 0.02 5.64 0.01 6.31 0.21

Tower juice 1 0.65 0.11 0.68 0.32 1.32 0.36 0.63 0.46 5.27 0.11 5.31 0.33
Tower juice 2 0.18 0.24 0.87 0.06 3.36 1.56 0.38 0.16 5.34 0.05 5.58 0.02

Cossette-juice mixture 1 0.50 0.14 0.86 0.07 1.49 0.05 0.42 0.17 5.33 0.04 5.47 0.01
Cossette-juice mixture 2 0.25 0.33 0.65 0.28 3.07 1.94 0.75 0.44 5.46 0.02 5.61 0.02

Raw juice 0.29 0.01 0.22 0.04 1.87 0.06 2.37 0.49 7.11 0.13 7.33 0.07

Juice
purification

Hard juice 0.91 0.08 0.96 0.00 0.28 0.23 0.13 0.01 3.25 0.09 3.58 0.09
Thin juice 1.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 5.60 0.26 5.29 0.57

Eluat before UV 0.36 0.00 0.37 0.03 1.15 0.00 1.25 0.09 3.31 0.04 4.90 0.19
Eluat after UV 0.37 * 0.37 0.00 1.13 * 1.13 0.01 2.62 0.52 4.58 0.01

* Only one Illumina MiSeq Sequencing analyze was possible.
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The influence of the processing time period and the related storage period of the beet
was also investigated in this study. Practical experience has shown that beets stored for an
extended period of time are more difficult to process than fresh beets. The texture of the
beets changes [55] and the changes in chemical composition of the beets during storage
can lead to slicing problems also involving reduced processing quality [56]. The increase
in levels of non-sucrose substances, such as betaine, raffinose and invert sugar (glucose
and fructose), results in poor beet quality and a stronger need for processing aids [56]. For
example, dextran can be produced by Leuconostoc species. This effect especially occurs after
freeze-thaw cycles during the storage period of beets [57]. To prevent technological prob-
lems, the addition of dextranase is recommended in such cases. Deteriorated processing
quality observed at the end of the season could be of microbiological origin, but our inves-
tigations showed no significant influence of processing period/storage duration on the
diversity of the bacterial community in the process. The sampling points where different
processing conditions are observed seem to be the primary influence on the diversity of the
detected antimicrobial effects of rosin acids.

3.2. Industrial-Scale Application of a Rosin Acid-Based Product in the Extraction Area

In the 1990s, AGRANA company voluntarily stopped using formaldehyde to combat
microorganisms in the production process. As an alternative, hop acid- or rosin acid-based
products were used instead [18,58]. Previous studies have demonstrated a significant
reduction in microbial metabolites, such as lactic acid, acetic acid, butyric acid, glucose and
fructose, due to the application of a rosin acid-based product in the extraction area, but
no influence on microbial counts was detected [13]. These culture method-based results
could be confirmed with a culture-independent method, flow cytometry. No significant
difference in the total number of bacteria in the samples was detected in the samples with
and without rosin acid application in the industrial or laboratory batch trials. The alpha
diversity expressed as the Simpson and Shannon indices increased significantly (p = 0.0110
and p = 0.0064) when only samples from the extraction tower and countercurrent mixer
were included in the statistical analyses, where the product was dosed. Furthermore, the
dosing also influenced the increasing diversity at all sampling points, which also included
samples from juice purification (Table 4).

Table 4. Statistical evaluation of significant differences of bacterial count, based on flow cytometric analyses, alpha diversity
expressed as Simpson and Shannon index and OTU quantity, based on Illumina sequencing based on MiSeq analyses.
Samples of extraction area and juice purification with or without treatment (adding of rosin acid-based product in extraction
area) were statistically analyzed; calculations are based on repeated measures analysis and contrast analysis with Bonferroni
correction at a significant level of 5%.

Responses N n
Processing

Periods
(p-Values *)

Contrast Analysis:
Significant Difference

between

Treatments
(p-Values *)

Sampling Points
(p-Values *)

(log10) Bacterial Count 78 2 0.0101 November and January 0.7794 <0.0001
Simpson Index 70 2 0.1506 0.0559 <0.0001
Shannon Index 70 2 0.1528 0.0244 0.0006
OTU Quantity 70 2 0.0584 November and January 0.0007 <0.0001

N, complete cases; n, replicates of measurements; no significant interactions between the model effects with the exception of treatment-
sampling points at OTU. *, Effects were considered as significant at p < 0.05.

In some samples, only the relative abundance of the microorganism shifted, but in
others, additional bacterial species were detected. In tower juice and in the cossette-juice
mixture, the alpha diversity also increased due to the occurrence of additional bacteria
belonging to Actinobacteria, such as Arthrobacter and Proteobacteria. These bacteria may have
been detected because some of them were gram-negative. Rosin acid-based products are
not effective against Gram-negative bacteria [59]. Thus, the dosing of the rosin acid-based
product caused a shift in the bacterial community composition.
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3.3. Lab Scale Trials Using a Rosin Acid-Based Product

Treatment with the rosin acid-based product had no significant influence on the total
number of bacteria in the mini-fermenter trials. However, the total number of bacteria
decreased significantly during the trial period (p < 0.05). By dosing the rosin acid-based
product, the L-lactic acid concentration was reduced significantly (p < 0.05) compared to no
dosing. Furthermore, the number of living cells decreased significantly immediately after
dosing the rosin acid product (p = 0.0220). The L-lactic acid concentration over the trial
period was also significantly lower (p < 0.05) in samples from the fermenter treated with
rosin acid-based product compared to untreated samples at the same stage of trial. The
treatment showed no significant effect on total count of viable cells over the trial period
compared with untreated samples at the same stage of the trial. These observations indicate
on the one hand a very specific effect of rosin acids on certain bacterial species. While the
concentration is bactericidal for some species, for others, it is only inhibiting (bacteriostatic)
for a certain time period. Emerstorfer et al. described the bactericidal concentration
for different gram-positive bacteria. Rosin acids (10–15 mg/kg) inhibited the growth of
different Clostridia species. For Lactobacilli, the concentration was considerably higher (up
to 400 mg/kg) [59]. On the other hand, if only total living cells were considered, it could
be misleadingly assumed that the dosing of rosin acid-based product is not necessary
to combat microorganisms in the extraction process. Our study showed that the viable
cells undergoing no treatment were more active and secreted L-lactic acid by sucrose
assimilation during the trial, while the pH value was constant for 6.0 ± 2.60 h (values not
shown) when treated with 3.0 mg/L of the rosin acid-based product. This bacteriostatic
effect was confirmed by data from large-scale studies in the Austrian beet sugar plant. The
low pH value caused by lactic acid production is responsible for additional sucrose losses
by hydrolytic cleavage. A typical rate is 14–44 mg per 100 g sucrose at 60 ◦C–70 ◦C and a
pH of 5.4 [60]. At the end of the trial, the number of viable cells was higher in the samples
of the rosin-acid-treated mini-fermenter compared to the control (see Figures 2 and 3).
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Figure 2. Bacterial count of living, dying and dead bacteria determined by means of flow cytometry
investigating samples drawn from a mini-fermenter (calculated as an average of three independent
trials) after different time points after treating with rosin acids (3 mg/L) or without treatment and
after 24 h (end of trial period).



Appl. Sci. 2021, 11, 737 13 of 16Appl. Sci. 2021, 11, x FOR PEER REVIEW  17 of 20 
 

  Start  Start + 0.5 h  Trial end 

(a) 

     

(b) 

     

Figure 3. Representative flow cytometer scatter plots of living, dying and dead bacterial cells stained with 

SYBR Green (FL1) and Propidium Iodide (FL3) (a) sampled from mini‐fermenters treated with 3 mg/L rosin 

acid‐based product  (Defostab  220)  compared  to  (b) mini‐fermenters without  treatment  at different  time 

points (Start: pH < 5.8, Start + 0.5 h and at the end of the trial period of 24 h). 

Additionally, the metabolic activity of the bacteria, such as the formation 

of organic acids, increased (Table 5). This result indicates that these bacteria 

had or developed tolerance and adapted to rosin acids or that rosin acids were 

no  longer active due  to absorption  into  the matrix or similar processes. To 

prohibit bacterial growth, further dosing may be necessary, which is the case 

in the sampled beet sugar extraction plant. 

Table 5. L‐Lactic acid concentration and pH‐value of samples treated with (3 mg/L) or without a rosin acid‐

based product and as monitored in mini‐fermenter trials; values are expressed as mean and standard devia‐

tion of three independent trials. Start: pH < 5.8, start of treatment; End: End of trial, 24 h. 

Treatment 
Analyzed   

Parameter 
Start  Start + 0.25 h  Start + 0.5 h  Start + 0.75 h  End 

Rosin acids 

L‐Lactic acid 

(mg/L) 
586 ± 83  655 ± 73  676 ± 50  676 ± 47  956 ± 265 

pH  5.78 ± 0.01  5.66 ± 0.03  5.65 ± 0.04  5.65 ± 0.04  5.31 ± 0.21 

No treatment 

L‐Lactic acid 

(mg/L) 
681 ± 41  838± 108  966 ± 217  979 ± 222  1410 ± 219 

pH  5.78 ± 0.01  5.56 ± 0.19  5.45 ± 0.27  5.42 ± 0.28  4.99 ± 0.16 

4. Conclusions 

Compared  to  16S  amplicon‐based metagenome  analysis,  the  classical 

characterization of typical microorganisms associated with beet sugar plants 

are often based on cultural methods, as it only provides an incomplete picture 

of  the  real bacterial  community. This observation  is especially  true  for  the 

samples from the high‐temperature part of the extraction area, the juice of the 

central part of the tower, the tower juice and the cossette‐juice mixture. The 

set of cultural‐based methods has to be extended by specific media and cul‐

turing conditions  for species such as Geobacillus spp. and Caenibacillus spp. 

Based on lab‐scale experiments accompanied by industrial‐scale administra‐

tion of rosin acids, specific antimicrobial effects and their persistence could be 

clarified  in this study. As a result of addition of the antimicrobial, the total 

number of bacteria and  the production of metabolites such as L‐lactic acid 

could be reduced. However, the rosin acids‐based product was only effective 

2020_02_03_14_47_50__4.fcs
Bacteria

FL1

FL
3

10
0

10
2

10
3

10
4

10
5

10
0

10
2

10
3

10
4

10
5 dead

7.66%
dying
2.57%

live
88.74%

2020_02_03_15_36_23__14.fcs
Bacteria

FL1

FL
3

10
0

10
2

10
3

10
4

10
5

10
0

10
2

10
3

10
4

10
5 dead

33.31%
dying
5.15%

live
59.25%

2020_02_04_09_57_36__25.fcs
Bacteria

FL1

FL
3

10
0

10
2

10
3

10
4

10
5

10
0

10
2

10
3

10
4

10
5 dead

10.79%
dying
3.52%

live
73.83%

2020_01_29_15_34_38__16.fcs
Bacteria

FL1

FL
3

10
0

10
2

10
3

10
4

10
5

10
0

10
2

10
3

10
4

10
5

dead
7.30%

dying
25.36%

live
67.77%

2020_01_29_15_46_52__19.fcs
Bacteria

FL1

FL
3

10
0

10
2

10
3

10
4

10
5

10
0

10
2

10
3

10
4

10
5

dead
9.33%

dying
24.14%

live
66.78%

2020_01_30_09_12_50__24.fcs
Bacteria

FL1

FL
3

10
0

10
2

10
3

10
4

10
5

10
0

10
2

10
3

10
4

10
5

dead
51.29%

dying
29.73%

live
17.31%

Figure 3. Representative flow cytometer scatter plots of living, dying and dead bacterial cells stained with SYBR Green (FL1)
and Propidium Iodide (FL3) (a) sampled from mini-fermenters treated with 3 mg/L rosin acid-based product (Defostab 220)
compared to (b) mini-fermenters without treatment at different time points (Start: pH < 5.8, Start + 0.5 h and at the end of
the trial period of 24 h).

Additionally, the metabolic activity of the bacteria, such as the formation of organic
acids, increased (Table 5). This result indicates that these bacteria had or developed
tolerance and adapted to rosin acids or that rosin acids were no longer active due to
absorption into the matrix or similar processes. To prohibit bacterial growth, further dosing
may be necessary, which is the case in the sampled beet sugar extraction plant.

Table 5. L-Lactic acid concentration and pH-value of samples treated with (3 mg/L) or without a rosin acid-based product
and as monitored in mini-fermenter trials; values are expressed as mean and standard deviation of three independent trials.
Start: pH < 5.8, start of treatment; End: End of trial, 24 h.

Treatment Analyzed
Parameter Start Start + 0.25 h Start + 0.5 h Start + 0.75 h End

Rosin acids
L-Lactic acid (mg/L) 586 ± 83 655 ± 73 676 ± 50 676 ± 47 956 ± 265

pH 5.78 ± 0.01 5.66 ± 0.03 5.65 ± 0.04 5.65 ± 0.04 5.31 ± 0.21

No treatment
L-Lactic acid (mg/L) 681 ± 41 838± 108 966 ± 217 979 ± 222 1410 ± 219

pH 5.78 ± 0.01 5.56 ± 0.19 5.45 ± 0.27 5.42 ± 0.28 4.99 ± 0.16

4. Conclusions

Compared to 16S amplicon-based metagenome analysis, the classical characterization
of typical microorganisms associated with beet sugar plants are often based on cultural
methods, as it only provides an incomplete picture of the real bacterial community. This
observation is especially true for the samples from the high-temperature part of the extrac-
tion area, the juice of the central part of the tower, the tower juice and the cossette-juice
mixture. The set of cultural-based methods has to be extended by specific media and
culturing conditions for species such as Geobacillus spp. and Caenibacillus spp. Based
on lab-scale experiments accompanied by industrial-scale administration of rosin acids,
specific antimicrobial effects and their persistence could be clarified in this study. As a
result of addition of the antimicrobial, the total number of bacteria and the production
of metabolites such as L-lactic acid could be reduced. However, the rosin acids-based
product was only effective for a certain time period. Then, microbial growth including the
production of metabolites started again. Further studies will be necessary to investigate
more in depth the effect of rosin acids on the cellular level of the bacteria, as well as its
stability under processing conditions.
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code, sampling point, sampling date and treatment with 3 mg/L rosin acid-based product (Defostab
220) during the sugar beet process. 0: no treatment.
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