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Microbial community dynamics
in phyto-thermotherapy baths
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Phyto-thermotherapy is a treatment consisting in immersing oneself in baths of self-heating

alpine grass, to benefit of the heat and rich aromatic components released by the process. The aim

of this study was to characterize the bacterial and fungal diversity of three phyto-thermal baths
(PTB) performed in three different months, and to compare the data with the profile of the volatile
organic compounds (VOCs) of the process. All the data collected showed that PTBs were structured

in two stages: the first three days were characterised by an exponential rise of the temperature, a
fast bacterial development, higher microbial diversity and higher concentrations of plant aliphatic
hydrocarbons. The second stage was characterised by a stable high temperature, shrinkage of the
microbial diversity with a predominance of few bacterial and fungi species and higher concentrations
of volatiles of microbial origin. Erwinia was the dominant microbial species during the first stage and
probably responsible of the self-heating process. In conclusion, PTBs has shown both similarities with
common self-heating processes and important peculiarities such as the absence of pathogenic bacteria
and the dominance of plant terpenoids with health characteristics among the VOCs confirming the
evidence of beneficial effects in particular in the first three days.

Phyto-thermotherapy® 2 also known as Phyto-balneotherapy® consists of immersing people in phyto-thermal
baths (PTB) containing freshly-cut mountain grass in hot fermentation for no more than 30 min. PTB is an
ancient practice performed since the nineteenth century in mountain areas of Tyrol (Austria), Alto Adige and
Trentino (Italy). The PTBs are usually located in Spa and loaded with mountain herbs cut at vegetative maturity.
An historical area for PTB grass collection is the meadow of the Viote in Monte Bondone (1540 m a.s.L, Trentino,
Italy). The grass is harvested during the summer season, cut and bailed in early mornings (to avoid sunlight
drying of the dew), and brought to the spa located in Garniga Terme (Trentino, Italy). A 50 cm layer of grass
is placed in baths and stays two or three days before naturally reaching the temperature of 55-60 °C, following
spontaneous processes of self-heating. Among the most significant species constituting the grass pile, there are
Gentiana (pumilum, vernum, germanica, kochiana, lutea and verna), Arnica montana, Hypericum maculatum,
Thymus serpyllum, and Pulsatilla alpine*. By applying studied and tested techniques, it is possible to benefit from
the baths also during the winter season: the collected grass is packaged and quickly brought to temperatures of
—20 °G; in this way, the thermophilic process is stopped without destroying the grass organoleptic properties.

Although PTBs are empirically known as natural treatments for rheumatic diseases>°, knowledge on the
involved microbiota and investigations about the thermo-chemical process occurring in the PTB are totally
missing and will help to improve the onset and the progress of the process.

This study had been essentially focused to microbiological aspects of PTB by means of both culture depend-
ent and independent methods (partial 16S rRNA and ITS genes MiSeq Illumina sequencing). The main aim was
to establish the microbial community structure at different stages of the PT process (i) identifying the bacterial
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Figure 1. Temperature dynamic of herbs pile bath during PTB. Temperature was recorded for seven days from
day 0 to d7 each hour (24 h=d1;48 h=d2; 72 h=d3; 96 h=d4; 120 h=d5; 144 h=d6; and 168 h=d7) at 20 cm
of depth in the middle of the pool bath. In yellow is the temperature trend for July, in red August and in blue
October batch.

and fungi community members; (ii) assessing the biodiversity of bacterial and fungal microbiota throughout
the process; and finally (iii) coupling this data with the analysis of the volatiles organic compounds (VOCs)
released during the process.

Results
Temperature and pH. Figure 1 shows the temperature trend during the July, August and October PTBs. In
the first 35 h, all the PTBs showed similar temperatures rising from 26 to 35 °C - 39 °C (Fig. 1). In the following
hours, the temperature showed different trends according to the month. In July, the temperature was stable for
the first four days (96 h) and then rose, reaching the max. temperature of 51 °C. In August, the temperature was
stable for the first 55 h and then rose reaching the max. temperature of 61 °C. Finally, in October, after the first
35 h, the temperature rose immediately reaching 50 °C, and then was stable reaching the max. of 64.8 °C.

The pH (Table 1), in the first two days, was in a range between 6.2 and 6.5 with the exception of October
when pH sowed a mean value of 7.4. After d5, the pH increased significantly and stabilized in a range between
7.4and 7.8.

Microbial counts in herbs during PT process. The counts of viable total aerobic, mesophilic and ther-
mophilic anaerobic bacteria, enterobacteria, yeasts and moulds in July, August and October at day 0, d2, d3,
d5 and d7 are shown in Table 1. The plate counts showed no significant difference for depth of sampling (p
value > 0.05; data not shown). The aerobic bacteria were always high at day 0 (6.7, 7.7 and 9.1 Log CFU g in July,
August and October respectively). In July and August, they significantly rose until d7, reaching similar amounts
(8.7 and 8.8 Log CFU g™! respectively). The mesophilic and thermophilic lactic acid bacteria (LAB) were very
low in July and August at day 0 when they were present in traces or not detected (Table 1). Mesophilic LAB rose
from d2 to d7 with a similar trend to aerobic bacteria reaching 5.9 Log CFU g'. By contrast, in October they
showed different trend: as aerobic bacteria, mesophilic LAB counts were very high at day 0 and stable without
significant differences until d3 and then significantly decreased until d7 reaching 4.9 Log CFU g™'. Counts of
thermophilic LAB showed similar trends in all the three months: they rose until d7 reaching similar amount in
July, August and October (5.2, 5.7 and 5.1 Log CFU g™! respectively). Enterobacteria counts were lower in herbs
at day 0 (3.8, 4.3 and 5.0 Log CFU g™! in July, August and October respectively) and then significantly rose until
d7 reaching 6.2, 5.7 and 6.7 Log CFU g™! in July, August and October respectively. In July, yeasts and moulds in
the first two days were not detected or present in traces, then reached their highest value at d3 and significantly
decreased until d7. By contrast, their counts were very high in both August and October; in particular, moulds
counts trends were similar: they significantly decreased until d7 to 3.2 and 6.4 Log CFU g™ in August and Octo-
ber respectively.
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‘ pH ‘ Aerobic bacteria | Mesoph. LAB | Thermoph. LAB | Entero-bacteria | Yeasts Moulds
July
day 0 6.2+0.43* | 6.7+0.18° n.d? n.d? 3.8+£0.59° n.d? n.d?
day2 |6.2%0.32° |7.1+0.51° 5.3+0.20° 2.9+0.53° 4.6£0.57° n.d:? n.d?
day3 |6.6+021" |8.4+0.29" 5.9+0.60° 4.6+0.52° 5.7+1.13° 5.9+1.36° | 5.7+0.89°
day5 |7.6+026" |8.7+0.47° 5.5+0.74" 5.1+1.04 5.6+0.67° 2.5+1.44" | 5.4+0.59¢
day7 |7.7+£022° |8.7£0.31° 5.9+0.80° 52+0.87° 6.2+0.52° n.d:? 3.4+1.20°
August
Day0 |[6.4+031* |7.7+046° 1.2+0.80° n.d? 4.3£0.70° 6.0£0.64° | 52£0.27°
Day2 |6.5+0.20° |8.1+0.60%® 6.2+0.57° 1.60.64° 5.5+0.99" 54+131° | 51+£047°
Day3 |7.0+£027" |8.4+0.55%® 6.1£0.65" 4.0+0.64° 6.5+0.23" 3.8+£0.96" | 4.3+1.09"
Day5 |74+0.29" |82+0.65® 5.8+1.04" 4.3+0.84° 5.8+0.67° n.d:? 4.5+0.87°
Day7 |7.6+0.15> |8.8+0.42° 5.9+0.87° 5.740.94¢ 57+0.71° n.d:? 3.2+0.84°
October
Day0 |7.4%032 |9.1£046° 7.4+0.80% 3.8+1.55 5.0£0.70° 7.8+£0.64 |6.7+0.27%
Day2 |74+074 |8.9+0.60%® 7.2+0.57% 4.5+0.64° 5.1+0.99 77+131 | 7.0£047®
Day3 |7.0+1.10 |9.4+0.55" 7.6£0.65° 5.6+0.64" 5.9+0.23% 7.8+0.96 |7.7+1.09°
Day5 |7.7+033 |8.1£0.65° 6.4+1.04° 6.2%0.84° 5.8+0.67° 8.8+1.48 |6.6+0.87°
Day7 |[7.8+024 |7.6+042° 4.9+0.87° 5.1+0.94% 6.7+0.71° 8.1+0.96 |64+0.84°

Table 1. Microbiological counts (Log CFU g™!) and pH in the herbs samples in different days and month of
the PTB. Results are showed as mean values + standard deviations of three replicates for each point of sampling
(5 and 40 cm) for a total of six values. For a given column and month, microbial count or pH values with a, b
and c superscripts are significantly different (p <0.05). n. d.: not detected or present in traces lower than 1.0
LOG cfug™.

Bacteria Fungi

Obs. OTUs | Shannon div. ind. | Obs. OTUs | Shannon div. ind.
Depth of sampling
5cm 340+126 6.9+1.19 82+48 3.7£1.75
40 cm 259+87 6.5+1.15 70+56 3.3+2.02
Month of sampling
July 381+136" 7.4+0.76* 85+56 3.6+ 1.00"
August 369+289* 7.2+£0.77% 59+39 2.6+2.09*
October | 153+111° |55+ 1.17° 85+38 42+121°
Day of sampling
Day 0 318+166% 7.0+£1.14° 133+16% 5.3+£0.35%
Day 2 451 +268* 7.1+1.56* 106+ 38* 4.6+1.17%
Day 3 411£209° 7.1£0.98* 77 £49° 33+1.87°
Day 5 177 +96° 6.2+1.13" 41 +35b 2.6+1.71°
Day 7 13828 6.0%0.62 22+19° L6+1.11°

Table 2. Observed OTUs (Obs. OTUs) and Shannon diversity index (Shannon div. ind.) in the herbs at
different depth, month and of day sampling of the PTB. Results are showed as mean values + standard
deviations. For a given column and month, observed OTUs and Shannon diversity index values with a, b and ¢
superscripts are significantly different (p <0.05).

Characteristics of the sequencing data. The DNA extracted from the 90 PTB samples had been all suc-
cessfully amplified. After merging and quality trimming the raw data, 2,980,511 reads for bacteria and 1,227,092
reads for fungi remained for subsequent analysis (Table S1). After alignment, the remaining Operational Tax-
onomy Units (OTU) had been clustered at a 3% of distance.

Bacteria and fungi: alpha diversity. The number of OTUs and the Shannon diversity index were deter-
mined using QIIME2 at 97% similarity levels (Table 2), in order to analyse the bacterial and fungi community
richness in samples obtained during the PT process. Regarding the sample position (5 and 40 cm depth), there
was no significant difference in both observed OTUs number and Shannon diversity index for bacteria and fungi
communities (p value >0.05). It is worth noting that the degree of bacterial diversity was significantly higher in
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Figure 2. Principal coordinate analysis of Weighted UniFrac distances for bacterial community (a) and Bray-
Curtis distances for fungi community (b) in PTB. The Time custom axis has been used to show the PCoA
changes in the days. For interpretation of the symbols and colors the reader is referred to the legend.

July and August than in October samples, by contrast, the degree of fungal diversity was significantly higher in
July and October than in August samples (Shannon diversity index in Table 2).

The variation in number of OTUs and Shannon diversity index over time indicates highest microbial diversity
at day 0 and d2, and a lower microbial diversity at d5 and d7.

Bacteria and fungi: beta diversity. The PCoA of UniFrac and Jaccard metric indicated clear clustering
of both bacterial and fungi communities according to the different PTB days (Fig. 2a,b).

Bacterial and fungi communities were more phylogenetically dissimilar between successional days (day 0,
d2, d3, d5 and d7) or months (July, August and October) than between position of sampling (5 and 40 cm). The
bacterial Weighted UniFrac PCoA (Fig. 2a, total variation explained: 52.09%) and the fungal Jaccards PCoA
(Fig. 2b, total variation explained: 32.83%) revealed a clearer picture of the similarities across different days. The
PCoA plots emphasized the similarities of the bacterial and fungi communities in the PTB at d2 and d3 when
compared with d5 and d7.
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Bacteria Fungi

Pseudo-F | pvalue | Pseudo-F | p value

Main effects

Depth of sampling 2.822 0.29 1.612 0.23
Month of sampling 4.447 0.001** | 3.600 0.001**
Day of sampling 10.553 0.001** | 3.348 0.001**
Pairwise comparisons

July versus August 2.177 0.071 2.495 0.002**
July versus October 4.815 0.003** | 4.485 0.001**
August versus October 6.253 0.003** | 3.834 0.001**
Pairwise comparisons

Day 0 versus day 2 11.033 0.001** | 1.362 0.015%
Day 0 versus day 3 13.459 0.001** | 2.633 0.001**
Day 0 versus day 5 17.984 0.001** | 5.538 0.001**
Day 0 versus day 7 18.172 0.001** | 7.545 0.001**
Day 2 versus day 3 0.808 0.495 1.349 0.096
Day 2 versus day 5 7.957 0.001** | 3.630 0.001**
Day 2 versus day 7 15.168 0.001** | 5.556 0.001**
Day 3 versus day 5 5.392 0.002** | 1.825 0.025*
Day 3 versus day 7 12.266 0.001** | 3.187 0.001**
Day 5 versus day 7 3.421 0.12 1.097 0.232

Table 3. Permanova analysis (999 permutations) results for bacterial and fungi communities based on
weighted unifrac and Jaccard distances respectively. Significance levels: *p <0.05; **p <0.01.

These results were supported by the PERMANOVA statistical analysis (Table 3). The differences between
position of sampling (5 and 40 cm) were not significant both for bacteria and fungi communities as the p values
were 0.19 for bacteria and 0.27 for fungi community respectively. The differences among months of sampling
were significant comparing July and August with October for both bacteria and fungi communities as well as
the differences among microbial communities through time. The pairwise comparison (Table 3) clearly showed
two significantly different stages during the PTB after day 0: the first stage including d2 and d3 (Ist stage), and
the second stage including d5 and d7 (2nd stage). The time effect on microbial composition (pseudo-F value)
was showing a growing trend with the proceeding of the sampling days (Table 3). The bacterial pseudo-F values
were smaller and smaller with progression of the days; by contrast, fungi pseudo-F values were higher. This
means that the bacteria became more similar and the fungi more different in the samples from the three piles
studied as the process progressed.

Bacterial community structure. Eleven prokaryotic phyla were found in the 90 samples accounting for
the total bacterial community. The predominant phylum across all bacterial communities was the Proteobacte-
ria, accounting for 33%-83% of the OTUs in each time and month of the PTB (Fig. 3). The trend of Proteobac-
teria was similar in all the months with different amount of presence: at day 0 and d2 Proteobacteria abundance
was between 61% and 85%; at d3, showed a slight decrease (between 58% and 72%) and reached the lower values
at d5 and d7 (between 33% and 65%). Twenty-six bacterial phylotypes were found dominant across all samples,
accounting for the 90% of the total bacterial community. Of these 26 phylotypes (in Fig. 4), 10 belonged to Pro-
teobacteria. Erwinia was the most abundant genus in this phylum and reached the higher presence at d2 and d3.
Other frequently sequenced genera included Acinetobacter, Pseudomonas, mainly found at day 0, and unclassi-
fied genera belonging to Xanthomonadaceae family.

Of the Alphaproteobacteria, the genera Agrobacterium, Methylobacterium, Sphingomonas and unclassified
genera of the family Beijerinckiaceae were the most abundant and dominant at day 0. All these phylotypes showed
a lowering trend in time decreasing from day 0 to d7 with the only exceptions of the Beijerinckiaceae that were
higher at d7 than at day 0.

Of the Betaproteobacteria, unclassified genera belonging to Alcaligenaceae and Oxalobacteraceae were the
most abundant families. Their relative abundances were constant along the time and showed higher differences
among the months than the sampling days (average values of relative abundance were 2.4%, 4.5% and 0.5% in
July, August and October respectively).

Firmicutes accounted for 12%-38% of the OTUs from d2 to d7 of the PT process. At day 0, Firmicutes were
present only in October’s samples at 7%, then increased at d2 and remained stable until the end of the process
(Fig. 3). Overall, there were 10 Firmicutes in the 26 most abundant phylotypes found during the PTBs (Fig. 4).
Most of these were thermophilic bacteria such as Bacillus, Thermoactinomycetaceae, Brevibacillus and Paeniba-
cillus®. These themophilic phylotypes had never been detected at day 0, appeared at d2 and reached their higher
values at d5 when their presence accounted for 29.9%, 19.4% and 8.5% in July, August and October respectively.
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Figure 3. Phylum composition (in mean relative abundance) of herbs samples as revealed by high-throughput
sequencing analysis. The samples were collected in triplicate from the same pool, for five days (day 0, d2, d3, d5,
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The Bacteroidetes constituted another dominant phylum detected in all the samples (Fig. 3). Bacteroidetes
abundance at d0 was in the range of 1.4%-17.0%, decreased at d2, d3 and d5 to a range of 0.7%-8.1% and reached
the highest values at d7 (between 8.1% and 21.2%). The most abundant genera belonging to this phylum were
Flavobacterium and Sphingobacterium.

The abundance of Actinobacteria was 1.0%-3.3% at day 0 and increased until the end of the process reach-
ing a maximum of 7.5-36.6% relative abundances respectively (Fig. 3). The most abundant phylotypes in the
Actinobacteria phylum were Microbacteriaceae and Streptomyces (Fig. 4); in particular, Streptomyces was one of
the genera dominating bacterial community biodiversity at d5 and d7.

Cyanobacteria were found at relative abundances higher than 1% only in July and August samples at day 0 and
d2, with a maximum at day 0 (16.9% and 4.5% relative abundances in June and July samples respectively). After
d2, Cyanobacteria decreased until the end of the process (Fig. 3). The relative abundance of Verrucomicrobia
was 0.35%-2.8% at d0 and remained constant during the whole PTB process (Fig. 3). Chtoniobacteraceae was
the most abundant bacterial family of the Verrucomicrobia phylum.

Further bacterial phyla had always been found at very low relative abundances (never higher than 1.0%,
Fig. 3).

Fungal community structure. Before the PTB started, the fungal community in the herbs (day 0 in
Fig. 5), was dominated by Mycosphaerellaceaes (Mycosphaerella, Ramularia and Zymoseptoria genera), repre-
senting the 21.5%, 21.4% and 15.0% of the total in July, August and October respectively, and Bulleribasidi-
aceaes (Vishniacozyma, and Dioszegia genera) representing the 22.3%, 32.4% and 23.4% of the total in July,
August and October respectively. Other fungal taxonomic groups, mainly belonging to the Ascomycota phylum,
were detected in lower relative abundance (lower than 10%). After two days (d2), the Aspergillaceae family was
emerging, mainly constituted by the Aspergillus genus with traces of Penicillium in 13 out of the 90 samples.
Aspergillaceae dramatically increased from day 0 (always less than 1%) to d2 in July and August trials (10.6%
and 24.9% respectively), and after d3 they became the most dominant fungi (26.6% and 83.2% respectively). By
October, Bullerobasidiaceae was always the dominant fungal family at d2 and d3. After five days (d5 in Fig. 5),
Bulleribasidiaceaes (lower than 10.6%) and Mycosphaerellaceae (lower than 6.5%) relative abundances decreased
sharply. Aspergillaceae kept their rising trend, remaining the dominant fungal family in July and August trials
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Figure 6. Heatmap and hierarchical clustering based on the normalized quantities of the identified VOCs, for
PTB herbs in the six days (d1, d2, d3, d4, d5, and d6) and three months (July, August and October) of sampling.
The highest content is in red and the lowest in blue. The values have been UV scaled and clustered according the
Ward algorithm. The list of the 34 compounds highlighted in the upper side represents the most abundant (core)
VOC:s found. In July, d6 is missing as the sample has not been collected.

(47.9% and 56.6% respectively), but they represented only the 11.4% of the fungal relative abundance in October.
Other thermophilic species emerged in July and August: the Trichocomaceae mainly constituted by Thermomy-
ces lanuginosus whose relative abundance was never higher than 2.1% in the first three days and then suddenly
increased to 32.8% and 23.2% in July and August respectively.

After seven days (d7 in Fig. 5), the fungal community was totally dominated by Aspergillaceae (46.6%, 69.2%
and 35.9% in July, August and October respectively) and Thermomyces lanuginosus (44.2%, 23.3% and 21.6% in
July, August and October respectively). None of the OTUs was predominant throughout all samples.

Volatiles organic compounds (VOCs) released during the PTBs. After raw GCxGC-MS data
deconvolution and pre-processing, the three dataset (July, August and October) consisted of 722, 1105 and 815
volatiles respectively. As already reported by Narduzzi et al.’, the majority of the VOCs are not in common
among the months. The identified volatiles through all the three months’ datasets were matched using their
InchiKey, and produced a table consisting of 295 VOCs present in all the months (Table S2). As shown in the top
part of the Fig. 6, there is a cluster of 34 compounds that are the most representative of all PTB samples because
contributing to the 85% of the total VOCs mass emissions. In the heatmap Fig. 6, the samples from the same
month clustered together. Moreover, within each month, the samples split in two different clusters according to
the stages already identified in the microbial analysis. The first cluster is composed by the samples of d1, d2 and
d3 (1st stage) and the second cluster by the samples of d4, d5, and d6 (2nd stage). Looking at the differences
in the days within each batch, the d1, d2 and d3 samples were richer in aliphatic hydrocarbons (heneicosane,
hexadecane, tetradecane and 3-methyltridecane), alpha-terpineol, and estragole. By contrast, the d4, d5 and d6
samples were richer in 1-methylnaphthalene, nonanal, 2-nonanone, 3-octanol, m-xylene, 2,6-dimethylheptade-
cane and 2-ethyl-hexanol.
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Discussion

The PTB is documented as a natural healthy treatment for human rheumatic diseases®, but this is the first study
investigating the microbiota and VOCs occurring in this process. The only similar processes are the self-heating
ones occurring during composting®? or silage fermentation'”. In order to establish the different stages of PTB,
the temperature, pH, microbial composition, microbial abundance, and VOCs data had been recorded for seven
days in three different months: July, August, and October.

The PTB temperature was always increasing from ambient temperature (25 °C) until more than 50 °C with
great variation among the different months, in particular the temperature rise over 50 °C, was very fast in
August and October (never longer than 2.5 days). This trend is very similar to other self-heating processes
where the initial mesophilic phase (until 42 °C) may last for only a few hours or a couple of days®. The different
temperature trends among the three months suggested heterogeneity of the PTB that could reflect differences in
herbs composition, compaction and aeration of the pile as well as in the active microorganism populations. The
day-by-day addition of the bulking herbs determined an aeration and regeneration effect within the PTB pile,
increasing substrate and oxygen availability and likely determining a boosting effect on the microbial growth
and the heating process'!.

In general, the pH remained in a neutral range in all the PTBs. In July and August, after d3, it increased signifi-
cantly and then stabilized in a range between 7.4 and 7.8 that is suitable for most microorganisms’ life®*. No pH
drop was recorded, contrary to what occurring in further self-heating processes where microorganisms rapidly
break down soluble and easily degradable carbon sources, resulting in a pH drop from 6.5 to 6.0 due to organic
acids accumulation®. This is in agreement with bacteria and fungi counts that were two orders of magnitude
lower than in other self-heating processes® and with the volatile acids data that where not among the core of the
recorded VOCs. Only in October, the pH showed a (non-significant) drop, between d2 and d3. It was probably
caused by the generation of organic acids from Aspergillaceae species'! that showed high relative abundance
(Fig. 5) and counts (Table 1, moulds counts) already after three sampling days in October.

Regarding microbial counts, bacteria and fungi showed lower counts (at least two orders of magnitudes) than
microbial population of other self-heating processes®, with the exception of October when microbial counts were
at higher amount. In general, aerobic bacteria dominated the PTB microbiota (around three orders of magni-
tude higher than other microbial groups). Therefore, aerobic bacteria were the main actors leading the PTB
self-heating, probably by means of an aerobic exothermic step already known as a bio-oxidative process typical
of the first phase of the composting process'?. According to our results, the microbial evolution throughout the
PTB was a very dynamic process, and the temperature did not result as deleterious for bacteria as reported for
other self-heating process'2. Microorganisms’ kept growing albeit temperature reached values higher than 50 °C,
showing that most of them were thermo-tolerant.

Fungi counts showed a different trend when compared with bacteria. In July and August, the yeasts and
moulds showed always very low counts following a significant decreasing trend at d5 and d7, similar to the one
reported by Woolford!? in silage fermentation. This decrease is probably due to the difficult adaptation to the
high temperatures. Therefore, temperature could be a selective factor for fungal community in PTBs, similarly
to the results of Zhang et al.'%, that reported high temperature as the driving factor affecting the fungal popula-
tion in waste pile composting.

Alpha and beta diversities were analysed to study the bacterial and fungi community richness in samples
obtained during the seven days of the PTB process. The first 3 days showed the highest bacterial and fungal
alpha-diversity. After d5, the bacterial and fungal diversity significantly decreased which could be due to a high
competitive selection, occurring in environments with a high nutrient complexity containing similar species
competing for the same resources'*. The depletion of organic substrates could lead to a gradual disappear of less
competitive taxa and to a microbial community convergence towards stable composition of limited diversity!*.
Both the OTUs number and Shannon diversity index of fungi showed a significant constant lowering trend
indicating that fungal diversity decreased with temperature rise, confirming that the high temperature had a
certain degree of selectivity against fungi.

All these results suggested the existence of two-stages in the PTB process after day 0. The Ist stage was
characterised by temperature boosting until d3, higher microbial diversity and a predominance of the bacterial
development among the microbial community, and the 2nd stage, from d5 to d7, characterised by almost constant
high temperature, a minor bacterial and fungi diversity and higher pH than Ist stage.

The presence of a two-stage process has been clearly confirmed also by the beta-diversity. The microbial
communities in the first three days showed significant differences when compared to the last two days of the
PT process. No significant difference had been detected at sampling positions 5 and 40 cm suggesting a certain
homogeneity in the pool of the PTB that makes the samples representative of the overall complete batch whatever
the deep of sampling. Although the succession of microbial communities occurred with some differences in July,
August and October, the overall microbial community was similar according to the PTB stage in all the months
of sampling. This suggests that there is a similar bacterial and fungal phylogenetic turnover pattern during the
PTB processes, alongside a comparable progression. The significant differences among the microbial communities
of July, August and October could be associated to differences in herb composition, compaction and aeration of
the pile that leads to differences in microbial composition and temperature trend.

Analysing the structure of the bacterial community developing during the PTB process, the predominant
bacteria were belonging to Proteobacteria phylum and, in particular, Erwinia was the most abundant genus in
the 1st stage. This genus is known to include phyto-pathogenic bacteria and it was never found in previous study
about self-heating microbial processes®™'°, confirming the peculiarity of PTBs. Acinetobacter, Pseudomonas and
Xanthomonadaceae were also bacterial phylotypes belonging to Proteobacteria phylum whose sequences were
abundant in the PTBs samples. Acinetobacter and Pseudomonas are generally recognised as mesophilic genera and
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probably this explain their higher abundance in the 1st stage and the drop following the temperature increase,
as reported in others self-heating processes®®. Bacteria belonging to Xanthomonadaceae family can live both in
thermophilic and extremely thermophilic environments’, and probably for this reason, they were dominant in the
2nd stage of the PT process when temperatures were always over 50 °C. The Firmicutes relative abundance, mainly
represented by Bacillales (Bacillus and Thermoactynomycetaceae), increased after two days and then remained
a constant presence in the 2nd stage, similarly to Partanen et al.’® that showed Bacillales prevalence during the
thermophilic phase of self-heating composting processes. Bacteroidetes constituted another phylum detected in
all the samples. The most abundant genera belonging to Bacteroidetes were Flavobacterium and Sphingobacte-
rium, present along the overall PTB process without differences between 1st and 2nd stages. Flavobacterium and
Sphingobacterium are known as active bacteria during the composting of lignocellulosic materials'®!”. The most
abundant phylotypes belonging to Actinobacteria phylum were Microbacteriaceae and Streptomyces. In particular
Streptomyces abundance was higher in the 2nd stage in agreement with previous studies that found this species
predominant during the thermophilic stage of self-heating organic compounds processes'® ! as they can tolerate
high temperatures and are able to degrade cellulose and lignin® !> 1°.

Analysing the structure of the fungal community developed during the PTB process, the dominant groups,
before the temperature rises, were Mycosphaerellaceaes and Bulleribasidiaceaes families. Mycosphaerellaceae is one
of the largest family of Ascomycota and comprises many important crop pathogens®. Bulleribasidiaceae belong
to Basidiomiycota phylum and is constituted by well cold-adapted genera recovered in cold terrestrial areas like
Himalayas, Andes, and European high mountains®"??; their cold adaptation could explain why they were found
in very high amount at day 0 in the fresh-cut grass from Viote area where the average year temperature is about
5.5 °C®. After two days, a new fungal family emerged when the temperatures rises: the Aspergillaceae, a family
able to resist high temperatures** and known to be one of the dominant fungi families in self-heating processes®.
After three days, other thermophilic species emerged to become dominant in the 2nd stage like Thermomyces
lanuginosus, whose presence in thermophilic stage of self-heating process was already documented®. Aspergil-
laceae and Thermomyces lanuginosus predominance in the 2nd stage was probably due to their thermophilic
attitude and their potential in producing thermostable enzymes* 2.

The majority of the VOCs released during PTB process were not in common from among the months, con-
firming the heterogeneity of the herbs constituting the PTBs. The different concentrations and the presence of
unique VOCs in the three months of analysis might be due, not only to different herbs and microbial popula-
tions in the collected samples, but also to the competitive binding of the volatiles on the used sampling tubes,
limiting the repeatability of VOCs quantification. The VOCs analysis revealed the presence of 34 compounds
constituting the core of the most abundant compounds in the PTB process. Most of them were monoterpenes
and sesquiterpenes such as longifolene, myrcene, camphor, limonene, terpinen-4-ol and cymene. They were
constantly present in all the samples and are known to be the major chemical compounds of plant essential
oils?” 28, They have been reported to possess a wide range of bacterial inhibitory potential in particular against
pathogens like Escherichia and Staphylococcus genera?” and terpinen-4-ol in particular can be used in the therapy
of skin infections®. The antibacterial activity of these compounds may justify the lower counts found both for
bacteria and fungi when compared with generic self-heating processes®, and the absence in the PTBs of patho-
genic bacterial genera, such as Escherichia, Staphylococcus, Serratia, Enterobacter and Klebsiella, that are very
common in self-heating composting process®.

Considering the 1st stage of the PTB process, there was a higher concentration of aliphatic hydrocarbons
(heneicosane, hexadecane, tetradecane and 3-methyltridecane), alpha-terpineol, and estragole than at the 2nd
stage. By contrast, the 2nd stage was richer in 1-methylnaphthalene, nonanal, 2-nonanone, 3-octanol, m-xylene
and 2,6-dimethylheptadecane. The compounds more representative of the 1st stage of PTB process were of plant
origin, because common component of the volatile oils of the herbs and flowers constituting the PTB pile and
in some cases have been shown to have significant health effects. Aliphatic hydrocarbons are constituents of
Arnica montana buds®® and Hypericum maculatum flowers™. Estragole is a natural anise odor component of plant
essential oils and has in vivo anti-inflammatory action®'. Natural alpha-terpineol is a lilac odor compound that
can be produced by fungal (Penicillum sp.) or bacterial (Pseudomonas sp.) biotransformation of limonene®* and
has antioxidant and anti-proliferative potential®®. Regarding the 2nd stage of PTB process, with the exception of
nonanal that is one of the main constituents of Arnica montana buds®, the most representative compounds were
of microbial origin and had been recorded among Aspergillum volatile metabolites such as 1-methylnaphthalene,
3-octanol, xylene and 2,6-dimethylheptadecane®, and Bacillus volatile metabolites such as 2-nonanone®.

In conclusion, this is the first study about the PTB process, which is a traditional treatment for rheumatic
diseases widespread in some Alpine areas, but, due to its peculiarity and limited area of diffusion, has never
been previously studied. The PTB process has some similarities with compost and silage self-heating processes
such as: (i) the rapid rise in temperature over 50 °C, (ii) the presence of two stages, one more mesophilic and one
more thermophilic, (iii) the rise in pH from 6.5 to about 7.5, (iv) the development of some microbial species in
the 2nd stage, such as Streptomyces, Xanthomonadaceae, Aspergillaceae and Thermomyces. More relevant are the
differences that confirm the originality of the PTB process when compared with compost and silage self-heating
processes such as: (i) the lower counts of both bacteria and fungi, (ii) the absence of pathogenic bacteria, (iii)
the dominance of Erwinia sp. in the 1st stage which could be the main actor of self-heating in PTB process, (iv)
the dominance of plant terpenoids among the VOCs, some of them with health characteristics?” %, (v) a 1st
mesophilic stage characterized by plant VOCs with some beneficial effects?”?* 3!, and (vi) a 2nd thermophilic
stage characterized by the Aspergillaceae presence and the production of VOCs of microbial origin.

Nevertheless, it is worth noting that there are some fungi, such as Aspergillaceae, that could be pathogenic
to humans in particular within the 2nd stage of the PTB process and could be a real problem for operators and
customers™.
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Figure 7. (A) Picture of the grass stockpile at the beginning of the PTB with a (B) schematic representation of
the grass bath.

Therefore, additional studies should be conducted to evaluate the possibility of extending the 1st stage in order
to lower the development of Aspergillaceae and to promote the extended release of plant VOCs with beneficial
characteristics. The extension of the 1st stage could be achieved setting up a system of better temperature and
aeration control, also increasing the amount of bulk herb added each day (for instance from 10% to 20%). The
pH and temperature record could be a direct measure to check the transition from the first to the second stage
because both values are easy to detect and increase significantly between the two stages.

Based on the results of this investigation, the authors strongly recommend taking action to reduce the work-
ers exposure to Aspergillaceae and harmful fungi that could be raised during total removal of the herbs at the
end of the process.

Methods

The phyto-thermal bath (PTB). In order to study the real PTB process, traditional PTB has been per-
formed in the original facility bath at Garniga Terme Spa, following the original protocol. The grass was har-
vested on July and August 2016, in Viote, (Trento, Italy, N 46°01'16"; E 11°02'11"), elevation 1540 m above
sea level, sandy loam soil type, with average year precipitation of 576 mm/m? and average year temperature
of 5.5 °C**, The grass had been mowed and directly baled to be transported to the thermal facility of Garniga
(Trento, Italy, S 23°38'57"; W 46°37'19") where the PTB process was carried out following the protocol described
by Narduzzi et al.”. The facility has four 20 m? stainless steel open baths (Fig. 7) and is designed to host about 1
ton of grass for each cycle in each bath. The herbs had been layered in the baths to create a 45 cm tall pile, and
covered with wooden bars. Adequate aeration of the pile had been kept by daily adding a 10% of bulk herbs,
turning every day the herbs through a dedicated machine. After seven days, the PTB process within the baths
had been considered finished and the material removed.

Sample collection. About 50 g samples had been collected throughout the PTB process from the pool in
three different months: July, August and October. After completion of the PTB pile, samples were collected at the
arrival of the herbs at the facility (day 0) and then at d2, d3, d5 and d7 of each trial. To obtain a representative
sample of the cell, for each sampling day, the pile was sampled in three different points, along the cell diagonal:
two edges (A and C Fig. 7B) and in the middle (B in Fig. 7B), at 5 and 40 cm depths. Each sample was stored into
two sterile 50 mL Falcon tube. One tube was immediately frozen in liquid nitrogen and stored at —80 °C until
DNA extraction. The second tube was kept at 4 °C and used for the immediate pH and microbial counts analyses.

Temperatures and pH determination. Temperature had been recorded for seven days from day 0 to d7,
each hour at 20 cm in the middle of the pool bath (0.20 m point B in Fig. 7B). The temperature of the room and
of the PTB pile has been determined using a Testo 175 T2 (Testo limited, Alton, UK). The pH was determined
from suspensions of fresh grass samples in 0.9% sodium chloride using a pH electrode (Crison Instruments,
Barcelona, Spain).
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Microbial analyses. All the herbs samples were subjected to microbial analysis and prepared by adding
180 g of sterile (autoclaved for 15 min at 121 °C) peptone water to 20 g of sample. The sample was run twice for
60 s at the setting “normal speed” in a laboratory blender (Stomacher Seward 3500; Worthing, West Sussex, UK).
Since this was the first work on PTBs’ microbial counts, it was not clear which kind of viable microbial groups
we could find nor their respective abundance. In order to acquire more information, several microbial groups
(mesophilic and psychrotrophic aerobic bacteria, mesophilic and thermophilic lactic acid bacteria, Enterobac-
teria, Acetobacteria, yeasts and moulds) were determined on ten subsamples as a preliminary experiment. Ten
decimal dilution series were made and all plated, in order to determine the microbial groups present and the
order of magnitude. Enumeration of the present microbial groups (total aerobic bacteria, mesophilic and ther-
mophilic lactic acid bacteria, Enterobacteria, yeasts and moulds) were made from the last four decimal dilutions
where the microbial group had shown to be present according the results from the preliminary experiment.
Total bacteria had been cultured aerobically on Plate Count Agar (PCA) at 30 °C for 24 h. Lactic acid bacteria
(LAB) were cultivated under anaerobic conditions on MRS agar plates for 72 h at 30 °C for mesophilic and 45 °C
for thermophilic bacteria. Enterobacteria had been cultured on violet red bile glucose agar (VRBGA) following
the overlay method at 37 °C for 24 h. Fungi had been cultured on WL agar plates, and aerobically incubated at
25 °C. Yeasts and moulds had been counted after two and five days respectively. All media had been purchased
by Oxoid (Oxoid Ltd, Cambridge, UK).

DNA extraction. All the samples collected, had been subjected to DNA extraction, performed with MoBio
DNA Power Soil kit (Mo Bio Laboratories Inc., Qiagen Venlo, Netherlands) following vendor’s instructions. All
DNA samples were purified by PowerClean DNA Clean-up Kit (Mo Bio Laboratories Inc.) and quantified by
Nanodrop3300 Fluorospectrometer (Thermo Scientific, Waltham, USA) using the Quant-iT PicoGreen dsDNA
Assay Kit (Invitrogen Life Technology, Thermo Scientific).

Miseq library preparation and lllumina sequencing. Amplicon library preparation, quality and quan-
tification of pooled libraries were performed at the Sequencing Platform, Fondazione Edmund Mach (FEM, San
Michele a/Adige, Italy). Briefly, for each sample, a 464-nucleotide sequence of the V3-V4 region®” %, of the 16S
rRNA gene (Escherichia coli positions 341 to 805) and ITSIF (5-GTTTCCGTAGGTGAACCTGC-3') and ITS4
(5'-TCCTCCGCTTATTGATATGC-3') specific for the ITS1-5.8S fungi region® were amplified for bacteria and
fungi respectively. Unique barcodes were attached before the forward primers to facilitate the pooling and sub-
sequent differentiation of samples. To prevent preferential sequencing of the smaller amplicons, the amplicons
were cleaned using the Agencourt AMPure kit (Beckman coulter, Brea, USA) according to the manufacturer’s
instructions; subsequently, DNA concentrations of the amplicons were determined using the Quant-iT Pico-
Green dsDNA kit (Invitrogen Life Technology) following the manufacturer’s instructions. In order to ensure
the absence of primer dimers and to assay the purity, the generated amplicon libraries quality was evaluated by
a Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) using the High Sensitivity DNA Kit (Agilent). Following the
quantitation, cleaned amplicons had been mixed and combined in equimolar ratios. Pair-end sequencing using
the Illumina MiSeq system (Illumina, San Diego, USA) had been carried out at CIBIO (Center of Integrative
Biology) — University of Trento (Trento, Italy).

lllumina data analysis and sequences identification by QIIME2. Raw paired-end FASTQ files were
demultiplexed using idemp (https://github.com/yhwu/idemp/blob/master/idemp.cpp) and imported into Quan-
titative Insights Into Microbial Ecology (Qiime2, version 2018.2). Sequences were quality filtered, trimmed, de-
noised, and merged using DADA2*. Chimeric sequences had been identified and removed via the consensus
method in DADA2. Representative bacterial sequences had been aligned with MAFFT and used for phyloge-
netic reconstruction in FastTree using plugins alignment and phylogeny*" *2. Alpha and beta diversity metrics
had been calculated using the core-diversity plugin within QIIME2 and visualised by emperor®. For bacteria,
beta diversity metric had been calculated using the beta-diversity plugin within QIIME2 and the—metric com-
mand was set on weighted_normalized_unifrac. For bacteria, taxonomic and compositional analyses were car-
ried on by using plugins feature-classifier (https://github.com/qiime2/q2-feature-classifier). A pre-trained Naive
Bayes classifier based on the Greengenes 13_8 99% Operational Taxonomic Units (OTUs) database which had
been previously trimmed to the V4 region of 16S rDNA, bound by the 341F/805R primer pair, was applied to
paired-end sequence reads to generate taxonomy tables. For fungi, sequences were classified to the species-
level using a 97 or 99% threshold using UNITE dynamic classifier version 8.0 released for QIIME2 (UNITE
QIIME release for Fungi. Version 18.11.2018. UNITE Community. https://doi.org/10.15156/BIO/786334). The
data generated by MiSeq Illumina sequencing were deposited in the NCBI Sequence Read Archive (SRA) and
are available under Ac. Number PRJNA588404 (https://www.ncbi.nlm.nih.gov/bioproject/PRINA588404/https
://www.ncbi.nlm.nih.gov/bioproject/PRJNA588404/).

Volatiles determination. The chemical volatiles released during the cycles were measured following the
method by Narduzzi et al.’. Briefly, two Tenax cartridges (147, Radiello, Supelco), pre-conditioned under nitro-
gen flow for 2 h at 300 °C, were inserted in their dedicated air filters and placed on the top of the wooden bars
of the grass baths for 24 h, to passively collect the volatiles released by the fermentation process. After 24 h, each
cartridge was sealed in its glass tube and stored in the dark at 4 °C until analysis. In July, the d6 sample had been
lost.

The cartridges were desorbed using a Thermal Desorber (Unity 2, Markes) and desorbed gases were injected
in a comprehensive GCxGC-TOF-MS (LECO Corporation, St. Joseph, MI, USA). The chromatograms were
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acquired and de-convoluted using the ChromaTOF software (Version 4.22; LECO) pre-processed using the
package GCxGC Leco.analyser’” and normalized using the VSN algorithm** through the web service NOREVA®.

Statistical analysis. A normality test (Shapiro-Wilk W) was performed, as well as a nonparametric tests
(Kruskal-Wallis) analyzing the day of collection as independent variables and the microbial plate counts as
dependent variables. All the tests on plate counts were performed using the STATISTICA data analysis software
system, version 9.1 (StatSoft, Inc. 2010 ww.statsoft.com).

Differences in diversity indices (OTUs number and Shannon diversity index) of different samples were tested
by Kruskal-Wallis test by a plug-in implemented in QIIME?2. The overall structural changes of bacterial and fun-
gal communities were visualised by principal coordinates analysis (PCoA) based on Weighted Unifrac for bacte-
rial and Jaccard Distance Matrix for fungi community. In order to aid the ordination of the samples across time,
the day of sampling has been considered as a custom-axis in both PCoAs by means of a plug-in implemented
in QIIME2. The statistical significance of communities among all samples was assessed via the non-parametric
PERMANOVA (permutational multivariate analysis of variance) by means of plug-in implemented in QIIME2.

The heat map of the volatiles compounds dataset was built using Euclidean score distance and Ward cluster-
ing algorithm in R environment.
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