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Abstract
To foster a circular bioeconomy throughout the management of industrial solid wine residues in the wine industry, 
this work presents the physicochemical and microbiological dynamics of the composting process with white grape 
pomace, stalks and wastewater treatment plant sludge from the same winery. Three composting windrows of 41  m3 
were constructed with 0, 10 and 20% sludge addition. Physicochemical parameters were assessed following the Test 
Method for the Examination of Composting and Compost (TMECC), and the diversity and dynamics of the bacterial and 
fungal communities involved in the composting process were assessed via a high-throughput sequencing metabarcod-
ing approach. The addition of sludge increased the moisture content, bulk density, and pH after six months of turned 
windrow composting. No effect of sludge addition on the macronutrient composition of the compost was observed. 
The Shannon‒Wiener index differed among stages and treatments. Bacterial diversity increased over time, while the 
fungal community appeared to be highly affected by the thermophilic stage, which led to a reduction in diversity that 
slightly recovered by the end of the process. Furthermore, the sludge exhibited high bacterial diversity but very low 
fungal diversity. Consequently, the design of on-site biologically based strategies to better manage wine residues can 
produce soil amendments, improve fertilization, reclaim damaged soils, and ultimately reduce management costs, mak-
ing composting an economically attractive and sustainable alternative for waste management in the wine industry.
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Graphical Abstract

Highlights

• Physicochemical and microbiological studies of sludge and grape pomace in composting are necessary to foster a 
circular bioeconomy in the wine industry.

• Sludge addition improved water retention and bulk density, but no effect on macronutrient composition was 
observed; nonetheless, an increase in beneficial microorganisms was found.

• Closing the loop in the management of organic residues via composting in the wine industry will improve economic 
and environmental performance.
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1 Introduction

Composting is one of the most commonly used techniques for valuating organic residues due to its low operational 
cost and the production of a stable substrate enriched with nutrients, namely, compost. Furthermore, this eco-
friendly, low-cost technology can realize the revalorization of organic waste, including sewage sludge, agricultural 
and forestry residues and animal manures, into organic fertilizers such as compost [1–4]. Composting is a process of 
exothermic oxidative microbial degradation consisting of mesophilic (25–45 °C), thermophilic (45–70 °C), late meso-
philic and maturation stages [5]. During the first stage, mesophilic microorganisms multiply, quickly metabolizing 
sugars and simple molecules via exothermic reactions, reaching temperatures close by 45 °C [6]. In this stage, the 
microbial community changes because of the increase in temperature. Thermophilic microorganisms degrade more 
complex molecules, such as sugars, fat, and proteins, further increasing the temperature to between 50 and 70 °C, 
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and most pathogenic bacteria and fungi are eliminated [5, 7, 8]. Finally, a cooling phase known as the late meso-
philic stage takes place, and the ambient temperature is reached. In this phase, mesophilic microorganisms appear 
again and degrade molecular products of the thermophilic stage. The process ends in the phase of stabilization or 
maturation, characterized by rapid decreases in microbial activity and temperature and stabilization of the nutrients 
and properties of the compost [7, 8].

Since composting is a biological process, different factors affect its development, such as temperature, moisture, 
carbon:nitrogen (C:N) ratio, pH, aeration, and bulk density [5–7]. The optimal physical composting conditions are a pH 
of 6.5–7.5, a C:N ratio of 25:1–30:1, a moisture content of 45–60%, an oxygen saturation over 5%, and a balanced bulk 
density and porosity [5–8]. The carbon (C) content, nitrogen (N) content, C:N ratio, ammonium:nitrate  (NH4

+:NO3
−) ratio, 

potassium (K) content, and phosphorous (P) content, are among the typically analyzed chemical parameters [5, 8].
The most widely reported microorganisms in composting processes include aerobic bacteria from the phyla Pro-

teobacteria, Bacteroidetes, Firmicutes, Chloroflexi, and Actinobacteria, which produce hydrolases and play key roles in 
protein and lignin decomposition. Specifically, different beneficial bacterial genera related to the nitrogen cycle (i.e., 
Nitrosomonas, Nitrospira, Rhizobium), phosphate solubilizers (i.e., Pseudomonas, Aeromonas, Streptomyces), potassium 
solubilizers (i.e., Enterobacter, Bacillus) and growth promoters (i.e., Kluyvera, Brevundimonas) have been reported to be 
involved in composting [9, 10]. This bacterial community composition is directly related to temperature, which varies 
according to the composting stage [5, 6, 11], and these microbes are more commonly found in the mesophilic phase of 
the composting process.

The most widely reported fungi are also mostly aerobic and are from the phyla Ascomycota and Basidiomycota [5, 
8, 11]. Fungi degrade complex molecules and produce powerful ligninolytic, cellulolytic, and pectinolytic agents that 
also degrade chitin and keratin; moreover, many fungi release water-soluble substances, antibiotics, and dark pigments, 
which are very important for the humification process [11]. Specifically, different beneficial fungal genera, such as phos-
phorus solubilizers (i.e., Aspergillus and Trichoderma), phosphate solubilizers (i.e., Aspergillus, Rhizopus, and Talaromyces), 
biocontrollers (i.e., Gliocadium and Trichoderma), and potassium solubilizers (i.e., Aspergillus), have been identified in the 
composting process [9, 12]. Changes in these microorganisms during the composting process trigger the transformation, 
retention, and bioavailability of nitrogen and phosphorus in compost due to the association of these microorganisms 
with organic phosphorus mineralization, nitrification, and denitrification [13]. A change from this aerobic microbiome to 
an anaerobic microbiome can produce undesirable effects, such as the generation of bad odors,  S2 and  H2S from sulfate 
reduction and the degradation of sulfur-containing compounds, which contaminates the air and reduces the quality of 
the compost due to sulfur deficiency [14].

While microorganisms are needed for the degradation of organic substrates during composting, it is essential to iden-
tify pathogenic microorganisms in the final compost product to evaluate potential harmful effects on soil and crops. The 
pathogenic bacteria Acetobacter aceti (Pasteur) Beijerinck and Acetobacter sp. are responsible for acid rot, and Agrobacte-
rium tumefaciens and Agrobacterium vitis are responsible for crown gall disease [15]. There is a wide range of potentially 
pathogenic fungi. Some examples include Acremonium alternatum (dying arm disease); Aerobasidium, Alternaria, and 
Cladosporium (acid rot, cluster rot); Pythium, Phytophthora and Sclerotium rolfsii (root rot); Aspergillus sp. (grape cluster 
rot); Botryosphaeria, Fusicoccum, Dothiorella and Cytospora (canker); and Botrytis (bunch rot), among others [15, 16].

Winery residues mainly include grape pomace, lees, stalks and sludge from wastewater treatment plant. The compost-
ing of winery solid residues is mainly affected by the presence of phytotoxic and antibacterial substances, such as ethanol, 
organic acids, and phenolic compounds, which hinder microbial development, reducing the agronomic quality of the 
compost [17–19]. Nitrogen supplements such as manure and chemical fertilizers are commonly used to increase the 
microbial load and nutrient contents and thus enhance the biodegradation rate [9, 20–22]. Recent meta-analyses have 
demonstrated that the use of additives such as zeolite, clinoptildite and biochar can significantly decrease heavy metal 
bioavailability by at least 40% in the final compost products and increase the total nitrogen content and pH by 16% and 
5%, respectively [23]. However, the use of additives and supplements from other industries generates additional expenses 
for winery companies. Considering that sludge represents approximately 5% of the total residues produced by wineries 
[17], the composting of grape stalks, pomace and nitrogen-rich sludge has also been used to reduce operational costs [21, 
24, 25]. The economic costs of composting stalks and wastewater sludge to produce a sanitized organic amendment for 
application in vineyards are almost negligible compared to those of other management options [26]. However, it is not 
common for Chilean companies to compost their own organic residues. Considering the high costs of truck transporta-
tion and landfill disposal, as well as the social and environmental impacts, the current management of these wastes by 
external companies is not a viable solution. Furthermore, the use of compost as a soil amendment can reduce fertilization 
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requirements, restore soil and plant heath, and improve public perception of the company; thereby, composting of winery 
residues is an economically attractive and sustainable alternative for different wine companies in Chile.

Winery sludge is an alkaline and highly humid substrate with a high nitrogen content and a high number of microor-
ganisms [27], including Proteobacteria, Bacteroidetes, Firmicutes, Nitrospira, Dechloromonas, Arcobacter, Nitrobacter, 
Planctomycetes, Chloroflexi, as well as several microorganisms that participate in the nitrogen cycle via protein and lignin 
decomposition [28–30]. These phylogenetic groups have also been reported in the early stages of composting, suggest-
ing that sludge could be a suitable supplement in the composting of winery residues and could improve the process 
conditions, increase the abundance of beneficial microorganisms, and reduce sludge management costs. According 
to Semitela [31], no thermophilic stage was observed during the composting of winery sludge with grape stalks at the 
laboratory scale and pilot scale; however, no microbiological analyses were performed. In addition, despite the numerous 
studies related to the microbial communities involved in composting [11, 13, 30, 32–37], no studies have focused on the 
microbiology of winery sludge composting using grape pomace and stalks. Consequently, this work is focused on the 
dynamics and physicochemical properties of microbiological communities during the composting of residues from the 
wine industry, as well as the effect of adding winery sludge as a supplement, with the aim of improving the composting 
process and fostering a circular economy in the winery sector.

2  Materials and methods

2.1  Raw materials

White grape pomace, stalks, and sludge residues were obtained from Concha y Toro Wine Company (K-650, Pencahue, 
Maule, Chile, − 35.44505214923765, − 71.81094553551853). Wine residues were collected immediately after the winemak-
ing process. Sludge was obtained from the wastewater treatment plant during the wine production season. The raw 
material was utilized fresh, and no pretreatment methods were applied before composting. Chemical characterization 
of the raw sludge and wine residues (WRs) was performed as described in Sect. 2.4 (Table 1).

2.2  Composting process

Three composting piles of 41  m3 each were constructed on site at the winery by mixing 65% residual white grape pomace 
and 35% stalks by volume. Then, sludge from the wastewater treatment facility of the winery was added as a supplement 
at 0, 10 and 20% by volume to each of the piles, corresponding to three treatments, T0, T1 and T2, respectively. Each 
treatment pile had a width of 2 m, a height of 1.5 m and a length of approximately 27 m. The composting system was 
open, and eight mechanical turnings were applied according to the temperature evolution, with more frequent turning 
during the thermophilic phase. The moisture content of the piles was kept above 40% by using an irrigation system when 
needed. Samples were collected following an adapted standard version of Sample Collection and Laboratory Preparation: 
Field Sampling of Compost Materials [38]. As shown in Fig. 1, five subsamples were randomly taken from the top, middle 
and bottom layers of each pile, resulting in fifteen subsamples for each treatment, at 0, 50 and 195 days, corresponding 

Table 1  Chemical 
characterization of sludge and 
wine residues

Sludge Wine residues

EC (dS/m) 15 3.6
pH 8.3 3.4
OM (%) 73 93
C (%) 40.6 51.7
C:N 6.1 34.9
N (%) 6.6 1.5
P (%) 2.2 0.5
K (%) 0.5 1.9
NH4 (mg/kg) 5331 751
NO3 (mg/kg) 2206 344
NH4:NO3 2.4 2.2
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to the mesophilic, thermophilic, and stabilization stages, respectively. Therefore, a mixed composite of fifteen 100 g 
subsamples was prepared as a representative sample of approximately 1500 g for each treatment. For each treatment, 
3 replicates were obtained for each of the 3 different stages, resulting in a total of 27 samples, which were stored at 4 °C 
and − 80 °C for chemical analysis and microbiological analysis, respectively.

2.3  Physicochemical analysis

Temperature, moisture, pH, and bulk density were monitored during the whole composting process. The temperature 
was monitored two times per week utilizing a bimetal thermometer with a length of 107 cm. The moisture content was 
estimated by drying a sample at 105 °C and calculating the weight difference [39]. The pH was measured in an aqueous 
extract from a 1/5 mixture of compost and distilled water at ambient temperature [40]. The bulk density was measured 
by transferring a sample to a graduated beaker to determine the volume and dry mass for calculation of the ratio [41]. 
The physicochemical properties, such as bulk density, pH, temperature, electrical conductivity (EEc), pH, organic matter 
(OM), C content, N content, C:N ratio, ammonium and nitrate  (NH4 and  NO3) contents,  NH4:NO3 ratio, P and K, were also 
analyzed for each of the different windrows at each stage according to the Test Method for the Examination of Com-
posting and Compost [38]. In summary, EEc was measured in an aqueous extract from a 1/5 mixture of compost and 
distilled water at ambient temperature [42]; OM was calculated from the values for the combusted solid material and 
the original oven-dried sample; C was calculated based on the OM fraction [43]; N was obtained by using the classical 
Kjeldahl procedure [42];  NH4 and  NO3 were estimated by colorimetric methods [44]; and P and K were determined using 
inductively coupled plasma (ICP) [45, 46].

2.4  DNA extraction and sequencing

Each of the samples that had been previously obtained from the piles and stored at − 80 °C was homogenized, and 500 mg 
was resampled for DNA extraction and subsequent sequencing. Extraction was performed following the protocol of the 
DNeasy Powersoil Pro kit [47]. Sequencing was performed on the Illumina MiSeq platform; the V3–V4 region of the 16S 
ribosomal gene was sequenced using the primers 16SF CCT ACG GGNGGC WGC AG and 16SR GGA CTA CHVGGG TAT CTA ATC 
C, and the internal transcribed spacer (ITS) gene was amplified using the primers ITS1F CTT GGT CAT TTA GAG GAA GTAA 
and ITS2R GCT GCG TTC TTC ATC GAT GC. Demultiplexed fastq files were first trimmed to eliminate primers. Then, sequences 
were cleaned, filtered, trimmed, dereplicated, and merged, and chimeras were removed using the DADA2 pipeline in 
QIIME V.2 software [48]. Amplicon sequence variants (ASVs) were identified and compared to specialized databases for 
taxonomic assignment. The SILVA SSU 138 16.12.2019 database [49] was used for bacteria, and the UNITE V10.05.202 
database [50] was used for fungi. The samples with the fewest sequences were used to define the rarefaction of each 
data series. The raw data supporting the findings in this study have been deposited into the National Library of Medicine 

Fig. 1  Sampling process for 
each replicate (R1, R2 and R3) 
for all the treatments (T0, T1 
and T2)
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(US), National Center for Biotechnology Information (NCBI) database under Bioproject ID PRJNA1085751, available at 
https:// www. ncbi. nlm. nih. gov/ biopr oject/.

2.5  Data processing

Multivariate statistical analysis of the physicochemical and taxonomic data was performed by using Primer6 (Primer E) 
software. The physicochemical results were standardized, and Euclidean distance matrices were created. Variables with 
a Pearson’s correlation higher than 0.95 were grouped and represented by one unique variable.

The fourth root was applied to the quantitative taxonomic results to homogenize the data and reduce the dominance 
effect. Bray‒Curtis similarity matrices were subsequently constructed. The results were tested in triplicate and averaged. 
Alpha and beta diversity analyses were performed to identify beneficial and pathogenic microorganisms using data col-
lected from the references cited in this manuscript.

The physicochemical and microbiological results were tested by using PERMANOVA with 10,000 permutations and 
α = 0.05. Kruskal‒Wallis statistical analysis was used with α = 0.05 to test for differences in the number of beneficial and 
pathogenic microorganisms at the final stage depending on treatment. Canonical analysis of main coordinates (CAP) was 
used to construct a graphical representation of the biological composition of the samples based on environmental data.

3  Results and discussion

3.1  Physicochemical

Figure 2 shows the temperatures of the different treatments, as well as the ambient temperature throughout the process. 
The days of irrigation and turning are marked. All the treatments reached temperatures greater than 45 °C in the first week 
of composting. The temperatures during composting did not show any unusual values, and the trends are comparable 
to those in similar studies on winery residues [21, 24, 51]. The durations of the phases, especially the thermophilic phase, 
indicate appropriate decomposition and sanitization [8]. An increase in temperature above 75 °C was not observed, but a 

Fig. 2  Temperature trend of 
each treatment throughout 
the composting process. Each 
point represents the average 
of triplicate values; the stand-
ard deviation ranged between 
0 and 3.9. Arrows indicate the 
times of sample collection

https://www.ncbi.nlm.nih.gov/bioproject/
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progressive decrease occurred after the eighth turning of the material. T0 showed a higher temperature than did T2 and 
T1 after day 161, which indicated greater persistence of microbial activity due to less maturation. However, all the treat-
ments entered the stabilization phase (< 45 °C) after 185 days. Irrigation and turning of windrows are crucial to regulate 
humidity and oxygenation, which can influence the development of aerobic microorganisms, the main microorganisms 
involved in the composting process [52].

The windrows were irrigated periodically to maintain a moisture content greater than 40% during at least the first 
140 days of the process. The moisture content of each windrow was recorded throughout the test (Fig. 3A). The treatments 
started with moisture values between 50 and 60% during the first month. Before irrigation (day 42), since T1 and T2 had 
higher moisture contents, the presence of sludge seemed to improve the water retention of the windrows during the 
process. During the last month, no irrigation was performed to accelerate stabilization of the final compost product. In 
other studies, it has been reported that the moisture of piles can influence microbial activity and reduce the abundance 
of antibiotic resistance genes (ARGs) [53].

The bulk density (Fig. 3B) reflects the physical structure of a windrow and the pore space it contains. As expected, an 
increase in bulk density was observed for all treatments, where T2 and T1 exhibited higher values throughout the whole 
process due to the addition of sludge. Although an increased bulk density means better retention of moisture, higher 
values negatively affect gas exchange inside the windrows, increasing the number of turnings required. The progressive 
increase in the bulk density of the treatments is considered normal behavior in composting [6, 8, 54]. It has also been 
reported that the time at which windrows reach the thermophilic phase is influenced by the bulking agent used and the 
particle size of the mixture, with higher values shortening the time to the thermophilic phase [55].

The initial pH of the treatments was close to 4.5 (Fig. 3C), and a progressive increase was observed for all treatments. 
T1 and T2 showed a clear of stabilization, reaching pH 7 on day 108; in contrast, T0 stabilized on day 143. This difference 

Fig. 3  Changes in the physicochemical properties of compost over time. A Bulk density. B Moisture. C pH. The error bars show the standard 
error of triplicate measurements for each treatment
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can be explained by the alkaline pH of the sludge and the nitrate content, which induced higher production of ammonia 
during the thermophilic phase, accelerating the increase in pH and the stability of the compost [24, 25, 51]. Bouhia [56] 
studied the composting process of olive mill waste sludge and green waste and reported similar changes in pH, with 
values that started at 5.5 and finally reached 7.9 after 120 days. It has been shown that changes in temperature and pH 
significantly affect decreases in ARG abundance and pathogen–host interactions (PHIs) in compost with chicken manure, 
indicating the vital role of these variables in the elimination of pathogenic microorganisms [57].

Multivariate analysis revealed significant differences in the physicochemical data depending on the treatment for each 
of the stages (PERMANOVA, p < 0.05). The addition of sludge significantly affected the physicochemical parameters of 
the compost in each of the phases. The physicochemical dynamics are described in the following paragraphs.

3.1.1  Mesophilic phase

In the initial mesophilic phase (Table 2), T2 and T1 showed, on average, an electrical conductivity 20% higher than that of 
T0. The nitrogen content increased by 28% in T2 and 14% in T1 relative to that in T0 due to the higher nitrogen content 
of the added sludge than the mix of pomace and stalks used for composting. In the study of Bertran [24], a 40% increase 
in nitrogen content was found when sludge was composted together with stalks, indicating that sludge is an excellent 
nitrogen source. According to these data, 10% sludge addition would be enough to improve the carbon–nitrogen ratio 
of the composting material to an optimum level. Thus, T1, with a 10% sludge content, was theoretically the optimal treat-
ment, as shown by its nitrogen content in Table 2. On the other hand, Pinto [51] reported increases in the contents of P 
and K when using winery sludge. However, this effect was not observed in the treatments in this study. This discrepancy 
is explained by differences in the composition of the raw composting materials between the two studies: the sludge in 
this study consisted of solid residues produced by the wastewater treatment plant of a winery, while the raw materials 
used by Pinto [51] were grape stalks after destemming and grape marc.

3.1.2  Thermophilic phase

T1 and T2 showed, on average, a 20% higher content of nitrogen than T0, which might be related to more complete 
nitrification [5, 11, 20]. However, less nitrate was observed in the treatments in which sludge was added, but more 
ammonium was measured in the samples, indicating that fewer nitrate-converting bacteria were present at that time. A 
10% lower OM content was observed in T1 and T2 than in T0 (Table 2). This effect may be due to more effective bacterial 
degradation processes, which were associated with a higher nitrogen content. A decrease in C:N ratio associated with 
sludge addition in organic residue composting has been previously reported [31, 58]. Specifically, Semitela [31] reported 
that the C:N ratios of composted substrates decreased significantly in comparison to that of the initial mixture, which 
consisted of grape stalks and winery waste activated sludge.

The addition of sludge during composting can help produce an environment that facilitates the growth of microorgan-
isms by increasing moisture, nitrate content and the contents of other minerals [5]. Therefore, greater fungal growth was 
observed in T1 and T2 than in T0 [6, 11]. Furthermore, windrows with sludge showed greater phosphorous mobilization 

Table 2  Results of chemical analysis of the treatments throughout the composting process

The phase (P) corresponds to the mesophilic (M), thermophilic (T) and stabilization (S) stages, which began at 0, 50 and 150 days, respec-
tively. Parameters, EC: electrical conductivity, OM: organic matter. Values are shown with the standard error of triplicates in each treatment

P T EC (dS/m) pH OM (%) C (%) C:N N (%) P (%) K (%) NH4 (mg/kg) NO3 (mg/kg) NH4:NO3

T0 3.7 ± 0.1 3.6 ± 0 91.2 ± 0.3 50.7 ± 0.3 34.5 ± 0.6 1.5 ± 0.1 0.8 ± 0.1 2.1 ± 0 531.7 ± 94 391.3 ± 22.4 1.4 ± 0.2
M T1 4.5 ± 0.2 3.8 ± 0 84.3 ± 1.2 46.7 ± 0.7 26.0 ± 0.3 1.8 ± 0.1 0.7 ± 0 2.2 ± 0 364.3 ± 42.2 586.3 ± 29.7 0.6 ± 0

T2 4.8 ± 0.2 3.9 ± 0 83.8 ± 0.2 46.4 ± 1 22.5 ± 1.1 2.1 ± 0.1 0.9 ± 0 1.9 ± 0.1 539 ± 145.5 456 ± 45 1.2 ± 0.1
T0 4.8 ± 0.1 3.9 ± 0.1 88.3 ± 0.5 49 ± 0.3 26.1 ± 1.7 1.9 ± 0.1 1 ± 0 2.4 ± 0 276.7 ± 38.9 228 ± 27.1 1.5 ± 0.3

T T1 5.8 ± 0.4 4.7 ± 0.3 79.7 ± 0.7 44.3 ± 0.1 19.2 ± 0.6 2.3 ± 0.1 1.3 ± 0.1 2.4 ± 0.1 613.3 ± 323.7 179 ± 31 3.4 ± 3
T2 4.8 ± 0.5 5.3 ± 0.2 77.8 ± 0.2 43.2 ± 2.3 17.8 ± 1.2 2.4 ± 0.4 1.4 ± 0 2.1 ± 0.2 453 ± 49.5 156 ± 22.5 2.9 ± 0.6
T0 1.4 ± 0 7.1 ± 0.1 75 ± 2.4 41.7 ± 2.4 16.4 ± 0.6 2.6 ± 0.1 2.4 ± 0.2 3.4 ± 0.1 634 ± 106 182 ± 38.4 3.6 ± 2.4

S T1 1.4 ± 0.3 7.2 ± 0 62.7 ± 2.5 34.8 ± 2.5 15.9 ± 4.1 2.2 ± 0.5 2.9 ± 0.1 3 ± 0.1 190 ± 16.3 126.7 ± 7.6 1.5 ± 0.2
T2 2 ± 0.3 7.1 ± 0.1 70 ± 2.3 38.9 ± 2.4 12.3 ± 0.5 2.4 ± 0.2 2.3 ± 0.2 2.7 ± 0.1 441.3 ± 116.6 162.3 ± 15.8 2.8 ± 0.9
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due to the presence of phosphate-solubilizing microorganisms (i.e., Aspergillus and Mycobacterium) [59]. An increase in 
ammonium content in the samples with sludge was also observed during this phase (Table 2), indicating the enhance-
ment of nitrification processes related to sludge addition and the growth of nitrogen-fixing microorganisms [60].

3.1.3  Stabilization phase

All treatments showed a neutral pH at the stabilization stage (Table 2). EC was 25% higher in T2 than in T0 and T1, which 
was probably caused by a higher concentration of dissolved salts due to the addition of 20% v/v sludge [5, 11]. The EC 
of all the final compost samples was below the maximum value of 3 dS/m required for use as a soil amendment [8]. A 
low final C:N ratio has been reported in different studies on the composting of sludge and pomace stalks, with values 
in the range of 17 to 20 [55]. The values obtained in this study are consistent with the data published by Carmona [54], 
with values ranging from 15.5 to 18.2 for the composting of pomace and grape stalks in a 1:1 ratio.

The ammonium and nitrate contents in the final stage were higher in T0 than in T1 and T2, which could be explained 
by both the enhanced microbial activity of nitrifying microorganisms in previous stages and the major loss of  NH3 and 
nitrate by evaporation when sludge is present [6, 11, 20]. The final phosphorous content was higher in T1 than in T2 and 
T0 (~ 20% higher), suggesting that 10% is the best proportion of sludge to increase microorganism-mediated phospho-
rous mobilization [7, 9, 11].

3.2  Dynamics of the microbial communities

Figure 4 shows the CAP results for the relationship between the composition of the microbial communities (bacte-
ria–fungi) in the different treatments and phases of composting and physicochemical parameters.

PERMANOVA revealed significant differences in the bacterial and fungal communities in different stages and differ-
ent treatments (p < 0.05). Figure 4A shows that the bacterial communities were clearly differentiated in the mesophilic 
stage, which is mainly attributable to the different sludge contents in the treatments. In the thermophilic stage, lower 
differentiation was observed among the treatments, which was related to increases in conductivity and  NH3

+:NO3 ratio. 
In the stabilization stage, there were fewer differences in bacterial community composition. In this stage, the C:N ratio 
reached its lowest value due to the degradation of carbon in organic matter, and the phosphorous content increased in all 
the treatments, especially in T1. Similar to bacteria, the composition of the fungal communities was significantly different 
in the three stages of the composting process. In the mesophilic stage, the fungal communities were less heterogene-
ous than the bacterial communities. In the thermophilic stage, the richness of the fungal communities decreased with 
differences among the treatments, which were related to the greater C:N ratio in T0 and the lower ammonium content 
than those in the sludge-added treatments. In the stabilization stage, the fungal communities showed substantial dif-
ferences among treatments, mostly due to the increase in phosphorous and decrease in organic carbon in T1 and T2.

Fig. 4  Canonic analysis of the main components (CAP). A Bacterial communities during the composting process. B Fungal communities dur-
ing the composting process. EC electrical conductivity, OC organic carbon, C:N carbon:nitrogen ratio, AN ammonium:nitrate ratio, TN total 
nitrogen, A ammonium, P phosphorus, K potassium
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As shown in the CAP results in Fig. 4, the bacterial and fungal dynamics varied considerably during the composting 
process. While the bacterial community composition was affected by sludge addition and tended to homogenize at the 
end of the composting process, the fungal community was initially homogeneous and tended to differentiate at the end.

The Shannon‒Wiener index values in Table 3 reveal significant differences between stages and treatments. Bacterial 
diversity increased over time, while the fungal community appeared to be highly affected by the thermophilic stage, 
leading to a reduction in diversity that slightly recovered by the end of the process. Furthermore, the sludge exhibited 
high bacterial diversity but very low fungal diversity. When used as a composting supplement, sludge mainly provides 
a bacterial community; this community tends to homogenize in the thermophilic stage due to the environmental con-
ditions (i.e., high temperatures) that regulate the growth of the different bacterial groups [8]. This finding is in accord-
ance with Liu et al. [13], who stated that the physicochemical changes during different composting stages had a higher 
impact on the bacterial community composition than did differences in the composting materials. On the other hand, 
fungi seemed to be less affected; fungal communities are highly sensitive to environmental conditions, which resulted 
in noticeable changes in fungal community composition during composting.

The main bacterial phyla present in all stages and treatments were Actinobacteria, Proteobacteria, Firmicutes and 
Chloroflexi. A similar composition was found by Bouhia [61] when composting olive mill wastewater sludge, except for 
Chloroflexi. The main fungal phyla found in all stages and treatments were Ascomycota, Rozellomycota and Basidiomycota, 
which are the same as those reported by Antunes and Tortosa [33, 34]. This shows that the composition of microbial 
communities involved in composting is independent of the type of initial organic material utilized.

3.2.1  Beneficial microorganisms

Figure 5A, B show the composition of the microbial communities in the stabilization stage as well as the roles of the 
identified microbes as beneficial or pathogenic microorganisms in vineyards. The principal beneficial fungal genera 
found in all the samples were Aspergillus and Talaromyces, where Aspergillus was the most abundant genus in all the 
treatments, especially in T1 and T2, showing the effect of sludge addition. Aspergillus is a common fungal genus found in 
compost that participates in processes of mineral solubilization, such as phosphorus and potassium solubilization [12]. 
Furthermore, this genus has been reported to produce secondary metabolites such as gibberellic acid, indoleacetic acid, 
and siderophores [9]. The genus Talaromyces has been shown to have positive effects on plant growth. It was found to be 
an endophyte in plants and has been reported to be a phosphate solubilizer and a promising biocontrol agent against 
phytopathogenic fungi [62]. The beneficial bacterial genera present in the sludge were Streptomyces, Mycobacterium, 
Mesorhizobium, Gordonia, Rhodococcus, Brevundimonas, and Azospirillum. Representatives of the genus Rhodobacter were 
also observed in the sludge but were not found during composting, suggesting that the conditions of the composting 
process were not optimal for their growth. Therefore, the beneficial genera Streptomyces, Mycobacterium, and Mesorhizo-
bium, which are involved in phosphate solubilization, and Brevundimonas, which participates in nitrogen fixation and 
promotes plant growth [36, 63], were the most abundant in all the treatments.

At the genus level, the second most abundant bacteria in T0 was Streptomyces; however, sludge addition affected 
the abundance of this genus, which was most abundant in T1 and T2. Mycobacterium and Mesorhizobium were found 
in all the treatments. These genera are commonly observed in soil and have been extensively studied for their roles in 
promoting plant growth via several mechanisms, such as by producing siderophores, phytohormones, cellulases, lipases, 

Table 3  Shannon‒Wiener 
diversity index values for 
microbial communities

Fungal Bacterial

MT0 2.85 2.28
MT1 3.58 2.96
MT2 3.18 2.78
TT0 1.72 3.90
TT1 2.38 3.57
TT2 1.85 3.62
ST0 1.58 4.04
ST1 2.42 4.53
ST2 2.56 4.60
Sludge 2.35 4.31
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proteases and chitinases; enhancing nutrient availability; stimulating root growth [59]; fixing nitrogen [64]; solubilizing 
phosphate; and protecting plants from pathogens [60, 65].

3.2.2  Pathogenic microorganisms

In the final stage, Acetobacter, Penicillium, Cladosporium, and Alternaria were observed. These genera have been reported 
as possible causes of acid rot in fruit [66, 67]. The genera Agrobacterium and Acremonium can cause crown gall disease 
and stem decline, respectively [66]. Both Agrobacterium and Acremonium have the most likely negative effects on vines 
since they can directly affect wood, thus causing ecological and economic issues for vineyards, reducing production and 
causing plant death [68]. However, their abundance was very low in every treatment, and together they represented 
less than 1% of the communities.

Acremonium was found only in T1 and T2, although this genus was not present in the sludge. This suggests that adding 
sludge produced the appropriate conditions for its appearance. The genera Penicillium, Alternaria, Agrobacterium, and 
Acetobacter were part of the sludge microbiota but were also present in T0 regardless of sludge addition; therefore, their 

Fig. 5  B: beneficial and P: 
pathogenic microorganism 
genera in the final stage and 
in the sludge. A Fungi. B 
Bacteria. The X axis shows the 
experimental units, and the Y 
axis shows the abundance of 
microbial genera
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presence was not directly related to the addition of sludge. However, Cladosporium was absent in the sludge, and among 
the treatments, it was present only in T0. Sludge addition resulted in significant differences between the bacteria in T0 
and T1, and the addition of 10% sludge in T1 resulted in a lower number of pathogenic bacteria. This can be explained 
by the high temperatures (75 °C) reached during the thermophilic phase, which eliminated pathogenic bacteria [8].

4  Conclusions

In this work it was studied the physicochemical and microbiological dynamics and products of a grape pomace compost-
ing process involving the addition of industrial waste sludge. This study aimed to evaluate the efficiency of alternative 
resources in minimizing environmental pollution and fomenting a circular bioeconomy in the wine industry. The addition 
of sludge to the composting process improved water retention and bulk density with no effect on the macronutrient 
composition of the final product. The microbial communities exhibited highly dynamic compositions during the dif-
ferent stages of the process. Sludge promoted bacterial diversity at the first stage; furthermore, after the thermophilic 
stage, communities tended to homogenize, and at the end of the composting process, a high abundance of beneficial 
microorganisms and low abundance of potentially pathogenic microorganisms were found in all the treatments, inde-
pendent of the addition of sludge. Considering that it is technically possible to compost residual grape pomace stalks 
with supplemented sludge, composting winery residues could be an economically attractive and sustainable alternative 
for wine companies. The next step is to determine the effect of compost on soil quality, water use and plant growth in 
industrial vineyards while considering the economic and environmental implications of incorporating this technology 
into the current industry. Finally, this methodology can be applied to future research on the addition of other industrial 
residues, further contributing to the realization of a circular economy and sustainability.
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