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Abstract: Soil amendments with organic waste products (OWPs) have been widely supported in
Europe to improve soil fertility, causing wide changes in the microbial community structure and
diversity, especially in the short-term period. Those changes are known to affect the volatile organic
compound (VOC) emissions by soil. This work aimed to characterize, in terms of quantity and
composition, the effect of green waste and sludge (GWS) application on soil VOC emissions and
microbial community 49 h after the last GWS application. Two different soil samples were compared
to test the effect of the soil history on VOC emissions and microbial communities. For this reason,
we chose a soil that received GWS input for 20 years (GWS sample) and one that did not receive
any organic input during the same period (CN sample). Furthermore, samples were manipulated
to generate three microbial dilution diversity gradients (low, medium, and high). Results showed
that Bacteroidetes phyla took advantage of the GWS application in all samples, increasing their
relative abundance by 22% after 49 h, while the Proteobacteria phylum was penalized by the GWS
amendment, passing from 58% to 49% relative abundance 49 h after the GWS application. Microbial
structure differences between microbial diversity dilution levels remained even after the GWS
application. GWS amendment induced a change in the emitted VOC profiles, especially in samples
used to receiving GWS. GWS amendment doubled the VOC emissions from samples used to receiving
GWS after 49 h. Finally, the microbial community was strongly correlated to the VOC emissions.
Firmicutes, Proteobacteria, Actinobacteria, and Crenarchaeota were positively correlated (Pearson
coefficient > 0.6), while other phyla, such as Bacteroidetes and Verrucomicrobia, were found to be
negatively correlated (Pearson coefficient < −0.6) to the VOC emissions. After the addition of GWS,
these correlations shifted from positive to negative and from negative to positive.

Keywords: VOCs; microbial diversity; PTR-QiTOF-MS; DNA analysis; soil emissions

1. Introduction

The recycling of organic matter via amendment with organic waste products (OWPs) is
an extensively used agronomic practice to increase soil fertility. Lately, this practice has been
supported in Europe (European Commission, 2010) to contrast the decrease of soil organic
matter content due to intensive agricultural practices [1] and improve waste recycling.
OWPs are possible nutrient sources for plants, partially substituting mineral fertilizers [2].
The use of OWPs affects several chemical and physical properties and thus the microbial
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structure and activity in soil [3–5]. The effects of the OWPs amendment on soil chemical and
physical characteristics and the microbial community depend on the duration of the OWPs
amendment to the soil and the type of OWP [6]. Among the most used OWPs are green
waste and sludge (GWS). GWS is a co-compost made of 70% of green waste and 30% sewage
sludge, and it is widely used as fertilizer since mixing sewage sludge with green waste
reduces the risks of environmental contaminations, promoting decreases in the levels of
heavy metals and pathogens compared to sewage sludge OWP [7]. Furthermore, repeated
GWS amendments over several years help preserve soil fertility and crop yields; they
also have more persistent impacts on soil characteristics, plant growth [8], and microbial
diversity [9,10] than punctual GWS amendment. GWS amendments also have several
non-negligible impacts on soil characteristics and consequently on microorganisms [11].
The latest studies have reported that changes in the microbial structure also impact the
VOC emissions from soil [12–15]. Seewald et al. (2010) [16] reported also that sludge-
containing composts altered the VOC emissions from soils more than organic composts
without sludge.

Until now, it has been shown that the most significant structural shift of the microbial
community due to OWP amendments occurs in the short-term period [11,17]. Experiments
on the short-term perturbation effect of OWP reported that 3 days after the amendment,
both fungal and bacterial communities suffered a rapid change [4]. Previous studies on
GWS amendments, microbial diversity, and VOC also reported that changes in the microbial
community and structure have consequences on the VOC emissions rate from soil [11,15].
The emission of VOCs from soil and microorganisms gained attention because of their
contribution to the global biogenic VOC emissions and their impact on the secondary
organic aerosol (SOA) and ozone formation [18–20]. Furthermore, VOC from soil are
released as intermediate or end products of the microbial metabolic pathways [16,21,22].
The direct monitoring of these VOC provides several insights about soil functionality
and soil quality [23,24]. VOC from soil are highly responsive to changes in the microbial
metabolic status, and they can be used as an evaluation for the soil’s biological health [23].
The characterization of the VOC profiles from soil have been widely studied during the
last decades, even though changes in the VOC profile due to amendment with OWP and
the consequent microbial perturbation have not been reported yet.

Abis et al. (2020) [15] showed that VOC emissions from the microbial community
are also linked to the microbial diversity in soil. Dilution of the microbial diversity in the
soil led to an increase of the VOC emissions from the soil of up to 2–3 times more than
soil with high diversity levels [15]. These authors also observed that the effect of the GWS
amendments on VOC emissions by soil was less important compared to the influence of
the microbial diversity dilution levels.

In this context, this study aims at characterizing the short-term effects (within 49 h) of
the GWS amendment to soils, with varying microbial dilution levels, on microbial structure
and VOC emissions. This study analyzes, for the first time, several factors together: (I) the
effect of the GWS amendment on the microbial structure 49 h after the amendment, (II) how
the microbial structure impacts the VOC emissions from soil, and finally, (III) the microbial
diversity in soil and its impact on the VOC emissions rate from the soil. We further
compared the response of a microbial community used to receiving OWPs with a microbial
community that had never received organic waste input to GWS amendment. The VOC
emissions measurements were performed under controlled laboratory conditions using a
dynamic chamber approach for 36 microcosms with three different microbial dilution levels
(high, medium, and low) and two types of soil (CN and GWS). The VOC emissions from
the microcosms were detected with the PTR-QiTOF-MS technique. Microbial community
changes due to the GWS amendment were pictured by a high throughput sequencing
approach targeting 16S ribosomal genes. Our findings help understand the microbial
structural changes after the GWS amendment, while also describing the consequences on
the VOC emissions.
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2. Materials and Methods
2.1. Sampling and Site Description

The collection of the samples was performed in the QualiAgro site, located at Feucherolles,
which is a station of the SOERE-PRO-network (https://www6.inra.fr/qualiagro_eng/Nos-
partenaires/The-SOERE-PRO-network, accessed on 9 June 2021). The characteristics of this
site have been already described by Abis et al. (2018). In the Feucherolles site, a long-term
experiment has been running since 1998. The long-term experiment consists of amending
the site every two years, in a randomized block design, with 4 different organic waste
products: BIOW (bio-waste compost derived from the co-composting of green wastes and
source-separated organic fractions of municipal solid wastes), GWS (compost derived
from the co-composting of green wastes with sewage sludge), FYM (farmyard manure),
and MSW (municipal solid waste compost derived from the composting of residual solid
wastes after removing dry and clean packaging); plus a control without organic input (CN).

For this experiment, the collection of the samples has been performed in 2 plots of the
site (GWS and CN). For each plot, we randomly collected five soil cores (0–30 cm depth) in
early September 2016, one year following the last amendment (~4 t C ha−1 of every OWP).
For each plot, a composite soil sample was made from a pool of five soil cores.

2.2. Microcosms Preparation

After collection, samples were then mixed and homogenized by passing them through
a 4 mm sieve to remove above-ground plant debris, roots, and stones. A portion of each soil
was air-dried at room temperature for physico-chemical analysis. Particle size distribution,
pH, soil organic matter, soil organic carbon, soil total nitrogen (N), soil C/N ratio, Olsen P,
and Cation Exchange Capacity (CEC) were determined by the Soil Analysis Laboratory
at INRA Arras, France (http://www.lille.inra.fr/las, accessed on 9 June 2021, Table 1).
The rest of the sieved soils were used for incubation. Sieved soil samples were sterilized
by gamma ray (35 kGy; Conservatome, Dagneux, France). The sterility of the irradiated
soil was verified by spreading the soil onto nutrient agar plates. After the sterilization
process, the soils were inoculated with a diluted soil suspension prepared with the same
soil before sterilization (Wertz et al., 2006) [25]. The soil suspension, obtained by a mix
of 30 g of soil with 90 mL of sterilized water, was used pure (D0 = 1), diluted with water
103 times (D1 = 1:103 water/soil suspension ratio), and finally, diluted 105 times (D2 = 1:105
water/soil suspension ratio). Microcosms were set up by placing 30 g of dry sterile soil
in a 150 mL plasma flask. The three levels of dilution of the soil suspension were used
as inoculum to create a gradient of diversity as follows: low, for samples inoculated with
D0 soil suspension; medium, for samples inoculated with D1 soil suspension; and high,
for samples inoculated with D2 soil suspension. The soil moisture was fixed at 60% of the
water holding capacity (WHC). Microcosms were at first sealed hermetically with a rubber
plug and pre-incubated at 20 ◦C in the dark. Once a week for six weeks the microcosms
have been aerated, keeping the soil moisture constant at 60% of the WHC. One week
before the measurement with the PTR-QiTOF-MS, the rubber plug was substituted with
a Teflon plug to reduce the VOC emissions released from the plug. After six weeks of
incubation at 20 ◦C, GWS amendment was thoroughly mixed with 18 of the 36 CN and
GWS samples, in its dry form (dose equivalent to 4 t C ha−1). The main characteristics of
the GWS amendment are reported in Table 2.

https://www6.inra.fr/qualiagro_eng/Nos-partenaires/The-SOERE-PRO-network
https://www6.inra.fr/qualiagro_eng/Nos-partenaires/The-SOERE-PRO-network
http://www.lille.inra.fr/las
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Table 1. Soil physico-chemical parameters of the control (CN) and amended (GWS) plots of
Feucherolles long-term observatory.

Soil Characteristic and Unit CN GWS

Clay (<2 µm) g/kg 199
Fine silt (2/20 µm) g/kg 263

Coarse silt (20/20 µm) g/kg 442
Fine sand (50/200 µm) g/kg 87

Coarse sand (200/2000 µm) g/kg 9
Organic Carbon g/kg 9.36 15.2

Total N g/kg 0.92 1.55
C/N 10.1 9.82

Organic Matter g/kg 16.2 26.3
pH 6.90 7.04

CEC cmol+/kg 9.52 11.3
P2O5 g/100 g 0.06 0.21

Table 2. Main characteristics of the organic waste products used for the amendments. GWS = green
waste and sludge. DM = dry matter.

GWS Characteristic and Unit Value

Dry Matter (DM) % 67.2 ± 1.3
Organic Carbon g kg−1 DM 257 ± 2

Total N g kg−1 DM 22.5 ± 0.5
P2O5 (Olsen) g kg−1 DM 0.8 ± 0.1

C/N 13.2 ± 0.5
pH (water) 7.7 ± 0.1

Molecular Biomass µg of DNA g−1 of soil 54.9 ± 19.1

After the addition of GWS amendment, those 18 samples were renamed as CN+GWS
and GWS+GWS, respectively. The remaining 18 CN and GWS samples were lyophilized
and stored at −40 ◦C until the soil DNA extraction had been performed. CN+GWS and
GWS+GWS samples were then incubated for 49 h in the dark at 20 ◦C to ensure proper
biomass activation. After 49 h incubation, CN and GWS samples were sacrificed for
microbial molecular analyses. In Table S1 we summarize the performed analysis for each
type of sample.

Timing of the VOCs Measurements

During the 49 h incubation for samples receiving GWS addition (CN+GWS and
GWS+GWS), 10 VOC measurements with the PTR-QiTOF-MS were carried out. The first
VOC measurement has been performed immediately before the GWS amendment (T0). 1 h
after the GWS amendment (T1), the second VOC measurement was performed. The next
8 VOCs measurements were done at the following times: 3 h (T2), 6 h (T3), 9 h (T4), 25 h
(T5), 27 h (T6), 30 h (T7), 33 h (T8), and 49 h (T9) after the addition of GWS amendment.

2.3. PTR-QiTOF-MS Measurement Set Up

Two PEEK tubes were inserted in the plug of every flask, one connected to the PTR-
QiTOF-MS and the other one connected to a bottle of dry synthetic air (Alphagaz 1 Air:
80% nitrogen, 20% oxygen, 99.9999%, Air Liquide®, Paris, France). VOC detection lasted
180 s for every microcosm. The PTR-QiTOF-MS detection system and the equation used to
calculate the VOC fluxes were the same as in Abis et al. (2018) [13], except for the airflow,
which was set at 0.3 L min−1. Between each VOC measurement, the microcosms were
incubated in a 20 ◦C chamber. After the last VOC measurement, the flasks were cleaned,
and the soil transferred into a −40 ◦C chamber to wait for the DNA extraction.
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2.4. Microbial Analyses

For the microbial analysis, three steps were performed: (i) the DNA extraction, (ii)
the high throughput sequencing of 16S rRNA gene sequences, and (iii) the bioinformatic
analysis of 16S rRNA gene sequences. DNA extraction protocol followed during this
experiment has been already described in Abis et al. (2020 [15]). To obtain the prokaryotic
biodiversity, we amplified a 440 base 16S rRNA from each DNA sample. The primers used
for the amplifications were the same as in Tardy et al. (2014) [26]. The amplification of the
DNA was performed during a 25 µL PCR (with 5 ng of DNA for each sample) under the
following set up conditions: 94 ◦C for 2 min, 35 cycles of 30 s at 94 ◦C, 52 ◦C for 30 s and
72 ◦C for 1 min, followed by 7 min at 72 ◦C. The full description of the followed protocol
has already been reported by Abis et al. (2020) [15]. The bioinformatics analysis was
performed to erase artifacts that might have been produced during the gene sequencing
step. All raw sequences were checked and discarded if: (i) they contained any ambiguous
base (Ns), (ii) if their length was less than 350 nucleotides for 16S reads or 300 nucleotides
for 18S reads, (iii) if the exact primer sequences were not found (for the distal primer, the
sequence can be shorter than the complete primer sequence, but without ambiguities). The
detailed protocol has been already reported by Abis et al. (2020) [15]. Figure 1 resume the
experimental procedure explained in the previous paragraphs.
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Figure 1. Scheme of the experimental procedure.

2.5. Statistical Analysis
2.5.1. VOCs Statistical Analyses

The dataset before the statistical analysis was made of 754 variables (number of peaks
detected) and 36 samples. To select the most representative variables of the dataset, several
statistical tests were performed using R software (Version 1.0.153—© 2009–2017 RStudio),
following the same steps already reported by Abis et al. (2018, 2020) [13,15].

Moreover, correlated masses that are closer than the resolution of the PTR-QiTOF-MS
were removed to avoid counting the same peak twice. Then, we performed the ANOVA
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test to analyze the statistical differences among the different timing and dilution levels.
The performed ANOVAs were always followed by the Tukey post hoc test.

2.5.2. Microbial Statistical Analyses

Microbial biomass, the relative abundance of prokaryotes in the microbial composition,
and microbial diversity Index (Shannon) were analyzed by the ANOVA test. With the
ANOVA test, we also evaluated the effect of the GWS on the microbial community for the
different microbial dilution levels. All significant effects were assessed by Tukey’s Honestly
Significant Difference (HSD) post hoc test (p < 0.05).

2.5.3. VOC and Phyla Correlation Analysis

The correlation between the summed VOC emissions and the microbial relative
abundance was performed using the package Boruta of R studio. The Boruta function
helped to select the most important and representative variables within our large dataset.
This method allowed us to visualize a short number of variables (9 for the GWS samples
and 7 for the CN samples) and to avoid redundant information. After the selection of
the most important variables, we correlated them with the microbial relative abundance
using the package corrplot. For the correlation of the different VOCs with the microbial
relative abundance, we choose the Pearson correlation as a method for the calculation of
the correlation coefficient.

3. Results
3.1. Microbial Biomass and Diversity

After six weeks of incubation, microbial biomass, as expected, was not significantly
different among the three different microbial diversity levels (Figure 2a). Furthermore,
samples that received the GWS amendment had biomass significantly higher compared
to samples that did not receive the GWS amendment. This was particularly true for the
CN soil type. The Shannon index showed a significant decrease along with the different
microbial diversity levels (p value < 0.05) (Figure 2b). The Shannon index and the microbial
biomass results confirmed the efficiency of the microbial diversity manipulation (Figure 2).
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Figure 2. (a) Microbial biomass for the different dilution levels. (b) Shannon index of the prokaryotic diversity. Bold line =
median, boxes = interquartile, whiskers = minimum and maximum. Letters represent the significant differences according
to the Tukey test p-value > 0.05.

3.2. Prokaryotic Relative Abundance

The colonization from the different phyla within the microcosms showed a shift in the
microbial community composition when the GWS was incorporated in both soil types (CN
and GWS) (Figure 3). According to the Tukey test, this shift was statistically different in the
microcosms D2 for Bacteroidetes and Proteobacteria phyla. The relative abundance of the
Bacteroidetes statistically increased in sample D2, passing from 27% in sample D2-GWS to
49% in samples D2-GWS+GWS. For CN soil, the relative abundance of the Bacteroidetes
in samples D2 was around 28%, while for D2-CN+GWS samples, the relative abundance
increased up to 40%. Proteobacteria relative abundance statistically decreased in the
high microbial dilution levels (D2) for samples CN+GWS (45%) and samples GWS+GWS
(49%) compared to the relative abundance recorded in D2 CN (53%) and D2 GWS (58%),
respectively. Furthermore, a higher presence of Bacteroidetes was found in CN+GWS
and GWS+GWS than in CN and GWS, respectively, for all the dilution levels. Firmicutes
phylum decreased in samples that were amended with the fresh GWS amendment. For the
other phyla, no statistical shifts concerning the microbial relative abundance were reported
after the addition of GWS amendment. The prokaryotic structure shift caused by the OWPs
amendment was confirmed by PCA (Figures S1 and S2).
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Figure 3. The prokaryotic relative abundance of (a) CN+GWS = control without organic input and green waste and sludge
amendment microcosms receiving a GWS amendment for the three dilution levels (b) CN = control without organic input
and, (c) GWS+GWS = green waste and sludge receiving GWS amendment and (d) GWS = green waste and sludge for the
three different microbial diversity levels.

3.3. VOC Emissions from the Microcosms

According to an ANOVA and the post-hoc Tukey test, no difference on the cumulated
summed VOC fluxes 49 h after the GWS amendment was found comparing the three
dilution levels for GWS+GWS samples. A statistical difference was, however, observed
between the D0 and D2 summed VOCs emissions for CN+GWS samples (Figure 4).

We further measured a statistical increase in summed VOC emissions during the
two days (from T0 to T9) following amendment for GWS+GWS (Figure 5), (Tukey test,
p-value < 0.05), while it remained almost constant for CN+GWS among the dilution levels
from T0 to T9 (Figure 5). The statistical increase of the summed VOC emissions for samples
GWS+GWS was true for all the microbial dilution levels from T0 to T9.
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to T9 (Figure 5). The statistical increase of the summed VOC emissions for samples 
GWS+GWS was true for all the microbial dilution levels from T0 to T9. 
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Figure 4. Cumulated summed VOCs fluxes 49 h after the GWS amendment per soil treatment and
dilution rate. D0 = microbial diversity pure or 1, D1 = microbial dilution diversity equal to 10−3, D2
= microbial dilution diversity equal to 10−5. Black vertical bars = standard deviation, black points
= outliers, bold line = median, boxes = interquartile. Letters represent the statistical differences
according to a Tukey test.

The individual correlation between the VOC and the phylum abundance (Figure 6) in
GWS samples showed that phyla that were positively correlated with the VOC emissions
before the GWS fresh amendment (GWS_T0), such as Firmicutes, Proteobacteria, and
Crenarchaeota, changed their trend two days after the GWS addition (GWS+GWS_T9), be-
coming negatively correlated with the VOC emissions. Other phyla, such as Bacteroidetes,
TM6, and Verrucomicrobia, were negatively correlated with the VOC emissions before
the GSW fresh amendment (GWS_T0) and become positively correlated two days after
the amendment (GWS+GWS_T9). This trend is true for all the masses except for the mass
48.0509 m/z, which has been tentatively identified as CH5NO. For this mass, the emission
trend seems to be the opposite compared to the other VOCs for almost all phyla. Actinobac-
teria were positively correlated in samples GWS_T0 and showed no correlation with VOC
emissions in samples GWS+GWS_T9. For the CN samples, the correlation between VOC
and phyla reported changes from before (CN_T0) and after the amendment (CN+GWS_T9)
for Verrucomicrobia, Thaurmachaeota, Crenarchaeota, and Firmicutes phyla (Figure 7).
Verrucomicrobia and Thaurmachaeota were positively correlated with the VOC emissions
before the GSW fresh amendment (CN_T0) and became negatively correlated two days after
the amendment (CN+GWS_T9). Crenarchaeota and Firmicutes were negatively correlated
with the VOC emissions before the GSW fresh amendment (CN_T0) and became positively
correlated two days after the amendment (CN+GWS_T9). As for the GWS samples, masses
48.0509 m/z and 48.0515 m/z show an opposite trend compared to the other VOCs emitted.
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Figure 5. Summed VOC fluxes among the incubation hours after fresh amendment with GWS for the three microbial
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The PCA (Figure 8) shows the differences in the VOC emissions profiles due to the
fresh addition of GWS. Sample emissions profiles are similar for samples that received
fresh GWS amendment (CN+GWS_T9 and GWS+GWS_T9). CN_T0 and GWS_T0 samples
have similar VOC emissions profiles and very different profiles from the samples that
received fresh GWS amendment. The 20 most emitted compounds for each type of sample,
reported in Tables S1–S4, were similar for all the soil samples. The three most emitted
compounds were 121.0983 m/z, 93.0682 m/z, and 107.0872 m/z.
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= green waste and sludge before receiving GWS amendment and (b) GWS+GWS_T9 = green waste and sludge 49 h after
receiving GWS amendment for the three different microbial diversity levels.
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Figure 7. Pearson correlation coefficients between VOC emission rates and phyla abundance for CN samples. VOCs are
named as ion mass-to-charge ratios (m/z). VOCs selected with the Boruta features selection method are shown. (a) CN_T0
= control without organic input and before receiving the GWS amendment (b) CN+GWS_T9 = control without organic
input 49h after receiving GWS amendment for the three different microbial diversity levels.
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the microbial structure leading to the loss of microbial diversity is driven by r-strategist 
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isms) [21,22,27,28]. D2 samples always reported an increase in the relative abundance of 
the r-strategist phyla compared to the D0 samples; thus, the reduced competition in D2 
samples favored the growth of Proteobacteria, Bacteroidetes, and Firmicutes phyla, reducing 
the diversity in the D2 samples. 

4.2. Effect of the GWS Amendment on the Microbial Community 
Our results highlighted that GWS amendment induced, after 49 h of incubation, an 

increase of soil microbial biomass, particularly in soil that had never received GWS before 
(CN). Previous soil incubation studies had already reported a microbial biomass increase 
10 days after the addition of OWP [11,17]. However, the difference of results obtained 
between CN and GWS soils could be explained by the native soil organic matter content, 

Figure 8. Effect of fresh GWS amendment on VOCs emissions by soil. The percentage of the variance
explained by the first two components is shown on each axis. CN_T0 = soil samples that never
received organic waste input before receiving fresh GWS amendment, CN+GWS_T9 = CN soil
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amendment in the past before receiving fresh GWS amendment, GWS+GWS_T9 = GWS soil samples
after receiving fresh GWS amendment. Arrows show the time shift of the pattern between T0 and T9.

4. Discussion
4.1. Microbial Diversity Manipulation

The microbial biomass was constant among the three different dilution levels, indi-
cating that after 6 weeks of incubation, the microbial biomass was not affected by the
dilution diversity manipulation performed (Figure 2a). The Shannon index, calculated
for CN, GWS, and CN+GWS, and GWS+GWS, indicated a decrease of the microbial di-
versity in the higher dilution level for all samples (Figure 2b). Thus, the Shannon index
confirmed successful microbial diversity dilution, which was even increased following
GWS amendment. Similar results have been reported also by Abis et al. (2020) [15]. The
difference in the microbial structure leading to the loss of microbial diversity is driven by
r-strategist microorganisms such as Proteobacteria, Bacteroidetes, and Firmicutes phyla [21,27].
R-strategist microorganisms are known as pioneer species able to colonize a substrate after
a perturbation faster than microorganisms with slower growth (K-strategist microorgan-
isms) [21,22,27,28]. D2 samples always reported an increase in the relative abundance of
the r-strategist phyla compared to the D0 samples; thus, the reduced competition in D2
samples favored the growth of Proteobacteria, Bacteroidetes, and Firmicutes phyla, reducing
the diversity in the D2 samples.

4.2. Effect of the GWS Amendment on the Microbial Community

Our results highlighted that GWS amendment induced, after 49 h of incubation, an
increase of soil microbial biomass, particularly in soil that had never received GWS before
(CN). Previous soil incubation studies had already reported a microbial biomass increase
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10 days after the addition of OWP [11,17]. However, the difference of results obtained
between CN and GWS soils could be explained by the native soil organic matter content,
which was lower before the incubation in CN (16.20 g/kg) than in GWS (26.33 g/kg)
soil. Indeed, as reported by Yanardag et al. (2017) [29], native soil organic matter affects
the microbial community response to external inputs, and thus, soils with lower organic
matter are more inclined to increase microbial biomass and change the structure of the
microbial community.

The results concerning the soil’s prokaryotic composition showed that Bacteroidetes
phylum took advantage of the addition of the fresh GWS amendment whatever the history
of the soil (CN and GWS soils). This result is in line with Simmons et al. (2014) [30], which
reported an increase of the Bacteroidetes phylum in soil amended with organic amendment
compared to soil that did not receive any organic amendment. Lupwayi et al. (2018) [31]
explained that the relative abundance of Bacteroidetes increased linearly with increasing
N rate. Since GWS is a source of N (see Table 2), we can hypothesize that the increase
of the Bacteroidetes’ relative abundance might be due to the increase of the N content in
the microcosms.

Results concerning Proteobacteria showed that it was the most dominant phylum
in all the microcosms and as suggested by Kuppusamy et al. (2016) [32], this might be
because functionally diverse groups of bacteria fall within this phylum. We also found that
Proteobacteria decreased in the sample that received fresh GWS amendment. Bastida et al.
(2015) [33] reported that the abundance of Proteobacteria was higher in compost-treated
samples than in sludge-treated samples. Since our samples have been amended with
GWS amendment that contains 30% sludge, the development of the Proteobacteria might
have been negatively influenced by the type of substrate added. Furthermore, Bello et al.
(2020) [34] reported a negative correlation between Proteobacteria abundance and N content.
Since the GWS amendment increases the N content in soil [24,31], this might be another
reason for the Proteobacteria relative abundance decrease in soil that received fresh GWS
amendment. However, in samples not receiving the fresh GWS amendment (CN and GWS),
Proteobacteria increased their relative abundance among the dilution levels, which suggests
that Proteobacteria are great colonizers when conditions, due to low competitive substrates,
give them advantages and when N content is low [21,24,27,31,35].

Previous studies showed that carbon additions appear to strongly stimulate organisms
within the Firmicutes clades [31,35]. The increased abundance of organisms within the
Firmicutes phylum suggested that members of this phyla (i.e., Bacillus sp., Lactobacillus agilis,
Streptococcus, Saccharococcus thermophylus) promptly react to the organic matter added to
the soil, and as a consequence, soil respiration rapidly increases [31,35]. This was not
observed in the present study, where Firmicutes phyla decreased after the fresh GWS
addition, which increases the C content in the soil. The difference of results observed
could be due to the substrate, where the toxicity of the VOC released from the GWS itself
or other competitive phyla would have a negative impact on this phylum. The authors
of [31,36] reported that soil amended with green waste released benzaldehyde, which
is a known harmful compound for the growth of the Firmicutes [32,37]. In this study,
benzaldehyde was detected as one of the 20 most emitted compounds (Tables S1–S4).
Benzaldehyde was emitted the most in CN+GWS D2 samples where we reported the
lowest relative abundance of Firmicutes. Figures 6 and 7 shows that Firmicutes phylum has
a positive correlation with VOC emissions before the addition of the GWS, while, after
the GWS addition, the correlation with VOC emissions is negative. This is true for both
soil types, CN and GWS. It is known that organic amendment induces enzymatic changes
affecting nutrient cycles involving microorganisms [33,38] and inducing the interruption
of microbial communication (intra- and inter-species) through hydrolysis and sorption
signaling molecules [34,39], and those mechanisms might have changed the correlation of
the Firmicutes with the VOC emissions in this study.
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4.3. Effect of the GWS Amendment on the Summed VOC Emissions

The VOC detection from the microcosms was performed 10 times during 49 h.
Summed VOC emissions of the GWS+GWS samples constantly increased during the
incubation hours for all the microbial dilution levels (Figure 5), whereas no difference
between the summed VOC emissions was reported when comparing different microbial
dilution levels (Figure 4). Summed VOC emissions doubled during the 49 h for the samples
GWS+GWS. For the CN+GWS samples, statistical differences on the cumulated summed
VOC emissions after the GWS amendment are reported (Figure 4), while no differences on
the summed VOC emissions are reported from T0 (before the addition of the fresh GWS)
and T9 (49 h after the addition of the GWS amendment) for every microbial dilution level
(Figure 5). In a previous work on similar soil samples, it was reported that the larger the or-
ganic content in the soil was, the larger were the VOC emissions [13]. Abis et al. (2018) [13]
further reported larger VOC summed emissions in soil samples receiving GWS amendment
than in soil that never received GWS amendments. Those results are in line with the results
of this study, since CN samples have a lower organic matter content with a lower VOC
summed emissions rate compared to GWS samples. This was in accordance also with a
previous study highlighting that soils harboring distinct microbial community structures,
as is the case of the GWS and CN samples, responded differently to OWP amendment,
leading to different patterns and rates of greenhouse gas emissions [11]. Furthermore,
Kästner and Mahro (1996) [40] highlighted the importance of the microorganisms already
present in the compost, which increased the degradation efficiency in soil. The different
degradation efficiency due to the different microbial communities in the soil might increase
the VOC emissions in samples already used to degrading the GWS.

The most abundant phyla in the microcosm are known to take advantage not only
of the addition of the fresh GWS (i.e., Bacteroidetes phylum) [36,41] but also of the type
of VOC emitted (i.e., Proteobacteria, Firmicutes) [36,41], using them as carbon sources and
thus reducing the emissions [37,42]. The relative abundance of those phyla is greater in
samples GWS+GWS than in CN+GWS samples. In GWS+GWS, we reported an increase
of the summed VOC emission along with the microbial dilution level over time. Similar
results have been reported also by Abis et al. (2020) [15], confirming the trend that when
the microbial diversity is reduced in soil samples, the emissions are increased. From this
previous study, we added new evidence that the addition of GWS in samples used to
receiving GWS amendment quickly increase VOC emissions, while for samples not used
to receiving GWS amendment (CN samples), VOC emissions did not increase after 49 h
incubation, but only increased when the microbial diversity was lower. These results
underline the importance of the VOC emissions detection from different soils to predict the
effect of the microbial community after a perturbation and the possible consequences of
the VOC emissions. The samples GWS+GWS doubled their VOC emissions after the GWS
addition, passing from an average of 48 nmol s−1 g−1 (DW) × 10−4 to 100 nmol s−1 g−1

(DW) × 10−4. Furthermore, this study adds evidence that the effect of repeated perturbation
(i.e., soil used to receiving GWS applications) on the summed VOC is stronger than the effect
of the microbial diversity dilution (Figure 4); in fact, no statistical differences were reported
between the summed VOC of the microbial diversity dilution levels after the GWS addition
on GWS samples. Furthermore, repeated applications of GWS amendment changed the
soil properties compared to soil that never received any organic amendment (see Table 1),
leading to higher pH value and organic matter content in soil used to receiving GWS
amendment. The organic matter content and the pH were found to be positively correlated
with the VOC summed emission [13,22]. In this study, GWS samples reported a higher pH
and organic matter content. We can hypothesize that the physio-chemical properties of the
soil also played an important role on the GWS+GWS summed VOC emissions.

4.4. Prokaryotic VOC Emissions Profile Evolution after the Fresh GWS Amendment

Organic amendment inputs in soils can change VOC emissions profiles, and those
emissions differ with the type of organic amendment in soil [12,13]. The GWS amendment
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has a specific emissions profile that differs from other organic amendments [13]. These
differences in the soil emissions can be due to the shift in the microbial structure after
the GWS addition [11,12]. It is known that starting from the third day after the organic
amendment, VOC emissions from soil show significant changes [12]. In this study, we
demonstrate that changes in the VOC emissions can be detected right after the GWS
amendment. We detected changes in quantity and quality of VOC emissions profiles
starting from 1 h after the addition of fresh GWS. The difference between VOC emission
profiles of samples that did not receive any organic input and samples that received the
fresh GWS amendment was stronger after 49 h from the fresh addition (Figure 8). At the
same time, the most important changes in the microbial community in soil happen within
three days after the organic amendments [4]. We could thus hypothesize that the changes in
the microbial community are strongly related to the changes in the VOC emissions profiles.
Figures 6 and 7 reported several differences in the VOC emission–phylum abundance
correlation. Firmicutes, Proteobacteria, Actinobacteria, and Crenarchaeota were positively
correlated with the VOCs, probably because the VOC were promoting their growth or
they were directly producing the VOCs [15]. After 49 h, those phyla that were positively
correlated with the VOC emissions decreased their relative abundance in the microcosms
(Figure 3), probably penalized by the increased colonization of the Bacteroidetes phylum.
Bactroidetes phylum was negative correlated with the VOC emission before the addition
of the fresh GWS amendment, and they turned out to be positively correlated with the
VOC emission 49 h after the fresh addition of the GWS amendment. At the same time,
Bacteroidetes’ relative abundance increased after fresh GWS addition. We can hypothesize
that the increased abundance of the Bacteroidetes phylum led to larger VOC emissions from
this phylum, whereas the competition would have affected the phyla that are negatively
correlated with the VOC emissions.

4.5. Metabolic Pathways of the Most Emitted VOCs

The three most emitted VOCs from all the samples were the mass 121.09, tentatively
identified as propylbenzene, cumene, mesytilene, 1,3,5, trimethybenzene or phenilacetald-
heyde; mass 93.06, tentatively identified as toluene; and mass 107.08, tentatively identified
as ethylbenzene, which in total contributed to 70% of the summed VOC emissions. These
compounds can be classified as aromatic. Microorganisms emit aromatic compounds
through the shikimate pathway, which is responsible for amino acid production [43].
Toluene has been already detected by other studies performed on soil receiving organic
amendment [16,39,44]. In this study, toluene contributed up to 50% of the total VOC
emissions, while in the other studies, it contributed up to 1.2%. The results from this
study do not allow us to understand the mechanisms behind these emissions; however,
we can hypothesize that part of the toluene emissions are released by the GWS amend-
ment itself, since other studies have reported toluene emissions from green and sludge
composts [39,45]. Microorganisms are known to degrade aromatic compounds such as
benzene and toluene [46]. For this reason, right after the addition of the GWS amend-
ment, we detected a higher toluene emission rate compared to the other studies where
the VOC emissions were detected 1 and 2 years after the amendment. Within this period,
microorganisms could have progressively degraded the aromatic compounds.

5. Conclusions

The most important shift in the microbial community happens within three days from
the addition of any organic amendment. The changes in the microbial community and
diversity are known to affect the VOC emissions. For those reasons, this work aimed
to characterize in terms of VOC emissions and microbial structure the effect of GWS
amendment on soil samples used to receiving GWS amendment and soils that did not
receive any organic input with different microbial diversity levels. This work was focused
on the short-term period following amendment (49 h). Our results show that the GWS
amendment boosted Bacteroidetes growth while penalizing Proteobacteria, most probably
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because of the increased N content brought by the fresh amendment. Furthermore, the
amendment of fresh GWS in soils increased VOC emissions from soils used to receiving
GWS amendments, but not from soils that never received organic input. We hypothesize
that the microbial community in soils historically receiving GWS was more efficient for
degrading new organic inputs compared to soils that never received GWS.

This study also demonstrated how the microbial community composition and the
VOC emissions are strongly correlated. Several phyla such as Firmicutes, Proteobacteria,
Actinobacteria, and Crenarchaeota were found to be positively correlated with VOC emissions
before GWS amendments, whereas two days after the amendment, these correlations were
found to be negative. For phyla such as Bacteroidetes, TM6, and Verrucomicrobia, opposite
correlations were found. These results showed how the shift in the microbial community
structure also changes the balance of emitted VOC. Correlations between emitted VOC and
microbial relative abundance are representative of several biological mechanisms already
summarized by Abis et al. (2020) [15]. In this study, we further show that the organic input
leads to a short-term change of the microbial community that leads to changes in quantity
and profile of emitted VOC from soils.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/applmicrobiol1010010/s1, Figure S1: Comparison of the microbial structure before (CN
samples) and after GWS amendment (CN+GWS). (a) Microbial community structure of CN samples.
(b) Microbial structure for the CN+GWS. D0 = microbial dilution diversity equal to 1, D1 = microbial
dilution diversity equal to 10-3, D2 = microbial dilution diversity equal to 10−5. Figure S2: Com-
parison of the microbial structure before (GWS samples) and after GWS amendment (GWS+GWS).
(a) Microbial community structure of GWS samples. (b) Microbial structure for the GWS+GWS.
D0 = microbial dilution diversity equal to 1, D1 = microbial dilution diversity equal to 10−3, D2 =
microbial dilution diversity equal to 10−5. Table S1. Type of samples and perform analysis. CN =
control without organic inputs, CN+GWS = control without organic input with the addition of GWS
amendment, GWS = green waste and sludge samples, GWS+GWS = green waste and sludge samples
with the addition. Table S2. List of the 20 most emitted compound before the amendment with fresh
GWS on CN soil samples, ND = not detected. Table S3. List of the 20 most emitted compound 49
h after the amendment with fresh GWS on CN soil samples. Table S4. List of the 20 most emitted
compound before the amendment with fresh GWS on GWS soil samples. Table S5. List of the 20 most
emitted compound 49 h after the amendment with fresh GWS on GWS soil samples.
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