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Abstract 16 

In agricultural systems based on organic fertilisers, the activity of prokaryotes and fungi is 17 

essential for degradation of complex substrates and release of nutrients for plant uptake. Understanding 18 

the dynamics of microbial communities in these systems is, therefore, desirable for designing successful 19 

management strategies aiming to optimise nutrient availability and to improve plant productivity. Of 20 

particular interest is how the microbial inoculum provided by an organic substrate persists in the soil 21 

and interacts with soil and plant microbiomes, as these processes may affect the long-term benefits of 22 

organic amendments. We aimed to investigate how these dynamics occurred in soil treated with 23 

stabilised spent mushroom substrate (SMS), a soil amendment rich in nutrients and complex organic 24 

matter. We carried out a 14 weeks soil trial to assess the plant growth promoting properties of the SMS 25 

and to monitor the successional processes of the resulting SMS-soil communities compared to a mineral 26 

amended control. Bacterial and fungal communities were analysed by high-throughput sequencing at 27 

both DNA and RNA (cDNA) levels. Using a combination of computational tools, including 28 
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SourceTracker and Network analysis, we assessed the persistence of SMS-derived taxa in soil, and the 29 

changes in co-occurrence patterns and microbial community structure over time. Prokaryotic and fungal 30 

communities presented remarkably distinct trajectories following SMS treatment. The soil prokaryotic 31 

communities displayed higher levels of resilience to the changes introduced by SMS treatment and 32 

rapidly tended toward a soil-like profile, with low persistence of SMS-derived prokaryotes. In contrast, 33 

the SMS fungal community had greater success in soil colonisation during the time monitored. SMS 34 

treatment promoted an increase in the participation of fungi in the highly connected fraction of the 35 

active community, including fungal taxa of SMS origin. We observed the presence of highly connected 36 

microbial guilds, composed by fungal and bacterial taxa with reported capabilities of complex organic 37 

matter degradation. Many of these taxa were also significantly correlated with the organic matter 38 

content and plant yield, suggesting that these highly connected taxa may play key roles not only in the 39 

community structure, but also in the plant-soil system under organic fertilisation.  40 

 41 

Introduction 42 

Organic residues from agriculture and the food industry provide sustainable alternatives to 43 

synthetic fertilisers and thus promote the circular economy (Grimm and Wösten, 2018). Residues from 44 

the mushroom industry, herein referred to as spent mushroom substrate (SMS), are currently treated as 45 

a waste, despite having great potential for use in the agricultural sector due to high organic matter, 46 

nitrogen (N), phosphorus (P), potassium (K) contents, as well as large scale availability (Jordan et al., 47 

2008; Roy et al., 2015). A recent study demonstrated that a stabilised SMS product was able to support 48 

plant growth and significantly improved grass yield in soil-free horticultural mixes (Paula et al., 2017). 49 

In addition, the benefits of using unprocessed SMS as an organic fertiliser and soil conditioner have 50 

already been documented (Courtney and Mullen, 2008; Hackett, 2015). However, the mechanisms 51 

underpinning the effects of this organic amendment on plant performance and soil microbiology have 52 

yet to be explored in depth. 53 

In contrast to mineral fertilisers, when organic residues are applied to soil a large portion of the 54 

nutrients are present as complex molecules, not available for direct plant uptake. The decomposition of 55 

the organic matter (OM) is, therefore, a key step to releasing nutrients from the biomass. The first stages 56 
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of this process are carried out by fungi and bacteria capable of secreting hydrolytic enzymes, which 57 

break down complex carbohydrates (Berlemont, 2017). Thereafter, the course of the microbial 58 

community succession affects OM transformation (Fontaine et al., 2003) and, therefore, impacts 59 

nutrient availability (Hellequin et al., 2018). 60 

An increasing number of studies aimed to disentangle the complexity of microbial communities 61 

in soils under fertilisation systems (Bonanomi et al., 2016; Paul Chowdhury et al., 2019; Randall et al., 62 

2019), and how it may affect plant health. Yet community assembly and dynamics are still far from 63 

being predictable. Particularly in organic agriculture, responses of the soil microbiome to biotic and 64 

abiotic factors introduced by organic amendments can vary considerably.  65 

In addition to nutrients and physical structure, organic amendments may also provide a 66 

microbial inoculum to the soil. How these microbes interact with the soil community, persist in the 67 

environment and affect key soil functions is still very uncertain. Factors such as the resilience of the 68 

soil microbiome, i.e. the rate it responds to changes (Martiny et al., 2017), may affect the persistence 69 

of the inoculum. Such knowledge is essential to exploit the full potential of organic systems (Agler et 70 

al., 2016) and to design microbiome management strategies aiming to improve soil health, plant 71 

productivity and resistance to environmental stresses. For instance, fungi and bacteria have been 72 

proposed to play different roles in decomposition processes, mainly as a result of divergent metabolic 73 

capabilities, substrate preference (reviewed by de Menezes et al., 2017) and growth rate/mode (de 74 

Graaff et al., 2010). The complexity of these interactions is likely further increased in a system 75 

containing microbial inputs from different sources, such as soil and organic amendments. Here we used 76 

SMS as a soil amendment and organic fertiliser and evaluated its plant growth promotion properties, as 77 

well as its effects on the rhizosphere microbial communities. To better understand the microbial 78 

dynamics, we aimed to test whether fungi and prokaryotes from the SMS would persist in the soil, and 79 

if so, how they might integrate with the resident soil microbiota and potentially affect soil community 80 

structure. To tackle these questions, we followed the community succession at both DNA and RNA 81 

levels, and used a combination of computational tools, including SourceTracker (Knights et al., 2011) 82 

and network analysis (Faust and Raes, 2012) to evaluate, respectively, the persistence of SMS microbes 83 

and the interactions of the newly formed community. We searched for highly connected taxa and 84 
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consortia with the assumption that these microbes may play an important role in the community 85 

structure (Busby et al., 2017), with a focus on groups potentially involved in the degradation of complex 86 

organic matter and nutrient release. Taxa with high connectivity have been suggested to mediate the 87 

effects of abiotic factors on plant microbiomes (Faust and Raes, 2012). Finally, we explored how the 88 

relative abundance of these hub taxa correlated with soil parameters and plant yield.  89 

 90 

Methods  91 

Experimental setup and soil sampling 92 

Italian ryegrass (Lolium multiflorum) was grown in top soil of a silt loam texture and pH 7.0. 93 

Stabilised SMS (SMS) (Paula et al., 2017) was used as an organic soil amendment in the absence of 94 

additional nutrient sources. Two organic treatments, low (OL; 60 g/L) and high (OH; 110 g/L) were 95 

applied, to represent two frequently used application rates, 45 and 85 tons/ha, respectively. A mineral 96 

treatment (M) contained N-0.33; P-0.04; K-0.32 in g/L, aiming to supply a similar P content as the OH 97 

treatment, without exceeding P application limits (European Union Regulations, 2014), and also 98 

maintaining the recommended NPK ratio. In the untreated control (U), no source of NPK was provided. 99 

The soil mixes were homogenised thoroughly, placed into 1 L pots and sown with 40 mg of ryegrass 100 

seeds. Each treatment was replicated in 25 pots. The pots were organised in a completely randomised 101 

plot design in a greenhouse facility (Radharc, Galway, Ireland), and after each sampling time, pots were 102 

re-randomised. Automatic irrigation was employed to keep soil moisture between 60 and 80 %. The 103 

trial was conducted from March to June 2015, with average daily temperature 14.9 ± 1.5 (mean ± SD). 104 

The NPK contents in the SMS are presented in Table S1. Additional nutrient characterisation of the 105 

SMS substrate has been published previously (Paula et al., 2017). The physical and chemical properties 106 

of the soil during the trial are presented in Table S2. 107 

Grass yield was measured using four herbage harvests taken from ten (non-destructive) 108 

replicates per treatment at weeks 5, 8, 11 and 14 after fertiliser application. Grass was cut 1 cm above 109 

the substrate level and dried at 55ºC for 72 hours to determine plant dry weight per pot. For soil analysis, 110 

three destructive replicates were collected per sampling time. The plant dry weight of the destructive 111 

replicates was also determined to be used in correlation analysis with microbial parameters. Soil 112 
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microbial community analyses were carried out on soil collected at time zero and at weeks 8 and 14. 113 

Plants were carefully removed from pots and gently shaken to remove loose soil from intact roots. 114 

Thereafter, soil firmly attached to the roots was removed to obtain the rhizosphere fraction. Samples 115 

were immediately frozen in liquid nitrogen to preserve RNA and were stored at -80°C until processing. 116 

 117 

Analytical methods 118 

Available P and K were quantified by standard procedures (CEN - EN 13650). Mineral nitrogen 119 

was measured in 2 M KCl extract (1:5 w/v) where NH4
+ was determined according to (Kandeler and 120 

Gerber, 1988), and NO2
- and NO3

- were quantified as described previously (Shand et al., 2008; Keeney 121 

and Nelson, 1982). Air dried samples were used to determine pH and electrical conductivity (EC) in 122 

1:5 soil: water dilution (w/v). Samples were oven dried at 105ºC to assess dry matter content. Dry 123 

material was used to measure Kjeldahl nitrogen (N) (Lang, 1958) and total organic matter (TOM; 124 

Bremner and Mulvaney, 1982).  125 

 126 

Nucleic acid extraction and processing 127 

DNA and RNA were co-extracted from 0.5 g of soil using the method described by Griffiths et 128 

al. (2000), modified with the addition of casein to increase the nucleic acid yield, as demonstrated by 129 

Wang et al. (2012). To remove remaining PCR inhibitors, the OneStep PCR inhibitor removal kit 130 

(Zymo Research, Irvine, CA, USA) was employed. Nucleic acids from two extractions per replicate 131 

were combined and eluted in 40 µl of PCR grade water. Quality was verified on a 1% agarose gel and 132 

using a Nanodrop 2000 spectrophotometer (Thermofisher Scientific, Waltham, USA) set for 133 

determining absorbance at the following wavelengths: 230, 260, 280 and 320 nm. An aliquot of the 134 

purified nucleic acid was treated with DNase (Turbo DNA-free kit; Thermo Fisher Scientific, Waltham, 135 

MA, USA) and RNA was reverse transcribed to cDNA using SuperScript III Reverse Transcriptase Kit 136 

(Invitrogen, Carlsbad, California, United States). Nucleic acid concentrations were assessed using Qubit 137 

dsDNA HS Assay and Qubit RNA HS Assay Kits (Thermo Fisher Scientific, Waltham, MA, USA). 138 

 139 

Taxonomic profiling of the microbial communities 140 
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For taxonomic profiling of the soil fungal communities, the Internal Transcribed Spacer 2 141 

(ITS2) region was amplified with the region-specific primers ITS3F/ITS4R (White et al., 1990). To 142 

investigate the prokaryotic communities, the primers 515F/806R (Caporaso et al., 2011) were used to 143 

amplify the V4 region of the 16S rRNA gene. Paired-end sequencing was performed on an Illumina 144 

MiSeq (Illumina, Inc. San Diego, California) 2x300 flow cell, at Research and Testing Laboratories 145 

(Lubbock, TX), following standardised procedures. ITS and 16SrRNA sequence data were deposited 146 

on NCBI’s Sequence Read Archive under the accession number SUB3044384: 147 

http://www.ncbi.nlm.nih.gov/biosample/7345359. 148 

Sequence processing was conducted in Qiime platform (Caporaso et al., 2010). For 16S rRNA 149 

fragment analyses, merged forward and reverse reads were quality-filtered using 150 

multiple_split_libraries_fastq.py with quality threshold of phred 19. Putative chimeric sequences were 151 

identified using the de novo method in USEARCH (Edgar, 2010; Edgar et al., 2011). USEARCH was 152 

also used for open reference OTU clustering, with the RDP consensus taxonomy assigner, employing 153 

SILVA (release 132 - 10.04.2018) as a reference database. ITS sequences were treated according to the 154 

optimised pipeline described by Taylor et al. (2016), with the following steps differing from the 155 

16SrRNA analyses: forward and reverse reads were not joined and analyses were carried out using 156 

forward read data only – as a consequence of the low quality of the reverse reads; following quality 157 

filtering, the ITS2 fragment was extracted using ITSx (Bengtsson-Palme et al., 2013); OTU clustering 158 

was performed with open reference method providing the UNITE database (ver7_dynamic_12.01.2017) 159 

as the reference; taxonomy was assigned with the blast method, and non-fungi sequences were excluded 160 

from the dataset. The prokaryotic DNA and RNA datasets had totals of 1,570,832 and 1,029,199 reads, 161 

after quality control, respectively, while for fungi, the DNA and RNA datasets had 1,935,165 and 162 

3,143,854 reads, after quality control, respectively. Singleton sequences were removed and within each 163 

of the four datasets (16S rRNA/ITS; DNA/ RNA) the number of sequences were rarefied to equalise 164 

the sampling depth per sample in an effort to reduce sequencing biases. 165 

 166 

Quantitative PCR 167 
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The number of 16S rRNA gene and ITS2 fragment copies were assessed in soil DNA samples 168 

using qPCR with the region-specific primer sets used for taxonomic profiling. The reaction mixtures 169 

for both fragments consisted of 0.6 μL of each primer (10 uM), 10 μL of 2 x SsoFast EvaGreen 170 

Supermix, 4 ng of template DNA and water in a total volume of 20 μL. Copy number quantification 171 

was performed using a LightCycler 480 Instrument (Roche, Penzberg, Germany). The temperature 172 

program for 16S rRNA fragments consisted of 98 °C for 2 min, followed by 40 cycles of denaturation 173 

at 98 °C for 5 s and annealing/elongation at 60 °C for 20 s. As for ITS2, initial 95 °C for 2 min, followed 174 

by 40 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 60 s. Standard curves for 16S rRNA and 175 

ITS2 fragments were generated using serial dilutions of Pseudomonas aeruginosa and Penicillium 176 

brevicompactum DNA, respectively, from 102 to 108 copies/μL. 177 

 178 

Data analysis 179 

Statistical analyses were performed in R version 3.4.4 (R core team, 2018), unless otherwise 180 

stated. Differences in grass yield at each sampling time were assessed using one-way ANOVA and 181 

Tukey’s multiple comparisons tests. Two-way ANOVA was used to test the effects of treatment and 182 

sampling time on gene copy number and on Shannon diversity index. The effect of treatment and time 183 

on the microbial community composition was tested using a PERMANOVA model (Anderson, 2001). 184 

SourceTracker version 1.0.1 (Knights et al., 2011) was used to partition the different sources 185 

that explain the composition of the microbial communities in SMS treated soils across time. This 186 

method uses abundance data to seek for low or moderate source environment endemicity. It also assigns 187 

as ‘unknown’ grouping when part of a sink sample is unlike any of the provided sources or when it is 188 

unable to identify discriminatory taxonomic signatures among sources (Henry et al., 2016; Knights et 189 

al., 2011). 190 

To search for patterns of co-occurrence among microbial taxa, we used Co-occurrence Network 191 

Inference (CoNet) (Faust and Raes, 2012). Associations among OTUs and higher-level taxa were 192 

calculated using the Pearson, Spearman, Kendall, Bray Curtis and Kullback-Leibler correlation 193 

methods simultaneously (Wang et al., 2017). The analysis proceeded with the top 1000 positive 194 

interactions. The significance of the edges was assessed by permutation and the p-values were corrected 195 
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for multiple testing with Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995), and edges 196 

with p-values below 0.05 were retained. Interactions supported by a minimum of 2 methods were 197 

considered true. Edge and node files were input to Gephi (Bastian et al., 2009) version 0.9.2 to construct 198 

the final network. Spearman’s correlations of hub taxa with environmental factors were assessed using 199 

Hmisc package (Harrel and Dupont, 2016) and the results were plotted using corrplot (Wei and Simko, 200 

2017). 201 

 202 

Results and discussion 203 

SMS as a soil organic amendment 204 

Stabilised SMS was applied to soil as an organic amendment in the absence of additional 205 

fertilisers. We previously showed that SMS was able to support plant growth and increase plant yield 206 

in a soil-free horticultural mix (Paula et al., 2017). Here we assessed the ability of SMS to support 207 

Lolium multiflorum growth in a soil trial, and further investigated the effects of this organic amendment 208 

on soil biotic and abiotic characteristics. Results were compared with mineral amended and untreated 209 

soils over the 14-week trial.  210 

A rapid increase in grass yield was seen only in the mineral (M) amended soils at the initial 211 

harvests (weeks 5 and 8), which peaked at week 8 (Figure 1). At the third harvest (week 11), there was 212 

an increase in grass yield in the organic-high (OH) treatment, which was not statistically different from 213 

M. At the fourth and final harvest (week 14) yields from OH were statistically significantly higher than 214 

from M. Organic-low (OL) yields also improved as the trial proceeded, but at a smaller scale than OH, 215 

indicating a dose dependent response of the treatment.  216 

The rapid response observed in M was expected, due to the high levels of plant available NPK, 217 

and in particular nitrogen (Table S2). Despite the short-term advantages of mineral fertilisers, large 218 

scale applications of these products are often associated with contamination of groundwater or surface 219 

waters, as the available nutrients may be leached from soil before they can be taken up by plants. 220 

Organic agriculture, in contrast, is known to promote long-term productivity owing to the slow release 221 

of nutrients (Castaldi et al., 2004). In fact, incorporation of SMS to soil caused an increase not only in 222 

the available NPK stocks, but also in total N and organic matter (Table S2). These nutrient sources 223 
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require microbial activity in order to release the mineral fractions for plant uptake. Simultaneously, the 224 

addition of complex organic matter may also cause an increase in soil organic matter degradation, as a 225 

result of a priming effect (Bernard et al., 2007).  226 

The changes in plant yield presented above for organic and mineral treatments during this 14-227 

week trial are a representation of field profiles that can be observed in long term agriculture systems. It 228 

is therefore an interesting model to investigate dynamics of soil microbial communities in response to 229 

organic and mineral fertilisation, and to hone our knowledge on how these dynamics may contribute to 230 

the plant-soil system. 231 

 232 

Dynamics of the rhizosphere microbial communities in response to SMS amendment 233 

To investigate changes in the grass rhizosphere microbial communities in response to SMS 234 

amendment, we assessed the diversity of prokaryotes and fungi by sequencing 16S rRNA and ITS 235 

genes, respectively. In addition, the potentially active community was examined by sequencing the 236 

transcripts for those regions, allowing us to target the fraction of the communities likely responding to 237 

environmental changes. While studying rRNA and ITS transcripts, there are some known limitations to 238 

be acknowledged, including the presence of ribosomal RNA reported in dormant cells, and variability 239 

in concentration in active cells across taxa (Blazewicz et al., 2013). However, distinct responses (Meyer 240 

et al., 2019) and higher correlations with environmental variations are often reported for rRNA, in 241 

comparison to rDNA (Zhang et al., 2014). This is particularly critical in a short-term trial with microbial 242 

inputs from two different sources, here SMS and soil. In this study we did not attempt to make 243 

quantitative comparisons between the communities assessed by DNA or RNA approaches. Instead, we 244 

integrated both datasets with the assumption that the active community is likely to be enriched in the 245 

RNA fraction, and that combining DNA and RNA data may offer more robust information on the 246 

dynamics and establishment of the new SMS-soil mixed communities. 247 

Irrespective of the sample type or treatment analysed, the prokaryotic communities were largely 248 

dominated by Bacteria, with Archaea representing less than 1%. Archaeal relative abundance was below 249 

0.1% for the SMS substrate and all soils at time zero, and tended to increase with time in all treatments, 250 

with dominance of the phylum Nanoarchaeota (Figure S1). Members of this poorly characterised 251 
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phylum, known to contain small genomes and to allegedly living in symbiosis with other organisms, 252 

have been detected in a variety of environments (Munson-McGee et al., 2015). 253 

At the phylum level, several differences were observed among the samples regarding their 254 

bacterial composition. Untreated soil prokaryotic communities were dominated by Proteobacteria in 255 

both DNA (51%) and RNA (60%) fractions, followed by Bacteroidetes, Verrucomicrobia and 256 

Acidobacteria (Figure S1). This is in agreement with previous reports showing that Proteobacteria is 257 

often found to be dominant in rhizosphere communities (reviewed by Philippot et al., 2013). In the SMS 258 

substrate community, Proteobacteria was still the dominant phylum, with relative abundances of 27% 259 

(DNA) and 39% (RNA), while large fractions of the communities were also assigned to Bacteroidetes 260 

(DNA- 25%; RNA – 17%) and Actinobacteria (DNA – 18%; RNA – 14%). Differences between the 261 

DNA and RNA datasets were more evident at lower taxonomical ranks: in the initial soil communities, 262 

the most abundant class in the DNA data was Gammaproteobacteria (26%), while at the RNA level 263 

Deltaproteobacteria was dominant with a mean relative abundance of 43%. At time zero, the SMS 264 

treated soils (OH and OL) presented a mixed soil-SMS community profile, which tended to be more 265 

similar to untreated soils towards the end of the trial for both DNA and RNA (Figure S1).  266 

Ascomycota was the dominant fungal phylum across all samples, particularly in the SMS where 267 

it accounted for above 99% of the OTUs (Figure S2). The dominance of Ascomycota in the SMS was 268 

also observed in the initial communities of OH and OL. Organically amended soils (OH and OL) 269 

followed different successional trajectories, when compared to U and M treated soils. The relative 270 

abundance of Basidiomycota tended to increase with time in all treatments, particularly in the active 271 

fraction, but it was higher in M and U, compared to OL and OH, throughout the trial, although previous 272 

studies have correlated their abundance with increase in organic matter (Peay et al., 2017). By contrast, 273 

a significant increase of the saprophytic Chytridiomycota relative abundance was only observed in OH 274 

and OL at week 14 (Figure S2). This effect, however, was not mirrored in RNA data. 275 

The community similarities were further analysed by NMDS ordination and PERMANOVA 276 

analysis. Soil prokaryotic and fungal communities were significantly affected by SMS treatment at both 277 

DNA and RNA levels (Figure 2; Table S3). The changes observed are likely to be a combined result 278 

of bioaugmentation and stimulation of specific microbial groups by the organic matter input (Hellequin 279 
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et al., 2018). By contrast, the mineral treatment did not cause significant changes in fungal or 280 

prokaryotic community composition relative to the untreated soils. Multivariate analysis revealed that 281 

the treatment effect was stronger in fungal communities, while changes in prokaryotic communities 282 

presented higher variation with time (Table S3). This is consistent with the high turnover rates usually 283 

presented by bacterial communities, in contrast with the slower growth modes of fungi (de Graaff et 284 

al., 2010). We also assessed how the community within each treatment changed with time and observed 285 

that the prokaryotic communities from the organic treatments presented the highest variation, while the 286 

mineral treatment appeared to be less affected in all datasets (Table S3).  287 

When changes in microbial community diversity were investigated as a function of time or 288 

treatment, we observed a similar response: prokaryotic diversity varied more as a function of time than 289 

treatment, while the opposite was observed for fungal diversity (Figure S3; Table S4). The diversity 290 

of prokaryotes was initially reduced in response to the SMS treatment, compared to U and M, but values 291 

in all treatments converged with time. Although different profiles were observed for the potentially 292 

active community at time zero, these also tended to equalise towards the end of the experiment. The 293 

diversity of soil fungi, initially reduced with SMS amendment, also showed recovery during the trial, 294 

but remained at significantly lower levels in the SMS treated soils, at the DNA level. Similar trends 295 

were observed for RNA, yet without statistical significance. Fungal diversity indices have previously 296 

been shown to be more negatively impacted than bacterial diversity during the process of straw 297 

decomposition (Banerjee et al., 2016). The lower microbial diversity observed in SMS treated soils at 298 

time zero is likely a result of an increase in dominant groups provided by SMS. The effects of the SMS 299 

community and nutrient inputs over the indigenous soil microbiota are observed in the early stages of 300 

the trial, as has been reported for other types of organic amendments (Hellequin et al., 2018). In this 301 

100 day-experiment it was possible to observe a return of the prokaryotic community diversity to 302 

untreated soil-like levels, which did not occur in previously reported shorter term experiments using 303 

organic amendments (Hellequin et al., 2018). The fungal community, in contrast, may need a longer 304 

time to recover diversity. Alternatively, SMS-borne fungi may be favoured by the recalcitrant resources 305 

available, thus sustaining their dominance.  306 
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The total abundance of 16S rRNA and ITS fragments was assessed by qPCR. As expected, 307 

amendment with SMS caused an initial increase in both prokaryotic and fungal abundance, compared 308 

to the untreated soil (Figure 3 a, b), owing to bioaugmentation with the microbial pools present in the 309 

SMS (Figure 3 d). As the trial proceeded, a rise in total fungal count occurred in the SMS treated soils, 310 

while U and M did not present significant changes. No such effect was observed for the abundance of 311 

prokaryotes (Figure 3 a, b; Table S5). The fungi to prokaryote ratio evolved differently under the 312 

different treatments as the trial progressed. There was a reduction in the fungal proportions in M treated 313 

soils, in agreement with previous research demonstrating that fertilisers promote bacterial-dominated 314 

communities (Beare et al., 1997; de Vries et al., 2006). Despite the sustained bacterial dominance across 315 

all treatments, OH communities tended to become enriched with fungi (Figure 3c). A longer trial would 316 

be required to evaluate whether or not fungi become the dominant microbes in SMS treated soil, as 317 

observed for other organic amendments (Banerjee et al., 2016). Fungi dominated soils are proposed to 318 

increase carbon sequestration due to slower turnover, higher C-use efficiency and the presence of more 319 

chemically recalcitrant components in fungal biomass (Strickland and Rousk, 2010). Therefore, as well 320 

as its crop nutritive value, SMS could represent a sustainable means of improving carbon sequestration 321 

(Favoino and Hogg, 2008). 322 

 323 

Persistence of SMS microbial communities in soil 324 

The results of community composition (Figure 2), diversity (Figure S3) and abundance 325 

(Figure 3) indicated different paths for prokaryotic and fungal community succession. Despite being 326 

subjected to different treatments, the prokaryotic diversity in all soils tended to converge to a similar 327 

status and their community succession also seemed to follow comparable trajectories. These 328 

observations suggest that the prokaryotic pool added by bioaugmentation may not have persisted in the 329 

soil. Simultaneously, there were indications that the soil prokaryotic community presented resilience to 330 

the disturbance introduced by SMS amendment, similarly to previous reports evaluating other organic 331 

treatments (Lourenço et al., 2018). By contrast, the effects of the SMS fungi inoculum seem to be more 332 

persistent over time. We asked to what extent these contrasting patterns could be observed in the 333 

community composition, and used SourceTracker  (Knights et al., 2011) to estimate the proportions of 334 
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SMS treated soil communities throughout the trial that were attributed to SMS in soil samples. This 335 

approach allowed us to investigate the persistence of SMS fungi and prokaryotes in the soil environment 336 

and to explore the soil microbiome resilience under these conditions. SourceTracker allows microbial 337 

communities to be examined in terms of the potential sources of the microbiota. Here we used SMS 338 

and untreated soil from T0 as sources contributing organisms to the SMS-treated soils, referred to as 339 

sinks.  340 

It should be noted that the microbial biomass between these two sources varied considerably, 341 

where gene copy numbers (per gram dry weight) were two orders of magnitude more abundant in SMS 342 

than in the soil (Figure 3d). Consequently, at time zero, high proportions of the community composition 343 

in OH were attributed to SMS source, explaining over 60 and 80% of the prokaryotic (Figure 4a) and 344 

fungal (Figure 4c) communities, respectively. Interestingly, when the communities were analysed at 345 

the RNA level, SMS-associated fractions contributed to approximately 40% of prokaryotic 346 

communities (Figure 4b) and above 90% of fungal communities (Figure 4d) at time zero. The fate of 347 

these SMS and soil derived proportions was different between prokaryotic and fungal groups. With 348 

progression of the trial, prokaryotes attributed to SMS reduced considerably in relative abundance, with 349 

a concomitant increase in soil-derived prokaryotes. In contrast, SMS fungi were more persistent and 350 

presented only a small reduction with time, at both DNA and RNA levels, suggesting a successful 351 

establishment in the soil (Figure 4). A similar trend was observed for OL treatment (Figure S4). 352 

Finally, the community fraction attributed to unknown sources, i.e. undefined origin, increased 353 

with time for both communities, but to a lesser degree for fungi. Microbiota identified by SourceTracker 354 

as unknown in source refers to those groups which the tool cannot attribute to any of the sources 355 

provided or is unable to discriminate signatures among sources (Henry et al., 2016; Knights et al., 2011). 356 

We hypothesise that these microbes could be present in our sources, but in such low numbers that they 357 

are either not detected by the sequencing depth employed herein, or they are represented by singletons, 358 

which are removed as common practice in analysing sequencing data. In other words, they might 359 

represent transiently very rare taxa, present either in the SMS or the soil, and possibly in a dormant state 360 

(Aanderud et al., 2015). Changes in season, time, temperature, moisture (Shade et al., 2014) and notably 361 

growth of the ryegrass with the associated root exudates may have allowed for them to rise to detectable 362 
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levels. Also inputs of nutrients from the SMS may have provided further resource availability promoting 363 

increases in their relative abundances. 364 

Bacteria and fungi can produce hydrolytic enzymes to deconstruct complex carbohydrates 365 

(Berlemont, 2017). Whole genome investigations have explored the phylogenetic distribution of 366 

potential degraders. There is a high diversity of bacteria classified as opportunists, which produce only 367 

β-glucosidases that perform the last step of polysaccharide degradation, and therefore, process smaller 368 

substrates released by other taxa (Berlemont and Martiny, 2013). Bacteria equipped with the complete 369 

set of enzymes for full breakdown of the polysaccharides, including cellulases and β-glucosidases are 370 

less common. Some phyla with higher frequencies of this phenotype are Actinobacteria, Bacteroidetes, 371 

Firmicutes and Proteobacteria (Berlemont and Martiny, 2015). SMS-treated soils presented 372 

significantly higher relative abundance of Actinobacteria and Firmicutes, when compared to untreated 373 

soils (Figures S5). Within the Actinobacteria phylum, the family Streptosporangiaceae presented a 374 

remarkably higher relative abundance in OH at time zero (Figure S6a). Despite the higher values in 375 

OH and OL until week 14, the relative abundance of this group declined sharply with time, in 376 

comparison to U and M. A similar trend was observed for the Firmicutes families Bacillaceae (Figure 377 

S6b) and Paenibacillaceae (Figure S6c) at the DNA level.  378 

Fungi, in contrast, are regarded as generalists and genome inspections have indicated that the 379 

genotypes required to fully degrade multiple complex polysaccharides, such as cellulose, xylan and 380 

chitin, are phylogenetically widespread (Berlemont, 2017). In addition, the role of fungi in the 381 

degradation of recalcitrant organic matter is often highlighted due to their ability to breakdown lignin, 382 

which is rarely reported for bacteria (Strickland and Rousk, 2010). Fungal groups with recognised 383 

cellulose degrading capabilities were among the dominant taxa in the SMS substrate. From those, the 384 

family Chaetomiaceae is often linked to the degradation of complex organic matter in soils and have 385 

been identified as one of the main groups responsible for the difference between untreated and organic-386 

treated soils (Banerjee et al., 2016). In fact, this family was dominant in SMS treated soils and tended 387 

to increase or sustain their high relative abundance with time, when compared to U and M (Figure S7). 388 

More remarkable, however, was the high relative abundance of this group in the RNA data, which was 389 

above 50% at all sampling times. The high relative abundance of Chaetomiaceae in the potentially 390 
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active community may suggest a possible role of this group in the organic matter turnover and nutrient 391 

release in SMS treated soils.  392 

 393 

Co-occurrence patterns of the microbial community in response to SMS treatment 394 

To further investigate the dynamics of fungi and prokaryotes in response to SMS treatment, we 395 

used network analysis to visualise co-occurrence patterns among taxa. Prokaryotic and fungal data were 396 

integrated to explore their potential interactions and roles in the structure of the communities under 397 

different treatments. While a number of studies have aimed to decipher bacterial co-occurrence 398 

dynamics in the environment (Ling et al., 2016; Wang et al., 2017), the roles of fungi in microbial 399 

networks are still poorly explored, as only a few surveys have evaluated the co-occurrence of fungal 400 

taxa either separately or combined with other organisms (Agler et al., 2016; Banerjee et al., 2019). Here 401 

we not only investigated the effects of the organic treatment over the soil cross-domain community 402 

networks, but also, we explored how these dynamics occurred at both DNA and RNA levels. Finally, 403 

we used the network approach to explore how microbes of SMS origin integrated into the soil 404 

community.  405 

Each network was built using data from rhizosphere samples collected at weeks 8 and 14, to 406 

encompass temporal variability within treatments. It has been reported that the importance of certain 407 

microbial taxa in the community structure may change with spatiotemporal variability (Banerjee et al., 408 

2018). Therefore, investigations of co-occurrence patterns across time may reveal profiles that persist 409 

in the environment, and hence are likely to have an important role in microbiome functioning. 410 

The network analysis revealed remarkably distinct profiles for total and potentially active 411 

communities (Figure 5). The networks built from RNA datasets showed consistently higher number of 412 

nodes, edges, average degree and average path length, indicating higher interaction complexity than 413 

DNA networks (Table S6). In contrast, DNA networks tended to present higher modularity and average 414 

clustering coefficient, which are parameters related to the tendency to form local clusters (Banerjee et 415 

al., 2019; Zhou et al., 2011). In addition, in the RNA data, highly connected taxa, also called “microbial 416 

hubs”, were more frequent. The assessment of RNA-derived networks possibly enabled a visualisation 417 

of the fast dynamics and turnover of the communities.  418 
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The effects of the treatments on network topology were found to be different between DNA 419 

and RNA (Figure 5). At the DNA level, M, U and OL networks contained mostly poorly connected 420 

taxa (i.e. low degree nodes), while a few hub nodes (herein defined as nodes with > 20 edges) were 421 

observed in OH. At the RNA level, the untreated soil network presented numerous high-degree OTUs, 422 

34 of which were classified as hubs (Table S7). Interestingly, all those nodes belonged to prokaryote 423 

taxa. RNA networks from OL and OH contained 39 and 37 hub taxa, respectively. But unlike untreated 424 

soils, these comprised both bacteria and fungi (Table S7). The SMS treatment, therefore, seems to have 425 

promoted an increase in the participation of fungi in the highly connected fraction of the active 426 

community, as well as in their connectivity with prokaryotes. The latter point was further demonstrated 427 

by the assortativity index, here used to assess whether taxa are more likely to interact with 428 

taxonomically related groups (Kurtz et al., 2015). When the assortativity index was calculated for the 429 

RNA networks to compare interaction at the Domain level, the lowest value observed for the treatment 430 

OH: 0.14, indicating that taxa therein had more interactions outside their own taxonomic Domain. The 431 

index values for the other treatments, OL, M and U were 0.24, 0.30 and 0.27, respectively.   432 

To understand how soil and SMS microbes interacted in the newly formed communities of 433 

SMS treated soils, we further explored the network of their potentially active taxa (Figure 5). Among 434 

the fungal hub nodes, we observed the presence of several Chaetomiaceae OTUs (Table S7), some of 435 

which were detected in the SMS substrate, but not in the soil initial community (Figure S8), suggesting 436 

that these groups may have originated from the SMS inoculum. Therefore, not only can SMS-borne 437 

fungal taxa persist and thrive in the soil (Figure 4), but some groups also seem to become part of the 438 

highly connected fraction of the potentially active community. In contrast, none of the bacterial hubs 439 

were detected in the SMS substrate community, suggesting they were part of the indigenous soil 440 

microbiota. Soil-borne bacterial hub taxa tended to increase their relative abundance with time (Figure 441 

S8), and included taxa known for containing cellulose-degrading strains, such as the Proteobacteria 442 

families Bulkholderiaceae (Wilhelm et al., 2019) and Polyangiaceae (Garcia and Müller, 2014). Hub 443 

microbes with ecologically relevant roles in the community are more likely to function as keystones 444 

(Agler et al., 2016), which are taxa that may exert major influences on community structure and 445 

functioning and ecosystem processes (Agler et al., 2016; Banerjee et al., 2018). Several studies have 446 
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identified keystone species in soil microbiomes linked to organic matter decomposition (Banerjee et al., 447 

2016) and nutrient transformation (Li et al., 2017). In SMS treated soils, we observed fungal and 448 

bacterial hubs that were assigned to taxa known to comprise groups with reported capabilities for 449 

complex organic matter degradation. These guilds with highly connected and functionally redundant 450 

taxa might have a higher impact on broad processes, such as organic matter decomposition (Banerjee 451 

et al., 2018). 452 

In the OL network, two OTUs assigned to the arbuscular mycorrhizal fungi (AMF) family 453 

Claroideoglomeraceae were also among the highly connected taxa. AMF are symbionts that can provide 454 

multiple benefits to the plant by facilitating nutrient transfer, increasing tolerance to stressors and 455 

improving soil quality and structure (Varela-Cervero et al., 2016). The role of AMF as keystone taxa 456 

has been suggested in soils under different agricultural systems (Banerjee et al., 2019). Other hub 457 

microbes detected in this study belong to taxa previously identified as keystone taxa in rhizospheres 458 

and other soil microbiomes., including Rhizobiales, Verrucomicrobia, Bacteroidetes and Acidobacteria 459 

(Banerjee et al., 2018). 460 

Hub microbes are suggested to influence the whole microbiome by both direct and indirect 461 

mechanisms. Keystone taxa may affect the abundance and activity of other groups, thereby impacting 462 

community assembly (Agler et al., 2016), structure and performance (Banerjee et al., 2018). 463 

Alternatively, in plant microbiomes, hub microbes have been shown to mediate the interaction between 464 

the microbiome and abiotic factors (Agler et al., 2016). Investigating how rhizosphere hub taxa interact 465 

with environmental factors may contribute to elucidating the complexity of the plant-soil system and to 466 

devising plant microbiome management strategies. We investigated how the relative abundance of hub 467 

microbes (degree >20) correlated with changes in environmental factors across OH and M samples 468 

(Figure 6). Several hub microbes, from both treatments, positively correlated with NO3
-. Interestingly, 469 

N and P presented only a few significant correlations with hub taxa, all of which were negative. Organic 470 

matter content presented positive correlations mainly with hub taxa from the OH treatment, including 471 

all fungal taxa. Grass yield correlated positively with ITS:16S rRNA ratio, suggesting that the fungal 472 

biomass may play a crucial role in plant productivity in this system. Only hub taxa from OH correlated 473 

with grass yield. Interestingly, many of these taxa (OTU) were also positively correlated with OM 474 
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content, comprising groups of both soil and SMS origin (Figure S8). Banerjee et al. (2016) reported 475 

significant associations of bacterial and fungal keystone taxa with OM decomposition. The data 476 

presented here do not provide any mechanistic link between taxa abundance/activity, organic matter 477 

transformation and plant productivity. However, the presence of several decomposers as hub taxa, in 478 

addition to their correlation with organic matter content and plant yield, may suggest a potential role of 479 

these microbes in the plant-soil system under SMS treatment.  480 

The results presented above demonstrated that SMS amendment successfully supported plant 481 

growth. Besides the nutrients and physical properties provided by this substrate, the microbial inocula 482 

may have contributed to the benefits observed. In addition, bacterial and fungal communities followed 483 

distinct dynamics in soil under organic amendment with SMS substrate. The data suggested that the 484 

soil prokaryotic community had higher levels of resilience following SMS treatment and rapidly tended 485 

toward a soil-like profile, while the fungi community provided by the SMS seemed to have greater 486 

success in soil colonisation. Some of the SMS fungi may have the potential to perform important roles 487 

in the soil community structure, as they were among the highly connected microbes. Together with soil-488 

derived microbes, these fungi formed hub guilds, with the potential to affect community structure. 489 

Finally, some of these hub microbes also seemed to correlate with plant yield and organic matter 490 

content. These findings could provide an initial framework for soil microbiome management strategies 491 

aiming to explore persistence of microbial inocula, resilience of soil communities and microbial groups 492 

with potential impacts on the soil community structure and function. 493 
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Figures 725 

 726 

 727 

Pairwise 
comparison p values 

  5w 8w 11w 14w 
OL vs OH 0.030 0.900 0.455 0.001 

OL vs M 0.019 0.001 0.003 0.427 

OL vs U 0.005 0.719 0.520 0.001 

OH vs M 0.001 0.001 0.113 0.001 

OH vs U 0.893 0.588 0.033 0.001 

 M vs U 0.001 0.001 0.001 0.002 
 728 

 729 

Figure 1. Changes in grass yield in response to organic and mineral treatments. Grass dry weight was 730 

measured after 5, 8, 11 and 14 weeks of trial. The values represent the mean ± SD of 10 replicates per 731 

treatment. OL, Organic-Low; OH, Organic-High; M, Mineral; U, Untreated. The table presents the p 732 

values of the pairwise comparisons at each time point (ANOVA and Tukey’s post hoc test). p<0.05 are 733 

marked in bold. 734 
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 740 

Figure 2. Nonmetric multidimensional scaling of prokaryotic (a, b) and fungal (c, d) community 741 

composition, at DNA (a, c) and RNA levels (b, d). Dissimilarity index: Bray-Curtis; Stress: a) 0.042; 742 

b) 0.053; c) 0.091; d) 0.095. t0, time zero; 8w, 8 weeks; 14w, 14 weeks. 743 
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 745 

 746 

Figure 3. Prokaryote (a) and Fungi (b) abundance in soils under the different treatments, assessed by 747 

qPCR. c) fungi: prokaryotes ratio; d) Prokaryote and Fungi abundance in the SMS substrate. Statistics: 748 

Two-way ANOVA is presented in Table S6. Tukey’s post hoc test is presented on the bottom of figures 749 

a-c. Time effect (within same treatment): time points not sharing the same letter (a,b,c) were 750 

significantly different from each other; Treatment effect (at same time point): treatments not sharing 751 

the same letter (a,b,c / jkl / xyz) were significantly different from each other. 752 
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 754 

Figure 4. Source proportions of prokaryotic (a, b) and fungal (c, d) communities estimated for OH soils 755 

at time 0, 8 weeks and 14 weeks, using SourceTracker. Values represent mean proportions ± SD. a & c 756 

– DNA; b & d – RNA. 757 
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 769 

 770 

Figure 5. Rhizosphere microbial community co-occurrence patterns. Nodes (circles) represent 771 

operational taxonomic units (OTU) or higher taxa levels and edges (lines) represent significant co-772 

occurrence between two nodes. Node scale defined by connectivity degree. Blue, Bacteria; Orange, 773 

Fungi; Green, Archaea. U, Untreated; OL, M, Mineral; Organic-Low; OH, Organic-High. 774 
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 776 

 777 

Figure 6. Spearman correlations among community parameters and environmental factors. OTUs 778 

classified as hub taxa (degree >20) in OH and M treatments were tested for their correlation with 779 

microbial and environmental factors across these two treatments. “B” and “F” hubs refer to bacterial 780 

and fungal OTUs respectively. Significant correlations (p<0.05) are marked in blue (positive) and red 781 

(negative). For taxonomic classification of the hub taxa, see Table S7. 782 
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