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Abstract 19 

Soil microbes play an undeniable role in sustainable agriculture, plant health, and soil 20 

management. A deeper understanding of soil microbial composition and function has been gained 21 

through next-generation sequencing. While soil metagenomics has provided valuable information 22 

about microbial diversity, issues stemming from RNA extraction, low RNA abundance in some 23 

microbial populations (e.g., viruses), and mRNA enrichment have slowed the progress of soil 24 

metatranscriptomics. A variety of soil RNA extraction methods have been developed so far. Yet 25 

none of the available protocols can obtain RNA with high quality, purity, and yield for third-26 

generation sequencing. This latter requires RNA with high quality and large quantities (with no or 27 

low contamination, such as humic acids). Also, use of commercial kits for in-batch soil RNA 28 

extraction is quite expensive, and these commercial kits lack buffer composition details, which 29 

prevents the optimization of protocols for different soil types. An improved and cost-effective 30 

method for extracting RNAs from mineral and organic soils is presented in this paper. An acidic 31 

sodium acetate buffer and phosphate buffer with modifications to bead-beating and nucleic acid 32 

precipitation lead to higher RNA yields and quality. Using this method, we obtained almost DNA-33 

free RNA. By using nanopore’s direct RNA sequencing, the extracted contamination-free RNAs 34 

were successfully sequenced. Lastly, taxonomic groups such as bacteria, fungi, archaea, and 35 

viruses were classified and profiled as well as functional annotation of the datasets was carried out 36 

using an in-house customized bioinformatics workflow. 37 

Keywords: Soil, RNA, Humic acid, Nanopore, Direct RNA sequencing, Metatranscriptome, 38 

Extraction, Functional annotation  39 
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Introduction 40 

As a highly dynamic ecosystem, the soil is a reservoir of various microbes such as bacteria, 41 

archaea, viruses, fungi, and protozoa (Jansson and Hofmockel 2020;  Sharuddin et al. 2022). To 42 

balance the negative effects of intensive agriculture on soil functions, we rely on the synergistic 43 

abilities of microorganisms to regulate the biogeochemical cycle in the environment (Cavicchioli 44 

et al. 2019;  Sharuddin et al. 2022). Yet, we lack a deep understanding of how soil microbial 45 

community composition and functions support and influence soil biogeochemical processes. A 46 

variety of environmental DNA (eDNA) sequencing methods have been employed to gain 47 

unprecedented insight into soil microbial community composition and diversity (Podolyan and 48 

Grelet 2021;  Wang et al. 2009c). For example, amplicon-based gene sequencing (Aguiar-Pulido 49 

et al. 2016;  Zuñiga et al. 2017) and shotgun metagenomics (Azeem et al. 2021;  Shakya et al. 50 

2019) are widely used for deeper investigation of the soil microbiome. However, these DNA-based 51 

methods are incapable of accurately assessing microbiome functionality and can hardly discern 52 

between active and inactive microbiome members (Sharuddin et al. 2022). Environmental RNA 53 

(eRNA) sequencing is essential to reveal the functions from active microbiome members. 54 

Several metatranscriptomic studies have been carried out over the last decade to analyze 55 

gene expression, regulation, and pathways in many different types of biotope (Hayden et al. 2018;  56 

Rajarapu et al. 2015;  Sharuddin et al. 2022). However, in the field of soil and environment 57 

metatranscriptomics, the lack of a universal approach to RNA has hampered progress. Obtaining 58 

high-quality and high-quantity RNA from environmental samples has always been a challenge, 59 

especially in soil samples. Following RNA extraction, various compounds like humic and fulvic 60 

acids, as well as polysaccharide compounds, are co-extracted with RNA (Wang et al. 2012a) and 61 

incorporated into downstream enzymatic reactions (such as restriction enzymes, probe 62 
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hybridization, RNA or DNA digestion, polymerase chain reaction [PCR], reverse transcription, 63 

sequencing, and quantification) (Alm Elizabeth et al. 2000;  Chaparro-Encinas et al. 2020;  Wang 64 

and Fujii 2011;  Zipper et al. 2003). Clay minerals, such as Ca2+, Mg2+, Fe3+ and Al3+, can also 65 

absorb a significant amount of nucleic acid molecules, resulting in a lower level of RNA extraction 66 

(Goring and Bartholomew 1952). In addition, soil samples can contain a wide range of 67 

contaminants including proteins, phenolic compounds, salts, and metal ions (Griffiths et al. 2000;  68 

Wilson 1997). In addition to the aforementioned problems, less than 5% of total RNA is mRNA 69 

in environmental samples, which is highly vulnerable to RNase degradation and has a short half-70 

life span (Deutscher 2006;  Ranjan et al. 2021;  Sharma et al. 2012;  Steglich et al. 2010). Therefore, 71 

the development of efficient high-quality RNA extraction protocols for different soil sample types 72 

is required. To extract RNA from a variety of soil types, different manual extraction methods have 73 

been optimized (Lever et al. 2015;  Lim et al. 2016;  Mettel et al. 2010;  Paulin et al. 2013;  Pei et 74 

al. 2021;  Peršoh et al. 2008;  Qin et al. 2016;  Sharma et al. 2012;  Thorn et al. 2019;  Wang et al. 75 

2012b). However, soil samples exhibit many heterogeneities that have hampered the development 76 

of a universal RNA extraction method. The manual extraction process has been standardized and 77 

continuously optimized over the past three decades, based on soil sample types. Although there 78 

are several commercial RNA extraction kits that have been used for soil samples, it is not possible 79 

to optimize each kit individually based on the components, since they are not disclosed. Also, 80 

under certain conditions, it may be necessary to increase the sample mass for RNA extraction from 81 

low -biomass samples to isolate low-copy-number mRNA; therefore, using commercial kits is not 82 

cost-effective and feasible (Lever et al. 2015;  Lim et al. 2016;  Thorn et al. 2019). 83 

In this study, our main goal was to develop a high-yield and high-quality RNA extraction 84 

method for two types of agricultural soils (mineral and organic) for taxonomic and functional 85 
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analysis of soil microbial communities. We used Griffiths' extraction method (Griffiths et al. 2000) 86 

to form the backbone of our improved and developed extraction procedure. The most important 87 

modifications we made were the use of phosphate buffer and acidic sodium acetate buffers during 88 

the bead beating and phenol-chloroform extraction processes, respectively. It was surprising to 89 

find that the sodium acetate buffer not only decreased the humic substances, but also allowed us 90 

to extract DNA-free total RNA. We compared our developed extraction method with four more 91 

popular manual extraction methods developed for soil nucleic acids extraction. Our developed 92 

method improved not only the purity, but also the integrity of extracted RNA, which makes the 93 

extracted materials suitable for diverse kinds of molecular biology investigations at a reasonable 94 

price, ten times cheaper than using disparate commercial kits for DNA and RNA isolation. The 95 

extracted RNA was then successfully used for direct RNA nanopore sequencing. Four soil 96 

microbiome libraries were prepared from mineral and organic soils, and an overarching review of 97 

the soil microbiome was characterized after sequencing and data analysis. 98 

Materials and methods 99 

Soil sampling and analysis of soil physicochemical properties 100 

Four mineral soil horizons of 5 to 15 cm depth were sampled from Agriculture and Agri-Food 101 

Canada’s experimental farm (vineyard) in Frelighsburg, Quebec, Canada. As well, four organic 102 

soil horizons were sampled at a depth of 0 to 10 cm from Agriculture and Agri-Food Canada’s 103 

experimental farm (lettuce field) in Sainte-Clotilde, Quebec, Canada. The soil samples were stored 104 

at -20 °C until they were used. Our soil samples were submitted to AgroEnviroLab for the 105 

determination of soil pH and for the extraction and quantification of main exchangeable minerals, 106 

aluminum (Al), copper (Cu), zinc (Zn), manganese (Mn) and iron (Fe), through the Mehlich 3 107 

extraction method (Mehlich 1984).  108 
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Total RNA extraction by improved method 109 

A decontaminating mixture of sodium hypochlorite, 10% v/v; sodium dodecyl sulfate (SDS), 1% 110 

w/v; sodium hydroxide (NaOH), 1% w/v; and sodium bicarbonate (NaHCO3), 1% w/v, was made 111 

to clean up the work surfaces (Fischer et al. 2016). To eliminate nucleases, all implements and 112 

tools were autoclaved for 15 minutes at 121 °C. In addition, the water stock used for RNA elution 113 

was treated by RNASecure (Ambion) to reduce the possibility of nuclease contamination during 114 

extraction. 115 

The samples were passed through a 4-mm mesh sieve, and RNA was extracted directly 116 

from them (Fig. 1). For mineral and organic soil, 250- and 200-mg stone-free soil samples were 117 

collected and transferred into 2-ml screw-tubes, respectively. Each tube contained 1 gram of 118 

0.1-millimeter silica beads and three beads of 0.3 millimeter size. Next, 200 µl pre-heated (60 °C) 119 

extraction buffer (10% Cetyltrimethyl ammonium bromide [CTAB], 0.7 M NaCl, 3.4% 120 

Polyvinylpyrrolidone [PVP], 240 mM phosphate buffer, pH = 5.8), 400 µl 150 mM phosphate 121 

buffer (pH = 5.8), 10 µl 2-Mercaptoethanol, 300 µl water-saturated phenol, and 200 µl Chloroform 122 

were added. Before the bead-beating steps, tubes were incubated on ice and cooled for 2 minutes. 123 

Two FastPrep bead-beating steps (6.5 m/s for 20 seconds) and one intermediate cooling step on 124 

ice (for 1 min) were completed. After that, samples were vortexed for 5 min periodically, and 125 

during vortexing time, tubes were placed on ice to keep them cooled. After the centrifugation at 126 

10,000X g for 2 min at 4 °C, the aqueous phase (approximately 550 ul) was transferred into a new 127 

2-ml tube. Next, 350 µl 3M NaAc (pH = 4.6) was added to the previous solution and incubated on 128 

ice for 2 min. Then, 600 µl water-saturated phenol was added, mixed, and incubated on ice for 3 129 

min. Next, 300 µl chloroform was added and mixed vigorously. After incubation on ice for 3 min, 130 

tubes were centrifuged for 10 min at 10,000X g at 4 °C. The aqueous phase was transferred into a 131 
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new 2-ml tube, and another chloroform extraction (1 v/v) was performed and centrifuged for 10 132 

min at 10,000X g at 4 °C. 133 

In the next step, the aqueous phase (approximately 500 to 600 ul) was transferred into a 134 

new 1.5-ml tube. One volume PEG-NaCl precipitation buffer (0.6 M NaCl and 30% PEG-8000) 135 

was added, and the solution was incubated on ice in a refrigerator (4 °C) for 20 min. To visually 136 

monitor the RNA pellet precipitation, 1 µl glycogen RNA grade can be added. The tubes were 137 

centrifuged for 20 min at 15,000 rpm at 4 °C. After that, the PEG supernatant was removed 138 

carefully by pipetting. The RNA pellet was washed with 80% cold ethanol two times. After each 139 

washing step, a centrifugation step at 15,000 rpm for 5 min at 4 °C was done. Finally, the RNA 140 

pellet was dried under laminar hood and dissolved in 50 µl treated water with RNAsecure.  141 

Total RNA extraction by other conventional methods 142 

In this study, Griffiths’ (Griffiths et al. 2000), Thorn’s (Thorn et al. 2019), Sharma’s (Sharma et 143 

al. 2012), and Angel’s (Angel et al. 2012) RNA extraction methods, which are the main methods 144 

for RNA extraction from soil and constitute the backbone of our improved and optimized method, 145 

were applied in the same eight soil samples described in the previous section to compare their 146 

efficiencies with our improved method.  147 

Quality and quantity evaluation of extracted RNA 148 

RNA extracted using the five different methods was electrophoresed on 1.0% agarose gel to 149 

confirm its integrity and quality. Nanodrop 2000 spectrophotometry (Thermo Fisher Scientific, 150 

Waltham, MA) was used to determine the purity of the extracted RNA. Pure RNA was defined as 151 

having the A260/A280 ratio = 1.8 ~ 2.2 and the A260/A230 ratio > 1.8. Various wavelengths 152 

(320 or 270 nm) and spectrum ratios (from 465 to 665) have been used to quantify humic 153 

substances (Wnuk et al. 2020). Mettel et al. concluded that 400-nm wavelengths were more useful 154 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 21, 2022. ; https://doi.org/10.1101/2022.11.20.517272doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.20.517272
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 8 of 42  Abdonaser Poursalavati 

 

 

 

than 320-nm measurements for quantifying humic substances due to the avoidance of the 155 

overlapping absorbance errors that occurred in the absorbance spectrum of RNA and humic acids 156 

at 320-nm measurements (Mettel et al. 2010). Hence, 400-nm wavelength was considered for 157 

humic acid measurements in this study. The quantification of DNA and RNA at different steps of 158 

extraction and library preparation were performed by qubit spectrofluorometry using Qubit 159 

dsDNA High Sensitivity and Qubit™ RNA High Sensitivity kits, respectively (Qubit Fluorometer, 160 

Invitrogen, LifeTechnologies). 161 

DNase treatment and polyadenylation  162 

According to gel electrophoresis results, no DNA contamination was observed in extracted RNAs. 163 

However, to be sure, total extracted RNAs were treated with TURBO DNase (Ambion) according 164 

to the manufacturer’s instructions. In the presence of 1X DNase buffer and 10 units of TURBO 165 

enzyme, the reaction solution was incubated for 30 mins at 37 °C, then phenol-chloroform 166 

extraction was used to remove the DNase enzyme from the treated sample.  167 

To prepare and sequence libraries, two groups of extracted RNA for each soil type were 168 

defined: mRNA group (naturally polyadenylated messenger RNA) and total RNA group (mRNA 169 

+ non-polyadenylated RNA). Because reverse transcription of the direct RNA nanopore 170 

sequencing kit is based on ligation of pre-annealed double-stranded adapters (containing poly-T 171 

sequence), the total RNA group was polyadenylated as followed, whereas the mRNA group was 172 

not polyadenylated. Next, 10 ug total RNA, 1 µl (five units) E. coli Poly(A) Polymerase (NEB# 173 

M0276), 2 µl 10X E. coli Poly(A) Polymerase Reaction Buffer, 2 µl Adenosine triphosphate 174 

(ATP), and 1 µl (40 unit) RNasin® Plus Ribonuclease Inhibitor (Promega Corporation) in a 20-µl 175 

reaction solution were incubated at 37 °C for 3 mins. After that, polyadenylated RNAs were 176 
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purified from enzyme reactions using the RNAClean XP bead purification system according to the 177 

manufacturer’s instruction. 178 

Direct RNA nanopore sequencing 179 

The SQK-RNA002 kit (Oxford Nanopore Technologies) was used to generate direct RNA 180 

sequencing libraries according to the manufacturer’s protocol with some modifications ( 2). Since 181 

this kit does not include commercial barcodes for multiplexing samples and sequencing them 182 

simultaneously on a single flow cell, four custom reverse transcription adapters (cRTA) based on 183 

the DeePlexiCon protocol (Smith et al. 2020) were used for multiplexing.  184 

In summary, 500 ng of polyadenylated RNA was ligated with cRTA using T4 DNA ligase 185 

(New England Biolabs) in the presence of NEBNext Quick Ligation buffer (New England Biolabs) 186 

for 15 minutes at room temperature. The single-stranded cDNA was synthesized with SuperScript 187 

III (Thermo Fisher Scientific) for 50 minutes at 50 °C, followed by the inactivation of the enzyme 188 

reaction for 10 minutes at 70 °C. RNA/cDNA hybrids were then purified using Agencourt 189 

RNAClean XP beads. We measured the quantity of each library with the Qubit dsDNA High 190 

Sensitivity kit and then pooled the libraries by considering an equal amount of each. The RMX 191 

adapter (sequencing adapter) was ligated into the RNA/cDNA hybrid complex using T4 DNA 192 

ligase for 15 minutes at room temperature, and then the pooled library was purified with Agencourt 193 

RNAClean XP beads. Final quantification of the pooled library was performed using the Qubit 194 

dsDNA High Sensitivity kit, followed by loading on the R9.4.1 flow cell connected to the MinION 195 

Mk1B Sequencing Instrument (Oxford Nanopore Technologies). 196 

Bioinformatics analysis pipeline 197 

In high-accuracy mode, base-calling and quality assessment of sequencing data were performed 198 

using Guppy (Oxford Nanopore, v6.1.7). We discarded reads with a poor quality score (<7) and 199 
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lengths under 100 nucleotides. For demultiplexing, DeePlexiCon was used with default settings. 200 

Then, to trim barcodes and middle adapters, Guppy barcoder default parameters were used. Next, 201 

NanoPlot (v1.40.0) (De Coster et al. 2018) was used to generate direct RNA sequencing metrics 202 

such as N50, read count, and quality score (Q). Seqkit (Shen et al. 2016) fq2fa option was used to 203 

convert the trimmed fastq files to fasta files. RATTLE pipeline with a reference-free algorithm (de 204 

la Rubia et al. 2022) was used for read clustering, error correction of reads, and read polishing. 205 

From each cluster, a consensus transcript was extracted, and the abundance was determined by 206 

counting the total reads in each cluster. With SortMeRNA (Kopylova et al. 2012), ribosomal RNA 207 

was then extracted from total RNA samples (from barcodes 1 and 2) using its sensitive database 208 

(smr_v4.3_sensitive_db). Kraken2 v2.0.8-beta (Wood et al. 2019) was used to classify 16S and 209 

18S rRNA reads using the SILVA database (Quast et al. 2013). The non-ribosomal reads (from 210 

barcodes 1 and 2), as well as the mRNA reads (from barcodes 3 and 4), were taxonomically 211 

classified by Kraken2 using the PlusPF database. Pavian v1.0 (Breitwieser and Salzberg 2020) and 212 

Recentrifuge (Martí 2019) were used for comparative analysis of taxonomical classification 213 

results. After Kraken2 analysis, clusters without hits were extracted, and these clusters were 214 

analyzed taxonomically with Centrifuge 1.04 (Kim et al. 2016) using a custom-built database, 215 

whose sequences were obtained from NCBI RefSeq (Virus, Bacteria, Archaea, SAR, Protozoa, 216 

and Fungi, access date 03.06.2022) using Genome_updater 0.5.1 217 

(https://github.com/pirovc/genome_updater). The minimum hit length (MHL) of 50 was applied 218 

on centrifuge hits (Kim et al. 2016). 219 

Through Trinotate v3.2.2 (https://github.com/Trinotate/Trinotate.github.io), BLASTX and 220 

BLASTP searches (Altschul et al. 1990) were conducted on the SwissProt database (Bairoch and 221 

Apweiler 1997) to analyze the functional annotation of transcripts. EggNOG-mapper version 2.1.6 222 
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(Cantalapiedra et al. 2021;  Huerta-Cepas et al. 2019) was used to obtain EggNog, KEGG 223 

(Kanehisa and Goto 2000), and COG annotations (Tatusov et al. 2000). SigmaPlot v14.5 (Systat 224 

Software, San Jose, CA) was used to visualize the results of functional annotation. A GO Slim 225 

metagenomics database was then substituted for the pre-packed GO Slim database in the Trinotate 226 

package (Poursalavati et al. 2021). Using Trinotate_GO_to_SLIM, gene ontology identifiers were 227 

assigned to clusters. The annotated KEGG orthologs (KOs) were then processed and analyzed 228 

using the FuncTree 2, an automated annotation server (Darzi et al. 2019). A summary of the 229 

bioinformatics analysis steps is shown in Fig. 3. 230 

Results 231 

Soil physiochemical properties 232 

The adsorption of RNA to clay minerals is one of the main problems in soil RNA extraction 233 

(Hashizume 2015). Prior to RNA extraction, we analyzed the physicochemical properties of 234 

collected samples of mineral and organic soils. Texture, organic content, and cations were widely 235 

different in mineral and organic soil samples. Mineral soil samples were found to have acidic pH 236 

values in the range of 5.2 to 5.6, while organic soils were in the range of 6 to 6.8. In terms of 237 

organic content, mineral soil samples ranged from 5.2% to 5.5% and, on the other hand, organic 238 

soils were 67.6% to 73.7% (Table 1). 239 

Optimization of RNA extraction method for mineral and organic soil samples 240 

The Griffiths’ (Griffiths et al. 2000), Thorn’s (Thorn et al. 2019), Sharma’s (Sharma et al. 2012), 241 

and Angel’s (Angel et al. 2012) CTAB extraction and PEG precipitation methods were the 242 

backbone of our optimized method for RNA extraction. Cells were lysed in the first step by 243 

choosing different-sized beads and changing the bead beating speed and duration, but the main 244 

change was adding a phosphate buffer into the sample based on measured pH value (Guerra et al. 245 
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2020). A pre-experiment, which used a variety of pH ranges (4.3 to 8) was designed to decrease 246 

the amount of co-extracted humic substances by considering the lowest adsorption of RNA to the 247 

soil. We found that the amount of humic substances was reduced optimally at pH 5.8 248 

(Supplementary Fig. 1). It was observed that the amount of RNA extracted was the same at pH 249 

5.5, 5.8, and 6, but the lowest levels of humic substances were found at pH 5.8. While lower pH 250 

ranges (<5) are recommended in the literature for removing humic substances (Mettel et al. 2010), 251 

we noticed that most of the nucleic acids in our experiment were absorbed at pH < 5.5. A second 252 

phenol-chloroform extraction in an acidic condition was considered in this protocol to isolate 253 

DNA-free RNA and reduce remaining humic compounds. A low-pH (4.6) sodium acetate buffer 254 

was used to create the acidic condition within the aqueous phase from the previous step. Sodium 255 

acetate has been used previously to separate DNA from RNA (Chomczynski and Sacchi 2006;  Xu 256 

et al. 2019), however, its efficiency when added to the aqueous phases of soil RNA extraction has 257 

not yet been reported. Mettel et al. (Mettel et al. 2010) used an acidic phenol (pH = 4.5) to separate 258 

DNA from RNA in soil samples, but our results, as well as those of a recently published study (de 259 

la Rubia et al. 2022), show that aqueous pH is more important than the pH of the added phenol 260 

solution when separating DNA from RNA (de la Rubia et al. 2022). Interestingly, we observed 261 

that the addition of low-pH sodium acetate in this step also slightly reduced the amount of humic 262 

substances (Supplementary Table 1). To compare and verify the performance of the improved 263 

method with the mentioned methods (Angel et al. 2012;  Griffiths et al. 2000;  Sharma et al. 2012;  264 

Thorn et al. 2019), the extraction related to these methods was also investigated in terms of quantity 265 

and quality (Fig. 4 and Table 2). RNA integrity was assessed by electrophoresis of total RNA on 266 

agarose gels. On the gel, distinct bands were observed for 23S and 16S rRNA (Fig. 4). In total, 2.8 267 

and 2.3 µg/g of total environmental RNA were extracted from mineral and organic samples, 268 
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respectively, using the different methods. Accordingly, A260/A280 and A260/A230 ratios ranged 269 

from 1.82 to 1.89 and 1.79 to 1.98, respectively (Table 2). The absorbance at A400 was also used 270 

to measure the amount of co-extracted humic substances with RNA (Mettel et al. 2010). With the 271 

improved method, the highest quality and quantity of RNA and total nucleic acid (TNA) were co-272 

extracted with the lowest amounts of humic substances compared to the four existing methods. 273 

Additionally, a comparative extraction was performed in order to determine the effect of low-pH 274 

sodium acetate buffer on reducing the amount of humic substances. The results showed that, in the 275 

sodium acetate-free situation, not only was the amount of humic acid slightly higher but the quality 276 

of the extracted RNA was also less than other situations (Supplementary Table 1). Additionally, 277 

price comparisons revealed that this improved protocol was significantly cheaper than the 278 

commercial kit to obtain high-quality DNA/RNA from soil samples (Supplementary File S1). 279 

Direct RNA sequencing 280 

The primary objective of this study was to improve RNA extraction from organic and mineral soil 281 

for metatranscriptomics studies, so the nanopore direct RNA sequencing kit was chosen for library 282 

preparation. In the first step, 300 ng of each extracted RNA sample from mineral or organic soil 283 

samples was split into two groups, and four libraries with four custom barcodes were prepared and 284 

pooled together. After 24 hours, 306,953 reads with ~215 million bp were sequenced successfully. 285 

The 10.1 mean read quality score with 702 bp mean read length was achieved for the pooled library 286 

(Supplementary Table 2). 287 

Bioinformatics analysis 288 

Preprocessing the data 289 

First, raw data were base-called, filtered, and demultiplexed, and then the quality of the filtered 290 

reads (274,565) was assessed using the NanoPlot software (Supplementary Fig. 2). For mineral 291 
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total RNA, mineral mRNA, organic total RNA, and organic mRNA, the total number of megabases 292 

was 52.2, 80.1, 48.6 and 18.1 while the number of reads was 80,219, 108,114, 59,453 and 26,779, 293 

respectively (Table 3). For mineral total RNA, mineral mRNA, organic total RNA, and organic 294 

mRNA, the N50 read lengths were 887, 1087, 1254, and 972 bp, and the maximum read lengths 295 

were 2.9, 3.6, 3.5, and 2.8 kb, respectively. Mineral mRNA and organic total RNA samples 296 

provided many long reads with a median read length of 789 and 658 bp, while mineral total RNA 297 

and organic mRNA samples only provided median read lengths of 560 and 583 bp (Supplementary 298 

File S2). 299 

Clustering and taxonomic classification 300 

RATTLE’s clustering and correction pipeline constructs a consensus sequence from each cluster 301 

associated with each barcode for taxonomic classification. Total RNA samples from minerals and 302 

organics contained 10.7% and 16.7% of ribosomal RNA (rRNA) clusters, respectively. The rRNA 303 

clusters were retained for taxonomic classification. Mineral and organic rRNA clusters showed 304 

that 77% and 81% of rRNAs belong to the bacteria kingdom, respectively. A large portion of the 305 

bacteria group in mineral soil comes from the Proteobacteria group (45%), while the Terrabacteria 306 

group (42%) dominates in organic soil (Fig. 5 and Supplementary File S3-4). 307 

In addition, the remaining non-rRNAs, mineral mRNAs, and organic mRNAs were 308 

taxonomically categorized by Kraken 2. A nucleotide search was performed by Kraken 2 against 309 

the PlusPF database (May 2021). Kraken 2 programs detected a diversity of microorganisms, 310 

including bacteria, Archaea, and fungi in mineral and organic soils (Fig. 6). For example, in the 311 

mineral total RNA sample, seven bacterial phyla were identified, including Actinobacteria, 312 

Bacteroidota, Chloroflexota, Deinococcota, Firmicutes, Planctomycetota, and Proteobacteria. This 313 

sample also contained one fungal phylum, Ascomycota, and two Archaea phyla, Euryarchaeota 314 
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and Thaumarchaeota. Furthermore, the presence of various proteobacteria, including 315 

Pseudomonas spp., was dominant in both mineral (Fig. 6A and 6B) and organic soil samples (Fig. 316 

6C and 6D). However, just a single cluster was classified as belonging to the virus kingdom 317 

Orthornavirae in the mineral mRNA sample (Fig. 6B).  318 

Since approximately 30% of the clusters were not aligned by Kraken 2, the unaligned 319 

clusters were searched against a custom database using Centrifuge. Acanthamoeba castellanii, a 320 

free-living soil amoeba, was detected in unaligned clusters of mineral samples (both total RNA 321 

and mRNA) (Supplementary Figs. 3A and 3B). The centrifuge analysis revealed that Fusarium 322 

genus was also present in mineral and organic non-hit mRNA clusters (Supplementary Figs. 3B 323 

and 3D). 324 

Annotation and functional analysis 325 

As a first step in evaluating and interpreting the content of our metatranscriptomes, we blasted the 326 

clusters and identified ORFs using BLASTx and BLASTp, respectively, against the SwissProt 327 

database with an E-value cut-off set to 10-5. Clusters of Orthologous Groups (COGs) analyses were 328 

performed on both mineral and organic read clusters. In both mineral and organic samples, COGs 329 

related to translation, ribosomal structure, and biogenesis had the highest cluster abundance. 330 

Flagellar biosynthesis-related clusters in organic samples were less expressed than other clusters. 331 

Meanwhile, the lowest level of COGs in mineral cluster was associated with different functions, 332 

including defense mechanisms, intracellular trafficking, secretion, and vesicular transport (Fig. 7). 333 

To achieve the community’s functioning, gene ontology (GO) classification was taken into 334 

account using SwissProt protein sequences. GO terms are categorized as biological processes, 335 

cellular components, and molecular functions, which describe the properties of a gene product 336 

(Ashburner et al. 2000;  Gene Ontology 2004). It was observed that the relative distribution of GO 337 
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terms across mineral and organic datasets varied, indicating that each mineral and organic sample 338 

was inhabited by a different metabolically active community of microorganisms ( 8).  339 

In mineral and organic soil, gene ontology analysis assigned 495 and 288 clusters, 340 

respectively, to one or more GO terms. The three most common categories of biological process 341 

for mineral soils and organic soils were “metabolic process (GO:0008152)” with 120 and 74 342 

clusters, “nitrogen compound metabolic process (GO:0006807)” with 102 and 65 clusters, and 343 

“biosynthetic process (GO:0009058)” with 73 and 45 clusters, respectively. In the category of 344 

cellular components, the three enriched terms with the most clusters in the mineral soil sample 345 

were cytoplasm (GO:0005737), membrane (GO:0016020), and ribosome (GO:0005840). Among 346 

enriched terms within the cellular component category in the organic soil sample, “cytoplasm 347 

(GO:0005737)” ranked first with 28 clusters, followed by “membrane (GO:0016020)” ranking 348 

second with 25 clusters, and “plasma membrane (GO:0005886)” ranking third with 17 clusters. 349 

The three most abundant groups in the molecular function domain for the mineral soil sample were 350 

“catalytic activity (GO:0003824)” with 104 clusters, “ion binding (GO:0043167)” with 351 

91 clusters, and “DNA-binding (GO:0003676)” with 65 clusters. For the molecular function 352 

domain in the organic soil sample, catalytic activity (GO:0003824) was the most abundant group, 353 

with 74 clusters, followed by ions binding (GO:0043167), with 57 clusters, and metal ion binding 354 

(GO:0046872), with 38 clusters (Fig. 8 and Supplementary File S5-6). 355 

A total of 359 and 261 numbers of mineral and organic KOs were classified, respectively. 356 

The top three most abundant categories at the BRITE 1 functional hierarchy level were related to 357 

“environmental information processing”, “metabolism”, and “genetic information processing” 358 

with 36.9%, 32.8% and 19.9% of organic KOs and 33%, 29.3% and 17.9% of mineral KOs, 359 
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respectively. However, a comparison between mineral and organic KOs demonstrated that the 360 

cellular progress category had greater activation in the mineral samples (Fig. 9B). 361 

At the BRITE 2 functional hierarchy level, mineral and organic samples showed several 362 

significant differences. The three most abundant categories in the organic samples at the BRITE 2 363 

level were “Drug resistance: Antimicrobial”, “Development”, and “Digestive systems” which 364 

were not present in the mineral sample (Supplementary Fig. 4B). In the mineral sample, the most 365 

abundant categories at the BRITE 2 functional hierarchy level were “Drug resistance: 366 

Antineoplastic”, and “Immune diseases” which were absent in the organic sample. Nevertheless, 367 

the third-highest category was “Cellular community: eukaryotes” which was also activated slightly 368 

in the organic sample (Supplementary Fig. 4B). 369 

By using FuncTree 2 (Darzi et al. 2019), functional hierarchies were also visualized at 370 

different levels of the BRITE functional hierarchy (BRITE 1, BRITE 2) and pathway 371 

(Supplementary Fig. 5A). A total of 41 and 42 functional categories from the BRITE 2 level, which 372 

were assigned to six categories at the BRITE 1 level, were activated in the mineral and organic 373 

samples, respectively. A total of 176 and 159 pathways were enriched from mineral and organic 374 

clusters, respectively, and 99 pathways were the same between mineral and organic soil 375 

(Supplementary File S7). For instance, lipid metabolism pathways were enriched specifically in 376 

the organic sample (Supplementary Fig. 6A), while in the mineral sample carbohydrate 377 

metabolism pathways were particularly active (Supplementary Fig. 6B). 378 

Discussion 379 

Various methods have been proposed over the last three decades for extracting nucleic acids of 380 

soil microbial populations, and with time, these methods have been refined and improved. Aside 381 

from enhancing efficiency and being responsive to current technology requirements (e.g., quantity 382 
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and quality), these changes also aimed to address the primary challenges associated with nucleic 383 

acid extraction from soil, such as co-extraction of contaminants, nucleic acid absorption into soil 384 

particles, and use of adequate pH. The nature of RNA and its instability make extracting RNA 385 

from soil more difficult, along with other soil challenges. Consequently, we labored to improve 386 

several existing methods (Angel et al. 2012;  Griffiths et al. 2000;  Peršoh et al. 2008;  Sharma et 387 

al. 2012;  Thorn et al. 2019) with modifications based on previous research (Guerra et al. 2020;  388 

Hashizume 2015;  Mettel et al. 2010;  Wang et al. 2009a;  Wang et al. 2009b) to achieve a novel, 389 

and cost-effective RNA extraction method that performed strikingly well in mineral and organic 390 

soils. 391 

The method presented was designed to reach two key goals: to (1) prevent the addition of 392 

alkaline pH to the nucleic acid extraction; and (2) prevent the co-extraction of humic acids with 393 

the nucleic acid by performing all extractions on ice. Indeed, processing samples at a low 394 

temperature substantially reduces humic acid carryover, protects RNA from degradation, and 395 

prevents tubes from being accidentally overheated and leaking phenol (Angel et al. 2012). Here, a 396 

CTAB buffer containing PVP (Sharma et al. 2012) was modified to reach a lower pH. However, 397 

it should be noted that while lower pH prevents humic compounds from being extracted, it also 398 

reduces the concentration of nucleic acid, and we observed that pHs below 5.5 significantly 399 

reduced nucleic acid concentration. The use of phosphate buffers separately for extraction has two 400 

benefits: modification of pH levels (according to soil pH and buffer pH) and an increase in 401 

phosphate content in the lysis step, which helps to release nucleic acids from soil particles (Guerra 402 

et al. 2020).  Depending on the soil type and pH of the phenol solution used, this step of the 403 

protocol can be adjusted in clay-rich soils by increasing the phosphate molarity (above 150 mM) 404 

without changing the CTAB buffer. On the other hand, if the available phenol had a pH that was 405 
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above 6 or below 5, the extraction buffer pH can be modified by changing the pH of the phosphate 406 

buffer, which is much safer and simpler than changing the pH of the phenol. We tested a variety 407 

of phenols, including citrate-phenol, Tris-saturated phenol, Trizol, and water-saturated phenol with 408 

pH 5 and 4 in our pre-experiments, which led us to choose water-saturated phenol with pH 5.8 409 

based on the yield and purity of nucleic acids (data not shown). Low-quality results with the use 410 

of these different phenol solutions can be attributed to their salt content (Tris, Citrate, Guanidinium 411 

thiocyanate, etc.). Through the addition of the phenol-chloroform step and re-purification of the 412 

aqueous phase, we can adjust the amount of DNA using acidic sodium acetate buffer 413 

(Chomczynski and Sacchi 2006). 414 

Additionally, our results revealed that sodium acetate could absorb and reduce humic 415 

contamination to some extent. Although sodium acetate has been used previously to absorb humic 416 

substances (Lafrance and Mazet 1989;  Rashid 1969), we found that low-pH sodium acetate helped 417 

to decrease humic substances as well as to separate DNA from RNA. However, the effect of 418 

sodium acetate on humic acid reduction will need further investigation, because this type of 419 

contamination is common in different soil types and different ecosystems (Supplementary Table 420 

1). Contamination is a very critical issue in a lot of molecular biology techniques (e.g., PCR, RT-421 

PCR, macromolecule blotting and probing, sequencing), especially when working with nanopore 422 

direct RNA kit, because the RNA must be contamination-free, and the enzymatic steps such as 423 

polyadenylation, ligation, and reverse transcription are extremely sensitive. 424 

Indeed, several challenges remain when analyzing nanopore data, and the initial stages are 425 

still among the most challenging. This is striking when it comes to working with direct RNA 426 

sequencing data since the development of dedicated and user-friendly bioinformatics tools for this 427 

purpose is ongoing. To answer this need, we designed in this study an in-house bioinformatics 428 
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workflow for taxonomy analysis at different levels. Notably, using the RATTLE Pipeline (de la 429 

Rubia et al. 2022), it was possible to avoid misclassifying the reads of species with the least 430 

sequencing coverage, one of the common issues when working with long-read assemblers. Thus, 431 

using this in-house workflow we analyzed the consensus sequences obtained from the clustering 432 

step in the total RNA datasets in terms of rRNA sequences and we completed the taxonomic 433 

profiling of the microbial population. 434 

The remaining reads were analyzed by Kraken2 and Centrifuge tools (Kim et al. 2016;  435 

Wood et al. 2019). The noteworthy point in this context is Kraken2’s insufficient ability to fully 436 

classify sequences. However, due to its much higher speed compared to Centrifuge and updated 437 

databases, it can still be useful as an early step to obtain the microbiome profile. On the other hand, 438 

the Centrifuge needs an updated or dedicated database for the desired project and also requires 439 

more time and system resources. Nevertheless, the use of both tools together enabled the loss of 440 

sequences without hits to be minimized. The identification of Orthornavirae viruses in the mRNA 441 

dataset demonstrates the high performance of the RNA enrichment method to capture mRNA from 442 

low-relative-abundance microbial species (Fig. 6B), especially for viruses that have polyA-tailed 443 

mRNA (Brinton et al. 2021;  Lang et al. 2021;  Walker et al. 2021). 444 

A major advantage of using RNA datasets is that it allows for functional analysis and 445 

annotation to be performed. The importance of this issue becomes even more apparent when 446 

dealing with soil environments, because it allows for determining the active functional profile in 447 

the microbiome (which cannot always be determined by examining DNA) and, ultimately, better 448 

understanding the plant-soil interaction. In addition to the difference in their microbial profile the 449 

annotation results (GO, KEGG, and COG analysis) showed a higher functional activity in the 450 

mineral soil than in the organic one . However, this difference in functional activity maybe driven 451 
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by the number of clusters and reads obtained from these two types of soil. Indeed, organic soil also 452 

showed greater activity in “Cell wall/membrane/envelope biogenesis”, “Lipid transport and 453 

metabolism”, and “Transcription” groups (Fig. 7). Therefore, RNA nanopore sequencing results 454 

should be combined with short reads sequencing results of the same samples to obtain a suitable 455 

coverage for accurate functional analysis of genes with low expression frequency. 456 

Conclusion 457 

Several of the challenges associated with soil nucleic acid extraction have been addressed by the 458 

development of soil nucleic acid extraction kits. However, due to the high cost of kits for projects 459 

that require a large number of samples, as well as the impossibility of optimizing these kits for 460 

different types of soils, manual methods have continued to be of great interest. We present a new 461 

improved method to extract RNA from soil, which combines the strengths of the previously 462 

developed methods, but also adds steps to adjust the amount of DNA and increase the quality and 463 

quantity of extracted material in two soil types (mineral and organic). As a result of using nanopore 464 

direct RNA sequencing, it was possible to confirm the high quality and purity of the final product. 465 

Furthermore, an optimal workflow for sequencing data clustering, taxonomy analysis, and 466 

functional annotation has been proposed and evaluated. To our knowledge, this work breaks 467 

ground by sequencing soil RNA with direct RNA nanopore sequencing and most conveniently 468 

proposes an in-house bioinformatics workflow necessary to process this type of dataset. In this 469 

third-generation sequencing era, the yield, quality and purity of the RNA obtain from this 470 

improved cost-effective method open the door to decipher the soil microbial functionalities using 471 

nanopore sequencing technology. Moreover, we proposed a strong and straightforward 472 

bioinformatics workflow to analysis the nanopore sequencing data resulting from this improved 473 

RNA extraction method.  474 
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Table 1. Physicochemical characteristics of mineral and organic soil samples 669 

Properties Units Mineral soils  Organic soils 

S1 S2 S3 S4 S1 S2 S3 S4 

pH - 5.6 5.5 5.4 5.2 6.5 6.0 6.4 6.8 

Organic 

content 

% 5.4 5.5 5.4 5.2 72.3 73.7 71.7 67.6 

Organic 

carbon 

% 4.8 4.8 4.8 4.8 45.2 45.2 45.2 45.2 

CEC meq/100g 16.7 17.0 17.6 15.4 31.0 36.4 34.4 34.6 

P  kg/ha 72 56 39 39 38 49 35 26 

K kg/ha 101 98 133 156 208 279 236 129 

Ca kg/ha 3236 3046 2697 1839 10636 10532 11069 12356 

Mg kg/ha 142 135 169 106 668 719 670 646 

Al  ppm 994 1042 1143 1176 26 29 41 51 

Mn  ppm 49.2 39.7 39.0 36.4 5.4 5.4 5.0 5.5 

Cu  ppm 2.29 2.02 2.41 3.45 3.25 5.26 3.94 3.34 

Zn  ppm 2.27 2.08 2.13 2.04 9.41 15.88 41.42 77.62 

B  ppm 0.43 0.33 0.39 0.38 1.20 1.24 1.34 1.47 

Fe ppm 193 194 164 188 199 196 178 164 

  670 
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Table 2. Qualitative and quantitative properties of total RNA extracted from mineral and organic 671 

soil samples using five different extraction methods 672 

Protocol Sample 

ID 

Nucleic 

Acid 

(ng/µl) 

260/280 260/230 A400 

nm 

Qubit 

RNA 

(ng/µl) 

Qubit 

DNA 

(ng/µl) 

Griffiths et al. Organic 24.7 1.51 0.89 0.09 2.01 17.1 

Mineral 27.3 1.69 1.42 0.078 3.23 21 

Angel et al. Organic 23.4 1.73 1.12 0.019 3.02 16 

Mineral 36 1.8 1.59 0.013 3.9 23.1 

Thorn et al. Organic 23 1.58 0.79 0.021 2.22 15.63 

Mineral 25 1.79 1.23 0.018 2.9 18.2 

Sharma et al. Organic 27 1.8 1.58 0.02 2.1 19.1 

Mineral 29 1.86 1.68 0.011 3.08 21.97 

Improved 

method 

Organic 56.6 1.82 1.79 0.006 9.3 39.8 

Mineral 78 1.89 1.98 0.004 11.2 61.2 

 673 

  674 
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Table 3. Summary of direct RNA sequencing results for mineral and organic soil samples 675 

Sample Trimmed 

(n 5) 

Total 

bases 

Read length 

Minimum Average Maximum 

MTR 1 80,219 52,496,760 36 654 2945 

OTR 2 59,453 48,640,361 2 818 3575 

MMR 3 108,114 80,095,001 25 740 3602 

OMR 4 26,779 18,138,860 11 677 2825 

1. Mineral total RNA; 2. Organic total RNA; 3. Mineral mRNA; 4. Organic mRNA; 5. 676 

Number of read 677 
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 678 

 679 

Fig. 1. The workflow of total RNA extraction from two types of soils (mineral and organic) using 680 

the improved RNA extraction method 681 

  682 
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 683 

Fig. 2. The library and sequencing workflow of direct RNA nanopore sequencing for organic and 684 

mineral soil samples. Ligation is done in two steps: first, cRTA adapters are ligated to all poly-A 685 

sequences, then cDNA strand is synthesized to form hybrid RNA/cDNA. In the second stage, the 686 

sequencing adapter (along with the motor protein) is ligated to the hybrid sequences. When the 687 

motor protein is connected to the nanopore protein, only the RNA strand passes through the pore, 688 

and the native RNA is sequenced.   689 
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 690 

Fig. 3. Metatranscriptomic data analysis workflow for direct RNA nanopore sequencing data. 691 

Following preprocessing and demultiplexing of the data, RATTLE pipeline was used for read 692 

clustering, error correction, and creating consensus transcripts for each cluster. Using 693 

SortMeRNA, ribosomal RNA was identified, and then rRNA-free data and ribosomal reads were 694 

separately analyzed with Kraken2 (via PlusPF and SILVA databases). Clusters without hit were 695 

extracted and further analyzed using custom-built databases with the Centrifuge tool. Recentrifuge 696 

and Pavian were used to visual inspection of taxonomy analysis. A functional annotation of the 697 

data was performed using Trinotate and EggNOG-mapper 2, and the data was visualized using 698 

FuncTree 2 and SigmaPlot. 699 

 700 
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 701 

Fig. 4. Gel electrophoresis of extracted RNA and total nucleic acid (TNA) following four existing 702 

methods (Griffiths et al. (Griffiths et al. 2000), Thorn et al. (Thorn et al. 2019), Sharma et al. 703 

(Sharma et al. 2012), and Angel et al. (Angel et al. 2012)) and the improved method from mineral 704 

and organic soil. In the four wells on the right side, total RNA extraction with DNA adjustment 705 

(using low-pH sodium acetate buffer) as well as TNA (without adjusting DNA) using the improved 706 

method loaded. The nucleic acids were visualized on 1% agarose-SB gel.  707 
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 708 

Fig. 5. Taxonomic plots for mineral rRNA (A), organic rRNA (B). The comparative analysis and 709 

visualization of results were done by Recentrifuge. Based on its developer’s suggestion for 710 

nanopore sequencing reads, the LOGLENGTH was considered as a scoring scheme (Martí 2019). 711 

For detailed prospection of the results, interactive graphs are available in the supplementary 712 

materials (Supplementary File S3-4).  713 
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 714 

Fig. 6. Taxonomical classification of mineral and organic soil metatranscriptomes at various 715 

levels: kingdom (K), phylum (P), class (C), order (O), family (F), and genus (G). Visualization of 716 

results was done using Pavian (Breitwieser and Salzberg 2020).  717 
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 718 

Fig. 7. Functional classification of Cluster of Orthologous Groups (COG) on mineral and organic 719 

clusters. Classification extracted from eggNOG-mapper2 functional analysis (Cantalapiedra et al. 720 

2021). 336 mineral clusters and 221 organic clusters were assigned to 30 COG categories. 721 

Functional classes reflect specific genes and metabolisms, as well as environmental factors. The 722 

results were visualized by Sigmaplot v14.5 (Systat Software, San Jose, CA) and Inkscape 723 

(https://inkscape.org).  724 
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 725 

Fig. 8. Gene ontology enrichment analysis of mineral and organic clusters. There are three 726 

categories of gene ontology terms for each mineral (A) and organic (B) cluster: biological 727 

processes, cellular components, and molecular functions. The results were visualized by Sigmaplot 728 

v14.5 (Systat Software, San Jose, CA) and Inkscape (https://inkscape.org).  729 
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 730 

Fig. 9. KEEG BRITE 1 analysis. Stacked barplots and pie charts of mineral and soil clusters 731 

involved in KEGG BRITE 1. (A and B) Stacked barplots of mineral and organic data series before 732 

and after the normalization step. (C and D) Pie charts of mineral and organic clusters 733 
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