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Abstract

The industrial hemp plant Cannabis sativa is a source of vegetable fiber for both textiles and biocomposite applications. After
harvesting, the plant stems are laid out on the ground and colonized by microorganisms (bacteria and fungi) naturally present
in the soil and on the stems. By producing hydrolytic enzymes that degrade the plant wall polymers, the natural cement that
binds the fiber bundles together is removed, thus facilitating their dissociation (retting process) which is required for produc-
ing high-performant fibers. To investigate temporal dynamics of retting microbial communities (density levels, diversity,
and structure), a reliable protocol for extracting genomic DNA from stems is mandatory. However, very little attention has
been paid to the methodological aspects of nucleic acid extraction, although they are crucial for the significance of the final
result. Three protocols were selected and tested: a commercial kit (FastDNA™ Spin Kit for soil), the Gns-GlI procedure,
and a custom procedure from the Genosol platform. A comparative analysis was carried out on soil and two different varie-
ties of hemp stem. The efficiency of each method was measured by evaluating both the quantity and quality of the extracted
DNA and the abundance and taxonomy of bacterial and fungal populations. The Genosol protocol provides interesting yields
in terms of quantity and quality of genomic DNA compared to the other two protocols. However, no major difference was
observed in microbial diversity between the two extraction procedures (FastDNA™ SPIN Kit and Genosol protocol). Based
on these results, the FastDNA™ SPIN kit or the Genosol procedure seems to be suitable for studying bacterial and fungal
communities of the retting process. It should be noted that this work has demonstrated the importance of evaluating biases
associated with DNA recovery from hemp stems.

Key points

< Metagenomic DNA was successfully extracted from hemp stem samples using three different protocols.

« Further evaluation was performed in terms of DNA yield and purity, abundance level, and microbial community structure.
= This work exhibited the crucial importance of DNA recovery bias evaluation.
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Introduction

Industrial hemp Cannabis sativa L. is one of the oldest

b4 LIUC Mal'EaUt_ier — non-food crops that has been continuously cultivated for
uc.malhautier@mines-ales.fr over 6000 years. During the nineteenth and twentieth cen-
1 polymers, Composites and Hybrids (PCH), IMT Mines Algs, turies, hemp cultivation declined due to competition with
6 avenue de Claviéres, 30319 Alés Cedex, France cotton and synthetic fibers (such as glass fibers) and the
2 Laboratoire des Sciences des Risques (LSR), IMT Mines increase of governmental controls on the recreational use
Algs, 6 avenue de Claviéres, 30319 Alés Cedex, France of cannabinoids. However, cotton cultivation is restricted
3 Ecole de I’ADN, Université de Nimes, 19 Grand Rue BP to sub-tropical climates and requires high amounts of water
81295, 30015 Nimes cedex 1, France and agrochemicals to ensure good fiber yields, leading to
4 UPR CHROME, Université de Nimes, Place Gabriel Péri, renewed interest in alternative bast fiber crops such as hemp.
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varieties, for both seeds and low-added-value fiber produc-
tion for paper or insulation industries. At the same time, an
increasing demand either for high added-value textile grade
fibers that require low fineness and high tenacity of the fibers
or for biocomposites including plant fibers (De Fazio et al.
2020; Mazian et al. 2020; Venkatarajan and Athijayamani
2020) is occurring. Therefore, hemp cultivation seems to be
suitable to address these future perspectives and initiatives
(Zimniewska 2022).

After cultivation and harvesting, hemp stems undergo
several successive processing steps before obtaining high-
added-value grade fibers. The first step consists in placing
freshly harvested and cut stems on the soil. In this way, they
are colonized by a complex microbial community (bacteria
and fungi) from both the soil and the surface of the stems.
This process is called the dew or field retting. It is well
known that the enzymatic activities of this complex micro-
bial community may remove the pectin cement that binds
the fibers bundles together, facilitating the fibers decohesion
within the stems and thus the fiber mechanical extraction
(Mazian et al. 2020).

These retting microbial communities are subject to vari-
ous biotic and abiotic signals and factors that influence their
functional and structural dynamics (Comeau et al. 2020).
Temporal microbial dynamics in terms of structure and
activity can be affected by plant cell wall structure, plant
growth stage, soil composition, climatic conditions, and
plant species (Djemiel et al. 2017). Characterization of both
bacterial and fungal communities during retting is then a
crucial step in studying their temporal dynamics. This char-
acterization is carried on by performing population density
(real-time PCR) as well as diversity and structure (high
throughput sequencing). For this, efficient DNA extraction
and purification procedures are required.

Soils are one of the major reservoirs of biological diver-
sity. Bacteria and fungi represent a significant fraction of this
biodiversity (Plassart et al. 2012). Many works have evalu-
ated the performance and limitations of DNA extraction
methods in soil (Robe et al. 2003; Gobbi et al. 2019; Guerra
et al. 2020). Nevertheless, microbial DNA extraction from
plant stems in general, and from hemp stems, in particular,
is poorly known and the number of papers is strictly limited
(Plassart et al. 2012; Ribeiro et al. 2015; Djemiel et al. 2017;
Mazian et al. 2020; Law et al. 2020).

In this study, methodological aspects of extracting nucleic
acids from microbial communities that colonized hemp stem
during field retting are investigated. Previously adapted pro-
tocols for studying soil microbial communities are therefore
selected.

Three methods allowing quantitative and qualitative
DNA characterization were selected from different protocols
mentioned in the literature (Petric et al. 2011; Plassart et al.
2012; Knauth et al. 2013; Lim et al. 2017). These protocols

were used in previous works for genomic DNA extraction
from soils based on a commercial kit (FastDNA™ Spin Kit
for soil) (MP-Biomedicals, Solon, OH, USA), the GnS-Gl|I
protocol (Plassart et al. 2012), and a recent protocol used by
the Genosol platform (INRAe, Dijon, France) (Lazarevic
et al. 2013; Lelievre 2020). The main steps of each method
are as follows: desorption and lysis of microbial cells by
both chemical and mechanical actions and deproteinization,
precipitation, and washing of extracted nucleic acids. In con-
trast, the purification step of the extracted DNA samples
differs between the three protocols.

The aim of this work is then to optimize genomic DNA
extraction and purification methods from hemp stems for
further quantitative and qualitative characterizations of
bacterial and fungal communities. The efficiency of each
method was evaluated using relevant criteria: DNA yield,
DNA purity, abundance levels of bacterial and fungal popu-
lations, and finally, representation of microbial community
structure.

Materials and methods
Preparation of soil and stem samples

The comparison between the three methods was performed
on independent soil and stem samples of the dioecious
Finola hemp variety and the monoecious Futura 75 as
described in Fig. 1.

A clay soil (pH 8.4) was collected on September 3, 2021,
from a hemp retting plot (Mas de la Valus, Bouquet, France,
44°9'52" 4°16'56"). Soil samples were freeze-dried, sieved (1.5
mm), and stored at —80 °C. These samples were named S-R0.

Hemp stems of the dioecious variety Finola were har-
vested at the end of flowering (August 30, 2021) (Cane-
bounes la Divine, Mérindol, France,43°45'13", 5°13'51")

(https://canebounes.fr/) (Supplemental Fig. S1). Stems
were stored at —80 °C and cut into 5-cm-long pieces. The
moisture content of the stems was 75%. These samples were
named Fi-RO.

Hemp stems of the monoecious variety Futura 75 were
harvested at the end of flowering (September 2, 2021)
(Drome Chanvre, Mirabel et Blacons, France, 44°42'35",
5°529") (http://www.dromechanvre.fr/) which is 168 km
north of Mérindol (Supplemental Fig. S1). These stems were
retted from September 3, 2021, to October 17, 2021, in Mas
de la Valus (Bouquet, France) on a similar clayey agricul-
tural soil to that on which the hemp was grown for logistics
reasons (close to the laboratory site). Unretted stems (RO)
and retted stems for 2 weeks (R2) and 4 weeks (R4) were
stored at —80 °C. Stems were cut into 5-cm-long pieces.
The moisture content of the unretted stems was 40%, as it
was 11% for the stems retted for 2 weeks and 43% for the
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Fig. 1 Experimental design. S-RO, soil samples (triplicates); Fi-RO,
unretted Finola stems (triplicates); F75-R0, unretted Futura 75 stems
(triplicates); F75-R4, Futura 75 stems retted for 4 weeks (triplicates).

stems retted for 4 weeks. These samples were named F75-
RO (unretted Futura 75 stems), F75-R2 (Futura 75 stems
retted for 2 weeks), and F75-R4 (Futura 75 stems retted for
4 weeks).

Extraction and purification of genomic DNA
from the soil and stems

The extraction of genomic DNA from soil and stems was
performed according to the following methods:

— Protocol I: FastDNA™ Spin Kit for soil (MP-Biomedi-
cals, Solon, OH, USA);

— Protocol II: GnS-GIlI + PVPP columns and Bio-Spin®
P-6 Gel (Bio-Rad, Marnes-La-Coquette, France) and
Geneclean® Turbo Kit (MP-Biomedicals, Solon, OH,
USA) (Plassart et al. 2012);

— Protocol I11: adapted from the GnS-GlI protocol (Geno-
sol platform, INRAe, Dijon, France) (Internal reference:
G.MO0-026.6, 2020).

For each protocol, triplicates of soil and stem samples
were performed for this study. The quantities of soil and
stems were 1 g and 2 g, respectively. There was no prior
preparation of the stems; the thawed 5-cm pieces were used
directly.

Protocol I. The FastDNA™ SPIN kit for soil is used to
obtain genomic DNA directly from soil samples. This com-
mercial kit can be used on plant and animal tissues, bacte-
ria, algae and fungi, and other members of a soil popula-
tion. Each sample is homogenized in the presence of a lysis
matrix in a Fast-prep-24™ shaking system commercialized
by MP-Biomedicals (Irvine, CA, USA). It has been reported

P 1, Protocol I: commercial FastDNA™ Spin Kit for soil; P I, Proto-
col II: Gns-GlI procedure; P 111, Protocol I11: custom procedure from
the Genosol platform

that the efficiency and yield of this shaking system are supe-
rior to the results of traditional extraction methods, such as
enzymatic digestion, sonication, and vortex (Hemkemeyer
et al. 2018). The procedure included chemical (244 pl MT
buffer and 1956 pl of sodium phosphate buffer) and mechan-
ical (mixture of 1 g beads: 100 mm silica; 1.4 mm ceramic
beads and 4 mm glass beads) means. Both buffers are devel-
oped specifically to protect and solubilize nucleic acids and
proteins during cell lysis with minimal RNA contamination.
To perform both disruption and lysis of the membranes, each
sample is placed in 15-ml Falcon tubes containing beads and
buffers. This homogenization step is performed within the
Fast-prepR-24™: 90 s at 4000 s~ shaking for soil samples
and 60 s at 4000 s™' shaking for stems. The obtained sus-
pension is then centrifuged at 7000 g for 5 min to pellet the
soil, cell debris, and lysis matrix. The supernatant is then
deproteinized in the presence of a protein precipitation solu-
tion and centrifuged at 14,000 g for 5 min. The recovered
DNA (750 pl of supernatant) is then bound to a binding
matrix suspension (silica-based), and the mixture is trans-
ferred to a spin filter for wash steps. The filtrate is removed,
and the binding matrix is washed twice with a salt-ethanol
wash solution to remove contaminants. Finally, the purified
DNA is eluted with 50 pl of DNA elution solution buffer.
This DNA suspension serves as a template for all analyses.

Protocol 1. DNA extraction and purification are per-
formed using the GnS-GIl method. To allow mechanical
lysis of the cells, each sample is shaken in 15-ml Falcon
tubes containing a mixture of the beads described above and
4 ml of a lysis buffer by using the Fast-prep-24™ system.
Chemical lysis is then performed by incubating each sample
at 70°C and shaking at 300 rpm for 30 min. The lysis buffer
is a mixture of 100 mM Tris-HCI, pH8; 100 mM EDTA,



pH8; and 100 mM NaCl 2% and SDS 2%. Tris-HCI stabi-
lizes the pH and prevents DNA degradation, EDTA (ethyl-
enediaminetetraacetic acid) mainly chelates divalent cations
(Mg?*) as DNases cofactors, NaCl protects the extracted
DNA from possible denaturation at 70°C and weakens
DNA-protein interactions to facilitate protein precipitation,
and SDS (sodium dodecyl sulfate) is involved in membrane
lysis and protein denaturation. After centrifugation (7000 g,
5 min), the supernatant is recovered. Denatured proteins and
other suspended particles are precipitated by the addition of
100 pl potassium acetate (3 M, pH5.5). After centrifugation
(14,000 g, 5 min), the supernatant is recovered, and DNA
is precipitated with isopropanol (—20 °C) and washed with
70% ethanol (—20 °C). After centrifugation (14,000 g, 5
min), the supernatant is removed, and the pellet is dried and
resuspended in 100 pl of water.

DNA extracts are then purified by two different suc-
cessive techniques: PVPP (polyvinylpolypyrrolidone) col-
umns and then Micro Bio-Spin® columns with Bio-Gel P-6.
Firstly, DNA is purified with PVVPP which is a high molecu-
lar weight polymer capable of trapping phenolic and alkaloid
compounds present in soil (Holben et al. 1988). PVPP col-
umns are prepared by adding 300 pl of the PVVPP powder and
washed with sterile qPCR water to remove impurities. Micro
Bio-Spin® columns are used according to the manufacturer’s
instructions. Micro Bio-Spin® columns with Bio-Gel P-6
are small chromatography columns. Bio-Gel P-6 is a variety
of polyacrylamide gel that divides molecules according to
their size. Smaller molecules can pass through the gel and
move more slowly through the column, but larger molecules
are excluded and pass through the column more quickly.
Nucleic acids are separated and purified using this method.
Finally, the extracted DNA is repurified using the commer-
cial Geneclean® Turbo kit according to the manufacturer’s
instructions. This kit uses a patented Turbo Binding Matrix
that binds and removes contaminants (salts, detergents, and
PCR inhibitors), from the DNA sample. The purified DNA
can then be used for downstream applications such as PCR
and sequencing. As a result of the purification step, a total
volume of 30 pl of DNA is obtained which serves as a tem-
plate for all analyses.

Protocol I11. For cell lysis, each sample is shaken in the
FastPrepR-24 in 15-ml Falcon tubes containing 2 g beads
(ceramic beads, silica beads, glass beads) and 5 ml lysis
buffer (EDTA 100 mM, pH8; Tris 100 mM, pH8; NaCl 100
mM; and SDS 2%). Chemical lysis is performed by incubat-
ing the samples at 70 °C for 30 min with agitation at 300
rpm. Samples are then centrifuged (7000 g, 5 min), and 1
ml of the lysate is collected. Deproteinization is performed
by adding 100 pl of potassium acetate (3M, pH 5.5) to the
lysate, and the supernatant is collected after centrifugation
(14,000 g, 5 min). For DNA precipitation, 900 pl isopro-
panol (=20 °C) is added and the samples are incubated at

—20 °C (1 h for soil and 30 min for stems). The supernatant
is removed after centrifugation (13,000 rpm, 30 min). The
DNA pellet is washed by adding 400 puL of 70% ethanol
(—20 °C), centrifuged (13,000 rpm, 2 min), and dried at 60
°C (10-15 min). The crude DNA pellet is resuspended in
200 pl of ultrapure water after 4 h of storage at 4 °C. The
DNA suspension is stored at —20 °C.

Purification of the extracted DNA is performed using the
Nucleospin Soil Kit (Macherey Nagel, Diiren, Germany) and
is performed in two steps: (i) molecular sieving on a Nucle-
oSpin Inhibitor Removal Column and (ii) DNA binding to a
silica membrane: NucleoSpin Soil Column. Purification is
performed according to the manufacturer’s instructions. As
a result of the purification step, a total volume of 80 ul of
DNA is obtained, which serves as a template for all analyses.

Determination of the amount and purity
of extracted DNA

The amount of DNA extracted from each sample was
determined by absorbance at 260 nm by using Nan-
odrop technology. However, this technique has several
drawbacks, including interference from impurities in the
nucleic acid preparation (salts, ethanol, chloroform, pro-
teins, ...) and the inability to distinguish double-stranded
DNA from single-stranded nucleic acids (including RNA).
Subsequently, the extracted DNA was also quantified by
absorbance at 535 nm after PicoGreen staining (Quant-
iT™ PicoGreen™ dsDNA Assay Kkit, Thermo Fisher,
Bleiswijk, Netherlands). This accurate quantification was
used to further determine the abundance of bacterial and
fungal communities by real-time PCR.

The NanoDrop™ spectrophotometer (Thermo Scien-
tific, Wilmington, USA) was used to determine the purity
of the DNA samples by measuring the absorbance of 1.5
pL of DNA at 280 and 230 nm and determining the ratios
of the 260/280 nm and 260/230 nm values. The absorbance
at 280 nm was mainly due to protein contamination, and
the absorbance at 230 nm was explained by the presence
of organic compounds, proteins, or chaotropic substances.
In addition, the extracted DNA was visualized by electro-
phoresis on a 1% agarose gel. The DNA (10 ul) was stained
with 3 pl of charge buffer and visualized by UV light and
photographed. The intensities of the bands were compared
with the Smart Ladder DNA marker (Eurogentec, Seraing,
Belgium) using Quantum ST4 software (Vilber, Marne-la-
Vallée, France).

Fungal and bacterial population density levels

Quantitative real-time PCR was used to determine the abun-
dance of bacteria and fungi in each sample by examining
the 16S rDNA (bacteria) and 18S rDNA (filamentous fungi)



genes. All DNA extracts were amplified in triplicate. The
efficiency of the gPCR performed was above 90% for all
samples.

Fungal 18S rDNA

The primers used for targeting the fungal community are
nu-SSU-0817-F (5-TTAGCATGGAATAATRRAATAGG
A-3', with R = A or G, melting temperature (Tm) 54.2 °C)
and nu-SSU-1196-R (5'-TCTGGACCTGGTGAGTTTC-3',
Tm 56.7 °C) (Borneman and Hartin 2000) (Supplemental
Table S1). The Hot firepol EvaGreen kit (Solis BioDyne,
Tartu, Estonia) was used in the Corbett Research Rotorgene
6000 thermal cycler (QIAGEN, Hilden, Germany) to per-
form quantifications according to the following program:
initial activation at 95 °C for 15 min followed by 48 cycles
of denaturation at 95 °C for 18S, hybridization at 60 °C for
60 s, and extension at 72 °C for 20 s. A PCR product of 422
bp is expected.

Bacterial 16S rDNA

Primers used to target the bacterial community are
BAC338F (5-ACTCCTACGGGAGGCAG-3', Tm 57.6
°C), BACB05R (5-GACTACCAGGGTATCTAATCC-3,
Tm 57.9 °C) and the probe BAC516F (FAM-TGCCAG
CAGCCGCGGTAATAC-TAM) (Yu et al. 2005) (Supple-
mental Table S1). The qPCR was performed using the
GoTaq Probe gPCR Master mix kit (Promega, Madison,
USA) in a Corbett Research Rotorgene 6000 thermal
cycler (QIAGEN, Hilden, Germany) according to the fol-
lowing program: initial activation at 95 °C for 4 min fol-
lowed by 50 cycles of denaturation at 95 °C for 15 s and
hybridization-extension at 60 °C for 60 s. A PCR product
of 468 bp is expected.

Metabarcoding approach

For the bacterial population, the primers BAC-F (5'-ACTCCT
ACGGGAGGCAG-3") and BAC-R (5-GACTACCAGGGT
ATCTAATCC-3") (Yu et al. 2005) were used. For the fungal
population, the primers SSU-F (5'-TTAGCATGGAATAAT
RRAATAGGA-3' with R = A or G) and SSU-R (5-TCTGGA
CCTGGTGAGTTTC-3") (Borneman and Hartin 2000) were
selected.

Microbial diversity was determined for each sample by
using MinlON Mk1C® and the RPB004 Rapid PCR Barcod-
ing Kit (Oxford Nanopore Technologies, Oxford, UK). One
to 5 ng of the DNA sample was mixed with 1 ul of the frag-
mentation MIX. Samples were then incubated at 30 °C for
1 min followed by incubation at 80 °C for 1 min. The PCR
reaction MIX was prepared with 2 ul nuclease-free water, 4

ul labeled DNA sample, 1 pl rapid barcode primer, and 25
ul LongAmp Tap 2x Master Mix.

PCR was conducted under the following conditions: 1
cycle of 95 °C for 3 min, 14 cycles of 95 °C for 15 s, 14
cycles of 56 °C for 15 s, 14 cycles of 65 °C for 6 min, fol-
lowed by 1 cycle of 6 min at 65 °C. Samples were then
purified by using the QIAquick PCR Purification Kit® (QIA-
GEN, Hilden, Germany), and elution was performed in 30
pl ultrapure water. The concentration of PCR products was
measured with the Qubit® system using 10 ul of the eluate.
Qubit is a DNA and RNA quantification system (Thermo
Fisher Scientific, Waltham, MA). It uses fluorescence to
accurately measure the concentration of the sample before
subsequent steps such as sequencing and PCR. The Qubit
system is more accurate and sensitive than other quantifica-
tion methods, such as UV spectrophotometry. Adaptor liga-
tion was performed by adding 2 pl of rapid adaptor plasmid
(RAP) to the sample pool, which was then incubated for 5
min at room temperature. The RAP system (Oxford Nanop-
ore Technologies, Oxford, UK) contains short DNA adapter
sequences, which in turn contain specific recognition sites
for the DNA fragments present in the sample pool.

Loading of samples into the sequencing cell was per-
formed according to the following procedure: 34 ul of
sequencing buffer, 25.5 pl of charging bead, 4.5 pl of nucle-
ase-free water, and 26 pl of sample pool to be sequenced
were added to a nuclease-free tube. The sequencing MIX
(total volume of 90 pl) was then applied to the charging cell.
Sequencing was performed over 24 h. Metabarcoding was
performed with one replicate for each sample.

Sequencing results were analyzed using Galaxy™ soft-
ware (Sloggett et al. 2013) and EPI2ME™ software Fastq
16S (Cusco et al. 2019) Workflow (version 2021.09.09)
(Nanopore, Oxford, UK) for bacterial community analysis
and Fastg WIMP (version 2021.11.26) (Nanopore, Oxford,
UK) Workflow for fungal community analysis to determine
the microbial community structure of soil (S-R0) and stem
samples (F75-R0O and F75-R4). The sequencing raw data
were deposited into the NCBI Sequence Read Archive
(SRA) database (Accession Number: PRINA911961).

Alpha diversity analysis was performed using the Shan-
non diversity index and Pielou evenness index. The Shannon
index was calculated according to the equation: H' = =Y
((ni/N) x logz(ni/N)). Pielou index was calculated according
to the equation: J = H'/Hmax = H'/ log,S. Analysis of the
Bray—Curtis similarity matrix was performed using the Past
4.03 software (Hammer et al. 2001).

Statistical analysis
Statistical evaluation of the results was performed for DNA

quantification, DNA purity, and bacterial and fungal abun-
dances obtained from the different procedures (1, 11, and 111)



using a one-way test ANOVA. This test was used to examine
the significance of differences between and within different
samples and protocols, and a p-value <0.05 was considered
statistically significant.

Results
DNA yield

The total yields of purified genomic DNA were measured
spectrophotometrically (Quant-iT™ PicoGreen™ dsDNA
Assay kit). Figure 2 presents DNA concentrations (ug g !
dry matter). Although the evaluated protocols were all based
on direct lysis, significant differences between protocols con-
sidered two by two (p < 0.05) were observed. The amounts
of DNA extracted with protocol 111 were significantly higher
than those obtained with protocols I and 1.

For soil samples (S-R0), the highest DNA yield was
obtained with protocol 111 with an average of 13 £ 0.29 pg/g
dry matter. Protocols I and Il resulted in significantly lower
DNA concentrations at 1.58 + 0.69 ug/g dry matter and 0.06
+ 0.03 pg/g dry matter, respectively.

For stem samples, based on protocol Ill, the DNA
amounts extracted from Futura75 stems were higher (F75-
RO: 1.6 £ 0.22 pg/g dry matter; F75-R4: 1.14 £ 0.73 ng/g
dry matter) than those based on the protocol | (F75-R0: 0.05
+ 0.00 pg/g dry matter; F75-R4: 0.05 + 0.01 pg/ g dry mat-
ter) and protocol 1l (F75-R0: 0.07 + 0.01 ug/g dry mat-
ter; F75-R4: 0.11 + 0.01 pg/g dry matter) with significant

differences (p < 0.05). Regarding DNA extracted from
the dioecious variety Finola, it can be noted that the DNA
amount extracted according to protocol I11 was greater (6.17
+ 0.66 pg/g dry matter) than that extracted according to the
protocol I (0.12 £ 0.02 ng/g dry matter) and protocol 11 (0.63
+ 0.29 ug/g dry matter) (Fig. 2).

Impact of moisture content on the amount of DNA
extracted from stems

The influence of factors such as stem moisture on the amount
of extracted DNA has been scarcely studied. In this study,
stems provided from the same variety at the different retting
degrees (unretted, 2-week, and 4-week retted stems) were
chosen.

Based on protocol 111, DNA amounts extracted from F75-
RO stems (1.6 + 0.22 pg/g dry matter) were close to those
extracted from F75-R2 stems (2.3 = 0.4 pg/g dry matter)
and F75-R4 stems (1.1 = 0.7 pg/g dry matter) (p > 0.05)
(Fig. 3). The different moisture contents of each stem sample
seem not influencing the performance of the DNA extraction
method. Nevertheless, this result should be interpreted with
caution as the retting degree of the used stems differs (not
retted, retted for 2 and 4 weeks).

DNA purity

Table 1 shows the purity levels (Azsoso and Aszeoso) Of
the DNA samples extracted from the soil (S-R0) and stem
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Fig. 3 Comparison of the amount of DNA recovered from Futura75
stem samples using Protocol 111 with different moisture content: F75-
RO (37% of humidity); F75-R2 (11% of humidity) and F75-R4 (43%
of humidity). Bars correspond to averages of three replicates. RO,
unretted stems; R2, retted for 2 weeks; R4, retted for 4 weeks

samples: unretted Finola stems (Fi-RO0), unretted Futura 75
stems (F75-R0), and Futura 75 stems retted for 4 weeks
(F75-R4).

Azsoi280 Fatio

DNA purity, estimated through the ratio Azso2s0, Was deter-
mined using NanoDrop® to verify the quality of purified
extracted DNA (Table 1). The values of the Azsomso ratio
were similar (p > 0.05) regardless of the origin of the sam-
ples (soil or stems) and the DNA recovery procedure, except
for samples F75-R0 and F75-R4. For soil samples, Azsorzso
ratio values were within the acceptable range for all three
protocols and vary between 1.62 and 1.90. For stem samples
extracted with protocols I and 11, Azsorso ratios were slightly
above 2.00 which may indicate low contamination with RNA

Table 1 Azsorso and Aceorezo averages for the three replicates of
DNA extracted from both soil (S-R0) and stem (Fi-R0, F75-R0, and
F75-R4) samples using each of the extraction methods (I, I, and
11). Fi-RO samples, unretted Finola stems; F75-R0 samples, unret-

(Boiteux et al. 1999). In contrast, for stem samples extracted
using protocol I11, the ratios were stable at 1.80.

Assozzoratio

The Azsozso ratio was also used as a secondary measure
of nucleic acid purity. The Azsorso values provide a meas-
ure of non-nucleic acid contamination (humic substances).
This ratio varies considerably between the three extraction
methods.

For soil samples, the A2so230 ratio was greater (1.77
0.05) when using protocol 111 than when using both proto-
cols I and Il (values of 0.10 or less). As for protocol Ill, the
use of an appropriate bead mixture not only increases DNA
yield but also decreases the amount of humic substances
extracted.

DNA extracted from plants tends to contain impurities
from polysaccharides and polyphenols that can be detected
at 230 nm (Varma et al. 2007). For all samples, the Azsor230
ratio was greater with protocol I11 (0.81-1.33) than with both
protocols I and 11 (values of 0.10 or less).

Gel electrophoresis

The yield, purity, and quality of extracted DNA are
important parameters to check before PCR amplification.
Degraded DNA may not be suitable for PCR amplification,
because the formation of chimeric PCR products is greater
with a fragmented template (Cullen and Hirsch 1998).

Agarose gel electrophoresis of DNA stem samples
extracted with the protocol | shows that the DNA was highly
degraded and/or fragmented. For protocol I, the extracted
DNA samples were barely detectable in electrophoresis due
to the low yield of DNA (data not shown).

In contrast, DNA samples extracted using protocol 1l
were of good quality. No DNA degradation was observed
in the soil samples (S-R0), and moderate degradation was

ted Futura 75 stems; F75-R4 samples, Futura 75 stems retted for 4
weeks. Protocol I, commercial FastDNA™ Spin Kit for soil; Protocol
11, Gns-GlI procedure; Protocol 11, custom procedure from the Geno-
sol platform

Sample* Protocol

Aggorogo ratio Ageor230 ratio

| 1l 1 | ] I
S-RO 1.90 £ 0.04 1.62+0.13 1.89+0.01 0.10+0.01 0.05+0.03 1.77+0.05
F75-R0 2.13+0.23 2.50+0.00 1.81+£0.03 0.01+0.01 0.07£0.01 1.05+0.05
F75-R4 1.94 +0.05 2.20+0.05 1.80+£0.03 0.03+0.01 0.03+0.01 0.81+0.19
Fi-RO 2.34+0.10 2.03+0.42 1.80+£0.01 0.01 £0.00 0.08 +£0.09 1.33+£0.12

*n = 3 replicates per 4 independent experiments



observed in the stem samples (F75-R0, F75-R4, and Fi-R0)
(Fig. 4).

Fungal and bacterial population densities

To further evaluate the DNA extraction methods, the abun-
dance of total bacterial and fungal communities from the
studied samples (soil and stems) has been estimated by quan-
tifying the 16S and 18S rDNA genes by gPCR. Low values
of the Ausorzzo ratio did not affect gPCR amplification for
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Fig. 4 Electrophoresis gel (1% agarose gel in 1x TAE buffer) of
genomic DNA extracts of Protocol Il (custom procedure from the
Genosol platform) obtained from soil (S-R0) and stem samples (F75-
RO, F75-R4, and Fi-R0). Fi-R0 samples, unretted Finola stems; F75-
RO samples, unretted Futura 75 stems; F75-R4 samples, Futura 75
stems retted for 4 weeks
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Fig. 5 Microbial abundances of soil and stem samples according to
three different DNA extraction procedures (I, II, and I11). Quantifi-
cation of a 18S rDNA genes and b 16S rDNA genes of soil (S-R0)
and stems samples (F75-R0O, F75-R4, and Fi-R0). Bars correspond
to averages of three replicates. Fi-RO samples, unretted Finola stems;

Logio copies DNA 16S/ g dry matter

both protocols I and I1. Amplification was successful for all
samples regardless of the DNA extraction method. However,
the highest abundance values were obtained with protocol
11 (Fig. 5).

Fungal community levels

DNA extracted from all samples and with all three protocols
was successfully amplified (Fig. 5a). For the soil samples,
the copy number of DNA extracted with the protocol | and
111 was higher (8.9 x 107 and 9.1 x 10° copies/g dry matter,
respectively) than DNA extracted with protocol 11 (3.3 x 10*
copies/g dry matter). However, for all stem samples (F75-
RO, F75-R4, and Fi-R0), copy number values were higher for
the DNA template extracted with protocol 111 than for both
protocols | and Il (2.5-4 log difference).

Bacterial community levels

DNA extracted from all samples and with all three protocols
was successfully amplified (Fig. 5b). For all samples (soil
and stems), the copy number values were higher by using
protocol 111 than protocols I and I1. Similar abundances were
observed for both protocol | and 11 regardless of sample type
(p > 0.05). For protocol 111, the copy number values of the
stem samples range from 9.3 x 107 to 6.7 x 108 16SrDNA
copies/g dry matter.

High-throughput sequencing quality
Characterization of microbial communities can be affected

by the method used to obtain metagenomic DNA (Terrat
et al. 2015). Therefore, it is important to test the efficacy of

Protocol |
Protocol 11
Protocol I11

14

124

10 +

F75-R0 samples, unretted Futura 75 stems; F75-R4 samples, Futura
75 stems retted for 4 weeks. Protocol I, commercial FastDNA™ Spin
Kit for soil; Protocol 11, Gns-GlI procedure; Protocol 111, custom pro-
cedure from the Genosol platform



DNA extraction procedures in terms of the representative-
ness of bacterial and fungal communities.

For each sample, the sequencing quality score, the
total number of analyzed reads, the average size of
sequences, and the percentage of classified sequences
were determined. The overall quality score was 9.97 for
bacterial samples and 10.2 for fungal samples. The ana-
lyzed reads were 20357 for bacterial samples and 29 452
for fungal samples.

The sequencing results for all samples exhibit an aver-
age quality control (QC) of 10, which is still a suitable
quality for Oxford Technologies Nanopore sequenc-
ing. The average sequence size obtained for the fungal
population was approximately 417 bp, then giving a read
percentage of 98.8% (the expected sequence length was
422 bp). The average size of the sequences obtained for
the bacterial population was 395 bp, then giving a read
percentage of 84.4% (the expected sequence is 468 bp).
Based on this quality control, the sequencing procedure
was considered feasible.

Microbial community structure

The amount of DNA extracted using protocol 11 was not suf-
ficient to perform the sequencing step. Therefore, sequenc-
ing was performed on the soil and stem samples extracted
using both protocols | and I11. Moreover, a sequencing issue
was identified with sample F75-R0. Therefore, the fungal
community present in this sample is not represented in this
study.

Fungal community structure

The same fungal phyla were present in similar abundance
in both stem and soil samples (Fig. 6a). Regardless of the
protocol (I or Ill), a clear dominance of the Ascomycota
was observed. For soil samples (S-RO-1 and S-RO-I11), the
phyla were Ascomycota (88.2 + 2.1%) and Basidiomycota
(2.1 £ 0.3%). For stem samples (F75-R4-1 and F75-R4-111),
the phyla were also Ascomycota (86.6 +3.2%) and Basidi-
omycota (4.5 +2.3%).

Moreover, a similar fungal structure (genus level) was
observed for the soil on the one hand and the stem on the
other, regardless of the protocol used (Fig. 6b). For soil
samples (S-RO-I and S-RO-111), the most represented genera
were Botrytis (44.9 + 11.2%), Talaromyces (12.9 + 2.8%)
Brettanomyces (8.0 + 1.3%), Zygotorulaspora (6.7 +0.9%),
and Sugiyamaella (6.2+ 1.9%). For retted stems (F75-R4), a
close fungal structure was observed: Botrytis (48.3 + 4.0%),
Talaromyces (13.1 + 3.5%), Brettanomyces (13.1 + 3.5%),
Zygotorulaspora (5.5 + 1.8%), and Malassezia (6.2 + 2.8%).

Bacterial community structure

Community diversity was higher in bacterial samples when
compared to fungal samples. For soil samples (S-R0O-1 and
S-RO-111), the most abundant bacterial phyla were Actino-
bacteria (46.5 + 6.1%), Proteobacteria (34.2 + 7.1%), and
Bacteroidetes (8.3 + 0.8%) (Fig. 7a), with a co-dominance
of Actinobacteria and Proteobacteria.

For unretted stem samples (F75-R0-l1 and F75-R0-I1I),
the most abundant phyla were also Proteobacteria (86.8 +
1.3%), Actinobacteria (6.6 + 1.4%) and Bacteroidetes (1.9 £
0.1%) with a dominance of Proteobacteria. For retted stem
samples (F75-R4-1 and F75-R4-111), the most abundant bac-
terial phyla were Proteobacteria (68.0 + 0.9%), Bacteroi-
detes (20.0 + 5.1%), and Actinobacteria (8.8 £ 5.6%) with
a dominance of Proteobacteria.

The same evolution between the non-retted stems (F75-
RO-1 and F75-RO-I11) and the stems retted for 4 weeks
(F75-R4-1 and F75-R4-111) was observed regardless of the
protocol. An increase of Bacteroidetes from 1.9 + 0.1% for
F75-R0 to 20.0 £ 5.1% for F75-R4 and a decrease of Pro-
teobacteria from 86.8 + 1.3% for F75-R0 to 68.0 = 0.9% for
F75-R4 were noticed.

For soil samples (S-R0-1 and S-RO-I11), the same genera
were present with similar relative abundances, regardless of
protocol (Fig. 7b). The most represented genera were Rubro-
bacter (40.7 £ 6.2%) and Sphingomonas (5.8 +3.8%).

However, slight differences in the relative abundance of
bacterial genera were observed in the stem samples depend-
ing on the used extraction protocol. For stem samples, the
most represented genera were Pseudomonas (29.4 + 16.1%),
Sphingomonas (24.0 £ 11.3%), Pantoa (16.0 + 2.2%), and
Methylobacterium (15.9 £ 5.0%) for F75-R0 and Sphingo-
monas (27.5 + 9.4%), Massilia (13.5 + 8.1%), Pedobacter
(12.6 + 5.2%), Pseudomonas (10.9 + 3.5%), Pantoa (7.1
+ 0.2%), and Chryseobacterium (6.6 + 3.5%) for F75-R4.

Regardless of the protocol, the same evolution was
observed between the non-retted stems (F75-R0-1 and F75-
RO-111) and the stems retted for 4 weeks (F75-R4-1 and F75-
R4-111). A decrease in Pseudomonas, Pantoea, and Methylo-
bacterium from 29.4 + 16.1%, 16.0 + 2.2%, and 15.9 £ 5.0%
for F75-R0 to 10.9 £ 3.5%, 7.1 £ 0.2%, and 2.7 + 2.4% for
F75-R4 respectively was observed. In addition, an increase
of Massilia from 3.8 £ 1.6% for F75-R0 to 13.5 + 8.1% for
F75-R4 was observed. We also notice an appearance of new
bacterial genera for F75-R4 compared to F75-R0 which were
Pedobacter (12.6 £ 5.2%), Chryseobacterium (6.6 + 3.5%),
and Hymenobacter (2.1 £ 0.5%).

Alpha diversity of fungal and bacterial communities

Regarding fungal communities of soil samples (S-R0-1 and
S-RO-I11), the determination of alpha diversity, as measured
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with the Shannon index reveals similar results with both
protocols | and 111 (1.87 for S-RO-I and 2.13 for S-RO-I11)
(Fig. 8a). For stem samples (F75-R4), similar results were
observed with both protocols I and 111 (2.00 for F75-R4-I
and 1.83 for F75-R4-111).

Similar evenness indices were observed regardless of the
DNA extraction procedure (0.20 + 0.10% for S-R0 and 0.16
+ 0.00% for F75-R4) (Supplemental Table S2).

Shannon diversity index was more important for bacterial
communities compared to fungal communities. Similar alpha
diversity indices of bacterial communities were observed for

soil and stem samples extracted using protocols | and IlI.
For soil samples, similar results were observed with both |
and 111 (2.71 for S-RO-1 and 3.17 for S-RO-111) (Fig. 8b). For
stem samples, similar results were also observed with both
protocols | and 111 for F75-R0 (2.40 for F75-R0-1 and 2.51
for F75-R0-111) and F75-R4 samples (3.48 for F75-R4-1 and
3.16 for F75-R4-111).

Slight differences in evenness indices were observed
whatever the DNA extraction procedure for soil samples
(0.32 £ 0.04%) and for stem samples (0.22 + 0.01% for F75-
RO and 0.31 £ 0.05% for F75-R4) (Supplemental Table S2).
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Alpha diversity calculated using the Shannon index
(richness) and Pielou index (evenness) indicates that both
soil and stem samples analyzed with the two different pro-
tocols (I and I11) demonstrate similar fungal and bacterial
diversity profiles. It can be concluded that, in this study,
the DNA extraction method (I and Ill) seems to have no
effect on microbial diversity.

Microbiota similarity

Figure 9 shows the similarity index of Bray—Curtis among
samples between both protocols (I and I11), according to
the bacterial taxonomic data (genus level at > 1%). The
similarity results for bacterial communities have been only
computed (32 bacterial genera). Similarity results between
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Fig. 9 Dendrogram constructed from similarity matrix (Bray—Cur-
tis coefficient) between the bacterial communities of soil (S-R0)
and stem samples (F75-R0O and F75-R4) extracted using Protocol |
and Protocol Ill. F75-R0 samples, unretted Futura 75 stems; F75-R4
samples, Futura 75 stems retted for 4 weeks. Protocol I, commercial
FastDNA™ Spin Kit for soil; Protocol III, custom procedure from the
Genosol platform

fungal communities were not included because only a lim-
ited number of genera were identified (6 fungal genera). In
addition, the number of classified fungal sequences was not
the same for all samples.

Bray—Curtis beta-diversity of the bacterial microbiome
exhibits similarity between soil (S-R0-1; S-RO-I11) and stem
(F75-R0-I; F75-R0-I11, and F75-R4-1; F75-R4-111) samples.
The maximal community similarity was noticed between soil
samples (80%). However, for stem samples, the similarity
between unretted stem samples F75-R0 was more important
(70%) than retted stem samples F75-R4 (50%). This result
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samples, unretted Futura 75 stems; F75-R4 samples, Futura 75 stems
retted for 4 weeks. Protocol I, commercial FastDNA™ Spin Kit for
soil; Protocol 111, custom procedure from the Genosol platform

observed with the F75-R4 samples can be explained by the
combination of the effects due to the retting process and the
DNA extraction protocol. Retting has effectively a noticeable
impact on the diversity of bacterial communities involved in
this process (Djemiel et al. 2017). However, no convergence
of retted stem profiles with soil ones was observed, regard-
less of protocols.

Discussion
DNA yield

According to the literature, DNA yield is highly variable and
depends on different parameters such as the DNA extrac-
tion and purification procedure (Plassart et al. 2012; Wagner
et al. 2015). The type of sample and its physicochemical
properties, as well as the microbial communities, have also
an impact on extracted DNA yields (Cabrol et al. 2010).

Soil samples

Some similarities are noted between all protocols (proto-
col I, 11, and 111), but differences are also observed between
the recommended procedures. The composition of the lysis
buffer (SDS + Tris + EDTA) is identical for all protocols.
It should be noted that the cell lysis is performed with the
same beating system (FastPrep-24™) and under the same
conditions (speed and duration) for all protocols. However,
for mechanical lysis, the main difference is in the quantity
of beads. Protocol Il contains twice as many beads (2 g) as
protocols I and I (1 g). The volume of the lysis buffer differs
from one protocol to the other.



The factors affecting the yield of extracted DNA are
mainly the efficiency of the cell lysis steps (Mahmoudi et al.
2011). Consequently, the high amounts of DNA obtained
with protocol I11 could be due to a more suitable mechanical
lysis of the cells, which favored the desorption and mechani-
cal lysis of the microorganisms and allowed to target of more
microbial spectra (Cabrol et al. 2010). Moreover, several
studies have shown that the use of a specific mixture of
beads increased DNA vyield (Gray and Herwig 1996; Car-
rigg et al. 2007; Gobbi et al. 2019).

The amounts of DNA extracted using protocol 111 are con-
sistent with values reported in the literature. Similar studies
have shown that DNA yields obtained from soil samples
vary between 2 and 50 pg/g dry matter (Cullen and Hirsh
1998; Schneegurt et al. 2003; Petric et al. 2011; Plassart
etal. 2012; Wiist et al. 2016; Dimitrov et al. 2017).

In addition, the observed differences in DNA yields could
also be explained by the purification steps. Lower extraction
yields and DNA degradation are common in the purifica-
tion processes (Lim et al. 2017). Protocol 1l requires three
purification steps for the extracted DNA: PVPP columns,
Micro Bio-Spin columns, and the Geneclean® Turbo Kit.
To determine whether the use of the Geneclean® Turbo Kit
leads to DNA losses, this kit has been used as if it was an
additional purification step for protocol I. This step results
in DNA losses of approximately 46% for soil samples and
73% for stem samples. It is worth noting that the purity lev-
els (Azsozs0 and Agsorzo ratios) are approximately the same
before and after DNA purification (data not shown).

On the other hand, these different amounts of extracted
DNA might have been caused by a higher capacity of the
silica membrane used in the purification steps of protocol Ill,
compared to the silica particles used in protocol I (Binding
Matrix Suspension) (Knauth et al. 2013). Another reason for
the low DNA extraction could be linked to the use of spin
filters (protocol ) as the amount of eluted DNA could be
reduced after purification in such tubes (Knauth et al. 2013).

The yield of extracted DNA from soil depends on soil
type, pH, and organic matter, clay, and silt content, as these
factors can affect either the growth of certain microbial
taxa or the formation of aggregates that host microorgan-
isms (Plassart et al. 2012). In our experiments, a clay soil
was used. This is usually problematic because nucleic acids
tend to adsorb to clay particles due to charge properties,
which hinders DNA recovery (Hogfors-Rénnholm et al.
2018). Nevertheless, using protocol 111, enough DNA can
be extracted to perform various types of molecular biologi-
cal analyses (DNA quantification using Quant-iT™ Pico-
Green™ dsDNA Assay kit, gel electrophoresis, qPCR, high
throughput sequencing).

To conclude, protocol 11l seems to be more adapted to
obtaining great quantities of DNA from soil. A high-level
DNA vyield is required to ensure that the DNA sample is

representative of the sample gene pool (Desneux et al.
2014). Nevertheless, a larger amount of extracted DNA
does not mean that a greater number of taxa or greater
sequence diversity could be observed (Stach et al. 2001;
Plassart et al. 2012).

Stem samples

Concerning plant molecular biology, it is difficult to obtain
a genomic microbial DNA of high quality and purity
from plant organs. The specific characteristics of plant
stem especially fibrous ones (rigid fiber cell wall, pres-
ence of fibers, tissue quality, and biochemical composition
...) require special attention for efficient microbial DNA
extraction (Varma et al. 2007). To date, only a limited
number of protocols have been published for this purpose
(Djemiel et al. 2017, Ribeiro et al. 2015).

Regarding the amounts of DNA extracted from stem
samples using protocol 11, the homogenization step in the
presence of the beads may facilitate mechanical lysis of
the cells (desorption of the microorganisms) and conse-
quently penetration of the lysis buffer. The shear forces are
enhanced by the quantity of beads (2 g). It has been shown
that the purification steps can also have a significant effect
on the DNA amount extracted from plant organs (Boiteux
et al. 1999).

Influence of DNA extraction on DNA purity

DNA purity provides an indication of the presence of
potential gPCR inhibitors such as humic substances, pol-
ysaccharides, proteins, and organic compounds that may
be co-extracted with DNA and interfere with downstream
PCR application (Le Maréchal et al. 2018). DNA samples
extracted using protocol Il have the highest purity for
Azsorso and Aozeorzo ratios. Ageorzso ratio values between
1.8 and 2.2 reveal acceptable DNA quality for further
characterization of microbial communities (density,
structure).

The recommended Agsozo ratio ranges from 2.0 to
2.2, and when this ratio is less than 1.5, it indicates the
presence of a contaminant that absorbs at 230 nm. This
contamination may be due to the presence of organic com-
pounds, proteins, or chaotropic agents (EDTA, carbohy-
drates, phenol, guanidine).

Thus, the expected DNA quality is provided by pro-
tocol Ill. The purification kit combines specific buffers
(SL3, SB, SW1, and SW2) and columns “NucleoSpin
Inhibitor Removal Columns” to remove PCR inhibitors,
which may be more effective than the procedures used
for protocols I and 1.



Influence of DNA extraction procedure on fungal
and bacterial population densities

The results obtained for the two taxonomic groups (bacterial
and fungal) indicate that the assessment of microbial abun-
dance depends on the procedures used to extract genomic
DNA. It can be concluded that protocol 11 is more efficient
in extracting bacterial and fungal DNA from different types
of hemp stems and soil samples than protocols I and I1.

The Agesonso ratio is greater for all samples (soil and
stems) when using protocol 111 than when using both pro-
tocols, | and 11 (values of 0.1 or less). Protocol 111 seems to
remove more PCR inhibitors, which may explain why this
protocol is more effective than protocols | and 1.

Influence of DNA extraction procedure on microbial
community structure

It should be noted that the observed changes in microbial
community structure in the F75-R4 samples can be due
to both the retting process to which these stems were sub-
jected and the DNA extraction protocol. The retting process
has effectively an impact on the diversity and dynamics of
bacterial and fungal communities involved in this process
(Djemiel etal. 2017). In addition, in the case of DNA extrac-
tion from hemp stems, each sample is derived from 2 or 3
sections of two or three different stems. The biological vari-
ability associated with this procedure is definitely present
in our study and may therefore affect the obtained results.

The two tested protocols (I and I11) extract and amplify
bacterial and fungal DNA with different efficiencies. Sam-
ples extracted using protocol | have acceptable Azsorso
purity and very low Agsorzso purity. Despite the lower
purity (Azsorzz0) of DNA samples extracted using protocol
I (0.01-0.10) compared to those extracted using protocol
111 (0.81-1.77), and the lower microbial density with the
protocol | compared to protocol 111, sequencing is successful
and similar microbial structure is visualized for all samples
(soil and stems) using both protocols I and I11.

The capacity of presenting bacterial and fungal communi-
ties from plant samples is an important factor in choosing
an appropriate DNA extraction method. Therefore, it can
be concluded that both extraction methods provide a rep-
resentative picture of both fungal and bacterial communi-
ties present in the soil and stem samples, regardless of their
Asor230 purity value and population density levels.

Influence of retting on fungal and bacterial
community structures

Regardless of the protocol (I or Il), the same fungal phyla
(Ascomycota and Basidiomycota) are present in similar
abundance in both stem (F75-R4) and soil (S-R0) samples

with a dominance of the Ascomycota phylum compared
to Basidiomycota. These observations have already been
shown in other studies concerning the field retting of flax
(Djemiel et al. 2017) and hemp (Ribeiro et al. 2015; Liu
et al. 2017). Several genera belonging to the phylum Asco-
mycota have shown an ability to dissociate fibers during
the retting process in particular through a high level of
pectinolytic activity (Henriksson et al. 1997). Some genera
belonging to the phylum Basidiomycota are capable of
secreting lignin-degrading enzymes of the fiber cell wall
(Vasina et al. 2017; Yang et al. 2017).

Ascomycota is represented principally by the genus Bot-
rytis for soil (S-RO) and stems samples (F75-R4). This
genus has previously been identified as an agent of field
retting of flax (Henriksson et al. 1997; Fila et al. 2001).
Talaromyces is also among the most dominant genera in
the soil (S-R0) and stem samples (F75-R4). This genus is
capable of secreting enzymes that degrade fiber hemicel-
luloses (Méndez-Liter et al. 2021).

Regarding bacterial communities, the most abundant
phyla are Actinobacteria for soil (S-R0) samples and Pro-
teobacteria for stem (F75-R0 and F75-R4) samples. It
has been shown that Actinobacteria is among the most
dominant phyla in soil samples during field retting of flax
(Djemiel et al. 2017). The dominance of Proteobacteria in
stem samples has been also demonstrated in other studies
concerning the field retting of flax and hemp (Ribeiro et al.
2015; Djemiel et al. 2017; Liu et al. 2017), hemp retting
in a controlled environment (Law et al. 2020), and water
retting of jute (Munshi and Chattoo 2008). Some studies
(Djemiel et al. 2017; Liu et al. 2017; Law et al. 2020) have
shown the same observations for stem samples (F75-R0
compared to F75-R4) in terms of the increase in the rela-
tive abundance of Bacteroidetes phylum and the decrease
in Proteobacteria.

For stem samples genera, results underline the abundance
of Sphingomonas and Pseudomonas. Sphingomonas genus
has been previously identified during hemp, flax, and bam-
boo retting and is known for its ability to degrade pectin (Fu
et al. 2011; Ribeiro et al. 2015; Djemiel et al. 2017). Pseu-
domonas genus has also previously been associated with the
retting of various plants (flax, hemp, jute). It is known for its
ability to secrete lignin and pectin-degrading enzymes and
facilitates the decohesion of the fibres (Betrabet and Bhat
1958; Ribeiro et al. 2015; Zhao et al. 2016; Djemiel et al.
2017; Liu et al. 2017; Law et al. 2020). The decrease in the
relative abundance of Pseudomonas for F75-R4 has been
observed in a study of hemp retting (Liu et al. 2017). The
appearance of new bacterial genera for F75-R4 compared to
F75-R0 (Pedobacter, Chryseobacterium, and Hymenobac-
ter) is demonstrated in other studies (Ribeiro et al. 2015;
Zhao et al. 2016; Liu et al. 2017; Moawad et al. 2019; Law
et al. 2020).



How to choose the most suitable DNA extraction
procedure from plant stems

In conclusion, the microbiology of field retting is poorly
investigated. The procedure used for genomic DNA extrac-
tion from stems can have a significant impact on molecu-
lar analyzes of microbial communities and is therefore an
important consideration for microbial studies. This work
does not aim to give a single general protocol for optimal
DNA recovery from the biofilm colonizing vegetal stems
but presents a systematic guideline to compare desorption,
extraction, and purification methods, assessing their impact
on quantity, quality, and representativity of DNA samples.
Thus, an experimental strategy is proposed to compare three
DNA extraction methods, based on criteria ranging from
DNA yield, DNA purity, bacterial and fungal density levels,
and diversity representation. In addition to these parameters,
other factors such as processing time should be considered
when selecting an appropriate extraction method (Supple-
mental Table S3).

Our study reveals that protocol I11 seems to be a suitable
procedure to obtain the highest yield and quality of extracted
DNA from hemp stem samples. The DNA quality is suffi-
cient to perform downstream DNA analysis techniques such
as qPCR and high throughput sequencing. The quantity of
beads seems to favor DNA extraction yield. A higher DNA
yield is obtained when using protocol I11 in the presence of
2 g of beads instead of 1 g for protocols | and Il. Moreover,
the purification protocol may also have a significant effect on
the quality of the extracted DNA. In this study, the purifica-
tion step with protocol 111 which combines molecular sieving
(inhibitors removal) and silica membrane (DNA fixation)
results in increasing the DNA quality compared to the other
two protocols. Therefore, bacterial and fungal densities
appear to be higher when using protocol Ill. Nevertheless,
this procedure is time-consuming.

The amount of DNA extracted using protocol 1 is not suf-
ficient to provide the structure of bacterial and fungal com-
munities. Therefore, this limited amount of extracted DNA
can be considered a limiting factor for the subsequent analy-
sis steps (QPCR and sequencing). In return, the DNA yields
of the two protocols | and 111 are sufficient for sequencing
analysis.

DNA vyield is not generally considered a selection cri-
terion for an extraction method and no clear correlation
between DNA vyield and the representation of microbial
diversity has been demonstrated (Xue et al. 2018). In our
study, the ability to determine the evolution of bacterial
and fungal communities over time from plant samples is an
important factor in the choice of DNA extraction method.
Both protocols | and Il provide a similar representativity
of bacterial and fungal communities present in soil and
stem samples. All tested Alpha and Beta diversity indices,

including the Shannon diversity, Pielou evenness, and
Bray—Curtis similarity indexes, revealed similar results for
both protocols (I and 111).

Therefore, protocols | and Il are recommended for
achieving a fair representation of bacterial and fungal com-
munities from plant stems (hemp in the case of our study).
They can therefore be adapted according to the objectives
of the study and the type of plants.

This study shows that DNA extraction from a complex
sample cannot provide an exhaustive overview of the micro-
bial community. The critical importance to consider when
evaluating biases associated with DNA extraction has been
highlighted when addressing microbial ecology in the retting
process. This integrated approach should be adapted to each
variety of stem samples, as DNA recovery is strongly influ-
enced by the specificity of the matrix. The extraction step is
just one of several possible biases that occur in molecular
analysis, from the sampling itself to the PCR amplification
or metabarcoding approach.
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