
 
 

 

 

 
Supplementary protocol 

Section S1: Viral elution and concentration protocol 
Materials and method 

To optimise and validate our isolation method of viruses from other possible soil 
fractions (e.g. bacteria, eukaryotes, dust, soil particles…), an elution and concentration 
protocol was optimised on the soil of the Weierbach site, using bacteriophage ΦX174 (Mi-
croviridae) as surrogate [97–104]. Feed solutions of ΦX174 were produced with quantities 
comprised between 1.45 and 2.35 x 109 PFU (Plaque-Forming Unit) and spiked into the 
tested soil samples. The experiment was conducted in triplicate for each soil. The optimi-
sation included the experimentation of three different parts of the protocol: mechanical 
detachment, chemical detachment, cell debris cleaning and concentration process. Re-
garding the detachment of the viral particles from the soil matrices, a combination of me-
chanical and chemical actions was assessed to increase the viral recovery rate. The me-
chanical detachment was explored through three options: (i) sonication during 3 minutes 
at 4°C (Sonicator S300 Elmasonic, 37 kHz, 300 W), (ii) bead-beating for 3 minutes at room 
temperature, 15 Hz (100-240V/60Hz, Retsch, Germany), and (iii) the absence of any me-
chanical process. In parallel, a chemical detachment was carried out investigating six elu-
ent solutions, selected according to the literature [97,99,101]: (i) beef extract 3% mixed with 
glycine 0.05M (BG) at pH = 9.5, (ii) beef extract 10% (B10%) at pH = 9, (iii) glycine 0.25M 
(Gly) at pH = 8, (iv) potassium citrate (PC) at pH = 7, (v) sodium pyrophosphate (SP) at 
pH = 7, (vi) phosphate-buffered saline (PBS) at pH = 7. Regarding the viral concentration, 
an ultracentrifugal filtration was performed using an Amicon Ultra-15 (UFC905024, 
Merck Millipore Ltd.) with two tested cut-off points (30 kD and 50 kD). The feed solutions 
of ΦX174, as well as the recovered solutions, at every step were enumerated using the 
double agar layer assay according to the standard procedures ISO 10705-2:2001, and the 
Log Reduction Value (LRV) was estimated for each experimental condition as follow:  𝐿𝑅𝑉 ൌ log ൬𝑄𝑟𝑄𝑓൰ 

where Qf and Qr are the quantities of ΦX174 in the feed and recovered solutions, re-
spectively. The protocol was then applied to the seven remaining sites for which the LRV 
was calculated as described above in the validation process of the optimisation.    

 
Results 
Viral mechanical detachment 

The results regarding the optimisation of the viral mechanical detachment step are 
reported in Table S3. The sonication as well as the bead-beater methods revealed a loss in 
ΦX174 quantity of 0.7 log while the absence of these two methods in the protocol induced 
a loss of 0.8 log. According to the non-parametric test Kruskal-Wallis One Way ANOVA 
on rank, no significant difference was detected between all three methods (p = 0.07, α = 
0.05). As the two mechanical methods did not significantly allow improving the recovery 
of ΦX174 particles during the viral detachment, none of them was kept. In addition, the 
sonication method is known to be non-homogeneous in the spread of the sonic waves. 

 

Table S3: Recovery of bacteriophage ΦX174 comparing three methods for mechanical viral detach-
ment from the Weierbach soil. A Kruskal-Wallis one-way ANOVA on ranks, followed by a Dunn 
test, was performed on the results of the three methods to analyse their effectiveness on the elution 
of ΦX174 compared to the spiking solution. 
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Solutions ΦX174 quantity 
Mean ± sd (PFU) 

LRV 
Mean ± sd 

p-value 

Spiking 2.05 x 109 ± 5.5 x 108 - - 
Sonication 4.41 x 108 ± 1.62 x 108 - 0.70 ± 0.19 NS 

Bead-beater 4.16 x 108 ± 5.59 x 107 - 0.70 ± 0.06 NS 
Nothing 3.26 x 108 ± 4.89 x 107 - 0.80 ± 0.07 NS 

LRV = Log Reduction Value; NS = Not significant 

Viral chemical detachment 
The second optimised method was viral chemical detachment for which the results 

are reported in Table S4. Overall, a reduction in ΦX174 quantity of more than 1 log from 
the spiking was observed for glycine, PBS, PC and SP solutions. In contrary, BG and B10%, 
showed a reduction below 1 log, with a better recovery for the mix beef extract and glycine 
than for the beef extract alone (LRV = -0.47 log vs. LRV = -0.72 log, respectively). A non-
parametric test (Kruskal-Wallis one way ANOVA on rank) confirmed significant differ-
ences (p = 0.01082, α = 0.05) between the different eluent solutions. More precisely, a sig-
nificant difference was noticed for PBS, PC, SP, and Gly compared to the feed solution (p-
value = 0.0057, 0.0211, 0.0350 and 0.0005, respectively). In contrary, B10% and BG did not 
show significant reduction in ΦX174 quantity compared to the feed solution (p-value = 
0.2357 and 0.5532, respectively). In addition to the 1.5-fold decrease in the viral recovery 
of BG compared to B10%, carrying out the molecular technique after using BG is preferred 
from B10% since the amount of beef extract in much lower in the BG (3%) than in the B10% 
(10%). Indeed, the beef extract present in the eluent solution can bring DNA contamina-
tion during the metagenomics analyses. The eluent solution beef extract (3%) and glycine 
(0.05M) was thus selected. 

 

Table S4: Recovery of bacteriophage ΦX174 from the Weierbach soil comparing six different eluent 
solutions. B10% = Beef extract 10% (pH = 9); BG = Beef extract 3% + Glycine 0.05M (pH = 9.5); Gly = 
Glycine 0.25M (pH = 8); PBS = Phosphate-buffered saline (pH = 7); PC = Potassium citrate (pH = 7); 
SP = Sodium pyrophosphate (pH = 7). A Kruskal-Wallis one-way ANOVA on ranks, followed by a 
Dunn test, was performed on the results of each eluent solution to analyse their impact on the re-
covery of ΦX174 compared to the spiking solution.  

Solutions ΦX174 quantity LRV p-value 
 Mean ± sd (PFU Mean ± sd   

Spiking 2.35 x 109 ± 2.12 x 108 - - 
B10% 4.51 x 108 ± 1.03 x 108 - 0.72 ± 0.11 0.2357 

BG 7.97 x 108 ± 1.00 x 108 - 0.47 ± 0.06 0.5532 
GLY 5.34 x 107 ± 2.32 x 107 - 1.67 ± 0.19 0.0005*** 
PBS 9.43 x 107 ± 2.73 x 107 - 1.41 ± 0.12 0.0057** 
PC 1.16 x 108 ± 1.43 x 107 - 1.31 ± 0.05 0.0211* 
SP 1.23 x 108 ± 1.80 x 107 - 1.28 ± 0.06 0.0350* 

Significance: ***p<0.001; ** p<0.01; * p<0.05. sd = standard deviation; LRV = Log Reduction Value; 
PFU = Plaque forming unit. 

 

Concentration of viral particles 
The average quantities of ΦX174 recovered after concentration were quantified for 

both concentrates and eluate (Amicons 50 kDa & 30 kDa) and are reported in Table S5. 
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After centrifugation, a reduction of 0.47 log was observed. After concentration by ultrafil-
tration, the log reductions of both Amicons 50 kDa & 30 kDa were similar with -0.89 log 
and -0.81 log, respectively and no significant difference with the feed solutions (p-value = 
1.000 and 0.955, respectively). In contrast, the eluates showed different patterns between 
the two tested Amicons. The quantification of ΦX174 in the eluate allowed defining the 
number of lost bacteriophages. The eluate of the Amicon 50kDa was revealed to have a 
significant difference (p = 0.006) with a reduction of 8.3 log from the feed solution. How-
ever, no significant loss was observed in the eluate of the Amicon 30 kDa (LRV = -4.79 log, 
p-value = 0.055). Indeed, the quantity of bacteriophages in the eluate of the Amicon 30 
kDa was found 4-log higher than in the Amicon 50 kDa, meaning that a fraction of ΦX174 
was not properly recovered in the concentrate of the former.  

 

Table S5: Recovery of bacteriophage ΦX174 from the Weierbach soil after concentration step, com-
paring Amicon with two different cut-off points (i.e., 30 kDa and 50 kDa). A Kruskal-Wallis one-
way ANOVA on ranks, followed by a Dunn test, was performed on the results of each eluent solu-
tion to analyse their impact on the recovery of ΦX174 compared to the feed solution.  

 
Solutions ΦX174 quantity 

Mean ± sd (PFU) 
LRV 

Mean ± sd 
p-value 

Spiking 2.35 x 109 ± 2.12 x 108 - - 
Centrifuge 7.97 x 108 ± 8.18 x 107 - 0.47 ± 0.04 1.000 

Concentrate 50 kDa 3.56 x 108 ± 1.66 x 108 - 0.89 ± 0.27 1.000 
Eluate 50 kDa 9.00 x 100 ± 8.29 x 100 - 8.3 ± 0.23 0.006** 

Concentrate 30 kDa 4.50 x 108 ± 3.29 x 108 - 0.81 ± 0.27 0.955 
Eluate 30 kDa 8.39 x 104 ± 1.82 x 104 - 4.79 ± 0.51 0.055 

Significance: ** p<0.01; sd = standard deviation; LRV = Log Reduction Value; PFU = Plaque forming 
unit. 

It is noteworthy that a clean-up treatment with chloroform (1:20 v/v) was performed 
to remove any remaining cellular debris from the final viral concentrates. After vortexing 
for 5 min, the solutions were centrifuged at 10,000 g for 5 min. As a result, contamination 
was observed during the plaque assays and therefore did not allow successful viral recov-
ery. In general, bacteriophages show good stability in chloroform, provided that the sen-
sitivity of the bacteriophage is known [102]. Indeed, in some cases it has been found that 
chloroform can potentially cause inactivation of some bacteriophages [103,104]. For these 
reasons, this clean-up treatment was not retained for the final protocol. 

 
Comparison for all sites: protocol validation 

Once the optimisation for the viral elution and concentration was successfully carried 
out on the soil of the Weierbach, the protocol was performed on the samples of the re-
maining soils (i.e., Daerent, Retgenbusch, Pall 1, Pall 2, Hueschterbach, Koulbich and 
Mollbach). The results obtained were then reported on the Table S6, as the average quan-
tity of ΦX174 recovered after each step (i.e., chemical elution and concentration). The 
LRVs were found to be comprised between 0.47 and 1 log after the elution step where no 
significant difference was detected from the feed solution (p-value = 0.172). After the con-
centration step, all forest sites showed reductions in ΦX174 between 0.68 and 0.89 log, 
while ΦX174 spiked in grassland soils were reduced by between 1.07 and 1.34 log. Overall, 
the LRVs obtained after concentration step were found significant different from the feed 
solution (p-value = 0.02). Hueschterbach, Pall 1 and Pall 2 showed high LRVs after the 
concentration step, however, as the final quantity of ΦX174 remained satisfactory for these 
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three sites and the methodology was desired to be applied similarly to all sites, the results 
were considered satisfactory.



 5 of 9 
 

 
 

 

Table S6: Recovery of bacteriophage ΦX174 at each step of the elution and concentration protocol for each study site. Kruskal-Wallis one-way 1 
ANOVA on ranks was performed on the raw data at the level of confidence of 95%. 2 

 Feed solution Elution step Concentration step 
Sites ΦX174 quantity 

Mean ± sd (PFU) 
ΦX174 quantity 
Mean ± sd (PFU) 

LRV 
Mean ± sd 

ΦX174 quantity 
Mean ± sd (PFU) 

LRV 
Mean ± sd 

Daerent 2.04 x 109 ± 2.83 x 107 3.95 x 108 ± 1.92 x 108 - 0.76 ± 0.27 5.73 x 108 ± 4.03 x 108 - 0.68 ± 0.47 
Hueschterbach 1.45 x 109 ± 3.54 x 107 1.29 x 108 ± 4.04 x 106 - 1.05 ± 0.01 6.65 x 107 ± 1.06 x 107 - 1.34 ± 0.07 

Koulbich 1.84 x 109 ± 1.41 x 107 2.26 x 108 ± 1.44 x 107 - 0.91 ± 0.03 1.59 x 108 ± 2.84 x 107 - 1.07 ± 0.07 
Mollbach 1.84 x 109 ± 1.41 x 107 1.70 x 108 ± 7.55 x 106 - 1.03 ± 0.02 1.59 x 108 ± 2.60 x 107 - 1.07 ± 0.07 

Pall 1 1.72 x 109 ± 7.07 x 106 1.91 x 108 ± 3.31 x 107 - 0.96 ± 0.08  9.79 x 107 ± 6.06 x 106 - 1.24 ± 0.03 
Pall 2 1.72 x 109 ± 7.07 x 106 2.06 x 108 ± 3.20 x 107 - 0.92 ± 0.06 1.23 x 108 ± 3.66 x 107 - 1.14 ± 0.13 

Retgenbusch 2.04 x 109 ± 2.83 x 107 4.07 x 108 ± 1.33 x 108 - 0.72 ± 0.15 3.35 x 108 ± 2.35 x 107 - 0.76 ± 0.03 
Weierbach 2.35 x 109 ± 2.12 x 108 7.97 x 108 ± 1.00 x 108 - 0.47 ± 0.06 3.56 x 108 ± 2.03 x 108 - 0.89 ± 0.33 

sd = standard deviation; LRV = Log reduction value; PFU = Plaque forming unit 3 
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Conclusion 
The protocol for viral elution and concentration was optimised on 

three steps: mechanical detachment, chemical detachment and virus con-
centration. As a result, the mechanical detachment did not allow increas-
ing the detachment rate of bacteriophage ΦX174. Therefore, only the 
chemical detachment using a solution mixing beef extract (3%) with gly-
cine (0.05M) at pH 9.5 was performed followed by the concentration step 
using an Amicon 50 kDa. Then, all final solutions underwent a VLPs 
counting (See manuscript content) as well as DNA extraction (See sup-
plementary material part B).  

 

Section S2: Viral and total DNA extraction optimisation 
Materials and method 

As for the optimisation of the viral elution and concentration, the 
DNA extraction and library preparation were first conducted for the Wei-
erbach, on both viral concentrate and soil sample, all in triplicate. Regard-
ing the viral concentrates, a DNase treatment using InvitrogenTM kit 
TURBO DNA-freeTM (AM1907, Thermo Fisher Scientific) was tested prior 
to DNA extraction to remove free DNA. Then, three different extraction 
kits were selected: the DNeasy® PowerSoil® kit (Qiagen, Hilden, Ger-
many), QIAmp DNA mini kit (51304, Qiagen) and AllPrep PowerViral 
DNA/RNA kit (28000-50, Qiagen). The obtained DNA solutions were 
quantified using InvitrogenTM QubitTM 2.0 fluorometer (ThermoFischer). 
Regarding the protocol on soil samples, only DNeasy® PowerSoil® kit 
and PowerViral kit were used as they were specifically conceived for soil 
sample extraction. On the extracted DNA from all extractions, library 
preparations were performed using Nextera XT DNA kit (FC-131-1096, 
Illumina) and the amplified DNA were quantified using qPCR (Applied 
biosystems ViiA 7, ThermoFisher). It is noteworthy that when the DNA 
quantity was detected below the limit detection of the device, the quan-
tity was taken as recommended by the manufacturer of the library prep-
aration protocol. Finally, paired-end sequence reads were generated us-
ing the Illumina MiSeq (2x350 bp). The quality control on the raw se-
quences was assessed using FastQC 0.11.8. 

 
Results 

The results obtained on the viral concentrates and soil samples are 
reported in Table S7. The viral concentrates showed better DNA recovery 
with the QiAmp kit than with the PowerSoil or PowerViral kits, for which 
the quantities were detected below the detection limit. However, the li-
brary preparations were not successful on the DNA extracted by QiAmp. 
Instead, despite the inability to quantify, libraries could be constructed 
on DNA extracts from PowerSoil and PowerViral kits. Nevertheless, the 
quantities of libraries were found to be lower than required (< 104 pM), 
making sequencing impossible. The DNA extracted with the PowerSoil 
kit on the soil samples were, in contrary, sufficient to successfully con-
struct the libraries (> 104 pM), which was not observed for the extraction 
performed with PowerViral. The libraries from PowerSoil kit were 
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sequenced using MiSeq sequencer, but the reads produced was revealed 
to have very poor quality (Figure S2).   

A 

 

B  

 

Figure S2: Per base sequence quality from FastQC for read forward 1 (A) and read 
reverse 2 (B) of the sequencing ot the Weierbach soil.
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Table S7: Summary of each step from the DNase treatment to the library preparation from viral concentrates and soil sample of the Weierbach 
site. 

 Viral concentrate Soil sample 
Initial volume/mass 200 µL 200 µL 200 µL 200 µL 200 µL 250 µg 250 µg 

DNase treatment Yes No Yes No Yes No No 
DNA extraction kit PowerSoil PowerSoil QIAmp QIAmp PowerViral PowerSoil PowerViral 

DNA quantification (mean) < 0.05 ng/µL* < 0.05 ng/µL* 0.575 ng/µL 1 0.551 ng/µL 1 < 0.05 ng/µL* 51 ng/µL 25.5 ng/µL 
Libraries quantification (mean) 0.8 pM 2 pM < DL < DL 25.5 pM 2.74 x 104 pM 2.74 x 103 pM 

* Below the detection limit of the Qubit 2.0; DL = Detection Limit. 

1 It is noteworthy that a cleaning step using DNeasy PowerClean CleanUp kit (12877-50, Qiagen) was tested on the extracted DNA obtained 
through the QIAmp kit to increase the DNA concentrations. However, the obtained concentrations were detected below the detection limit of 
the Qubit 2.0, thus the remaining steps were not carried out. 
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Conclusion 
The DNA extractions followed by the library preparations were not successfully ad-

dressed to run the sequencing on the viral concentrates. On the contrary, the libraries ob-
tained from the soil samples were sequenced but revealed very poor quality. Therefore, 
future analyses were explored, particularly the use of Nextera Flex kit followed by No-
vaSeq 6000 sequencer, which resulted in raw sequences from the soil samples, as de-
scribed in the main manuscript. 
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