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A B S T R A C T   

Metagenomic next-generation sequencing (mNGS) is an untargeted technique capable of detecting all microbial nucleic acid within a sample. This 
protocol outlines our wet laboratory method for mNGS of cerebrospinal fluid (CSF) specimens and tissues from sterile sites. We use this method 
routinely in our clinical service, processing 178 specimens over the past 2.5 years in a laboratory that adheres to ISO:15189 standards. We have 
successfully used this protocol to diagnose multiple cases of encephalitis and hepatitis.   

1. Before you begin  

1. CSF for mNGS should be stored at − 80 ◦C within 24 h of collection to minimise RNA degradation. CSF can also be collected into 
RNAlater (1:4 RNAlater:CSF), allowing storage for up to one week at ambient temperature or at +4 ◦C. Collection without RNAlater 
is preferred to avoid diluting the CSF.  

2. The optimum specimen collection method for tissue biopsies for mNGS is directly into RNAlater at the point of collection. The 
sample is then stable for one week at room temperature, one month at +4 ◦C or indefinitely at − 80 ◦C. Alternatively, tissue can be 
collected in a sterile container directly on to dry ice and stored at − 80 ◦C until processing with RNAlater-ICE.  
a. Fresh tissue in RNAlater is held at +4 ◦C overnight to allow tissue penetration. The supernatant can then be removed, and the 

sample can be stored at − 80 ◦C indefinitely.  
b. Frozen tissue is combined with pre-chilled (at − 80 ◦C) RNAlater-ICE. The RNAlater-ICE must remain cold and the tissue must 

remain frozen, so work quickly on dry ice. Soak tissue in RNAlater ICE at − 20 ◦C for at least 16 h. The sample is then stable for up 
to 30 min at room temperature or overnight at +4 ◦C.  

3. 2 × 20 μm or 4 × 10 μm rolled sections of FFPE tissue are required for processing for mNGS, stored at +2–8 ◦C. DNA and RNA 
purified from FFPE sections is likely to be highly degraded which may limit the ability to detect low level pathogens. 
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Key Resources Table  
REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and virus strains 
Cowpox virus DNA (strain Brighton Red) (unquantified) 

(Stock solution may need diluting to give an approximate Ct value of 26 
when tested by targeted real-time PCR. In our hands this is a 10− 1 

dilution). 

National Collection of Pathogenic 
Viruses, operated by UKHSA 

0310121v 

FCV RNA (unquantfified) 
(Stock solution may need diluting to give an approximate Ct value of 25 
when tested by targeted real-time PCR. In our hands this is a 10− 3 

dilution). 

National Collection of Pathogenic 
Viruses, operated by UKHSA 

0101148v 

MS2 RNA (unquantified) 
(Stock solution may need diluting to give an approximate Ct value of 
25–26 when tested by targeted real-time PCR. In our hands this is a 10− 6 

dilution) 

Roche 10165948001 

Biological samples 
FirstChoice Total brain RNA (1 μg/μl) Life Technologies AM7962 
Human genomic DNA Promega G1471 
Chemicals, peptides, and recombinant proteins 
Buffer ATL Qiagen 939011 
Buffer AVE Qiagen 1010371 
Buffer PKD Qiagen 1034963 
Deparaffinisiation solution Qiagen 19093 
DTT Sigma DTT-RO 
PhiX Illumina FC-110-3002 
Proteinase K Qiagen 19131 
Reagent Dx Qiagen 19088 
RNAlater Stabilisation solution Life Technologies AM7022 
RNAlater-ICE Frozen Tissue Transition Solution Life Technologies AM7030 
Critical commercial assays 
AllPrep DNA/RNA Mini Kit Qiagen 80204 
EZ1 DNA Blood 350 μl Kit Qiagen 951054 
EZ1 RNA Tissue Mini Kit Qiagen 959034 
EZ1&2 Virus Mini Kit Qiagen 955134 
High sensitivity D1000 reagents Agilent Technologies 5067–5585 
High sensitivity D1000 screen tape Agilent Technologies 5067–5584 
High sensitivity RNA ladder Agilent Technologies 5067–5581 
High sensitivity RNA sample buffer Agilent Technologies 5067–5580 
High sensitivity RNA screen tape Agilent Technologies 5067–5579 
KAPA RNA HyperPrep Kit Roche 8098093702 
KAPA RNA HyperPrep Kit with RiboErase Roche 8098131702 
KAPA Unique Dual Indexed Adaptors Roche 8861919702 
NEBNext Microbiome DNA Enrichment Kit New England BioLabs E2612L 
NEBNext Multiplex Oligos for Illumina (Index Primers Set 1) New England BioLabs E7335L 
NEBNext Ultra II FS DNA Library Prep Kit for Illumina New England BioLabs E7805L 
NextSeq High-Output Kit v2.5 (150 cycles) Illumina 20024907 
NextSeq Mid-Output Kit v2.5 (150 cycles) Illumina 20024904 
Qubit dsDNA HS assay Invitrogen Q32854 
Qubit RNA HS assay Invitrogen Q32852 
Other 
EZ1 Advanced XL Qiagen 9001875 
Qubit Life Technologies Q33238 
4200 TapeStation System Agilent Technologies G2991AA 
NextSeq 500 System Illumina Has been discontinued, 550 system can be 

purchased, model number: SY-415-1002 
0.1 mm silica beads (lysing matrix B) MP Biomedicals 116911050-CF 
1 mm silica beads (lysing matrix C) MP Biomedicals 116912050-CF 
Lysing matrix E MP Biomedicals 116914050-CF 
AMPure XP Beads Beckman Coulter A63881 
Optical tube 8x caps (TapeStation) Agilent Technologies 401425 
Optical tube 8x strip (TapeStation) Agilent Technologies 401428 
TapeStation loading tips Agilent Technologies 5067–5599 
TapeStation plates Agilent Technologies 5042–8502  
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2. Step-by-step method details 

2.1. Nucleic acid extraction 

Timing: 1 h–4.5 h depending on sample type (see sub-steps 1–3).. 

2.1.1. Cerebrospinal fluid (CSF) 
Timing:1 h.  

a) Add 500 μl of whole CSF to 0.1 mm and 1 mm glass beads. If less than 500 μl is available, top up the volume to 500 μl using DNA- 
free water.  

b) Create a mock positive CSF control as per Table 1. The mock positive will be processed alongside clinical samples from extraction to 
sequencing to control for contamination, therefore acting as both a positive and negative control.  

c) To lyse fungal and bacterial cells bead beat the samples and control for 2 min at 50 Hz, then pulse spin at 13,000 rpm. Transfer 400 
μl lysate to a 2 ml sample tube.  

d) Make up the carrier RNA/internal positive control (IPC) as per Table 2. 
e) Load samples, control and carrier RNA on to a Qiagen EZ1 instrument using a virus mini kit according to the manufacturer’s in-

structions, with a sample volume of 400 μl and an elution volume of 60 μl.  
f) Assess the RNA quantity (ng/μl) using the Qubit RNA HS assay, and DNA quantity (ng/μl) using the Qubit dsDNA DNA HS assay. 

Proceed with library preparation even if yield is below the Qubit limit of detection  
g) Store purified nucleic acid at − 80 ◦C until library preparation. 

2.1.2. Fresh/frozen tissue 
Timing: 1.5 h.  

a) Remove tissue from RNAlater or RNAlater-ICE.  
b) Place the tissue on a sterile petri dish for weighing. A maximum of 20 mg of tissue is processed for extraction. If the tissue is more 

than 20 mg, cut to 20 mg using a sterile disposable scalpel and return excess to storage at − 80 ◦C. If the tissue is less than 7 mg 
process as one piece, if 7–14 mg cut into two pieces and if 15–20 mg cut into three pieces.  

c) Prepare RLT Plus buffer as per Table 3.  
d) Add tissue (one, two or three pieces depending on amount received) to a single tube of MP Biomedicals Lysing matrix E containing 

4 mm, 1.4 mm and 0.1 mm beads with 600 μl of RLT Plus buffer.  
e) Create a positive control as per Table 4. This control should be made into a tube of Lysing matrix E. The mock positive will be 

processed alongside clinical samples from extraction to sequencing to control for contamination, therefore acting as both a positive 
and negative control.  

f) To lyse the tissue, fungal and bacterial cells, bead beat samples and control for 2 min at 50 Hz. If the tissue is not completely lysed, 
repeat this step.  

g) Centrifuge the lysate for 3 min at 13,000 rpm and transfer the supernatant to an AllPrep DNA spin column and proceed according to 
manufacturers instructions. Use a new collection tube after every centrifugation step to minimise the risk of cross-contamination.  

h) Add 20 μl of MS2 RNA to the RNA flow-through from the DNA column  
i) Elute the RNA in 30 μl of RNase-free water and DNA in 50 μl of buffer EB  
j) Assess RNA quality (RIN score and DV200) using the TapeStation High Sensitivity RNA assay. 

NOTE: RIN score is the RNA Integrity Number and DV200 is the percentage of RNA with a size profile greater than 200 nt..  

k) Assess the RNA quantity (ng/μl) using the Qubit RNA HS assay, and DNA quantity (ng/μl) using the Qubit dsDNA DNA HS assay. 
Record the RIN score from the TapeStation analysis, as this is used to determine the fragmentation conditions during library 
preparation.  

l) Store purified RNA at − 80 ◦C and DNA at +4 ◦C until library preparation. 

Table 1 
Preparation of mock positive control for nucleic acid extraction from 
CSF.  

Reagent Amount (μl) 

DNA-free water 414 
Total Brain RNA (0.001 μg/μl) 3.75 
Human genomic DNA (100 ng/μl) 7.6 
Cowpox DNA 37.5 
FCV RNA 37.5  
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2.1.3. Formalin-fixed paraffin embedded tissue (FFPE) 
Timing: 4.5 h. 

2.1.3.1. Deparaffinization.  

a) If the tissue is clearly visible, cut away excess wax from the ends of the rolled sections. If the tissue is not clearly visible, leave rolled 
sections as they are.   

b) Add 640 μl of deparaffinization solution to the rolled sections in a 2 ml tube.   

c) Vortex vigorously for 10 s, then pulse centrifuge.   

d) Incubate at 56 ◦C for 3 min then cool to room temperature   

e) Centrifuge at 13,000 rpm for 2 min (mark the outside of the tube to indicate which side the pellet will be on)   

f) Remove and discard supernatant and any residual deparaffinization solution. Do not disturb the pellet – if the pellet is not visible, 
aspirate from the opposite side to where the pellet should be. If excess wax remains, remove the supernatant and repeat steps ii to 
vi.   

g) Incubate at 37 ◦C for 10 min with the lid open to dry the pellet.   

h) Re-suspend the pellet in 150 μl of buffer PKD.   

i) Create an RNA positive control as per Table 5. The mock positive will be processed alongside clinical samples from extraction to 
sequencing to control for contamination, therefore acting as both a positive and negative control.   

j) Add 10 μl of proteinase K, vortex and incubate at 56 ◦C for 15 min then incubate on ice for 3 min, until samples have cooled 
completely.   

k) Centrifuge for 15 min at 20,000 g.   

l) Transfer supernatant to a new tube for RNA extraction, and store pellet for DNA extraction. 
NOTE: The pellet can be stored at room temperature for 2 h, for one day at +4 ◦C or longer at − 20 ◦C. 

2.1.3.2. Purification of total RNA.  

m) Incubate supernatant at 80 ◦C for exactly 15 min then pulse centrifuge  

Table 3 
Preparation of RLT Plus buffer for nucleic acid 
extraction from fresh tissue in RNAlater and frozen 
tissue. Volumes given are for one reaction.  

Reagent Amount (μl) 

Buffer RLT Plus 1000 
DTT (2 M) 20 
Reagent Dx 5  

Table 2 
Carrier RNA/Internal Positive Control for nucleic acid extrac-
tion from CSF. This controls for successful nucleic acid extraction, 
library preparation and sequencing. Volumes given are for one 
reaction.  

Reagent Amount (μl) 

Buffer AVE 37 
Total Brain RNA (0.01 μg/μl) 3 
MS2 RNA 20  
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n) Add 200 μl of buffer RLT and 1 mm and 0.1 mm glass beads. Mix by vortexing.   

o) To lyse fungal and bacterial cells, bead beat for 2 min at 50 Hz, then pulse centrifuge.   

p) Load 300 μl of lysate on the Qiagen EZ1 RNA Tissue Mini kit using the EZ1 Advanced XL RNA card. Use the total RNA, RNA mini 
tissue programme without DNAse, with a 50 μl elution volume. 

2.1.3.3. Purification of total DNA.  

q) Bring the pellet to room temperature, and re-suspend in 180 μl of buffer ATL.   

r) Add 40 μl of proteinase K, vortex, then incubate at 56 ◦C for 1 h followed by 90 ◦C for 1 h.   

s) Add 250 μl of buffer AL and vortex.   

t) Prepare a DNA positive control as per Table 6. The mock positive will be processed alongside clinical samples from extraction to 
sequencing to control for contamination, therefore acting as both a positive and negative control.   

u) Add 1 mm and 0.1 mm glass beads, and bead beat for 2 min at 50 Hz to lyse bacterial and fungal cells. Pulse spin.   

v) Load samples and control on to EZ1 DNA blood kit (without ethanol wash) using the 350 μl protocol and 50 μl elution volume.   

w) Assess RNA quality (RIN score and DV200) using the TapeStation High Sensitivity RNA assay.   

x) Assess the RNA quantity (ng/μl) using the Qubit RNA HS assay, and DNA quantity (ng/μl) using the Qubit dsDNA DNA HS assay. 
Record the RIN score from the TapeStation analysis, as this is used to determine the fragmentation conditions during library 
preparation.   

y) Store purified RNA at − 80 ◦C and DNA at +4 ◦C until library preparation. 

Table 6 
Preparation of mock positive DNA control for nucleic acid extraction 
from formalin fixed paraffin embedded (FFPE) tissue.  

Reagent Amount (μl) 

Buffer AL 355 
Human genomic DNA (100 ng/μl) 76 
Cowpox DNA 37.5  

Table 4 
Preparation of mock positive control for nucleic acid extraction 
from fresh/frozen tissue. Preparation of a positive control for nucleic 
acid extraction from fresh tissue (in RNAlater or frozen).  

Reagent Amount (μl) 

RLT Plus/DTT/Reagent Dx 460 
Total Brain RNA (1 μg/μl) 3 
Human genomic DNA (100 ng/μl) 76 
Cowpox DNA 37.5 
FCV RNA 30  

Table 5 
Preparation of mock positive RNA control for nucleic acid 
extraction from formalin fixed paraffin embedded (FFPE) tissue.  

Reagent Amount (μl) 

PKD 150 
Total Brain RNA (1 μg/μl) 3 
FCV RNA 30 
MS2 RNA 20  
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2.2. Library preparation for RNA sequencing 

Timing: 6.5 h if including ribosomal RNA depletion (for tissue samples including FFPE), or 4 h if performing RNA library prep 
without ribosomal RNA depletion (CSF). 

2.2.1. Ribosomal RNA depletion 
Ribosomal RNA depletion is performed using the KAPA RNA HyperPrep Kit with RiboErase (Roche) as per the manufacturer’s 

instructions. This step is performed on samples with an RNA input between 25 ng and 1 μg. These samples are typically tissue 
(including FFPE) samples only. For CSF samples, proceed straight to RNA Library Prep without ribodepletion. 

2.2.2. RNA library prep 
RNA library preparation is performed using the KAPA RNA HyperPrep Kit (Roche) as per the manufacturer’s instructions, with the 

following modifications:  

a) Use DNA-free water (Molzyme) for steps prior to adapter ligation to minimise microbial DNA contamination  
b) RNA fragmentation conditions are decided using the RIN score as per Table 7.  
c) KAPA unique dual-indexed adaptors are diluted to 1 μM for CSFs or 1.5 μM for tissues.  
d) The number of cycles in the denaturation and annealing/extension step of the library amplification PCR is dependent on the total 

RNA input (ng) of each sample. This is summarised in Table 8. The number of cycles for CSF samples is capped at a maximum of 12 
cycles, regardless of RNA input, to minimise the over-amplification of contaminating DNA. 

2.2.3. RNA library quality control (QC)  

a) Quantify the amplified libraries using 2 μl library (measured with a P2 pipette) with the Qubit dsDNA HS Assay Kit as per the 
manufacturer’s instructions.  

b) Check the size profile of the amplified libraries using the TapeStation High Sensitivity D1000 ScreenTape as per the manufacturer’s 
instructions. Use ‘add region’ to determine the average library size in base pairs. The average library size is expected to be 
approximately 300 base pairs. NOTE: a peak at 120–140 base pairs indicates the presence of adapter-dimers. If this is seen, perform 
a second 1X post-amplification clean-up and repeat the QC. 

2.3. Library preparation for DNA sequencing 

Timing: 4 h if including microbial DNA enrichment (for tissue samples including FFPE), or 2.5 h if performing DNA library prep 
without microbial DNA enrichment (CSF). 

2.3.1. Microbial DNA enrichment 
NOTE: This step is performed on tissue and FFPE samples only. CSFs sample do not undergo any human DNA depletion due to the 

low amount of host genome present in samples; in our experience host depletion of CSFs results in a poor quality final library due to 
insufficient DNA for the library preparations. For CSF samples, proceed straight to DNA Library Prep unless DNA yield is > 1 ng/μl. 

Microbial DNA Enrichment is performed using the NEBNext® Microbiome DNA Enrichment Kit as per the manufacturer’s in-
structions, with the following modifications:  

a) Use 1 μl MBD2-Fc-bound magnetic beads for every 3.125 ng of input DNA (this is double the manufacturer recommended quantity 
of MBD2-Fc-bound magnetic beads).  

b) Use DNA-free water (Molzyme) throughout to minimise contamination with microbial DNA 

NOTE: The DNA quantity (ng/μl) is re-assessed prior to DNA library preparation using the Qubit dsDNA DNA HS assay. 

Table 7 
Conditions for the fragmentation of RNA for RNA library preparation. RNA fragmentation con-
ditions are decided using the RIN score which is determined through TapeStation analysis (see steps 2, j 
and 3, x).  

Input RNA type RIN score Fragmentation 

Intact ≥5 8 min at 94 ◦C 
Partially degraded 5 and all CSFs 6 min at 85 ◦C 

4 3 min at 85 ◦C 
3 1 min at 85 ◦C 

Degraded (inc. FFPE) ≤3 1 min at 65 ◦C  
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2.3.2. DNA library prep 
DNA library preparation is performed using the NEBNext® Ultra™ II FS DNA Library Prep Kit for Illumina® as per the manu-

facturer’s instructions, with the following modifications:  

a) Use DNA-free water (Molzyme) for steps prior to adapter ligation  
b) DNA fragmentation is performed at 37 ◦C for 20 min, followed by 30 min at 65 ◦C, with a target fragment size of 150–350 bp  
c) For samples with input >100 ng, size selection is performed during bead clean-up for a target insert size distribution of 150–250 bp. 

This is achieved with a 0.4X ratio of sample purification beads to sample (e.g. 40 μl beads to 100 μl sample) followed by a 0.2X ratio 
of sample purification beads to supernatant.  

d) The number of cycles in the denaturation and annealing/extension step of the library amplification PCR is dependent on the total 
DNA input (ng) of each sample. This is summarised in Table 9. The cycle number is capped at maximum 8 cycles, regardless of DNA 
input, to avoid over-amplification of contaminating sequences. 

2.3.3. DNA library quality control (QC)  

a) Quantify the amplified libraries using the Qubit dsDNA HS Assay Kit as per the manufacturer’s instructions using 2 μl library 
(measured with a P2 pipette).  

b) Check the size profile of the amplified libraries using the TapeStation High Sensitivity D1000 ScreenTape as per the manufacturer’s 
instructions. Use ‘add region’ to determine the average library size in base pairs. NOTE: A peak at around 80 base pairs indicates 
primers, and a peak at around 128 base pairs indicates adapter-dimer. If either of these are seen, bring up the sample volume to 50 
μl with 0.1X TE buffer and repeat the clean-up of the library amplification PCR reaction, then repeat the QC. 

2.4. Library denature and dilute 

Timing: 45 min. 
Libraries are pooled according to Table 10 with a final pool concentration of 4 nM. Pooled libraries are diluted and denatured prior 

to sequencing using the Illumina NextSeq 500/550 kit as per manufacturer’s instructions. 

Table 8 
Summary of the number of PCR cycles required for the 
denaturation and annealing/extension step of RNA li-
brary amplification. The number of RNA library amplifi-
cation PCR cycles is dependent on the initial RNA input (ng). 
The number of cycles for CSF samples is capped at a 
maximum of 12 cycles, regardless of RNA input, to minimise 
the over-amplification of contaminating DNA.  

RNA input (ng) Number of cycles 

25 < 75 14 
75 < 100 13 
100 < 150 12 
150 < 200 11 
200 < 250 10 
250 < 500 9 
500 < 750 8 
750 < 1000 7 
1000 6  

Table 9 
Summary of the number of PCR cycles required for the 
denaturation and annealing/extension step of DNA li-
brary amplification. The number of DNA library amplifi-
cation PCR cycles is dependent on the initial DNA input (ng). 
The cycle number is capped at maximum 8 cycles to avoid 
over-amplification of contaminating sequences.  

DNA input (ng) Number of cycles 

>0.5 ≤ 1 8 
>1 ≤ 5 7–8 
>5 ≤ 10 6–7 
>10 ≤ 50 4–5 
>50 ≤ 200 3–4 
>200 ≤ 500 3  
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2.5. Loading and sequencing on the NextSeq 

Timing: 30 min to load the NextSeq, 15 h for the sequencing run. 
Samples are sequenced on the Illumina NextSeq instrument, using a NextSeq 500/550 Mid or High Output Kit v2.5, 150 cycles as 

per the manufacturer’s instructions. Load the NextSeq 500 instrument as per the manufacturer’s instructions, using a 76 base-pair 
paired end run with Mid or High Output mode. 

2.6. Analysis 

Timing: Variable depending on sample complexity, approximately 3–4 h per sample. 
Following demultiplexing, analyse data using analysis protocols that adhere to recommendations for clinical metagenomics [1]. We 

recommend the use of metaMix [2,3] which has previously been shown to perform with superior sensitivity and specificity [4]. 
A detailed protocol for the bioinformatics analysis is beyond the scope of this wet lab protocol, however we recommend that for 

results to be valid, MS2 internal positive control must be detected in all RNA libraries and Cowpox and Feline Calicivirus must be 
detected in the positive control. Any organisms identified by metaMix are confirmed by mapping non-human reads to a relevant 
reference genome. For a positive result to be valid, the following criteria must be fulfilled:  

• >10 reads mapping to viral genome [5].  
o If a DNA organism is identified in tissue, consider results with <5 reads. Due to the low number of reads, confirm or refute this 

result with targeted PCR  
• Reads distributed across genome  
• ≥3 non-overlapping regions > read length [6].  
• Viruses only: detected in clinical specimen must be absent in the controls  
• Bacteria only: reads per million (RPM) ratio ≥10 (RPM ratio = RPM sample RPM negative control) [6]. 

3. Expected Outcomes 

We present four clinical cases which were processed in our laboratory using the protocol we describe. These are representative of 
those seen in our clinical service and are not an exhaustive description of all samples processed using this protocol; instead, they serve 
to illustrate common expected outcomes in the wet lab. 

Patient A is a one-year-old with severe combined immunodeficiency who presented with symptoms of neurodevelopmental 
regression. A brain biopsy collected into RNAlater was sent to us for mNGS. Post RNA extraction QC demonstrated the isolation of high- 
quality RNA from this sample. This is shown in Fig. 1A, alongside examples of partially degraded RNA (Fig. 1B) and highly degraded 
RNA (Fig. 1C) for comparison. The results of post-amplification QC are summarised in Table 11 and Fig. 2A. The specimen gave a high 
library yield of 8.53 ng/μL with an average library size in the expected region and no adapter dimer present. Sequence analysis 
identified 4,860,141 reads of Astrovirus VA1, which was confirmed by targeted real-time PCR. 

Patient B is a 64-year-old presenting with neurological symptoms. A neat CSF sample was sent for mNGS and underwent RNA and 
DNA sequencing. The results of the DNA library post-amplification QC are summarised in Table 11 and Fig. 2B. The specimen gave a 
library yield of 2.67 ng/uL with an average library size in the expected region and no adapter dimer present. Sequence analysis 
identified 2048 reads of torque teno virus. 

Patient C is a 15-year-old with acute onset seizures and ongoing cognitive and behavioural difficulties. A neat CSF sample was 
collected and sent to us for mNGS analysis. The results of the RNA library post-amplification QC revealed adapter dimer, indicated by 
an additional peak at 128 base pairs (Fig. 3A). To rectify this, an additional 1X post-amplification bead clean-up was performed and the 
QC was repeated. Repeat QC confirmed the removal of all adapter dimer (Fig. 3B). Sequence analysis did not detect any pathogens. 

Patient D is an 83-year-old with altered behaviour, and MRI results in keeping with possible encephalitis. A neat CSF sample was 
collected and sent to us for mNGS analysis. The sample was initially stored at +4 ◦C for six days, prior to shipping on dry ice and storage 
at − 80 ◦C. The results of the RNA library post-amplification QC showed a very low library yield (Table 11). Analysis by TapeStation 
showed no detectable sequencing library (Fig. 4). We were therefore unable to perform RNAseq on this sample, due to poor RNA 
quality which was likely a result of improper storage prior to processing. 

We assessed the range of detection compared to targeted real-time PCR for model organisms using DNA or RNA virus spiked into 
control material, as described in Supplementary Data. The detection range for DNA and RNA viruses in CSF samples is comparable to 

Table 10 
Desired share of reads for pooling of libraries in preparation for sequencing on the Illumina NextSeq platform. Pooled libraries include RNA 
and DNA libraries for each sample and their respective control.   

NextSeq Mid Output kit NextSeq High Output kit 

Sample 
type 

Minimum proportion of run assigned 
to each library 

Maximum number of 
libraries per run 

Minimum proportion of run assigned 
to each library 

Maximum number of 
libraries per run 

Tissue 25% 4 8.30% 12 
CSF 12.50% 8 4.17% 24  
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Fig. 1. RNA extraction TapeStation results showing high quality, partially degraded and highly degraded RNA. (A) Post RNA extraction QC 
of the brain biopsy collected from patient A. Distinct peaks for 18S and 28S rRNA indicate fully intact RNA. (B) An example of post RNA extraction 
QC of a sample with partially degraded RNA. Distinct peaks can be seen for the 18S and 28S rRNA, but with a greater proportion of RNA in the 
200–1000 nucleotide range and decreasing height of the 28S rRNA peak. (C) An example of post extraction QC of a sample with highly degraded 
RNA. No discernible peaks can be seen for the 18S or 28S rRNA. 
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Table 11 
RIN score (post RNA extraction), post-amplification quality control and sequencing results for patients A-D. RIN score, post library ampli-
fication quality control, molarity and sequencing results for patients A-D, whose samples were processed by our metagenomics service between 2018 
and 2021. RIN score is determined using the TapeStation High Sensitivity RNA assay and is assessed after RNA extraction for tissues only. N/A = not 
applicable.  

Patient Sample RIN 
score 

Library yield 
(ng/uL) 

Library size (base 
pairs) 

Molarity 
(nM) 

Result 

A Brain biopsy in 
RNALater 

7.9 8.53 334 38.6 4,860,141 reads of Astrovirus VA1 detected, 
confirmed by PCR (Ct 31.2). 

B Neat CSF N/A 2.67 303 13.5 2048 reads of torque teno virus detected. 
C Neat CSF N/A 0.92 441 3.14 No pathogens detected. 
D Neat CSF N/A 0.12 487 0.37 Unable to perform RNAseq, no RNA recovered.  

Fig. 2. Post library amplification TapeStation results for patients A and B showing successful library preparation. (A) RNA library of a brain 
biopsy from patient A collected into RNAlater. The specimen gave a high RNA library yield and an average library size in the expected region of 
approximately 300 base pairs. No adapter dimer is present in the sample. (B) DNA library of a neat CSF sample collected from patient B. The 
specimen gave a high DNA library yield and an average library size in the expected region of approximately 300 base pairs. No adapter dimer is 
present in the sample. 
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Fig. 3. Post RNA library amplification TapeStation results for patient C, indicating the presence and subsequent removal of adapter 
dimer. (A) RNA library of a neat CSF. A peak representing adapter-dimer is seen at a size of 128 base pairs (circled in red). An additional 1X post- 
amplification bead clean-up was performed to rectify this. (B) Repeat TapeStation analysis of the RNA library after an additional 1X bead clean-up 
shows there is no longer adapter dimer present in the library. 

Fig. 4. Post library amplification TapeStation results for patient D, showing unsuccessful library preparation. RNA library of a neat CSF 
which was stored incorrectly prior to processing. No detectable sequencing library is present, therefore we were unable to proceed with 
RNA sequencing. 
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targeted real-time PCR. In tissues, the detection range for RNA viruses is also comparable to targeted real-time PCR, however for DNA 
viruses in tissue the detection range is approximately 100-fold less using metagenomics. The specificity of our mNGS protocol was 
confirmed by testing residual known positive specimens (see Supplementary Data). 

4. Limitations 

Metagenomic next-generation sequencing (mNGS) is an untargeted technique capable of detecting all microbial DNA and RNA 
within a clinical sample, allowing definitive, unbiased detection of pathogens[7] 

The detection limits in CSF are comparable to targeted real-time PCR. Nonetheless where there is strong suspicion of a particular 
organism causing infection it is still worthwhile performing targeted real-time PCR in parallel to metagenomics due to the faster turn- 
around-time of PCR. In tissues, we postulate the reduced detection limit for DNA organisms compared to targeted real-time PCR is due 
to insufficient depletion of host DNA prior to sequencing, therefore there is a need for better human DNA depletion methods to 
maximise sensitivity. For this reason we recommend interrogating the metagenomics results in tissue for viruses with <5 reads, which 
should be confirmed with a targeted PCR prior to clinical reporting. It is worthwhile noting that whilst the sensitivity of metagenomics 
in tissue for DNA organisms is suboptimal, it is equivalent to the sensitivity of broad-range bacterial PCR widely used in clinical 
practice [8] and has been used successfully by our laboratory to diagnose multiple case of encephalitis [9–14] and hepatitis [2,15]. 

Our protocol depends on a high degree of specimen integrity to preserve nucleic acid in clinical samples, particularly RNA. 
Improper storage of samples prior to extraction results in being unable to proceed with RNA sequencing due to little or no RNA being 
recovered post library amplification (see Fig. 4 in Expected Outcomes) and poor quality DNA will reduce the effectiveness of host DNA 
depletion. To address this, we have outlined specific specimen requirements in our protocol which maintain the integrity of nucleic 
acid (see Before you begin, steps 1–3). 

5. Troubleshooting 

Problem 1 

No RNA and/or DNA recovered after library amplification. 

Potential solution to Problem 1 
Ensure specimens are collected according to the instructions specified in Before you begin, steps 1–3. 

Problem 2 

Post-extraction QC of FFPE tissue shows highly degraded RNA. 

Potential solution to Problem 2  

• Formalin fixation is known to degrade nucleic acid, therefore fresh tissue specimens are preferred where possible  
• If fresh tissue is not available, proceed with the RNA library prep amending the RNA fragmentation conditions as per the RIN score 

obtained from post-extraction QC (see Table 8 in Library Preparation for RNA Sequencing). 

Problem 3 

An organism has been detected in both clinical specimen and mock positive control. 

Potential solution to Problem 3 
There is a risk of contamination associated with this protocol due to the broad range nature of the assay. The method is theoretically 

able to detect any organism present in a clinical sample, therefore contamination of reagents, equipment or the laboratory workspace 
risks detecting these organisms in samples and interfering with the analysis and interpretation of sequencing results or leading to false 
positive results. To address this, we recommend cleaning the workspace and equipment thoroughly between sequencing runs. The 
laboratory should also be organised into a pre-PCR area for nucleic acid extraction and library preparation, and a post-PCR area for 
library amplification, pooling and sequencing [16]. The use of a control sample processed in parallel to all clinical specimens mitigates 
the risk of false positive results, as gross contamination of the laboratory or reagents is expected to also contaminate the control (see 
Nucleic Acid Extraction for preparation of controls). If contamination is suspected, mNGS of the affected specimen should be repeated 
from extraction. 

Problem 4 

Results of mNGS vary depending on the bioinformatics pipeline used. 
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Potential solution to Problem 4 
The method chosen for data analysis is critical and can greatly influence the final result [1,17]. In our clinical service we use 

metaMix [2,3] as it has previously been shown to have superior performance for both sensitivity and specificity [4]. Further discussion 
of analysis methods and approaches is beyond the scope of this wet lab protocol. 

6. Resource availability 

6.1. Lead contact 

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Laura 
Atkinson (laura.atkinson@gosh.nhs.uk). 

6.2. Materials availability 

This study did not generate new unique reagents. 

6.3. Data and code availability 

There are restrictions to the availability of data generated by this protocol due to patient confidentiality. The R package for our 
recommended analysis method, metaMix, has been previously described [2,3]. 
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