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To improve the accessibility of genomics for the identification of wood inhabiting 
microorganisms to FPInnovations’ members, we compared three different methods for 
metabarcoding on environmental DNA (eDNA): cloning with first generation Sanger 
sequencing, amplicon metabarcoding with second generation Illumina sequencing, and 
lastly amplicon metabarcoding with third generation, long read sequencing with the 
portable MinION. We looked at costs for each method, speed, and difficulty. Illumina 
metabarcoding was the most economically feasible method. Cloning was difficult, being 
prone to failure and requiring extensive trouble shooting to complete. Illumina 
metabarcoding must be outsourced which can take more time for project completion, 
however little in-house troubleshooting is necessary. Third generation sequencing is an 
attractive alternative for routine analysis. It is rapid, low-cost, and takes little up-front 
capital for start-up. However, it may not be feasible if used infrequently given the time 
required to learn the technology and the rapid expiration of unused flow cells. For 
occasional projects, it is recommended to outsource amplicon metabarcoding to a facility 
that sequences either with second or third generation sequencers, including data analysis. 
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1 INTRODUCTION 
The wood products sector is an area where genomic detection of microorganisms remains 
relatively underutilized. There have been studies on detection of incipient decay, identification 
of contaminating mould species in buildings, determining species tolerant to wood preservatives 
and the mechanisms of tolerance and on pathogen or pest detection in trees and logs (for 
example: Adair et al. 2002, Adams et al. 2013, Lamarche et al. 2015, Kirker et al. 2017, Noll et al. 
2019, Feau et al. 2019, Ohno et al. 2020, Dale et al. 2021). Preliminary work looking at detection 
of invasive pathogens in wood has shown detection can be greatly enhanced using genomic-
based detection methods, however several confounding variables and limiting factors still exist 
which limit uptake. For example, many detection methods are focused on known pathogens of 
concern, where detection assays exist or can be easily developed. These methods are very 
suitable to rapid, high throughput detection of pathogens in wood products, for example in 
screening for quarantine pathogens in a phytosanitary setting. They are not suited to scenarios 
where no a-priori information exists on the infecting organism and the organisms present may 
not be all from one group. For example, microorganisms that cause decay can belong to bacteria 
or fungi, and within the fungi, they may belong to the ascomycetes or basidiomycetes. 
Pathogens that cause cankers in trees may belong to bacteria, fungi or oomycetes.  

FPInnovations handles various queries from producers and users of forest products which may 
range from determination of species and origin of pests including insects in traded wood 
products to detection and identification of wood rot species in wood structures such as 
buildings or bridges. Often the sample size in these scenarios is small but the impacts are large. 
Detection of a single aggressive wood rot species could mean the replacement of the supports 
in a large wooden structure whereas a less aggressive, slow rot may only require localized 
treatment or repair, which may be important in older wooden structures with a cultural or 
historical significance. Determination of presence/absence, species, and origin of a pest, or if it 
is alive or dead may result in either the acceptance or denial of exports. Given the nature of the 
inquiries, especially for decay, genome sequencing or DNA barcoding are often the best tools 
available to solve the problem at hand. However, the large cost and long-time frames associated 
with preparing full plates of samples and sending them to centralized locations for sequencing, 
the time required to process results, and not knowing if the techniques will work on the samples 
in question leave many hurdles for organizations to use the technologies available. In addition, if 
users want to use genome sequencing methods to better understand the nature of attack or 
infestation there is often a lack in their ability to analyze and interpret large volumes of 
sequencing data to gain useful knowledge on the species present.  

For this project, we will investigate cloning and sequencing as a method to identify decay and 
pathogenic microorganisms found in environmental wood samples and compare the time, cost 
and feasibility to metabarcoding with next generation sequencing. Lastly, we will investigate 
third generations sequencing, specifically the MinION, as a potential technology for use in the 
routine processing of small samples. Third generation sequencing produces long sequence reads 
which eliminate many of the problems with identification based on short reads. Furthermore, 
portable technology exists which is scalable and economical, making the technology not only 
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more user friendly but also more attractive for small projects when the need to analyze fewer 
samples is present. 

2 OBJECTIVES 
To determine if cloning and sequencing is feasible for detection and identification in projects 
with small sample sizes. 

To investigate the limitations and feasibility of third generation sequencing using the portable 
MinION technology for detection and identification of fungi and other microorganisms in small 
sample sizes. 

3 MATERIALS AND METHODS 
3.1 Cloning and PCR 
To compare traditional metabarcoding methods (cloning and Sanger sequencing) with next 
generation (Illumina sequencing) and third generation sequencing (long read sequencing), we 
undertook a small experiment utilizing cloning and sequencing to generate current data on 
costs, timing and feasibility. 

An assortment of samples from rotten or infected wood in which DNA had previously been 
extracted were used for the experiment. The DNA from infected wood was amplified in a 
polymerase chain reaction (PCR) targeting the internal transcribed spacer regions (ITS) one and 
two of the ribosomal DNA using primers ITS1-F specific to fungi (Gardes and Bruns, 1993) or ITS 
6 (Cooke et al., 2000), specific to oomycetes as the forward primer with the universal primer 
ITS4 (White et al., 1990).  

Total reaction volume was 25 µL and contained 1X GoTaq PCR buffer (Promega Corporation, 
USA), 2.0 mM magnesium chloride, 0.2 mM dNTPs, 0.5 µM of each primer, 0.7 units of GoTaq 
polymerase (Promega Corporation, USA) and 20 to 200 ng of DNA. Reactions were run with the 
following thermal cycler conditions: 95 °C for 2 minutes followed by 6 cycles of 94 °C for 60 
seconds, 58 °C for 60 seconds deceasing by 1 °C each cycle, 72 °C for 90 seconds and 35 cycles of 
94 °C for 60 seconds, 55 °C for 90 seconds, 72 °C for 90 seconds, and a 10 minute extension step 
at 72 °C. PCR products were electrophoresed through a 1% agarose gel stained with GelRed 
(Biotium Inc. USA) and visualized under UV light. 

PCR products were cleaned using the Wizard SV Gel & PCR cleanup kit according to the 
manufacturer’s instructions. PCR products were cloned using the PGEM-T Easy Vector System II 
with an overnight ligation step at 4° C and then transformed into JM109 Competent Cells. Cells 
were plated on LB plates (10g tryptone, 5g Bacto yeast extract, 5g NaCl in 1L distilled water) 
containing 100µg/ml ampicillin (Fisher BioReagents) and Chromomax containing IPTG and X-Gal.  

Plates were assessed for growth after 24 hours incubation at 37°C. The cloning experiment was 
repeated once, at which time the competent cells were plated on LB media with and without 
ampicillin to test their viability. 
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3.2 Cost Comparison 
To determine the feasibility of cloning and PCR for small scale studies, the price and time 
required for doing the work on a set of samples less than 20 was calculated and compared to 
the cost of running an Illumina sequencing on a full plate for 20 reactions. The cost of the initial 
DNA extraction and polymerase chain reaction (PCR) was not included in the comparison as it is 
the same for all methods. 

4 RESULTS AND DISCUSSION 
Metabarcoding is a technique used to simultaneously identify all the taxa present in a sample of 
DNA arising from an environmental substrate, or eDNA. Often, it can be difficult to culture or 
grow all the organisms present in a sample. For example, compounds in the environment or 
host can inhibit isolation attempts, there can be a lack of knowledge around the growth 
requirements needed for some organisms, or faster growing or competing organisms inhibit 
slower growing ones. In these scenarios, in-situ identification using metabarcoding may be a 
more appropriate technique than traditional culturing.  

Genomics based methods relying on high throughput sequencing techniques such as Illumina 
sequencing are becoming more routinely used for these purposes; however, it is not always 
feasible to use high throughput methods, specifically when dealing with a small sample size, or 
when completing a pilot study on complex samples such as treated wood. In these scenarios, in-
house solutions that can be completed more quickly would be desirable.   

In this project, we attempted to use cloning and sequencing to identify fungal species in 
environmental samples to compare the cost and feasibility when compared to plate-based 
Illumina sequencing. Furthermore, we investigated the MinION as a potential third generation 
sequencing technology which may be better suited to small sample sizes and more economically 
feasible than plate-based sequencing. 

4.1 Cloning and Sequencing  
The costs of cloning and sequencing using first generation Sanger technology was estimated at 
approximately $10,000 to $11,000 for 20 samples (including controls). Excluding the in-house 
labour costs, the out-of-pocket expenses are approximately $2,500 to $3,000. The out-of-pocket 
expenses were similar to the costs of Illumina sequencing (Tables 1 and 2). Price varies based on 
the number of clones needed to sequence to get a good representation of the species present in 
the sample, which would depend on the complexity of the community. For instance, soil 
samples might be expected to harbour a higher fungal diversity than an above ground wood 
structure and therefore, one might need to sequence more clones to reveal all the species 
present. The cost of cloning and sequencing is dependant on the number of samples run, with 
the Sanger sequencing and analysis steps having the greatest effect on price. Cloning and 
sequencing could be a viable option for a very small number of samples (< 8).  

One of the biggest advantages to cloning and sequencing is the ability to target longer barcodes 
with Sanger sequencing which can increase the confidence in identification down to species. 
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Read length is limited with Illumina sequencing which can limit identification to genus is some 
instances. A second advantage to cloning and sequencing is the length of time it takes to 
complete. Out-sourcing to a centralized facility for next generation sequencing can take more 
time and is often dependant on how busy the facility is. Cloning and sequencing may take 
substantially less time, estimated at approximately two to three weeks, depending on the skill of 
the user, the number of samples being run, and the time needed for troubleshooting. Trouble 
shooting failed runs can increase the time required for an experiment. 

Another advantage of cloning and sequencing is the ease of data analysis and the smaller 
amount of data resulting from sequencing, allowing the process to be completed in-house. 
Sequencing cloning products uses first-generation Sanger technology and analysis requires the 
same level of skill and computing power as sequencing single cultures. Although analysis is 
simpler, manually processing Sanger sequencing data still takes time. Depending on the number 
of clones sequenced, analysis is estimated at two to three days.  

One of the biggest disadvantages of the cloning method are the number of steps required in the 
lab (Figure 1). This increases the risk of errors and the complexity of troubleshooting. 
Troubleshooting and repeat experiments can quickly increase the cost and time required for 
cloning and sequencing. In our pilot study, the first attempt failed. Additional time was spent 
troubleshooting and repeating the experiment. The second attempt also failed. Although we 
could pinpoint the problem to the transformation step (Figure 1), further efforts and 
consumables would have been required to determine why the transformation failed. We 
decided it was not feasible to continue to troubleshoot to fix the problem. Each attempt at 
cloning increases the length of time required for the experiment by approximately three to five 
days.  

Table 1. Approximate cost of cloning and sequencing for 18 samples. Prices are based on 2022 
costs and do not include initial DNA extraction or PCR and gel costs*.

 Components Unit Cost/Un
it Total Cost Time to 

complete 
FPInnovations in-house cloning  
Cloning Kit  1 385 $ 385  
PCR clean-up kit 1 130 $ 130  
Media components 1 370 $ 370  
Amplify clones 180 1.65 $ 297  
Labour 19 157 $ 2,983 3-5 days** 
Subtotal   $ 4,165  
Research Center of the CHU de Québec-Université Laval – Sanger sequencing platform 
Sanger sequencing forward 180 5 $ 900  
Sanger sequencing reverse 180 5 $ 900  
Subtotal   $ 1,800 3-5 days 
FPInnovations in-house data analysis 
Labour 30 157 $ 4,710 4-5 days 
Total cost and time   $ 10,675 15 days** 

*DNA extraction cost approximately $5.50 per reaction and takes approximately 4 hours to complete. PCR 
and gel cost approximately $1.75 per reaction and take approximately 2 hours to complete. 

Does not include any time for repeating steps due to failures 
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Figure 1. Workflow for metabarcoding using cloning and Sanger sequencing. 
 

4.2 Illumina Sequencing  
The cost to sequence twenty samples on an Illumina sequencer at Genome Quebec is 
approximately $3300 (Table 2) and the expected turn around time is 10 to 12 weeks with 
analysis but can vary depending on how busy the facility is. Furthermore, any troubleshooting 
steps are transferred the to the sequencing facility. This can save costs, however, may increase 
the risk of failure as a centralized facility may not have the specific skill set required for working 
with specialized samples such as treated wood. 

The two biggest disadvantages of Illumina sequencing are the time required and the length of 
the resulting sequences. Illumina sequencing technology is a short read technology and 
amplicon metabarcoding is usually limited to half of the internal transcribed spacer region, 
either the ITS 1 or the ITS 2.  

Table 2. Approximate cost of metabarcoding with Illumina sequencing for 20 samples. Prices are 
based on 2022 costs and do not include initial DNA extraction or PCR and gel costs.

 Components Unit Cost/Unit Total Cost Time to 
complete 

Genome Quebec sequencing costs  
Per sample preparation costs 20 $ 12.75 $ 255  
Per amplicon target costs 1 $ 124 $ 124  
Illumina MiSeq PE250 sequencing run 1 $ 1,825 $ 1,825  
Subtotal   $ 2,174 40 to 50 days 

DNA extraction PCR amplification Clean PCR products 
with wizard kit

Ligation reactionTransformation 
reaction

Grow transformed 
competent cells on 

selective media

Colony PCR on 
transformants

Sequence a subset 
of clones using 

Sanger sequencing

Identify sequences 
using Blast searches 

on NCBI
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 Components Unit Cost/Unit Total Cost Time to 
complete 

Canadian Centre for Computational Genomics (C3G)  
Bioinformatics analysis on < 200 ITS 
samples 1 to 199 $ 1,120 $ 1,120  

Subtotal    5 to 10 days 
Total Cost   $ 3,294 50 to 60 days 

 

4.3 New Technologies 
Portable third generation, long read DNA sequencers may alleviate many of the problems 
associated with cloning and with Illumina sequencing. Oxford Nanopore Technologies has 
developed a small, portable sequencing instrument called the MinION. The MinION generates 
long sequence reads, increasing the resolution and confidence of species identification for high 
throughput sequencing to that of traditional barcoding with Sanger sequencing. Some studies 
have sequenced targets up to 1500 base pairs including the internal transcribed spacers one and 
two (ITS 1 and ITS 2) as well as part of the more conserved large subunit of the ribosomal DNA 
(Mafune et al. 2020). With the latest advancements, sequencing error rates have been reduced, 
accuracy increased, and the scale has been reduced even further with the introduction of a low 
capacity and low-cost flow cell called the Flongle, making it possible for users to sequence a 
small set of samples, at a low cost, with improved accuracy of sequence identification 
(Srivathsan et al. 2021). Srivathsan et al. (2021) propose that the MinION will be the way 
forward for government agencies, museums, universities, and schools due to the low cost and 
scalability. 

The small size and simple workflow allow for sequencing anywhere, even in the field. Users do 
not need to invest much capital to set up a sequencing facility. The data analysis step has been 
automated and built into the system enabling users with little to no bioinformatics skills, the 
ability to identify the sequences present in a sample. Sample preparation and sequencing can be 
done in as little as two days.  

The disadvantages of using a new technology are the initial start up costs and the learning curve 
associated with using the instrument and in this case, analysing the data. Although the 
instrument itself is less than $5000, the recommended protocol uses additional steps and 
equipment that need to be secured as part of the set up (Table 3). Once up and running 
consumable costs would be approximately $3200 (Table 4), which is comparable to the costs of 
cloning and sequencing and Illumina sequencing; however, the labour costs are carried by the 
user which increases the cost anywhere from $3500 to $7000 (Table 4). The flow cells, which are 
a consumable item, expire within four weeks. For routine work, this would not be a problem, 
but for occasional work, a new pack of flow cells would need to be purchased each project. This 
could be a drawback if the majority of the flow cells go to waste. 

Another disadvantage with the technology is the workflow which has multiple steps (Figure 2). 
Like cloning and sequencing, multiple steps allow more room for error and can increase 
troubleshooting time and costs. 
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Table 3. Equipment required for MinION metabarcoding, including equipment on hand and 
equipment FPInnovations would need to acquire. 

Equipment already on hand 

 

Equipment needed Estimated 
cost 

Thermocycler(s) MinION sequencer (preferably Mk1C for 
basecalling)**  $4900 

Gel Electrophoresis setup Flongle adapter/starter pack $1460 
Vortex and Mini-centrifuge Magnetic Separation Rack $700 - $1500 

pipettes  
freezer, fridge  

Fluorometer for DNA 
quantification* 

 
 Estimated total cost of new equipment $8000 

*Qubit is the preferred method, but the other methods may suffice; ** if not the Mk1C a laptop or other 
computing requirements need to be met. 

Table 4. Approximate cost of metabarcoding with the portable MinION. Excludes initial startup 
costs including the MinION sequencer and Agencourt SPRIPlate magnetic plate.

 Components Unit Cost/Un
it Total Cost Time to 

complete 
FPInnovations in-house sequencing  
Equipment depreciation* 1 260 260  
Sequencing labour 22 157 3454 3 days 
Sequencing consumables n/a n/a 3206  
Subtotal   $6920  

FPInnovations in-house data analysis 
Labour 22 157 3454 3 days 
Total cost and time   $ 10,374 6 days 

*Calculated based on a 15 year lifespan with no salvage value, and estimated usage of two times a year 
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Figure 2. Metabarcoding using the MinION portable sequencer.  
 

Each technology comes with its own risks, disadvantages and advantages (Tables 5 and 6). Given 
the significant reduction in costs associated with sequencing, outsourcing larger sequencing 
projects to a facility with an Illumina sequencer, and including the bioinformatics or analysis 
step is the most economically feasible solution. Routine sequencing of eDNA would benefit from 
the use of a MinION, in particular because of the advantage of long reads, although initial efforts 
would be needed for learning to use the technology and interpreting the output. Currently, the 
use of any one technology is most dependant on the number of samples and the expected 
complexity of the fungal or microorganism community (Figure 3). For example, if targeting 
Basidiomycetes in the inner surface of decayed wood, there is a good probability that the DNA 
extraction from the wood and PCR using Basidiomycete specific primers would be enough to 
yield DNA from a single species which could be sequenced using traditional Sanger technology 
(Figure 3). However, if looking at the fungal community in soil, it would be more feasible to 
sequence using Illumina technology or a third-generation technology, like the MinION (Figure 3). 
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Table 5. Risks and probabilities associated with each metabarcoding technology investigated. 

Technology Risks Probability Solution Cost 

Cloning and 
Sequencing 

Failure during cloning 
steps High Troubleshoot 

and repeat 

Increased financial 
cost; increased 
time to results 

Illumina 
metabarcoding 

Cannot ID to species 
level with short 

sequences 
High 

use more 
target 

barcodes 

Using additional 
barcode targets 
increases cost 

MinION with 
flongle 

metabarcoding 

Difficult to learn/run; 
complex set up and 

additional small 
equipment needs 

High 
Obtain demo 

or training 
from outside 

Increased 
manhours for 

training and IT set 
up 

 

Table 6. Benefits and disadvantages associated with each sequencing technology for amplicon 
metabarcoding. 

Technology Benefits Disadvantages 

Cloning and Sequencing 

No bioinformatics skills required; 
can be done in-house; No further 

training required; longer 
sequences for better 

identification 

Slow process with many steps; 
Requires more manhours to 

complete 

Illumina metabarcoding 

Can be outsourced; requires less 
in-house manhours; 

troubleshooting is done by 
sequencing facility; analysis can 

be outsourced 

Timeline is dependant on 
outside facility; requires 

bioinformatics skills to analyze 
data; generates massive 

amounts of data and may 
require a server for storage 

and analysis; shorter 
sequences and less confidence 

in identifications 

MinION with flongle 
metabarcoding 

Long sequence reads and 
increased confidence in results; 
rapid results, in as little as 2 to 3 

days; can be done in-house; 
analysis is automated; scalable; 
low initial cost; tutorials readily 

available for self training 

May require specialized 
equipment or consumables 
which could increase cost; 
Analysis may require some 
training; setup requires a 

dedicated computer/laptop 



 

10 
 

 

Figure 3. Decision tree for best method of identification for microorganisms in environmental samples. 

5 CONCLUSIONS 
Processing of environmental DNA was compared for three technologies looking at the costs, 
time required, benefits and risks for each. Illumina sequencing is the most cost effective solution 
as nearly all steps can be outsourced; however it takes the longest amount of time to complete. 
The price for cloning and sequencing would exceed the costs of second and third generation 
sequencing technologies and any benefits would quickly be lost when processing more than 10 
samples.  

For occasional projects, with 20 or more samples, using Illumina sequencing and outsourcing the 
sequencing and bioinformatics would be the most feasible method. However, routine analysis of 
ten or more environmental samples would benefit from the use of a MinION portable DNA 
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sequencer. The ability to process samples start to finish in less than a week and the low cost of 
set-up would quickly out-weigh any disadvantages of the technology, although, the startup time 
to learn to run the analysis would also need to be considered. Sequencing with a portable 
MinION device requires consumables that expire within four weeks, so it would not be suitable 
for small projects occurring infrequently. 

Cloning and sequencing requires a larger input of user time and there is a substantial risk of 
failure requiring further troubleshooting and repeats to obtain results. Cloning and sequencing 
may still be a suitable technique for occasional identification in a small number of samples (less 
than 10), in which culturing or direct PCR on eDNA have failed.  
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