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SUMMARY:
This study presents a rapid ddPCR method for quantifying soil microbial biomass and fungal-to-bacterial ratios. Although ddPCR-derived microbial biomass carbon shows only weak correlation with chloroform fumigation estimates, the method provides a sensitive, scalable molecular approach for assessing microbial abundance without additional soil sampling or the use of harsh.

ABSTRACT:
Soil represents the largest terrestrial pool of organic carbon, yet more than 133 Gt of carbon has been lost from soils over the past two centuries. Accurate quantification of soil microbial biomass, particularly fungi and bacteria, the primary decomposers driving carbon and nutrient cycling, is essential for understanding soil ecological functioning and health. Conventional approaches, including chloroform fumigation extraction and PLFA analysis, are limited by high sample requirements and uncertainties associated with converting biochemical markers into microbial biomass estimates. Here, we present an optimized workflow for quantifying bacterial and fungal abundance in soil using digital droplet PCR (ddPCR) targeting the 16S and 18S rRNA genes. The method enables absolute quantification of microbial gene copies, conversion to cell numbers using gene copy number correction factors, and subsequent estimation of microbial biomass carbon. We applied this protocol to soils from five globally distributed agricultural systems differing in soil texture, land use, and organic matter content. ddPCR-derived estimates were compared with conventional chloroform fumigation estimates of microbial biomass carbon. ddPCR provided high-resolution quantification of microbial abundance and produced broader and more sensitive estimates of F:B ratios across soil types than whole genome sequencing. Although ddPCR-derived MBC showed only a weak correlation with chloroform fumigation values, this method offers an effective molecular approach for assessing microbial biomass and ecological indicators such as the F:B ratio. This protocol provides a reproducible and scalable strategy for integrating microbial abundance measures with compositional analyzes to advance soil health assessment.

INTRODUCTION:
Soil is the largest terrestrial organic carbon pool, holding more carbon than vegetation and atmospheric carbon combined1. Over 133 gigatons (Gt) of carbon have been lost from soils in the past 200 years, and ongoing efforts to restore and maintain soil carbon stocks are vital for global soil health2. Given the immense carbon storage capacity of soil organic carbon (SOC), accurately determining the major contributors to these carbon stocks is fundamentally important3. Microbes play a fundamental role in nutrient cycling within soil, and microbial biomass represents a significant component of SOC3. Fungi and bacteria are the principal decomposers in soil environments and are essential in the biogeochemical cycles of these ecosystems4,5 In bacterial-dominated soil, organic matter decomposition and nutrient mineralization are much faster than in a fungal-dominated5. The fungal-to-bacterial (F:B) ratio is increasingly employed as an indicator of soil health6,7; therefore, accurate assessment of both fungi and bacteria is critical.

Microbial biomass estimations in soils often rely on disruptive chemical treatments, such as chloroform fumigation8. Other approaches selectively target the active microbial community through techniques like substrate-induced respiration or phospholipid fatty acid (PLFA) analysis9. PLFA analysis has been widely used to assess microbial community composition and estimate the F:B ratio. However, significant variation in cell size across different fungal and bacterial species introduces uncertainty when converting PLFA concentrations into biomass or population-based F:B ratios, rendering such estimations potentially unreliable10. Other methods, such as flow cytometry, can be used to increase sample throughput for determining bacterial abundance in soils; however, their accuracy may be reduced due to non-microbial particles having similar size, shape, and autofluorescence characteristics to the microbes11. Chloroform fumigation requires a relatively large amount of soil (>10 g) to estimate microbial biomass, whereas a sample size of 500 mg of soil is sufficient for DNA-based methods when performing extractions with commercial kits. A previous comparison between DNA-based methods and chloroform fumigation showed that although both approaches were capable of estimating microbial biomass, using them in conjunction provided a more robust assessment of soil microbial biomass12. 

Microbial community assessments are an under-utilized metric of soil health that has the potential to transform how we measure and understand soils13. Metabarcoding approaches are conventionally used to determine the soil microbial community, with relative bacterial abundances assessed by amplifying regions of the 16S rRNA gene, while fungal taxa are targeted using the 18S rRNA gene or internal transcribed spacer (ITS) region14. Metabarcoding approaches for fungi may rely on different genomic target regions, affecting the diversity and abundance of the fungal species identified. The uneven ITS length among fungal species may promote preferential amplification and sequencing, therefore incorrect estimation of their abundance, leading to an incorrect evaluation of fungal communities15. The Fungiquant primers were developed to target specific variable regions within the 18S rRNA gene that show comprehensive coverage of diverse fungi and specificity compared to other eukaryotes16. 

Most bacteria and fungi have more than one copy of the targeted gene, which leads to biased cell count estimates. Furthermore, fungi often have multinucleate cells with variable numbers of nuclei per cell6. There is considerable rRNA gene copy number variation both within and among taxonomic groups, typically totalling less than 15 copies in prokaryotes, and estimated to range between 28 and 511 for fungi17. Due to this variation, molecular techniques that are used to analyze microbial community structures are considered semi-quantitative, as they can skew the estimation of species relative abundance in a community18. Measured gene copy numbers (GCN) are routinely converted to cell abundances using the estimated average GCN in the taxonomic group of interest18–20. 

Some studies have used metagenomic approaches, as they offer several advantages over metabarcoding, including the elimination of amplification bias and the ability to examine the entire microbial community comprehensively21. In addition, they enable simultaneous comparison of fungal and bacterial compositions, as well as their relationships to each other22. In general, RT qPCR is commonly employed to detect microbial content and function23. qPCR has limitations when compared to digital droplet PCR (ddPCR) for absolute quantification due to its sensitivity to inhibitors, as it requires an external standard24.

 ddPCR is a breakthrough technology that relies on partitioning individual amplification reactions into separate droplets. The template is subsequently amplified by PCR in every single droplet as a separate reaction. ddPCR has low sensitivity to enzymatic inhibitors, better precision, repeatability, sensitivity, and stability in bacterial and fungal quantitation than qPCR25. Furthermore, it is a method that can be utilised for absolute quantification of bacteria and fungi in soil5. Since ddPCR relies on the same extracted DNA used to assess microbial compositional shifts, abundance data from ddPCR can be directly linked to community composition data26 and be used to quantify the soil microbial biomass.  

This study provides a methodology for the quantification of fungi and bacteria in soils using digital droplet PCR (ddPCR). This optimized method was applied to soils from five different global locations and land uses. Sample locations were selected to encompass a broad spectrum of soil properties, environmental conditions, and management practices, thereby enabling evaluation of the robustness and generality of our approach across diverse settings. These data enabled the determination of the F:B ratio as a molecular bioindicator of soil ecological quality. Finally, a comparison of estimated microbial biomass between the microbial ddPCR data and conventional chloroform fumigation methods was performed. 

PROTOCOL:
An overall schematic of these protocols is shown in Figure 1. The reagents and the equipment used are listed in the Table of Materials.

1. Soil Sampling 

1.1. Collect composite topsoil samples (0–20 cm) from five global locations, with three samples from randomly selected points within a 25 m area from each location. 

NOTE: All samples were collected from agricultural systems representative of the regional land-use in which they were situated. Soil texture was characterised using laser diffraction, measured by a laser diffraction particle size analyzer (Table 1). Samples were transported at ambient temperature and stored at 4 ˚C until further analysis.  

2. DNA extraction 

NOTE: Perform the DNA extraction using a soil DNA extraction kit following the manufacturer's instructions. Room temperature for all the steps was 20 ˚C.

2.1. Spin the 2 mL bead-beating tube briefly to ensure that the beads have settled at the bottom. Add 100 mg of soil and 800 µL of Solution CD1. Vortex briefly to mix.  

2.2. Homogenize samples thoroughly using a bead mill homogenizer, with samples lysed for 40 s at 6 m s−1. 

2.3. Centrifuge a bead beating tube for mechanical cell lysis at 15,000 x g for 1 min at room temperature. 

2.4. Transfer the supernatant to a clean 2 mL microcentrifuge tube. 

NOTE: The supernatant may still contain soil particles. 

2.5. Add 200 µL of Solution CD2 and vortex for 5 s. 

2.6. Centrifuge at 15,000 x g for 1 min at room temperature. 

2.7. Transfer up to 700 µL of supernatant to a clean 2 mL microcentrifuge tube, avoiding the pellet. The pellet should be visible. 

2.8. Add 600 µL of Solution CD3 and vortex for 5 s.  

2.9. Load 650 µL of the lysate onto a spin column and centrifuge at 15,000 x g for 1 min at room temperature.  

2.10. Discard the flow-through and repeat step 2.9 to ensure that all of the lysate has passed through the spin column.  

2.11. Place the spin column into a clean 2 mL collection tube.  

2.12. Add 500 µL of Solution EA to the spin column. Centrifuge at 15,000 x g for 1 min at room temperature.  

2.13. Discard the flow-through and place the spin column back into the same 2 mL collection tube.  

2.14. Add 500 µL of Solution C5 to the spin column. Centrifuge at 15,000 x g for 1 min at room temperature.  

2.15. Discard the flow-through and place the spin column into a new 2 mL collection tube.  

2.16. Centrifuge at up to 16,000 x g for 2 min at room temperature.  

2.17. Place the spin column into a new 1.5 mL elution tube.  

2.18. Add 50–100 µL of Solution C6 to the centre of the white filter membrane.   

2.19. Centrifuge at 15,000 x g for 1 min at room temperature. Discard the spin column and save the elute at -20 °C. 

3. Quantification of purified DNA 

NOTE: Purified DNA was quantified using a fluorometer and a double-stranded (dsDNA) Broad range (BR) assay kit following the manufacturer's instructions. 

3.1. Prepare a working solution using a 199:1 ratio of buffer to reagent. 

3.2. Add 10 µL of each DNA standard to 190 µL of the working solution. 

3.3. Add 1–20 µL of purified DNA to 180–199 µL of working solution. The final volume should be 200 µL. Vortex and incubate standard and DNA samples at ambient temperature for 2 min. 

3.4. Analyze the standards before the DNA samples on the fluorometer using the on-screen instructions.

4. Primer choice 

4.1. For the analysis of soil microorganisms, select specific primers based on relevant references. For bacteria, 16S rRNA primers were used25,27, and for fungi, 18S rRNA primers16. 

4.2. Perform amplification using the DNA-binding dye-based real-time PCR (qPCR) master mix and a thermal cycler. The primer sequences are provided in Table 2. 

5. Microbial quantification using ddPCR 

5.1. Thaw and vortex all reagents on ice.  

5.2. Set up the ddPCR reaction as follows: 0.1 µL (10 µM) forward and 0.1 µL (10 µM) reverse 16S or 18S primer, 10 µL ddPCR Evagreen Supermix, 0.5 ng template DNA X µL, using nuclease-free water (NFW) to adjust the final reaction volume to 22 µL. Create a negative control by adding NFW instead of the template for each column.

5.3. Place the DG8 into the cartridge holder.

5.4. Place a total of 20 µL of the reaction mix into the sample wells in the cartridge. 

5.5. Add 70 µL of ‘Droplet Generation Oil for Evagreen into the cartridge well labelled ‘oil’.

5.6. Place the cartridge into the droplet generator and cover the cartridge with a gasket.

5.7. Transfer 40 µL of the generated droplets to a 96-well (semi-skirted) plate for PCR amplification.

5.8. Seal the 96-well plate using the plate sealer (Temperature, 180 ˚C for 5 s).

5.9. Use the following cycling conditions with a heated lid set at 105 ˚C.

NOTE: (a) Bacteria: 98 ˚C for 5 min, 40 cycles of; 94 ˚C for 30 s, 61˚C for 60 s, 5 min at 4 ˚C, 10 min at 98 ˚C. (b) Fungi: 95 ˚C  for 5 min, 40 cycles of; 95 °C for 30 s,  55 °C  for 1 min,  72 °C  for 30 s, 5 min at 4 °C, and 5 min at 90 °C.

5.10. Transfer the 96-well plate to the plate reader.

5.11. Evaluate the copy concentration of each well using QuantaSoft version 1.2. Adjust the threshold of the amplitude to separate negative and positive droplets. 

5.12. Calculate the number of gene copies per ng of DNA in the reaction by multiplying copies/µL by the final reaction volume (20 µL) and dividing by the total template DNA input into the reaction as follows:  (copies µL-1 x reaction volume) / Total DNA input into reaction.

5.13. Calculate the total gene copies per ng of DNA extracted by multiplying the gene copies per ng by total DNA extracted (ng) as follows: (gene copies per ng x total DNA extracted).

5.14. Calculate the gene copies per gram by dividing total gene copies per ng of DNA extracted by the amount of dry weight of soil processed in the extraction (g), as follows: 
gene copies per gram = (total gene copies per ng of DNA extracted / gdw of soil processed in the extraction).

5.15. Calculate the cell count per gdw by converting the gene copies using the average gene copy number (GCN) following the equation: 
Cell count = gene copies per gram / Mean gene copies/cell).

5.16. Convert the cell numbers to Microbial biomass carbon (MBC) using the following equation:  
MBC for 16S (mg C g-1 soil) = cells gdw-1 × (100 fg cell-1)  × 10−15 (g fg-1) × 103 (mg g-1)28
MBC for 18S (mg C g-1 soil) = cells gdw-1 × (6 fg cell-1)   x 10−12 (g fg-1) × 103 (mg g-1)29
The complete process is explained in Figure 2. 

NOTE: The average 16S rRNA gene copy (mean ± SD) for 46 bacterial phyla20 was calculated and used as a correction factor for bacteria, with a final value of 2.48. While for fungi, the gene copy number was calculated with a correction factor of 113 according to Lofgren et al.17. Microbial biomass carbon (MBC) was estimated from ddPCR-derived cell counts, using assumed cellular carbon contents of 100 fg per bacterial cell28, and 6 pg per fungal cell29. 

6. Soil molecular analysis from whole genome sequencing  

6.1. Prepare the sequencing library following the Oxford Nanopore Technologies SQK-NBD114 protocol, using the Native Barcoding Kit 24 V14 (SQK-NBD114.24) (see Table of Materials). Ensure to use one barcode, provided in the kit, for each sample.

6.2. Sequence the prepared library using an Oxford Nanopore Technologies R10.4.1 flowcell.

6.3. Perform basecalling in MinKnow during the sequencing run by selecting the super high accuracy (SUP) model and selecting barcode trimming “ON”. Dorado version: 0.7.2+9ac85c6.

6.4. Perform taxonomic classification of DNA sequence reads against using the taxonomic classifier Kraken2 (v2.1.3)30 against the NCBI non-redundant protein (nr) database, confidence 0.05.

6.5. Inspect the kraken2 report files for total bacteria and fungi read classifications.

6.6. Calculate the relative abundance of bacteria and fungi for each sample.

7. Soil microbial biomass carbon estimation by chloroform fumigation

7.1. Weigh fresh soil samples into pre-weighed pans and dry in an oven at 105 °C for 24 h.

7.2. Calculate soil moisture content by subtracting dry soil weight from fresh soil weight and dividing the difference by fresh soil weight.
Moisture content (%) = ((W wet – Wdry)/ Wdry) × 100

7.3. Use the moisture content to calculate the dry matter of the soil.
Dry Matter (%) = 100 – Moisture content (%)

7.4. Add 5 g of soil to two individual 50 mL centrifuge tubes, labeled unfumigated and fumigated.

7.5. Add a total of 25 mL of 0.5 M K2SO4 to the unfumigated labelled tube. 

7.6. Shake the samples in an orbital shaker for 1 h at room temperature on an orbital shaker.

7.7. Whilst shaking, add 2 mL of ethanol-free chloroform directly to the soil in the fumigated, labeled tube. Close and secure the lids with parafilm, and incubate in the dark for 24 h at room temperature.

7.8. Centrifuge the unfumigated sample for 10 min at 2,500 x g at room temperature. 
 
7.9. Decant the supernatant from the unfumigated sample, strain through a 0.45 µm cellulose filter, and store at -20 ˚C. 

7.10. Remove the lids from the fumigated samples and vent in the fume hood for 2 h, then perform the K2SO4 extraction as mentioned above and store at -20 ˚C. 

7.11. Measure the carbon concentration of the extract for both ‘fumigated’ and ‘unfumigated’ samples, using a Total Organic Carbon analyzer. 

7.12. Calculate microbial biomass carbon by performing microbial biomass carbon = (fumigated-unfumigated)/0.45. Normalise for per gram dry weight soil.

8. Soil organic matter content estimation

8.1. Dry a porcelain crucible in a convection oven at 105 ˚C for 30 min, then weigh it after cooling to 20 ˚C (WC).

8.2. Place up to 2 g of soil into the dried crucible and weigh again.

8.3. Dry the soil samples in the filled crucible in a convection oven at 105 ˚C for 24 h.

8.4. Place in a sealed desiccator to cool and weigh again (WS).

8.5. Preheat a muffle furnace to 550 ˚C, then place the crucible containing the soil in the furnace for 4 h. 

8.6. Remove the crucible with soil from the furnace and place it in a desiccator to cool.

8.7. Weigh the crucible with soil (WA). 

8.8. Measure the percentage of SOM by calculating the difference in soil dry weight before and after incubation at 550 ˚C.
SOMLOI = [(WS –W A)/(WS –WC)] × 100

RESULTS: 
Soil samples were collected from five locations, and soil organic matter content was determined by loss-on-ignition. Soil organic matter contents ranged from 3.38% to 10.34 % across each of the soils used in the study (Table 1). DNA extractions were performed on each soil sample in triplicate, with resultant DNA yields ranging from 32 ng to 4,590 ng per gram of dry soil (Figure 3A). 

DNA concentration differed significantly among soils with varying organic matter content (one-way ANOVA p < 0.0001, R2 =0.97). The soil with the lowest organic matter content, soil A, did not exhibit the lowest DNA concentration. However, soil E, which had the highest organic matter content, had significantly greater concentration of DNA from all other soils (A–D, p < 0.0001), while soil B had the lowest, differing significantly from A and D (p < 0.05). The ddPCR protocol was performed on DNA purified from each of the soil samples using the 16S and 18S rRNA gene primers. The number of gene copies per gram dry weight of soil for each of the 16S (Figure 3B) and 18S rRNA (Figure 3C) genes was determined using the ddPCR. Across all soil samples, there were fewer copies of the 18S rRNA gene than the 16S rRNA gene. Tukey’s post-hoc tests revealed that soil B had the fewest 16S and 18S rRNA gene copies, with an average of 8.8 x 107 and 4.6 x 106 genes copies, respectively, per gram of dry soil. Soil E differed significantly from all the other soils and exhibited the greatest number of 16S and 18S rRNA gene copies with 4.4 x 109 and 2.5 x 109 gene copies, respectively, per gram of dry soil. Fungal copies in soils A–D did not differ significantly from each other, while bacterial copies in soil D differed significantly from soil B and E.  

Whole genome shotgun (WGS) sequencing was employed on DNA purified from each of the soil samples, and taxonomic classifications were performed using Kraken2 against the NCBI nr database. The total number of DNA sequence reads classified against bacteria and fungi was used to calculate the fungal:bacterial ratio (F:B) for each soil and compared to fungal:bacterial ratios calculated from gene copy numbers estimated by ddPCR (Supplementary Figure 1). The F:B ratio values obtained with ddPCR ranged from 0.022 to 0.66 across all soil samples and were higher than those obtained from whole genome sequencing. The highest average F:B was observed in soil E, with an F:B of 0.56 for ddPCR and 0.038 for the WGS methods. Moreover, there was a larger range of F:B values identified in the soil samples using ddPCR rather than WGS. In addition, a positive correlation was observed between F:B ratio determined by the ddPCR method and WGS data (r = 0.59, R2 = 0.35, p = 0.019), as shown in Supplementary Figure 1.  

An average gene copy number for bacteria and fungi was used to convert calculated gene copies to the number of bacteria and fungi cells in the originating samples (Supplementary Figure 2). These data were combined to estimate the total number of microbial cells within the soil (Figure 3D) and differed significantly among soils (one-way ANOVA p < 0.0001). Tukey’s pairwise comparison analysis showed the highest microbial content was observed in soil E, while the lowest microbial content was found in samples collected from soil B, differing significantly from A, D, and E.

Chloroform fumigation was performed on each soil sample in triplicate to estimate total microbial biomass carbon (MBC) in each sample (Figure 4A). Between 3.6 and 9.6 mg carbon per gram of dry soil was identified across the soils used, with no significant differences observed between each of the samples (one-way ANOVA p = 0.266). An average carbon content for bacterial and fungal cells was used to convert the ddPCR-estimated microbial cell number to an estimated total microbial biomass carbon. These ddPCR-derived estimates were compared with the chloroform fumigation method (Figure 4B). To assess the relationship between MBC measured by chloroform fumigation and the ddPCR method, a Pearson correlation was conducted (n = 15). A positive correlation was found between the two methods (r = 0.43, R2 = 0.18, p-value = 0.05). Outliers from soil E, characterised by the highest organic matter content, likely contributed disproportionately to this marginally significant result (Figure 4B). 

FIGURE AND TABLE LEGENDS:

Figure 1: An overview of soil sample processing. The figure illustrates the molecular methods using soil DNA for microbial quantification and the conventional methods for measuring microbial biomass carbon and soil organic matter.

Figure 2: Flowchart of the cell counting process from ddPCR copies for both 16S and 18S, to the final microbial biomass carbon estimation, showing steps 5.11–5.16 of the protocol. 

Figure 3: Microbial quantification of soils. (A) The average DNA concentration purified from each of the soil samples. (B) Average total number of 16S rRNA gene copies per gram dry weight of soil using ddPCR. (C) Average total number of 18S rRNA gene copies per gram dry weight of soil using ddPCR. (D) Average total number of microbial cells per gram dry weight across soil samples. All error bars display the standard error of the mean. A one-way ANOVA and subsequent Tukey’s post-hoc test for pairwise comparisons were performed, and the significant differences are shown using compact letter display (significance threshold = 0.05). Samples are ordered from lowest to highest OM%. Soil Origin (OM%) A: Netherlands (3.38), B: Iraq (5.14), C: China (6.41), D: UK (8.19), and E: UK (10.34).

Figure 4: Microbial biomass carbon measured by chloroform fumigation extraction and gene-based cell estimates. (A) MBC extracted by chloroform fumigation- arranged from low to high organic matter content. Error bars display the standard error of the mean. A one-way ANOVA and subsequent Tukey’s post-hoc test for pairwise comparisons were performed, and the significant differences are shown using compact letter display (significance threshold = 0.05). (B) MBC estimated from cell abundance (cell gdw -1) derived from ddPCR gene copy number and converted to biomass carbon, plotted against total organic matter for the same sample. 

Table 1: Physiochemical properties and land-use characteristics of five soil samples (A–E), for microbial biomass determination.

Table 2: Primer pairs selected for targeting the 16S and 18S rRNA gene using the ddPCR.

Supplementary Figure 1: A correlation between F:B ratio for all soil samples, determined by the ddPCR method and WGS. 

Supplementary Figure 2: Number of cells in different soil samples measured using the ddPCR method targeting:  (A) bacteria; and (B) fungi.

DISCUSSION: 
Soil microbes are the main decomposers in terrestrial ecosystems and play an essential role in nutrient cycling and as a carbon store. Despite the importance of soil microbes, accurately quantifying their absolute abundance using gene copy-based methods is challenging. This is due to many factors, such as the variable number of target genes in different species. This study demonstrates how soil microbial biomass can be quantified using ddPCR by targeting prokaryotes and eukaryotes using the respective 16S and 18S rRNA gene coding regions. The highest F:B ratio in soil E was observed, where this sample also had the highest organic matter percentage. The second-highest F:B ratio was seen in sample C, which correlated with the high acidity of these soils. This was expected for samples C and E, as fungal growth increases with a lower pH31. Whole genome sequencing was performed on the same DNA extracts that were used for ddPCR methods. The F:B ratio between WGS and ddPCR was compared. The F:B ratio calculated from WGS data was lower for all samples analyzed compared to the F:B ratio calculated from ddPCR data. However, the overall trend of the F:B ratio between the samples was visually comparable between each method. This yielded higher F:B ratios on soil samples compared to whole genome sequencing and demonstrated greater F:B ratio variability across different soil types. The lower F:B ratio observed from the WGS data is likely caused by the differences in genome size between fungi and bacteria, and the fungal sequences may be under-represented without enrichment32. Furthermore, despite Soil A having the lowest organic matter content, it didn’t display the lowest number of microbial copies and microbial biomass carbon, highlighting that organic matter content is not always directly correlated with microbial biomass. Notably, the trends observed between originating DNA concentration (Figure 3A) and total microbial cells (Figure 3D) were visually similar, suggesting that DNA concentration is a good proxy for microbial biomass.

ddPCR enables accurate quantification of gene copy numbers within soil samples, and this method can be used to estimate total microbial cells. However, there are limitations that need to be considered. The number of 16S and 18S rRNA gene copies varies widely among microbial taxa23. As a result, using a single correction factor for gene copy number can lead to over- or underestimation of microbial abundance in a sample33. This limitation can be addressed by incorporating prior knowledge of the microbial community18, utilizing whole genome sequencing data, and applying appropriate gene copy number corrections that are representative of the specific soil microbiota. While molecular methods still provide an estimate rather than an exact count, they offer a more accurate prediction of microbial abundance. When combined with community composition data, this approach allows for interpretations that go beyond relative abundance alone19,34.

Microbial biomass carbon (MBC), estimated using chloroform fumigation, showed no significant differences across the samples analyzed, although high degrees of variation in MBC were observed among samples A–D. In contrast, significant differences were detected in total microbial cell counts measured using the ddPCR method, indicating that this molecular approach may provide greater resolution than conventional techniques. However, calculating microbial biomass carbon from microbial cell numbers has its own limitations. Variability in cell size can influence the conversion of cell counts to biomass. Similar to using a single conversion factor for gene copy number, using a single conversion factor for bacterial and fungal carbon content may lead to over- or underestimation of microbial biomass carbon.

Moreover, DNA-based methods may be especially problematic in comparison across soils that display large differences in the degree of dominance between bacteria and fungi. Both DNA yield and GCN can also be affected by the choice of DNA extraction method and primer design35,36, making cross-laboratory comparisons difficult37. In addition, both GCN and DNA yield methods may be vulnerable to overestimation due to so-called “relic DNA”, i.e., DNA in dead organisms or bound to clays14,38. Even though ddPCR methods have shown better precision and repeatability, some disadvantages include it’s complicated processes, high costs, and use of unspecific DNA dye, when using the Evagreen chemistry5. This may create weak false positives, making it difficult to separate positive droplets from negative droplets, and a slight threshold misadjustment could impact the F:B ratio when gene copies are low14. To increase the number of samples that can be processed using this ddPCR method, automation with liquid handling robotics can be used for DNA extractions and reaction setup39. Additionally, the new ddPCR system enables greater multiplexing, generating droplets for 96 samples simultaneously.

It is important to note that all microbial biomass measurements are estimates and involve generalised conversion factors to ascertain the numbers37. Therefore, comparisons between methods should be performed with caution, as it is unknown which are the most accurate. Despite this, chloroform fumigation-extraction methods have been widely used over the last few decades, relying on chloroform vapours to fumigate the soil. This has raised many concerns due to its toxicity to humans and the environment, as well as its effectiveness in lysing soil microbial cells40. In addition, chloroform fumigation may lead to an over-estimation of MBC produced from non-living sources, such as plant residue41. Finally, this method also relies on relatively large amounts of soil in comparison to other molecular methods that require very low quantities of soil (<500 mg). 

This study provides evidence that ddPCR-based methods for measuring soil microbial biomass across a range of soils are robust and are not impacted by different soil types and potential inhibitors. The success of this method is impacted by the originating DNA sample, and therefore, ensuring effective DNA purification from the samples is vital. This method shows promise for microbial detection and quantification in various soil types and textures, complementing existing methods for microbial biomass estimation and enabling valuable future applications in monitoring soil health and scalability for regional or global microbiome surveillance. 
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