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[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK3]SI 1 The technical checklist and recommendations in the IS-based AQ study
[bookmark: OLE_LINK504][bookmark: OLE_LINK505][bookmark: OLE_LINK346][bookmark: OLE_LINK347][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK348]The IS selection and addition amount are primarily determined by three factors: 1) research objectives, 2) sample characteristics and 3) microbial load (Figure S1). Using multiple ISs is recommended, as they can capture more technical variations than a single IS can capture. When the research objective is to quantify the absolute abundance of microbial populations and/or cellular genetic elements, cellular ISs are preferable over DNA-based-ISs. Conversely, DNA-based-ISs are suitable for direct addition to environmental samples if the research focuses on quantifying extracellular DNA. When exogenous microbes are chosen as cellular ISs or using their genomic DNA (gDNA) is used as gDNA-based-ISs, it is essential to pre-screen the signals of ISs from the studied environmental microbiome to ensure that there is no inherent noise would distort subsequent quantitative results. If engineered microbes with marker genes are selected as cellular ISs, the quantitative results for phylogenies closely related to these cellular ISs should be interpreted with caution owing to potential biases introduced by bioinformatic analyses.

[bookmark: OLE_LINK10][bookmark: OLE_LINK13][bookmark: OLE_LINK349][bookmark: OLE_LINK350][bookmark: OLE_LINK506][bookmark: OLE_LINK507]The amount of IS added is determined by the total microbial load, with a recommended range of 1%-5% of total microbial load. This range balances the limit of detection (LoD) and the sequencing effort. Adding cellular ISs at the beginning of a microbiome study, such as at sample pre-treatment, is recommended, as it allows for the correction of biases generated from multiple-step microbial analyses. Using cellular ISs to mitigate the influence of sample pre-treatment on quantitative results is particularly useful, as pre-treatments are commonly needed. High-biomass samples may require dilution, and low-biomass samples may need the volume reduction.

The inconsistency of DNA extraction efficiencies across diverse samples hinders inter-sample comparison. Therefore, we suggest adding cellular ISs prior to DNA extraction. Evaluating DNA extraction performance across various protocols and kits, with a focus on DNA quantity and purity, is vital. Selecting the best performed extraction methods/kits and modifying extraction procedures are essential for yielding high-quality DNA, this is crucial for the success of library construction and sequencing, particularly when Nanopore sequencing is used. 

Amplification bias is a major concern in amplicon sequencing, hence, the use of multiple ISs covering a wide range of GC contents is suggested. The LoD for IS-based AQ method using amplicon sequencing can be defined as at least one quality-controlled reads assigned to a specific taxon. Another key factor to consider is the variation in gene copy number across different microbial taxa, and there is ongoing debate about the necessity of gene copy number correction. For metagenomic studies, the technical evaluation should be conducted at the bioinformatic analysis step, especially when dealing with different read types, such as long reads and short reads. Different mappers and their respective parameters should be evaluated, which can be benchmarked with simulated datasets. Notably, we suggest the use of a mock community comprising known cell count populations to validate the developed IS-based AQ method before its application.

Table S1 Overview of methods used for estimation of total microbial load in environmental microbiome.
	Group
	Methods → Target
	Advantages
	Shortcomings
	Influencing factors
	Ref.

	[bookmark: OLE_LINK645][bookmark: OLE_LINK646]Direct counting methods

	Heterotrophic plate count and multiple-tube fermentation technique 
→ Cultivable microbe
	· [bookmark: OLE_LINK342][bookmark: OLE_LINK343]Well-established protocol.

	· Time-consuming;
· Labor-intense;
· The need of sample dilution or concentration;
· Underestimation of total microbial loads, due to cells are unculturable, viable not non-culturable, or dead.
	· Culture conditions, e.g., culture media, temperature, etc.;
· [bookmark: OLE_LINK533][bookmark: OLE_LINK534]Cell activity and varied growth rates;
· Cell distribution status.
	 [1-5]

	
	Epifluorescence microscopy and Hemocytometer 
→ Total cells
	· Well-established protocol.

	· Labor-intense;
· The need of sample dilution or concentration;
· Sensitive to operator’s skills;
· [bookmark: OLE_LINK514][bookmark: OLE_LINK515]Sensitive to cell distribution status.
	· Cell distribution status;
· Operational skills, e.g., even cell distribution during the filtration, the selection of representative areas using microscope, etc.
	 [6-9]

	
	Flow cytometer 
→ Total cells
	· Highly informative nature;
· Rapid and automatic processing;
· High accuracy and reproducibility;
· Cost-effectiveness.
	· No universal FCM setting and analytical protocol;
· Sensitive to cell distribution status;
· Sample pre-treatment is required, especially for complex samples.
	· Operational skills and operator’s experience;
· Cell distribution status.

	 [10-15]

	Indirect microbial biomass estimation

	UV-vis spectrophotometric optical density (OD) 
→ Total cells
	· Rapid and reliable for pure culture.
	· The need of a standard curve relating actual cell counts and OD values.
	
	 [16, 17]

	
	Volatile suspended solids
→ Biomass
	· Well-established protocol.
	· Imprecise due to the presence of organic particles in VSS.
	· The presence of organic particles.
	 [18-20]

	
	Total DNA amount 
→ Biomass
	· Well-established protocol.
	· Limited references;
· Imprecise due to the presence of DNA originating from non-bacterial (e.g., fungal, viral, protozoan) sources.
	· Various genome size of diverse microbes;
· DNA extraction efficiency.
	 [21]

	
	Microbial biomass carbon and nitrogen (MBC & (MBN); phospholipid fatty acid (PLFA); Adenosine triphosphate (ATP) → microbial indicator
	
	· Limited references;
· Need calibrations between cell numbers and values of MBC, MBN, PLFA, and ATP values.
	· Matrix effect.
	 [22-28]

	Molecular methods 
	qPCR; dPCR → amplicons
	· High sensitivity and specificity;
· High-throughput;
· Large detection ranges;
· Well-established protocol (qPCR);
· Cost-effectiveness (qPCR);
· Rapid turnaround time;
· No need of a standard curve (dPCR);
· Tolerance to sample matrices (dPCR).
	· Bias due to varied DNA extraction efficiencies; 
· Contamination issue, especially for low microbial load samples;
· The need of pre-evaluation on designed primers/primer-probe sets/qPCR assay;
· Amplification bias;
· The need of a standard curve (qPCR);
· Sensitive to matrix effect of samples (qPCR).
	· [bookmark: OLE_LINK531][bookmark: OLE_LINK532]DNA extraction efficiency;
· Matrix effect;
· Operational skills.
	 [29-41]




Table S2 Technical details of IS-based AQ studies.
	IS type
	IS feature
	No. 
of IS
	Sample type
	Validation strategy 
(Mock community 
& Other method)
	IS spiking step
	Ref.

	Cellular IS
	Exogenous
	3
	Feces
	qPCR
	Add to samples before DNA extraction
	 [42]

	Cellular IS
	[bookmark: OLE_LINK91][bookmark: OLE_LINK92]Exogenous
	1
	Soil and feces
	N.A.
	[bookmark: OLE_LINK93][bookmark: OLE_LINK94]Add to samples before DNA extraction
	 [43]

	Cellular IS
	Exogenous
	3
	Soil
	N.A.
	Add to samples before DNA extraction
	[44]

	Cellular IS 
	Maker gene
	1
	Influent and effluent samples from WWTPs
	[bookmark: OLE_LINK344][bookmark: OLE_LINK345]ZymoBIOMICSTM microbial community standard II &
Selective HPC on ﻿Klebsiella spp.
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK48]Add to samples before DNA extraction
	 [45]

	Cellular IS
	Maker genes
	2
	Anaerobic digested slurry
	FCM
	Add to samples before DNA extraction
	 [46]

	Cellular IS
	Maker gene
	2
	Beach water
	ZymoBIOMICSTM Gut Mock Community &
Selective HPC on ﻿E. coli and Vibrio spp.
	Add to samples before DNA extraction
	 [47]

	gDNA-based-IS 
	Exogenous
	1 
	Soil
	PLFA/SIR
	Add to samples before DNA extraction
	 [48]

	gDNA-based-IS 
	Exogenous
	2
	Feces
	Mock community of 16 microbes at equal cell number
	Add to samples before DNA extraction
	 [49]

	gDNA-based-IS
	Exogenous
	2
	Sea water
	FCM
	Add to samples before DNA extraction
	 [50]

	gDNA-based-IS
	Exogenous
	1
	Dairy manure slurry
	ZymoBIOMICS Spike-in Control I a & qPCR
	Add to extracted DNA
	 [51]

	sDNA-based-IS 
	Synthetic
	86
	Saltmarsh soil
	MBARC-26 genomes (even mixture and staggered mixture)
	Add to extracted DNA 
	 [52]

	sDNA-based-IS
	Synthetic
	12
	Soil and sludge
	Mock community & qPCR
	Add at DNA step after cell lysis
	 [53]

	sDNA-based-IS
	Synthetic
	3 
	Soil
	Rhizobium leguminosarum cells & qPCR
	Add to samples before and after DNA extraction
	 [54]

	sDNA-based-IS
	Synthetic
	1
	Feces
	qPCR
	Add to samples before DNA extraction
	 [55]

	sDNA-based-IS
	Synthetic
	5
	Solid-state fermentation samples
	Mock community & qPCR and Microscopy
	Add to samples before DNA extraction
	 [56]

	sDNA-based-IS
	Synthetic
	9
	Soil
	N.A.
	Add to extracted DNA
	 [57]


Note: a the mock community is used to estimate the DNA extraction efficiency between the spiked Gram-positive and Gram-negative microorganisms. 


[bookmark: OLE_LINK500][bookmark: OLE_LINK501][image: 日程表

描述已自动生成]Figure S1. The technical checklist for the usage of IS-facilitated AQ study. Superscript numbers are technical recommendations. 1 If an exogenous microbe is selected as cellular IS or its DNA is used as DNA-based-IS, pre-screening the signals of cellular IS and DNA from the studied environment is necessary. 2 Samples are pre-treated by adding reagents, such as PMA dye addition to block the relic DNA signal from sequencing. 3 The DNA quality is crucial for Nanopore sequencing. 4 Mapping algorithms and their irrespective parameters should be evaluated using simulated datasets.
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