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            Abstract
Complex microbial communities shape the dynamics of various environments, ranging from the mammalian gastrointestinal tract to the soil. Advances in DNA sequencing technologies and data analysis have provided drastic improvements in microbiome analyses, for example, in taxonomic resolution, false discovery rate control and other properties, over earlier methods. In this Review, we discuss the best practices for performing a microbiome study, including experimental design, choice of molecular analysis technology, methods for data analysis and the integration of multiple omics data sets. We focus on recent findings that suggest that operational taxonomic unit-based analyses should be replaced with new methods that are based on exact sequence variants, methods for integrating metagenomic and metabolomic data, and issues surrounding compositional data analysis, where advances have been particularly rapid. We note that although some of these approaches are new, it is important to keep sight of the classic issues that arise during experimental design and relate to research reproducibility. We describe how keeping these issues in mind allows researchers to obtain more insight from their microbiome data sets.
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                    Fig. 1: Experimental design considerations for microbiome experiments.[image: ]


Fig. 2: Best workflow for 16S ribosomal RNA, metagenomic and metatranscriptomic sequencing.[image: ]


Fig. 3: Integrating omics data with microbiome data.[image: ]
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Glossary
	Exact sequence variants
	
                  For marker gene sequencing, the exact DNA sequence for each read is used instead of operational taxonomic unit clustering.

                
	Operational taxonomic units
	
                  (OTUs). A group of closely related individuals or sequences (often 97% sequence similarity threshold).

                
	Machine learning
	
                  The use of algorithms to learn from and make predictions about data.

                
	Metadata
	
                  Information about the data. In many studies, this is structured as a matrix with samples as rows and metadata categories (age, sex, longitude, season, disease state, average monthly rainfall, and so on) as columns.

                
	Alpha diversity
	
                  A measure of within-sample diversity.

                
	Effect size analysis
	
                  Quantification of the magnitude of an effect of a particular metadata category (treatment group, sex and sequencing plate) on the data.

                
	Marker genes
	
                  Conserved genes (commonly 16S ribosomal RNA (rRNA), internal transcribed spacer (ITS) and 18â€‰S rRNA) that typically contain a highly variable region that can be used for detailed identification that is flanked by highly conserved regions that can serve as binding sites for PCR primers.

                
	Nested statistical tests
	
                  Statistical tests that address variables related to the main effect. For example, soil plot would be a nested factor for testing the effects of a fertilizer on the soil microbiota.

                
	Coprophagic
	
                  Involving the consumption of faeces. Many animal species eat faeces to more efficiently break down plant matter by digesting the material twice.

                
	Reads
	
                  Inferred sequences of base pairs in a single DNA fragment.

                
	Metatranscriptome
	
                  The total content of gene transcripts from a community of organisms.

                
	Humic substances
	
                  Produced by biodegrading organic matter; humic substances are the main component of humus (soil).

                
	Metagenomes
	
                  The collection of genetic material from a community of organisms, for example, the genetic material from all microorganisms in the human gut microbiome.

                
	Naive Bayesian classifier
	
                  A simple probabilistic classifier used in machine learning that is based on applying Bayesâ€™ theorem assuming strong independence between the features.

                
	K-mers
	
                  All possible sequences of length k from a read obtained through DNA sequencing.

                
	Beta diversity
	
                  A measure of similarity between samples.

                
	Faithâ€™s phylogenetic diversity
	
                  An alpha diversity metric that uses a phylogenetic tree to compute sample diversity.

                
	Shannon index
	
                  A commonly used index to characterize species diversity in a community.

                
	False discovery rates
	
                  A method of understanding the rate of type I errors in null hypothesis testing when performing multiple comparisons.

                
	Isometric log ratio transform
	
                  (ilr). Converts a vector of proportions into a vector of log ratios using a tree as a reference. The computed log ratios consist of the difference of mean logarithms of species proportions between adjacent clades within the tree.

                
	Random forests regression
	
                  A machine learning technique that uses decision trees to perform classification.

                
	Family-wise error
	
                  The probability of making one or more type I errors (false discoveries) when performing multiple hypotheses tests.
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