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Abstract

Correcting for sequencing and PCR errors is a major challenge when characterising genetic
diversity using high-throughput amplicon sequencing (HTAS). Clustering amplicons by
sequence similarity is a robust and frequently used approach, but it reduces sensitivity and
makes it more difficult to detect differences between closely related strains. We have
developed a multiplexed HTAS method, MAUI-seq, that incorporates unique molecular
identifiers (UMIs) to improve correction. We profile Rhizobium leguminosarum biovar trifolii

(Rlt) synthetic DNA mixes and Rlt diversity in white clover (Trifolium repens) root nodules by
multiplexed sequencing of two plasmid-borne nodulation genes and two chromosomal
genes. We show that the two main advantages of UMIs are efficient elimination of chimeric
reads and the ability to confidently distinguish alleles that differ at only a single position. In
addition, multi-amplicon profiling of genes from different replicons enables increased
diversity profiling resolution, allowing us to demonstrate limited strain overlap between
geographically distinct locations. The method does not rely on commercial library
preparation kits and provides cost-effective, sensitive and flexible profiling of intra-species
diversity.
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Introduction
Evaluation of genetic diversity in environmental samples has become a fundamental
approach in ecological studies (Birtel et al., 2015). If a core gene can be amplified from
environmental samples with universal primers, the relative abundance of species in the
community can be estimated from the proportions of species-specific variants among the
amplicons. This is termed metabarcoding and, with the continued optimisation of high
throughput sequencing, it has become a cost-effective way to detect multiple species
simultaneously within a range of environmental samples (Fonseca, 2018; Krehenwinkel et
al., 2018; Tessler et al., 2017; Elbrecht and Leese, 2015, Gohl et al., 2016; Poisot et al.,
2013). Various methods have been developed to detect and accurately represent diversity
within metagenomic samples, including high throughput amplicon sequencing (HTAS) and
shotgun metagenomic sequencing. HTAS allows for more in-depth, higher resolution
sequencing of a specific part of the genome for diversity estimates compared to shotgun
sequencing, but at the cost of potential sequence errors (Gohl et al., 2016). Despite the
extensive use of HTAS for interspecies ecological diversity studies, to our knowledge few
investigations have utilised HTAS for intraspecies analysis (Poirier et al., 2018; Kinoti et al.,
2017). As 16S rRNA amplicons are too highly conserved to estimate microbial within-species
diversity, other target gene candidates would need to be considered in order to sufficiently
discern intraspecies sequence variation.
Many studies have evaluated the extent of PCR based amplification errors and bias for
HTAS diversity studies (Kebschull et al., 2015; Krehenwinkel et al., 2018; Elbrecht and
Leese, 2015). Numerous known PCR biases reduce the accuracy of diversity and
abundance estimations, with the major concern being the inability to confidently distinguish
PCR error from natural allelic variation in environmental samples, and is an especially
limiting factor from an intraspecies perspective.
Stochasticity of PCR amplification and polymerase mistakes were found to be the most
significant causes for PCR errors in template representation (Kebschull et al., 2015).
Polymerase errors introduce new sequences into the template population from amplification.
These sequence errors include not only substitutions but also insertions and deletions. Using
proof-reading polymerases, optimising DNA template concentration, and reducing PCR cycle
number have been suggested to reduce occurrence of these errors (Oliver et al., 2015; Gohl
et al., 2016; Kebschull et al., 2015). Additionally, production of chimeric sequences by
template-switching can contribute significantly to PCR errors (Kebschull et al. 2015, Edgar et
al., 2011, Edgar et al., 2016).
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Bias is also observable during a multiplexed next-generation sequencing run, as it is difficult
to achieve equal sequencing depth between samples. Therefore, read counts are usually
quantified as a relative abundance, however recent studies have even suggested that
diversity metrics should only be analysed on a presence-absence basis (Fonseca, 2018;
Elbrecht and Leese, 2015; Palmer et al., 2018).
In order to account for introduction of sequence variants in PCR amplification several
sequence classification approaches have been established to manage diversity estimates.
The processes of either ‘lumping’ or ‘splitting’ sequences as strategies for diversity
categorisation has long been debated. ‘Lumping’ involves grouping sequences together that
share similarities. The most common method is the use of operational taxonomic units
(OTUs) in microbial diversity studies which analyse target gene sequences and cluster
based on an arbitrary fixed similarity threshold (QIIME, Rideout et al., 2018; DADA2,
Callahan et al., 2016; UPARSE, Edgar, 2013; Huse et al., 2010; Lindahl et al., 2013:
Callahan et al., 2016; Fierer et al., 2017; Poisot et al., 2013). Within species boundaries this
technique could dramatically reduce the resolution of naturally occurring sequence variation.
Conversely, ‘splitting’ aims to only cluster sequences that share the exact sequence. These
form sequence groups called amplicon sequence variants (ASVs) (Callahan et al., 2016;
Fierer et al., 2017). Using this strategy, biases from PCR errors are more evident and often
variation induced by PCR error cannot be differentiated from natural allelic variation.
Similarly, the increased taxonomic resolution of ASV clustering can contribute additional
noise to datasets making analysis more challenging (Callahan et al., 2016). In many cases
ASVs cannot rectify errors, for example some organisms contain several alleles of a gene in
their genome, which could lead to overestimation of sample diversity. (Callahan et al., 2016.
Fierer et al., 2017).
As a solution to this, assigning a unique molecular identifier (UMI) to every initial DNA
template within a metagenomic sample enables evaluation of PCR amplification bias
(Lundberg et al., 2013). Additionally, the UMI provides a potential route to address
polymerase errors in metabarcoding studies. The UMI is generated from a set of random
bases in the gene-specific forward inner primer, which will include a random DNA sequence
into every initial DNA template upstream of the amplicon region during the first round of
amplification. Once all original DNA template strands are assigned a unique UMI, the outer
forward primer and the gene specific reverse primer can enable further amplification.
Consequently, all subsequent DNA amplified from the original template will have the same
UMI, so the number of reads amplified from the initial template can be calculated.
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To our knowledge, UMIs have previously only been utilised for single amplicon interspecies
investigations (Faith et al., 2013; Hoshino et al., 2017; Jabara et al., 2011; Kinde et al.,
2011). Here, we show that multiplexing and UMI-labelling of amplicons improves error
correction and resolution, allowing accurate intra-species profiling of bacterial genetic
diversity.

Results
MAUI-Seq: multiplexing of amplicons labelled with UMIs
We present an HTAS method, MAUI-seq, suited for characterisation of intraspecies
diversity that enables detection and correction of PCR amplification and polymerase errors.
This is achieved by using a nested PCR method with primers that assign random UMIs to
each initial template DNA at the first primer elongation PCR step (Figure 1A-B; Lundberg et
al., 2013). The method enables amplification of multiple amplicons from different genes. This
circumvents the issues of inaccurate base-calling on Illumina platforms, which arises when
assessing single amplicons (Krueger et al., 2011). The protocol and data analysis pipeline
can be applied to DNA extracted from any environmental sample. Here, we validate the
method by assessing Rhizobium leguminosarum symbiovar trifolii (Rlt) diversity in DNA

mixtures and white clover (Trifolium repens) root nodules. Within-species diversity estimates
cannot be achieved using 16S rRNA amplicon reads, as the genomic region is too
conserved to identify individual strains. In order to evaluate intraspecies genetic diversity, we
instead amplify regions in four Rlt genes - the nodulation genes nodA and nodD that reside

on an auxiliary plasmid and the chromosomal genes rpoB and recA.
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Figure 1. Primer design and method workflow. A: Primer design using the sense strand of the target
DNA template as an example. The amplicon region of interest should be no longer than 500bp. The
target-gene forward inner primer, universal forward outer primer and the target-gene reverse primer
are all used in the initial PCR. The Nextera XT indices (Illumina, USA) are used in the Nextera
barcoding PCR step. The Unique molecular identifier (UMI) region is shown in yellow on the
target-gene forward inner primer. B: Method workflow. C: Data analysis workflow for UMI clustered
and amplicon clustering of reads.

Validation using purified DNA mixed in known proportions
Method accuracy was evaluated by profiling DNA mixtures with known strain DNA
ratios. DNA was extracted from two Rlt strains differing by a minimum of 3bp in their recA,

rpoB, nodA, and nodD amplicon sequences, and the extracted DNA was mixed in different
ratios (Table S1). Sequencing reads were then filtered and clustered by two methods for
comparison: UMI clustering and amplicon clustering. For UMI clustering, reads were first
assigned to their target gene, and then clustered by UMI within each gene. The most
abundant sequence variant associated with a specific UMI was chosen as the representative
sequence for that cluster of sequences. The read abundance within each sequence cluster
was then calculated for all samples. UMIs with an abundance of less than two across all
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samples were removed from the analysis. Amplicon clustering involved clustering sequences
purely by ASVs and calculating read abundance within these ASV clusters for all samples
(Figure 1C). For each sample, the most abundant sequence associated with each Rlt strain
was identified by UMI clustering and by amplicon sequence clustering. The total number of
sequence clusters was reduced from 46 for amplicon clustering to 37 for UMI clustering
(Figure 2A). The observed and expected strain ratios were compared for all four genes
(Figure 2C, Figure 2E, Figure S1, Figure S2). The correlation ranged from 0.949 (recA) to

0.998 (rpoB) for the Phusion DNA polymerase and 0.963 (rpoB) to 0.996 (nodD) for the

Platinum enzyme when the sequences were clustered by UMI. When clustered by amplicon,
the correlation ranged from 0.943 (recA, Phusion) to 0.999 (rpoB, Phusion). Performance of
the two polymerases was gene dependent, which could be due to differences in amplification
efficiency for the four templates. During the amplification of short amplicons, chimeras can
form due to template switching, but they can easily be identified using UMI clustering
(Figure 2B). The proportion of chimeras formed in the simple two-strain mixture peaked at
6% and 13% for rpoB UMI clustering and amplicon clustering, respectively (Figure 2D,

Figure 2F). For nodA the proportion of chimeras declined from 20% to 3.5% for amplicon
clustering and UMI clustering, respectively. For amplicon clustered reads, no chimeras were
detected for recA. Since the SM3 and SM170C only differ by three nucleotides, chimeras
grouped with the more abundant sequences during the PCR error correction step (Figure
S2). This could pose an issue for the relative abundance, since the chimeras were counted
as real sequences.
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Figure 2. Performance on DNA mixtures. A: Total number of detected sequence clusters in the
analysed dataset using amplicon clustering and UMI clustering. B: Schematic representation of type
sequences for SM3 and SM170C (grey) and chimeric reads (green) identified for rpoB. C and D: UMI
clustering of sequences. C: Observed ratio of SM3/SM170C versus the expected ratio of rpoB reads.
Pearson correlation for Phusion=0.998 and Platinum=0.963. D: Proportion of chimeras compared to
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total reads. E and F: Amplicon clustering of sequences. E: Observed ratio of SM3/SM170C versus
the expected ratio of r poB reads. Pearson correlation for Phusion=0.999 and Platinum=0.980. F:
Proportion of chimeras compared to total reads.

Figure 3. Analysis of Rlt diversity in root nodule samples. Sampling locations in the Aarhus University
Science Park and DLF trial station in Store Heddinge. DNA was isolated from 100 nodules from four
points (black dots) on each individual plot.

UMIs facilitate error correction and improve sensitivity
To test the method on more complex samples, we compared root nodules from two locations
in Denmark, a DLF trial station at Store Heddinge on Sealand and a lawn at Aarhus
University in Jutland (Figure 3). 100 nodules were pooled for each sample and each plot
was sampled in four replicates. Clover root nodules are usually colonised by a single
rhizobium strain, providing an easily assessed dataset where a maximum of 100 unique
sequences per gene is expected per sample.
After UMI clustering, the total number of distinct sequences was 287. Using cumulative
filtering the bottom 1% of UMI clusters were removed, leaving a total of 79 sequences when
using the UMI workflow. Amplicon clustering retained 2 million unique sequences. The
majority of these were low read-count variants and were removed after filtering for read
counts over 100. To correct for PCR errors, sequences differing by only one base pair were
collapsed into the most closest relative with the highest abundance. The final number of
sequences when using the amplicon clustering workflow was reduced to 323 (Table 1,
Figure 4). In the sequences of 196 natural Rlt isolates (Cavassim et al., 2019) the diversity
observed in the amplicon regions was within the same range as was observed when the
reads were clustered by UMI (Table 1).
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The binning of sequences that differ by only a single base, which is necessary in order to
reduce the error noise in amplicon sequences, can lead to loss of important information
about population diversity. For example, the two most abundant rpoB alleles in our
populations (Figure 4B) differ by just one nucleotide. Both these alleles are common in Rlt
genome sequences (Cavassim et al., 2019), so we believe they are genuine. The UMI
approach detects them separately, and shows that their relative abundance varies across
samples, whereas amplicon clustering conflates them into a single sequence, substantially
underestimating the true diversity within and between these samples.

Table 1. Total number of detected sequence clusters in the root nodule samples using amplicon
clustering and UMI clustering. The datasets in bold will be used for all downstream analysis.
Method

Filtering

Total number of detected sequence clusters
rpoB

recA

nodA

nodD

total

4.60M

2.09M

3.83M

4.51M

15.1M

None

539k

230k

552k

772k

2039k

Remove reads with read
count<100

249

134

325

242

950

Collapse similar
sequences

76

27

110

110

323

UMI clustering

63

98

82

44

287

Remove rarest 1% of
UMIs

27

56

38

28

79

13

17

14

10

54

Total reads
Unique reads
pre-filtering
Amplicon clustering

UMI clustering

Unique sequences
from 200 genomes
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Figure 4. Amplicon diversity in nodule samples. A: Heatmap of the log2 transformed relative allele
abundance of sequence clusters for individual genes when clustered by ampliconI. B: Heatmap of the
log2 transformed relative allele abundance of sequence clusters for individual genes when clustered
by UMI.

Multi-amplicon analysis improves resolution and classification

 nd recA) and
We have profiled four amplicons, comprising two chromosomal genes (rpoB a

two nodulation genes residing on a symbiosis plasmid (nodA and nodD). Examining the
number of shared alleles between the DLF and Aarhus sites for the four amplicons, the

chromosomal genes show a large overlap and the same alleles are most abundant at both
sites. In the absence of additional evidence, the chromosomal gene data could lead to the
conclusion that the two geographically distinct sites share a large proportion of strains.
However, the nodulation genes show a different allele profile with more alleles unique to
each site and markedly different allele abundance patterns between sites (Figure 4B).
Considering the information from all four amplicons, it becomes clear that the root nodules at
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the two geographically distinct sites share only a very limited number of closely related
strains, demonstrating that there is a substantial advantage to multi-amplicon profiling.

Figure 5. Principal Component Analysis of Rlt diversity in root nodule samples. Reads from all four
genes (recA, rpoB, nodA, and nodD) were included in the analysis. A: Reads clustered by UMI. B:
Reads clustered by amplicon.

Joint assessment of four amplicons robustly distinguishes geographically distinct
sites
When clustering the sequences by UMI (PC1: 39% variance, PC2: 7% variance) or amplicon
(PC1: 30% variance, PC2: 8% variance), nodule samples clustered strongly by geographic
location (Figure 5). However, within the Aarhus and DLF sites, samples from different plots
did not show a clear separation (Figure 5). The DLF samples cluster more tightly than the
Aarhus samples, which is possibly because Rlt DNA from DLF plots was isolated from root

nodules of the same white clover variety (Klondike), whereas Aarhus Rhizobium DNA was
isolated from wild white clover root nodules. The variance explained by PC1, which
separates the DLF and Jutland sites, was substantially higher for UMI clustering than for
amplicon clustering for all four genes considered individually (Figure S3, Figure S4).
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Figure 6. Genospecies frequency of recA reads plotted against the genospecies frequency of rpoB
reads for UMI clustered reads from environmental samples. Each data point represents the fraction of
the amplicons belonging to a genospecies within each sample.

The simultaneous use of more than one marker gene can also provide more robust
estimates of the species composition of a sample. Although R. leguminosarum is traditionally
regarded as a single species, it can in fact be divided into at least five distinct genospecies
(Kumar et al., 2015), and each genospecies has a distinctive set of alleles for core genes
such as rpoB and recA (Cavassim et al., 2019). Hence, we could use these two genes to
obtain independent estimates the relative abundance of these genospecies in each sample
by assigning each allele to its corresponding genospecies based on these previous
publications. The two genes produce highly correlated estimates of genospecies abundance
within each sample (Pearson correlation=0.994) (Figure 6).
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Discussion
We propose a new HTAS method (MAUI-seq) designed to assess genetic diversity
within species. Unlike the myriad of methods targeted at between-species variation to
investigate community ecology, this method provides a robust and sensitive way of studying
the diversity within a single species. Several amplicons are monitored simultaneously to
increase resolution and circumvent the Illumina base-calling issue observed in
single-amplicon studies (Krueger et al., 2011).
We tested the method on a synthetic mix of DNA from two Rlt strains. The method
reliably reproduced the expected ratio in each sample. When clustering the reads by Unique
Molecular Identifier (UMI) as opposed to amplicon clustering, the total number of detected
sequence clusters was 20%lower (Figure 2). A similar reduction of sample complexity was
observed when root nodule samples from white clover were tested (Table 1, Figure 4). This
reduction did not impair the sensitivity of the method. On the contrary, when applied to
environmental samples from two geographically distinct locations, we could differentiate
samples from the two locations more clearly when reads were clustered by UMI. Increasing
the number of monitored amplicons from one to four further increased our ability to robustly
distinguish samples from two locations (Figure 4). The within-species diversity is reliably
reproduced between core gene amplicons, and this highlights the versatility of the method,
since it allows a great degree of freedom when choosing target amplicons (Figure 6). A
proof-reading and a non-proof-reading polymerase were tested (Phusion and Platinum,
respectively). Their relative accuracy in reproducing known allele frequencies differed among
genes, but Phusion reliably produced a lower proportion of chimeric reads.
The method reduces the financial restrictions of processing large numbers of
samples, while accounting for potential PCR errors during downstream sequence analysis.
Primers were designed to amplify specifically Rlt housekeeping and symbiosis genes, and
also provide linker sequences for Nextera index adapters, obviating the need for costly
library preparation kits (Wen et al., 2017).
The UMI assignment to each initial DNA template allows users to identify all reads
amplified from the same initial template, and so reads were firstly clustered by identical UMI
sequences. The advantage of this method is to avoid clustering purely by amplicon
sequence which could be subjected to polymerase errors, chimeric sequence generation,
and tag-switching (Nguyen et al., 2014), greatly increasing the unique allele false positive
rate. For that reason, the UMI assignment from the target gene primer can produce a more
accurate estimate of allelic diversity within populations. Clustering by UMI reduced the
overall number of detected sequence clusters for both the synthetic mix and the
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environmental samples, compared to clustering by amplicon sequence similarity alone. This
is due to the UMI clustering identifying not only biases in PCR amplification, but also
highlighting polymerase transcription errors within the amplicon sequence and merging
these with the original template sequence.
Our method is based on the well-established metabarcoding gene amplicon
sequencing method, which commonly uses 16S rRNA amplicon reads from soil DNA
samples to characterise soil microbial community diversity and meso- and macro-fauna
biodiversity (Orgiazzi et al., 2015; Vasileiadis et al., 2012; Sinclair et al., 2015). While our
method validation evaluated Rlt intraspecies allelic diversity, this method can also be used
for interspecies studies, depending on the target genes chosen, achieving higher resolution
when describing prokaryotic populations. Potential further applications of this method include
snapshot community analysis through to community dynamics time series experiments. It will
allow high-resolution studies of single bacterial species, enabling more detailed,
culture-independent population genetics, which could further our understanding of natural
bacterial communities. Environmental samples could similarly range from an entirely
prokaryotic perspective, as with our investigation, to exclusively eukaryotic and even
multitrophic communities, depending on the primer specificity and target genes selected.
However, care must be taken with eukaryotic organisms to consider the intragenomic
heterogeneity and copy number of samples during analysis (Poisot et al., 2013).
Our analysis highlights the sensitivity of amplicon diversity methods and its
dependency on the target gene. We found that the method is able to clearly differentiate
samples from two distinct geographic locations with increased sensitivity when considering
all four amplicons in combination compared to single amplicon assessment.
Similarly, we observed that polymerase efficiency was also gene dependent. Phusion
and Platinum are both prokaryotic polymerases, and the amplification errors produced are
most often single-base substitutions, though the error rate is reportedly lower for Phusion
(Kindle et al., 2011). A trade-off between fidelity and amplification efficiency is observed for
samples with low DNA concentrations and when the amplification rate is low, since Platinum
more readily amplifies low-concentration templates, but has a higher error rate (Brodin et al.,
2015). Both enzymes displayed persistent template preferences, regardless of clustering
method. Using UMI clustering removes most PCR errors unless they are introduced early in
the amplification process. When analysing the presence of chimeric reads, Phusion reduced
the proportion of chimeras to total reads from 6% to 3% when the initial DNA template ratio
was 0.5, where most chimeras are expected.
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Some common errors arise when using UMIs. Previous studies reported that the
most common error observed was a single base pair substitution mutation resulting in a
“parent” and “offspring” primer ID. They calculated that an error in their 10bp primer ID was
expected every 100 reads (Brodin et al., 2015). For our analysis, the most commonly
detected error in UMIs was a frameshift mutation shifting the 12 bp UMI sequence. In the
read processing step, the UMI detection window was therefore increased to 13bp allowing
detection of the UMI despite a one base pair insertion. Another issue is the “birthday
problem”, stating that the probability of assigning the same UMI to more than one sequence
by chance is higher than expected, and will only increase as sequencing technology
improves and read depth increases (Sheward et al., 2012). Previous studies have used
primer IDs that were 8-10bp long (Brodin et al., 2015; Jabara et al., 2011). One solution to
this problem is to increase the length of the random base pair sequence section. In this
study we have used a 12bp UMI to increase the number of possible sequences.
Advances in the use of synthetic community spike-in controls to enable reliable
quantification of genetic diversity are still under development (Kebschull et al., 2015; Edgar
et al., 2017; Palmer et al., 2018). Other approaches to estimating abundance include adding
UMIs to sequences and simply counting the occurence of each UMI only one time (Kivioja et
al., 2012) and using qSeq where the random tag is added to each template in a single primer
extension step (Hoshino et al., 2017). The proposed method is currently only validated for
relative abundance diversity estimation only, with and without a proof-reading enzyme for
PCR amplification. However, the protocol could be optimised with a spike-in control or an
adaptation of UMI based quantification methods for absolute abundance estimation in the
future.

Materials and methods
Preparation of DNA mixtures
Two Rlt strains (SM3 and SM170C) were chosen based on their recA, rpoB, nodA and nodD
amplicon region sequence divergence, with a minimum of 3 base pair differences required
for each gene. Strains were grown on Tryptone Yeast agar (28°C, 48hrs). Culture was
resuspended in 750ul of the DNeasy Powerlyzer PowerSoil DNA isolation kit (QIAGEN,
USA) and DNA was extracted following the manufacturer’s instructions. DNA sample
concentrations were calculated using QuBit (Thermofisher Scientific Inc., USA). DNA
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samples of the two strains were diluted to the same concentration and mixed in various
ratios (Supplementary Table 1).
Preparation of environmental samples
White clover (Trifolium repens) roots were collected from two locations: DLF Store Heddinge,
Denmark (6 plots) and Aarhus University Science Park, Aarhus, Denmark (2 plots)
(Supplementary Figure 1). The clover variety sampled was Klondike (DLF, Denmark) and
wild white clover, respectively. 100 large pink nodules were collected from 4 points on each
plot. Therefore, in total 32 samples were collected. Nodules were stored at -20°C until DNA
extraction.
Nodule samples were thawed at room temperature and crushed using a sterile homogeniser
stick. Crushed nodules were mixed with 750µl Bead Solution from the DNeasy PowerLyzer
PowerSoil DNA isolation kit (QIAGEN, USA) and DNA was extracted following the
manufacturer’s instructions. Nanodrop 3300 (Thermofisher Scientific Inc., USA) calculated
the DNA sample concentrations.
PCR and purification
Primer sequences were designed for two Rlt housekeeping genes, recombinase A (recA)

and RNA polymerase B (rpoB) and for two Rlt specific symbiosis genes, nodA and nodD
(Supplementary Table 1).

Primers include: a target-gene forward inner primer, a universal forward outer primer, and a
target-gene reverse primer. The concentration of the inner forward primer is 100-fold lower
than the universal forward outer primer and the reverse primer (Figure 1). This was to reduce
the primer competition in the PCR, and to stop the inner forward primer assigning new
unique UMIs to all DNA molecules after every round of amplification. The PCR reaction
mixture and thermocycler programme are provided (Supplementary Tables 3 and 4).
PCRs were undertaken individually for each primer set using Platinum Taq DNA polymerase
(Thermofisher Scientific Inc., USA) to ensure equal PCR product quantities were produced
for each gene (Supplementary Table 2) (expected band size: 381bp). Therefore, four PCR
products were produced for each sample, and were subsequently pooled and purified using
AMPure XP Beads following the manufacturer instructions (Beckman Coulter, USA).
Successful PCR amplification was confirmed by a 0.5X TBE 2% agarose gel run at 90V for 2
hours.
For the DNA mixture samples, PCRs were run in triplicate. DNA from only one strain was
also processed as a control to determine the level of cross contamination between samples.
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Some samples were also amplified using the proof-reading polymerase, Phusion
High-Fidelity Taq (Thermofisher Scientific Inc., USA), to evaluate the improved sequencing
quality and sequencing correction by using a proof-reading polymerase.
Nextera indexing for multiplexing and MiSeq sequencing
Samples were indexed for multiplexing sequencing libraries with Nextera XT DNA Library
Preparation Kit v2 set A (Illumina, USA) using the Phusion High-Fidelity DNA polymerase
(Thermofisher Scientific Inc., USA). PCR reaction mixture and programme are detailed
respectively (Supplementary Tables 7 and 8). Indices were added in unique combinations as
specified in the manufacturer instructions (Illumina, USA).
The PCR product was purified on a 0.5X TBE 1.5% agarose gel and extracted with the
QIAQuick gel extraction kit (QIAGEN, USA) (expected band length: ~454bp). PCR amplicon
concentrations quantified were using GelAnalyzer2010a and normalised to 10nM (Lazar,
2010). A pooled sample was quantified, Bioanalyzer quality checked and MiSeq sequenced
(2x300bp paired end reads) by the University of York Technology Facility. Detailed protocol
is available in Supplementary File 1.
Read processing and data analysis
PEAR assembler was used to merge paired ends (Zhang et al. 2014). Python scripts used to
cluster reads by UMI are provided (Supplementary Script 1 and 2). Additionally, reads can
be clustered purely by amplicon sequence, with a maximum of 2 base pairs difference within
each cluster (Supplementary Scripts 3). For amplicon sequence-based clustering, only
clusters with more than 74 reads were considered for downstream analysis. However, for
UMI sequence-based clustering, clusters with less than 32 sequences to each UMI were
omitted. The number of clusters used for analysis after processing by both clustering
methods are provided (Supplementary Table 8). Output abundance data is then processed
for statistical analysis and figure generation using various R packages (Supplementary
Script 4; R Core Team, 2017; Wickham, 2009). To cluster sequences initially, reference
sequences for all four Rlt genes and genospecies ‘type’ sequences for recA and rpoB were

collected from known Rhizobium genospecies classified strains from NCBI (Kumar et al.,

2015). Principal components were calculated with the R ‘prcomp’ package using singular
value decomposition to explain the Rhizobium diversity and abundance within each sub-plot
sample. Differences in allele frequencies between samples was quantified using Bray-Curtis
beta-diversity estimation using the R package ‘vegdist.’ PERMANOVA tests were performed
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using the R package ‘adonis’. All scripts are available in the Github repository:
https://github.com/brydenfields/MAUI-seq
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