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Abstract

Microorganisms from all domains of life establish associations with plants. Although some harm
the plant, others antagonize pathogens or prime the plant immune system, acquire nutrients,
tune plant hormone levels, or perform additional services. Most culture-independent plant
microbiome research has focused on amplicon sequencing of 16S rDNA and/or the internal
transcribed spacer (ITS) of rDNA loci, but the decreasing cost of high-throughput sequencing
has made shotgun metagenome sequencing increasingly accessible. Here, we describe shotgun
sequencing of 275 wild Arabidopsis thaliana leaf microbiomes from southwest Germany, with
additional bacterial 16S rDNA and eukaryotic ITS| amplicon data from 176 of these samples.
The shotgun data were dominated by bacterial sequences, with eukaryotes contributing only a
minority of reads. For shotgun and amplicon data, microbial membership showed weak
associations with both site of origin and plant genotype, both of which were highly confounded
in this dataset. There was large variation among microbiomes, with one extreme comprising
samples of low complexity and a high load of microorganisms typical of infected plants, and the

other extreme being samples of high complexity and a low microbial load. We use the
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metagenome data, which captures the ratio of bacterial to plant DNA in leaves of wild plants,
to scale the 16S rDNA amplicon data such that they reflect absolute bacterial abundance. We
show that this cost-effective hybrid strategy overcomes compositionality problems in amplicon

data and leads to fundamentally different conclusions about microbiome community assembly.

Introduction

Microorganisms affect many important plant traits. Opportunistic microbes can slow down
growth or kill a plant, while beneficial ones can prime the plant immune system [I], directly
antagonize pathogens [2], or indirectly inhibit pathogens by contributing to a suppressive
environment [3]. Microbes may adjust plant hormone levels [4] and participate in nutrient
acquisition [5,6], among other processes [7]. Research in this area has revealed that most of the
organisms present on and in healthy plant leaves are typically bacteria [8]. With the exception
of pathogenic strains, fungi, archaea, and protists such as oomycetes generally have lower
abundance on leaves than bacteria, and have also received less attention because they are less
easily cultured and are genetically more complex. Due to the difficulty of adequately capturing
microbial complexity and diversity, we still lack a good understanding of the composition and
dynamics of leaf microbial communities, their abundances on the plant, and how they relate to

other aspects of the host biology such as genotype, location, or environmental conditions.

Amplicon sequencing, in which a specific locus common to a target group of organisms
(usually 16S rDNA for bacteria and ITS for fungi) is amplified and sequenced, has been the tool
of choice for revealing the taxonomic composition of a microbiome. Albeit usually very
informative, amplicon sequencing relies on oligonucleotide primers that disfavor or exclude
some organisms, with the consequence that some taxa are systematically ignored. Not only are
there then no quantitative estimates of the excluded taxa, but there is also no information on
the absolute abundances of included taxa. Furthermore, one gene cannot reliably predict the
other genes and genetic and metabolic functions in a microbe beyond some conserved features
[9,10]. Whole metagenome shotgun sequencing of DNA extracts has become an attractive tool
for dissecting complex microbial communities, and databases and algorithms that support such

efforts are being developed [11,12]. Shotgun sequencing supplies information on the total DNA
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content of microorganisms as opposed to a specific locus, which in principle enables us to ask

many new types of questions [8,13,14].

We used metagenome sequencing to characterize the leaf-associated (phyllosphere)
microbiome of 275 wild Arabidopsis thaliana individuals from around Tubingen in southwest
Germany, at four different timepoints between 2014 and 2016. Of these, we subjected 176 to
16S rDNA and ITSI sequencing. We achieved low (<100 Mb) to high (>1 Gb) depths of
microbe-associated metagenomic sequences per sample, which we mapped to reference
databases. Unsurprisingly, the wild A. thaliana microbiota was highly variable between
individuals, but there were some clear patterns in the dominant microbes; in particular
Pseudomonas dominated in some sites and Sphingomonas in others. We estimated absolute
microbial load as the ratio of microbial reads to plant chromosomal reads in each sample, and
observed that the microbial load varied across samples from less than 1% to up to 77% of plant
reads. After producing a load-corrected table, we often observed that intertaxa abundance
correlations changed in sigh compared to compositional amplicon data and metagenome data, in
which microbial reads had been normalized by total sum scaling. Finally, we document the
relative abundance of eukaryotic and archaeal microbes, revealing a small but noteworthy

presence of fungi and oomycetes.

Results

Sequencing and analysis approach

To obtain an unbiased picture of microbial diversity and microbial load in wild A. thaliana plants,
we took a metagenomic shotgun sequencing approach to analyze entire wild phyllospheres.
Because plant genomic DNA was expected to dominate such samples, we initially attempted to
develop a protocol to enrich the microbial component. To this end, we used genomic DNA
from sterilely-grown A. thaliana plants in excess as bait to remove plant DNA from prepared
shotgun libraries. We were unable to find conditions that allowed for consistent, substantial
enrichment of microbial sequences (see Supplementary Information for section on Subtractive

Hybridization).
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We therefore proceeded to shotgun sequence the aerial portions of 275 non-flowering
A. thaliana individuals from well-characterized locations in southwest Germany [I5]. This
compilation spanned two different growing seasons (2014/2015 and 2015/2016) with samplings
in winter and early spring. Our strategy captured distinct ecological conditions as well as
non-overlapping populations across time due to the winter-annual lifestyle of A. thaliana in the
region (see Methods). Samples were washed three times vigorously with sterile water to
remove loosely-adhering dust and dirt particles prior to freezing samples on the same day as
the harvest at -80°C. At a later date, total genomic DNA was extracted and converted into
barcoded lllumina short-read sequencing libraries. Plants from the five collections were

processed in three batches.

To determine host DNA content, quality-filtered sequencing reads were mapped to the
A. thaliana Col-0 TAIRIO0 reference genome [I6] with bwa-mem using standard parameters
[17]. Sequences that did not map to the reference genome were then translated in silico in all
six reading frames and aligned against NCBI’s non redundant protein database using DIAMOND

[18] with standard parameters, and alignhments were processed with MEGAN [19,20].

We reasoned that the number of reads from the plant nuclear genome was highly
correlated with diploid cell equivalents and thus fresh weight [21,22]. We therefore scaled the
non-plant read counts to the number of reads that could be mapped to any of the five A.
thaliana chromosomes. This use of plant chromosomal DNA is analogous to studies that use
internal ‘spike-in’ controls calibrated to sample weight or volume [23-25]; our ‘spike-in’ is

inherent to our samples (Supplementary Figure I).

About half of non-plant reads in each sample could be assigned to microbial taxa. That
the number of non-classifiable reads was positively correlated with the number of microbial
reads suggested that these unclassified reads were mostly from portions of microbial genomes
not present in the NCBI nr database, rather than being plant sequences not found in the A.
thaliana reference genome (Supplementary Figure 2). To gauge how likely the unclassified reads
were to contain sequences missing from the A. thaliana reference genome, we mapped these to

additional A. thaliana genomes assembled from long-read data [26] including five genomes
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available in house. The number of unclassified reads that mapped to additional plant genomes
was unrelated to the quantity of unclassified reads in the sample; even in samples with up to
21% unclassified reads, the fraction of reads that mapped to the additional reference genomes
was less than 1% of the total classifiable plant reads (Supplementary Figure 2). In other words,
across all samples, only a small but consistent percentage of unclassified reads was likely to
come from the plant. The rest most likely reflects additional microbial sequences. These
sequences may belong to noncoding regions or genes from known taxa that have not been
assembled and incorporated into the database. Currently, we cannot easily know how many of
the nonclassified, but putative microbial reads reflect highly variable sequences of accessory
genomes from known taxa, nor how many reflect the presence of microbial taxa that have not
yet had their genomes sequenced. Overall, our results were reminiscent of efforts to classify
metagenomic reads from soil and human gut, where more than 50% of reads could not be

annotated against known databases [27-29].

To further investigate species-level identification of microorganisms and search for
microbial functions, we attempted metagenome assembly of all samples. We assembled short
reads with MEGAHIT [30] (meta-sensitive preset parameter), filtered out contigs shorter than
200 bp, and assessed standard assembly metrics such as N50, N90, mean contig length, and
total assembly size (Supplementary Figure 3). Additionally, we mapped reads back to their
corresponding assemblies to determine what fraction of each library was effectively being
incorporated into contigs. The N50 of contigs that were at least 200 bp long ranged from 500
to 800 bp, with the maximum length of individual contigs in the different assemblies ranging
from 6 to |12 kb and the sum of their lengths ranging from 4 to 160 Mb. The mapping rate of
short reads to their respective assemblies was only 25%. We made a further attempt at
assembling reads into contigs using metaSPAdes [31]. We tried assembling individual samples
separately as well as pooling them by sampling location to increase coverage. This yielded only
modest improvements (Supplementary Figure 4). This difficulty to assemble long contigs was an
apparent consequence of high sample diversity (Supplementary Figure 5). It paralleled the

limited success in assembling metagenomes of deeply sequenced soil, where despite of having
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over 300 Gb of data, 80% of sequences could not be assembled because of low coverage of

individual taxa [27].

To evaluate the reproducibility of our approach and to infer potential biases, we
prepared independent libraries for 42 samples. We used the same DNA input for |8 samples,
but we also split the plant material after it had been ground in liquid nitrogen and performed
independent DNA extractions for 24 samples (Supplementary Figure 6). The comparison of the
microbial components of the resulting sequencing libraries revealed that samples from the same
plant grouped together in hierarchical clustering and ordination analyses, both for libraries
prepared from the same DNA and libraries prepared from different DNA extractions. The

inter-sample distances were similar for both types of replicates.

Overview of microbial taxa in the metagenomes

Overall, we found large variability in the fraction of assignable microbial reads, ranging from 3%
to 45% of total read counts in each sample (Supplementary Figure 7). The vast majority of
microbial sequences was identified as bacterial (Supplementary Figure 8, Supplementary Figure
2), representing on average 47 families and an average Shannon Diversity of 25 families
(Supplementary Figure 9). Taxonomic composition varied across plants (Figure |), seasons, and
locations (Supplementary Figure 10). Sphingomonadaceae and Pseudomonadaceae consistently
ranked as the most abundant bacterial families (Fig | b). Despite both being very common, they
behaved very differently across samples: Pseudomonadaceae varied greatly in their relative
abundance, with a few samples having substantially higher counts relative to the rest, while the
fraction of Sphingomonadaceae reads was more even across all samples (Fig. Ib, Fig. 3e,

Supplementary Figure I1).

We had chosen an arbitrary depth of sequencing for our effort, and we therefore
wanted to learn how much information would be lost by reducing the number of sequencing
reads per sample. We made use of the replicated individuals to this end. We downsampled
reads from replicated libraries and compared their taxonomic profiles. We estimated that
approximately 300,000 non-plant reads constitute a lower bound for robust description of

taxonomic profiles (Supplementary Figure [8). This agrees well with similar estimates for
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human gut microbiome samples [| 1], and translates into 7.5 million total reads, or just under

I.12 Gb total sequencing reads per sample for 90% of the dataset.
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Figure I. Wild A. thaliana leaf microbiomes from shotgun sequencing

(A) Relative abundance of bacterial reads as a fraction of total reads in each sample. (B) Relative
abundance of the 10 most prevalent bacterial families, computed with plant chromosome-scaled read
counts. Samples are grouped by processing batch in the same order as in panel (A).

As a counterpoint to downsampling reads, we were curious how much could be gained
by having much deeper sequence coverage from a single plant. Therefore, we processed a single
plant that was visibly infected with white rust (Albugo spp.) and downy mildew
(Hyaloperonospora arabidopsidis), and that we in addition left unwashed to further potentially
increase the fraction of microbial reads. We sequenced this plant to high depth (~20 Gb), which
was 5 to 20 fold more coverage than the other samples. Fewer than 40% of reads from this
sample mapped to the A. thaliana reference genome. Similar to our other samples, about half of
the remaining reads could be assigned to microbial taxa, with over 90% coming from bacteria
(Supplementary Figure 12). In addition to many Albugo spp. and H. arabidopsidis reads, we
found many of the bacterial taxa already detected in the other samples, and in similar

proportions.

Influence of site, season and host genetics
A common way to compare composition of microbiomes is based on the Bray-Curtis

dissimilarity measure. However, a true distance metric is better suited than a dissimilarity
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measure for other downstream analyses such as principal component analysis [32]. For
distance/dissimilarity measures weighted by taxa abundance, highly abundant taxa can strongly

skew results while low abundance taxa contribute relatively little information.
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Figure 2. Impact of dominant taxa on microbial community structure

(A) Principal component analysis of the fourth root transformed count matrix colored by sampling
location. (B) Bacterial Euclidean distance distribution across all samples in the dataset (ALL), and from
each sampling location (JUG - Kirchentellinsfurt, EY - Eyach, PFN - Pfrondorf). (C) t-SNE map of genetic
distances (see Methods) with samples colored by location. Distinct genotypes can be identified as
clusters of samples; note clear correlation between genetic similarity and sampling site.

To evaluate how the microbiomes of our samples relate to each other, we used, instead
of Bray-Curtis dissimilarity, pairwise Euclidean distances and PCA. We first transformed the
data by taking the fourth root of the family-level abundance table, including all bacterial, fungal,
and oomycete taxa. This transformation corrects for positive skewness in count distribution
common in ecological datasets [33], and also decreases the influence of high abundance
microbes. No single metadata variable could clearly explain the distributions along the main
axes in PCA, although collection site seemed to do best (Figure 2a, 2¢, Supplementary Figure
I3). Clustering of samples was most clearly driven by the most abundant taxa in each sample, a

feature that correlated with collection site. Separation by Pseudomonadaceae or
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Sphingomonadaceae was apparent when comparing PCl to PC2, whereas separation by less

abundant taxa could be seen when comparing PC2 to PC3 (Supplementary Figure 14).

Finally, we used the abundant plant reads for host genotyping, using FreeBayes [34] to
call close to | million SNPs from reads with high quality mapping to the TAIRIO reference
genome. There were several clear clusters of plant genotypes (Fig. 2c) correlated with sampling
site, in agreement with stands of A. thaliana in southwest Germany normally hosting only a
limited number of genotypes [I5]. It is well known that host genotype can influence the
composition of the leaf microbiome [35,36], but as genotype is strongly linked to site in wild
populations, both variables are confounded and would require additional data in order to

separate the effects of each.

In an orthogonal analysis, we first classified reads broadly as bacteria, fungi, plants, or
unclassified, and compared overall sequence similarity between samples in each class using
MASH [37], which measures similarities in k-mer abundance. MASH does not consider the
taxonomic classification of sequences, but because samples containing different taxa include
different sequences and hence different k-mers, this classification-independent analysis captured
many of the same patterns in the data. PCoA on MASH distances between bacterial, fungal,
plant, or unclassified reads also led to some degree of clustering of samples by collection site

(Supplementary Figure 15).

Intermicrobial correlation networks

Shotgun sequencing provides a minimally-biased estimation of the true abundance of microbes
in a microbiome sample. We examined microbial abundances across all samples and under
different data transformations to understand colonization patterns and potential intermicrobial
relationships. We first made a map of pairwise linear correlations between all bacterial families
that passed filtering thresholds (1,000 assigned reads per family in at least 10 samples) using
plant-scaled data (equal plant chromosomal reads), relative abundance data, and fourth root of
plant-scaled data. Only cooccurrences with a Pearson correlation coefficient greater than |+0.2
| and with p-value lower than 0.05 after Student’s t-test were used (Supplementary Figure 16).

On average, any taxon was positively correlated with |3 other taxa, but this was heavily
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skewed toward microbes present in many samples, as correlations between taxa only seen in a
handful of plants were usually not significant. In addition, bacterial load varied widely across
samples and it was positively associated with the abundance of sequences associated with each
taxon (Supplementary Figure 17). This resulted in only positive correlations between taxa
(figure 3a). That is, a high bacterial load meant a higher abundance of nearly all taxa, although
some taxa such as Pseudomonas contributed more to microbial load than others. When
applying fourth root transformation to the plant-scaled microbial counts, the same trend as in
untransformed data was observed for all taxa, the only difference being increased correlation

values and an increased number of correlated taxa pairs.
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Figure 3. Opposite intertaxa correlations inferred from absolute and relative abundance
data

(A, B) Correlation networks of 20 most abundant taxa at family level. Nodes represent individual taxa
and edges correspond to statistically significant (p < 0.05, R* > 0.2) Pearson correlation between taxa
across all samples. Colors indicate direction of correlation (red - positive, blue - negative), transparency
reflects correlation strength. Taxa are colored relative to mean rank in the dataset (scale on top). Labels
on top of nodes indicate bacterial families as shown in Fig. 2. Pse - Pseudomonadaceae, Sph -
Sphingomonadaceae, Flavo - Flavobacteriaceae, Hymn - Hymenobactereaceae, Methy -
Methlobacteriaceae, Coma - Comamonadaceae, Cyto- Cytophagaceae, Oxa - Oxalobacteraceae, Micro -
Micrococcaceae, Spb - Sphingobacteriaceae. (A) Network based on scaled load data. (B) Network
based on relative abundance data. (C) Correlation between plant scaled Sphingomonadaceae and
Pseudomonadaceae bacterial load. (D) Correlation between relative Sphingomonadaceae and
Pseudomonadaceae relative abundance.
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If bacterial data in all samples are transformed to relative abundance prior to analysis - a
necessity for data without internal standards such as most amplicon data - taxa abundance
estimations become constrained because the sum of all taxa is constant, greatly confounding the
directionality of their correlation. When such a transformation was applied to our dataset,
many of the positive correlations between taxa either disappeared or became negative,
including the one between Pseudomonadaceae and Sphingomonadaceae (Figure 3). If we did not
have data on bacterial load, it would be tempting to jump on this as evidence for widespread
antagonism between these families in the wild. Indeed, antagonism between Pseudomonas and
Sphingomonas is known to occur in laboratory conditions [38]. However, if widespread
antagonism exists between members of these families, our data did not reveal it. Spurious
conclusions due to compositional data are a common and well-documented problem that
several analysis methods, such as the centered-log-ratio transformation, attempt to overcome

[39-43].

Concordance between metagenome and amplicon data

In order to contrast information from metagenome and amplicon sequencing, we focused on
the largest batch, batch 3, with 176 samples. We PCR amplified and sequenced the V4 region of
bacterial 16S rDNA and the fungal ITS| region for these samples. Because the V4 [6S rDNA
sequence of A. thaliana-associated cyanobacteria is indistinguishable from that of chloroplasts,
reads with cyanobacteria assignments were ignored and cyanobacteria reads were also
removed from the metagenome dataset for a fairer comparison. The agreement between
assignment of bacterial families based on 16S rDNA amplicons and metagenomes was very high
(Fig. 4A), with an overall Pearson coefficient of correlation R? of 0.78 on fourth root
transformed data (Figure 4B). Among the top taxa, compared to metagenomics estimates, |6S
rDNA estimates were slightly lower for Pseudomonadaceae, and slightly higher for
Sphingomonadaceae, Sphingobacteriaceae, and Oxalobacteraceae (Fig. 4AB). In a
complementary comparison, we extracted only the 16S rDNA sequences from the
metagenome reads and classified them using phyloFlash [44]. When plotted against 16S rDNA

amplicons that had been subsampled to match the metagenome [16S rDNA read counts, the
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overall correlation and overestimation/underestimation trends were the same as for the

comparison of amplicons with all metagenome reads (Fig. 4E, compare to Fig. 4B).

The concordance between fungal families deduced either from ITSI amplicons or
metagenomes was weaker than for bacterial families (Fig. 4F,G), with a Pearson coefficient of
correlation R* of 0.14. Several factors could explain this difference. First, fungi are less abundant
overall, meaning their quantification is based on fewer sequences and therefore noisier. In
agreement, the Pearson correlation coefficient R? of metagenome versus amplicon data for the
most abundant fungal family, Ceratobasidiaceae, was much higher than the average, with R* =
0.88. Among other families, the Helotiaceae were especially poorly correlated, and were far
more abundant in the ITSI| data (Fig. 4F,G). While this could be due to a bias of the ITSI
primers for this family at the exclusion of others, it could also be that metagenome sequences
from this family are more often erroneously assigned to other, sequence related families,
deflating counts of Helotiaceae. Another source of noise between the datasets could come
from the fact that fungal genomes vary more widely than bacteria in size, and the fact that
rDNA copies are not well correlated with fungal genome size [45]. This can introduce biases
because organisms with larger genomes would appear to have higher abundances in
metagenomes due to more mapped reads. Because these larger genomes may not have more
rDNA copies, ITSI amplicon counts are less affected by differences in genome size.
Additionally, because a much smaller fraction of fungal genomes — as compared to bacterial
genomes — codes for proteins, and because gene number in fungi varies much less than genome
size, many fungal sequences in the metagenome may not be represented in the protein

databases used for classification and quantification.
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Figure 4. Enhancing utility of metagenome data with parallel amplicon data

(A) The relative abundances (RA) of bacterial families as determined by the shotgun metagenome
pipeline (top) mirrored against bacterial families as determined by the 16S V4 rDNA amplicon pipeline
(bottom) for batch 3 plants (columns). Samples in all panels are ordered by the abundance of
Pseudomonadaceae (blue) in the metagenome. Taxa unique to the metagenome are shown in black,
those unique to amplicons are shown in dark gray. (B) The two data sets from panel A, fourth root
transformed and shown as a scatterplot. The dotted line represents perfect correlation. (C) The
amplicon data from panel A, bottom, scaled by common taxa shared between the metagenome and
amplicon data. (D) The data in panel C, fourth root transformed and shown as a scatterplot. (E)
Scatterplot of fourth root-transformed bacterial family abundances, comparing 16S rDNA amplicon data
to 16S rDNA sequences detectable in the metagenome (using phyloFlash). Same color scheme for
families as in panels A-D. (F) The relative abundances (RA) of fungal families as determined by the
shotgun metagenome pipeline (top) mirrored against fungal families as determined by the ITS| rDNA
amplicon pipeline (bottom) for batch 3 plants (columns). Samples are ordered as in panel A. Taxa unique
to the metagenome are shown in black, those unique to amplicons are shown in dark gray. (G)
Scatterplot of fourth root transformed data from panel F.
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The close concordance between metagenome and 16S rDNA relative abundances
enables the scaling of 16S rDNA amplicon data based on bacterial load obtained from
metagenome data. Using amplicons, abundant plant host DNA is much more easily blocked
using either PNA oligomers [46] or blocking primers [47], meaning that for samples with high
plant DNA content, amplicon sequencing can sample many more microbes at a lower cost than
metagenome sequencing. Entries in amplicon databases currently represent the taxonomic
breadth of microbes more evenly than whole genome or protein databases, and therefore may
provide more consistent classification [48]. In addition, we have shown above that relatively
shallow metagenome sequencing is sufficient to find enough classifiable reads with which to
estimate the bacterial load of a sample (Supplementary Figure [8). Low-cost shotgun library
preparation methods [49] in particular make a hybrid approach, in which amplicon sequencing is
combined with low-depth shotgun sequencing, attractive. We used the bacterial load as
calculated from plant-scaled metagenome data to adjust the abundances of 16S rDNA data to
reflect estimated loads (Fig. 3C). As would be expected from the close correlation of 16S
rDNA and metagenome data, the adjusted 16S rDNA data accurately captured the slightly
positive correlation between Pseudomonadaceae and Sphingomonadaceae across the dataset

(Fig. 3D).

Discussion

Describing the phyllosphere-associated microbial community in the context of natural or field
cultivated plant populations is of fundamental importance for understanding and designing
microbial interventions in conservation and agriculture. For years, as in studies of other
microbial communities, this has been approached via isolation and culture of specific leaf
microbes [50-52]. With the advent of high-throughput amplicon and short read sequencing, it
has become easier to address the larger community of taxa that interacts with its host. Here,
we investigated the advantages as well as the limits of whole metagenome shotgun sequencing

to study the leaf microbiota.
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A first finding was that de novo assembly produced few longer sequences, and thus did
not provide advantages over directly mapping short reads to reference databases for taxonomic
assignment. Using taxonomic assignments inferred from short reads directly, we found that the
relative abundance of bacterial taxa among all bacteria was highly consistent with [6S rDNA
amplicon measurements, with the highest correlation seen for the most abundant taxa. The
relative abundance of fungi in the metagenome correlated less well with the ITS| amplicons,
which could be explained at least in part by their lower abundance as well as more complex
genomes of fungi compared to bacteria. Nevertheless, the metagenome data clearly showed
that fungi are ubiquitous in A. thaliana leaves, even though they are usually only a minor part of

the overall A. thaliana phyllosphere microbiome.

We used shotgun sequencing to estimate microbial load across samples, which varied
substantially. The absolute estimates allowed us to reveal the extent to which normalizing
bacteria or fungi to a common value via rarefaction or by total sum scaling, as is common
practice, may mislead researchers to equate an increase or decrease in relative abundances

with a change in absolute abundances.

We used load corrected bacterial taxonomic profiles to explore similarities and
differences among the microbiomes. We did not detect a strong individual influence of either
environment or host genetics on the structure of leaf communities, although some combination
of both contributed. We found that the most abundant taxa in a sample predicted the
community structure of the other microbes in the sample. In our natural host populations,
there was not enough genetic diversity at each site to allow us to disentangle the effects of site
and host genotype on microbiome composition. Whether variation between genetically
identical hosts reflects only stochastic effects, or variation in microenvironment, needs to be

determined.

An important goal of microbial ecology is to uncover specific interactions between
community members, which can point to key taxa that have a major effect on community
composition [53,54]. Correlation networks present a valuable tool for such investigations; we

have demonstrated that correlations based on relative abundances can lead to very different
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networks than correlations based on absolute abundances. In our specific case, relative
abundance data had suggested that Pseudomonadaceae and Sphingomonadaceae, two of the
most common bacterial families typically found in a leaf microbiome, were negatively
correlated, when in fact they were positively correlated, as demonstrated with the absolute
abundance data. We observed such patterns for several other taxa pairs as well. It is striking
that statistically significant correlations were always positive in our dataset when using load
corrected data. This could simply reflect generally stable relationships between community

members, such that they tended to succeed or fail together as they colonized the plant.

In conclusion, we have demonstrated the advantages of using metagenome shotgun
sequencing either alone or in combination with 16S rDNA and ITS| amplicon sequencing for
measuring microbial communities in A. thaliana leaves. Modest read depth, as few as 300,000
reads per sample, is sufficient to enable quantitative taxonomic assignment that is comparable
to amplicon sequencing. In addition, it turns out once more that the small genome of A. thaliana
is a substantial advantage, as it may currently be cost prohibitive to extend our direct
metagenomic approach to other species. This is yet another reason to use A. thaliana (or other
species with relatively small genomes) for microbiome studies in ecological settings. On the
other hand, the hybrid approach of using lower coverage metagenome data to estimate
microbial load and to use this information to scale amplicon data may cost effectively support

endophytic analysis of plants with larger genomes as well.

Methods

Sampling, Processing of Plants, Metagenomic Library Preparation
Plants were sampled from previously-described sites Eyach (EY), Pfrondorf (PFN) and
Jugendhaus Einsiedel (JUG) around Tubingen, Germany [15,55], in four distinct sampling batches

which also had different processing details, representing our evolving pipeline.

Batch 0 - Single plant: A plant visibly infected with both Hyaloperonospora
arabidopsidis and Albugo sp. was collected in Fall 2014 from Gniebel (48° 34' 34.10" North

Lat., 9° 10' 55.42" East Long.) using sterile tweezers and scissors, placed in a sterile 15 mL tube,
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and brought back to the lab on ice where it was frozen at -80°C until further processing. The
frozen plant was ground in the presence of liquid nitrogen using a mortar and pestle that was
lined with 4 layers of autoclaved aluminum foil. Approximately 250 g of the resulting powder
was used for DNA extraction, using a custom protocol we previously described [55]. Briefly,
the sample was subjected to bead-beating in the presence of 1.5% sodium dodecyl sulfate (SDS)
and | mm garnet rocks, followed by SDS cleanup with % volume 5 M potassium acetate, and
then SPRI beads. The library was prepared using the TruSeq Nano kit (lllumina), with DNA
shearing performed with a S2 focused ultrasonicator (Covaris) as suggested in the
manufacturer's protocol. Rather than lllumina adapters, we used custom adapters described in
[56]. The sample was sequenced on one lane of a HiSeq 2000 instrument (lllumina), using a 100

bp single-end kit.

Batch | = Nine plant test of shearing methods. Nine plants were sampled from
Eyach in late December 2014. Rosettes were collected in 50 mL tubes with flame-sterilized
scissors and tweezers and brought back to the lab for processing. In the lab, 3 rosettes were
left unwashed, 3 were washed in sterile water, and 3 were washed in Silwet L-77 solution.
Rosettes were then snap frozen and ground to a fine sand-like consistency with sterile
aluminum foil-lined mortar and pestles, as described above. For large rosettes, the ground plant
material was transferred among up to 3 DNA-extraction tubes which were processed in
parallel to better represent the sample, and pooled again prior to library preparation. The DNA
was extracted as described above for the Batch 0 plants. Two sets of libraries were made for
the nine plants using homebuilt protocols: one sheared via Covaris and one sheared via

Shearase enzyme.

Covaris based: For one set of libraries, 100 ng of DNA in 130 pL of elution buffer was
sheared on a S2 focused ultrasonicator (Covaris) for 65 seconds using intensity = 4, Duty cycle
= 10%, and 200 cycles per burst, to yield a fragment size of approximately 350 bp. The sheared
DNA was cleaned with SPRI beads in a 0.8:1 bead to sample ratio, and eluted in I5 pL.
End-repair, A-tailing, and adapter ligation were performed similar to [57] following “Alternative
Protocol 2” with double DNA size selection after the End-repair step, and using homemade

SPRI beads instead of AMPure XP beads. Other minor modifications were that the total volume
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of the end repair reaction was scaled down to /4 volume, with DNA eluted after SPRI-cleanup
in 17 pL. The total volume of the A-tailing reaction was scaled down to 2 volume. Again,

custom adapters described in [56] were substituted for lllumina adapters.

Shearase based: For the second set of libraries, 100 ng of DNA in 20 pL of EB buffer
was mixed with 9.5 pL of 3X reaction buffer and 0.5 pL of dsDNA Shearase Plus, and incubated
for 30 min at 37°C to yield a size range between 200-1000 bp, before the reaction was stopped
by addition of 3 pL EDTA. The shared DNA was cleaned with SPRI beads and eluted in 17 pL
EB. Size selection, A-tailing, and adapter ligation were performed exactly as with the Covaris
based protocol. Final cleaned libraries prepared using both Covaris and Shearase protocols
were quantified with PicoGreen (invitrogen) using | pL of DNA in 100 pL reactions, and
molecules were pooled in equimolar amounts. The pooled library was size selected for
fragments between 350 and 700 bp on a Blue Pippin instrument (Sage Science, Beverly, MA,
USA). All samples were sequenced on the lllumina HiSeq 3000 with the 2x150 paired end

protocol.

Batch 2 - Set of 90 plants. Plants were collected from EY and PFN in Fall 2014 (Nov.
24 and 25) and Spring 2015 (March 18 and 19). All samples were brought back to the lab in 50
mL tubes, washed 3x in sterile water to remove adhering dust and soil, and then flash frozen
and stored at -80 °C until they were ground in sterile foil-covered mortar and pestle. DNA was
extracted as described for other plants above. Metagenomic libraries were prepared as
described for Covaris-sheared libraries from Batch [; the entire set of 90 libraries was
quantified, combined to one pool, size selected, and sequenced with 2x150 paired ends over

lanes of a HiSeq3000 instrument.

Batch 3 - Set of 176 plants. Plants were harvested from EY (1| Dec. 2015 and 23
Mar. 2016), JUG (15 Dec. 2016 and 31 Mar. 2016) and PFN (31 Mar. 2016). Whole rosettes
were removed with sterile scissors and tweezers, and washed 3x with sterile water. Two leaves
were removed and independently processed to culture bacteria as previously published in [55],
and the remaining rosette was flash-frozen on dry ice and processed for metagenomic

sequencing and 16S rDNA sequencing of the V4 region. The metagenomic libraries were
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prepared using a modification of the Nextera protocol for smaller volumes similar to [58], as
previously described [55]. As for Batch | and Batch 2 plants, the full set of 176 libraries was
quantified and combined to one pool, size selected for 350 - 700 bp final library size, and

sequenced with 2x150 paired ends over multiple lanes of a HiSeq3000 instrument.

16S rDNA V4 library construction and sequencing for Batch 3 plants

Amplicon sequencing of the V4 region of the 16S rDNA gene performed using a two step PCR
protocol using PNAs to block chloroplast and mitochondrial sequences, slightly modified from
[46]. The first PCR step amplified the rDNA using 515F [59] and 806R [60] primers as well as
short overhangs (Supplementary Table |) and a second step primed these overhangs to added
lllumina adapters. The primers differed from Lundberg et al. 2013 in two key ways. First,
although the frameshifting nucleotides were kept, the molecular tagging nucleotides were
removed from the primers to make the protocol simpler and robust to more variable DNA
quantities. Second, the primers were modified such that the lllumina TruSeq priming sequences
were used on both the forward and reverse primers, as opposed to the use of a Nextera
sequence on the forward primer. Unique barcoding of samples was accomplished by use of 96
independent indexing primers in the second PCR, combined with two combinations of
frameshift primers in the first PCR as explained in [46]. Half of the samples from the first PCR
were amplified with 515F frameshifts |, 3, and 5 paired with 806R frameshifts 2, 4, and 6. The
other half of the samples from the first PCR paired 515F frameshits 2, 4, and 6 with 806R

reverse frameshifts |, 3, and 5. This strategy allowed up to 192 samples to be uniquely indexed.

In the first PCR, each reaction was prepared in 60 pL, which was split into three 20 pL
reactions run in parallel for 29 cycles. Three parallel reactions helps mute the influence of
stochastic bias that might affect any single reaction. The 60 pL mix contained 6 pL of TAQ
buffer (NEB), 3 pL of 5 pM forward primers mix, 3 pL of 5 pM reverse primers mix, 0.45 pL of
100 pM pPNA, 0.45 pL of 100 uM mPNA, 1.2 pL of dNTPs (10 mM), 0.48 pL of Taq polymerase
(NEB), 40.4 pL of PCR-grade water, and 5 pL of template DNA. The first PCR was run for
94°C for 2 minutes followed by 29 cycles of 94°C for 30 s, 78°C for 5 s, 50°C for 30 s, and

72°C for | min, and finally 72° for 2 min. The three 20 pL reactions were pooled and 5 pL was
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run on a gel to confirm amplification. The remaining 55 pL were cleaned with 55 pL of SPRI
beads [61] at a bead:sample ratio of I:1 to remove PCR primers the DNA was resuspended in
30 pL of water. Between | and 5 pL of this product from the first PCR, based on gel band

intensity, was used in the second PCR of 6 cycles to add illumina adapters.

The second PCR was prepared in 25 pL, and contained 5 pL of Q5 PCR buffer (NEB),
0.0625 pL of 100 pM universal forward primer, 1.25 pL of 5 pM barcoded reverse primer, 0.5
pL of 10 mM dNTPs, 0.25 pL of Q5 polymerase (NEB), 12.875 pL of PCR-grade water, and 5
uL of water + DNA from the first PCR. The second PCR was run for 94°C for | minute
followed by 6 cycles of 94°C for 20 s, 60°C for 30 s, and 72°C for 30 s, and finally 72°C for 2
minutes. Successful addition of adapters was confirmed by 5 pL of the final product from each
reaction on an agarose gel, allowing visualization of a size shift. Final amplicons averaged 430 bp
in length. The remaining 20 pL of product was cleaned with SPRI beads and resuspended in 40
pL of EB. Libraries were quantified by PicoGreen in 100 pL reactions, pooled in equimolar
amounts, and sequenced using a MiSeq V2 2x500 reagent kit (lllumina) which was sufficient to
overlap and assemble the forward and reverse reads. The frameshifts built into the primers
used in the first PCR made the addition of PhiX to increase sequence diversity unnecessary

[46].

ITSI library construction and sequencing for Batch 3 plants

ITSI rDNA amplicons were prepared similarly to 16S rDNA amplicons, using gene-specific
primers for the first PCR and adding indexes and adapters in the second PCR. We used a
protocol modified from [47], which uses blocking primers to prevent amplification of plant
sequences. Because blocking primers, unlike PNAs, result in a quantifiable PCR product, we
used the cycling conditions suggested in [47] to prevent the product of the blocking product
from reaching detectable levels. As with the 16S rDNA protocol, we used six frameshifting
forward ITSIF primers and six frameshifting reverse ITS2R primers. The first 60 uL PCR
reaction (also run as three parallel 20 pL reactions) included 6 pL of 10X ThermoPol Taq buffer
(NEB), 0.96 pL of 5 pM forward primer (0.08 uM final), 0.96 pL of 5 pM reverse primer (0.08
MM final), 0.15 pL of 100 pM forward blocking primer (0.25 pM final), 0.15 pL of 100 pM
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reverse blocking primer (0.25 pM final), 1.2 pL of 10 mM dNTPs, 0.48 pL of Taqg DNA
polymerase (NEB), 45.1 pL of PCR-grade water, and 5 pL of DNA. The first PCR was run for
94°C for 2 min. followed by 10 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and
finally 72° for 3 min. The three 20 pL reactions were pooled, cleaned with a bead:sample ratio

of I:l to remove PCR primers, and resuspended in 30 pL of water.

The second PCR was prepared in 25 pL, and contained 5 pL of Q5 PCR buffer (NEB),
0.0625 pL of 100 pM universal forward primer, 1.25 pL of 5 pM barcoded reverse primer, 0.5
ML of 10 mM dNTPs, 0.25 pL of Q5 polymerase (NEB), 4.875 pL of PCR-grade water, and 13
uL of DNA from the first PCR. The second PCR was run for 94° for | minute followed by 25
cycles of 94° for 20 s, 60° for 30 s, and 72° for 30 s, and finally 72° for 2 minutes and cool
down to room temperature. Successful PCR and addition of adapters was confirmed by 5 pL of
the final product from each reaction on an agarose gel, with the major band produced around
400 bp in length. The remaining 20 pL of product was cleaned with SPRI beads and resuspended
in 40 pL of elution buffer. Libraries were quantified with PicoGreen (ThermoFisher Scientific) in
100 pL reactions, pooled in equimolar amounts, and sequenced using a MiSeq V3 2x600 reagent

kit (Illumina).

Amplicon quality processing, clustering, and classification

Raw sequences from both 16S and ITS| rDNA amplicons were first demultiplexed according to
their 9 bp barcodes added in the second PCR, not allowing any mismatches. All sequences were
further demultiplexed by the frameshift combinations using strict regular expressions without
mismatches in any part of the primer sequence

(https://github.com/dereklLS|/Metagenome2019). Forward frameshifts |, 3, and 5 were only

allowed pairings with reverse frameshifts 2, 4, or 6. Forward frameshifts 2, 4, and 6 were only

allowed pairings with reverse frameshifts |, 3, and 5.

Forward and reverse reads from the 16S rDNA sequences were merged with FLASH
[62] using a minimum overlap set to 30 bp and (-m 30). Most ITS| amplicons were small

enough to overlap with these longer reads, but some reads were longer and overlap was not
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possible, so only the forward read was used for downstream analyses (read l), although the

frameshift in read2 was used for demultiplexing.

All primer sequences were removed. Because of the frameshifts in the primer
sequences, ITS| read | sequences had variable lengths after removing primers, and therefore all
were trimmed to a common length of 271 bases before clustering. Additional quality filtering,
removal of chimeric sequences, OTU preparation and OTU tables, and taxonomic assignment

were done with USEARCHIO0 [63] (https:/github.com/DerekLS|/Metagenome). OTUs were

prepared at 100% as ‘zero-radius OTUS’ (zOTUS, a form of Amplicon Sequence Variant) [64].
The 16S rDNA taxonomy was based on the RDP training set vl6 (I3k segs.), and ITSI
taxonomy was based on UNITE USEARCH/UTAX release v7.2 (UNITE Community.
https://doi.org/10.15156/BIO/587476).

Metagenome read QC and host data removal

Sequencing libraries were subject to adapter trimming and quality control with Skewer [65].
Reads were trimmed to a minimum length of 30 bp and minimum average Phred score of 20.
After sequencing, samples were composed of a mixture of mostly host Arabidopsis thaliana
reads and microbial origin reads. In order to remove most of the plant reads, libraries were
aligned against the A. thaliana reference genome [16] using the bwa mem algorithm with
standard parameters [66]. After mapping, only read pairs for which neither of the mates
mapped against the plant reference genome were mapped against the metagenomic reference.

Data aligned to the host was later used for host plant genotyping.

Metagenomic profiling

Using DIAMOND [18] with default mapping parameters, the putative microbial reads were
mapped against the entire NCBI nr protein database (March 2018), which includes protein
sequences from all three domains of life and viruses. In order to keep analysis time and file sizes
manageable, a maximum of 25 matches per sequencing read was permitted. DAA (Diamond
analysis archive) files were then parsed for taxonomic binning with MEGAN [20]. Reads were
binned to different taxa using the weighted LCA algorithm [19] using only hits that were within

10% of the highest matching score. In summary, of the maximum 25 matches any read could
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have, only matches whose score was within 10% of the highest score were used for taxonomic
placement. Final count tables for different taxonomic levels were produced based on the

binning strategy just described.

The taxa counts were then normalized to adjust for sampling depth by first dividing the
abundances in each sample by the number of reads mapping to the plant chromosome in that
sample. Then, all values in all samples were multiplied by the mean number of chromosomal

plant counts across all samples. This can also be represented by the following formula:

-~ Xraw,
Xnorm ;=P - —5—

i

For sample i, where Xnorm stands for the normalized vector of counts in the sample, P is
the mean number of chromosomal plant counts across all samples, Xraw . is the raw microbial

count vector in a sample, and P ; is the number of plant chromosomal reads in that sample.

Taxonomic correlations and network computation
After computing intermicrobial linear correlations and filtering out weakly associated taxa pairs,
network representation was computed with the networkx Python package using the kamada

kawai layout function with standard parameters based on the correlation values.

Plant genotyping

Individual host genotypes were determined using plant associated reads from each
metagenome. Reads aligned to the TAIRIO reference genome [16] were filtered to a minimum
mapping quality of 20, resulting in an average genome coverage from |5x to 40x. Single
nucleotide polymorphisms were called using FreeBayes [34], and resulting VCF files were
filtered using custom scripts. SNPs with a minimum alternative count above 3, minimum read
depth of 6, and no more than 5% missing data across all samples were kept for downstream

analysis.

For determining genotype groups, a genetic distance matrix was computed with ngsDist
[67] from the alternative allele count matrix of all SNPs that passed filtering thresholds. This

distance matrix was used as input in tsne [68] to visualize sample clustering.
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Adjusting 16S rDNA amplicon data by bacterial load

To adjust the 16S rDNA amplicon dataset to correct for bacterial load, the abundance of each
OTU from a sample in the total sum-scaled OTU table can be multiplied by a load scaling factor
calculated from the metagenome data for that sample. The simplest load scaling factor is the
ratio of all bacteria to plant chromosomal reads in the metagenome sample. If read depth in the
metagenome allows, a more precise scaling factor can be calculated based on bacterial families
detectable by both methods. Both methods yield similar results in our dataset, because the
majority of sequencing reads in both methods fall into bacterial families shared by both

methods. We scaled based on bacterial families shared by both methods.

To correct the 16S rDNA dataset by shared taxa in the scaled metagenome dataset, the
16S rDNA dataset was first normalized to 100% in each sample by total sum scaling. The
common bacterial families that could be identified by at least a single read in both the
metagenomic and |16S rDNA datasets were then identified for each sample, and the sum of read
counts in falling in these common taxa was calculated for each sample in both the metagenome
and 16S rDNA datasets. The sum of common taxa for each sample in the plant-chromosome
scaled metagenome dataset was divided the sum of reads in these common taxa in the
corresponding 16S rDNA table to yield a load scaling ratio. The load scaling factor was
multiplied by all the 16S rDNA counts in that sample to produce load-corrected 16S rDNA

abundances, closely matching the values obtained from the metagenome. For each sample i,

£ Me,
EACC_’ X A; = load corrected OT Us

Where X Mc;is the sum of metagenome reads in common taxa from the plant
chromosome-scaled metagenome table, X Ac;is the sum of 16S rDNA reads falling in common

taxa, and 4, is the full set of 16S rDNA read counts for that sample.

Comparison of 16S rDNA reads from the metagenome to 16S rDNA V4 amplicons

Metagenome reads from each sample in the Batch 3 dataset were mapped to the RDP 165

rDNA training set using phyloFlash [44]. Each metagenome sample yielded an average of 280
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mapped |16S rDNA reads, with many yielding fewer than 100 reads. Because for most samples
there were too few reads to compare directly to their 16S rDNA amplicon counterparts,
samples were pooled to make one aggregate metagenome dataset containing 52,589 16S rDNA
phyloFlash sequences. This was then compared to a corresponding 16S rDNA amplicon dataset
comprising 52,589 sequences subsampled from the full 16S rDNA dataset. Each sample
contributed a matching number of phyloFlash 16S rDNA or amplicon 16S rDNA reads to
either the phylFlash 16S rDNA pool or the amplicon 16S rDNA pool respectively. The family

level relative abundances for these pools were then plotted against each other.

Data availability

All data in this manuscript has been deposited in the European Nucleotide Archive (ENA). It

can be accessed under the project number PRJEB31530. At https://www.ebi.ac.uk/ena

Author Contributions

JR, DL, and DWV planned the study and wrote the manuscript. JR, DL, and OD analyzed the data. DL, SK,
and KP collected samples and prepared libraries. TK and GS collected samples and commented on the

manuscript

Competing Interests

OD is also an employee of Computomics GmbH. The other authors declare no competing interests.

Acknowledgements

We thank Daniel Huson for his support with software implementations and data analysis,
Clemens WeiB for his input and suggestions regarding data analysis, and Dino Jolic for helpful
ideas and discussions. Supported by a Human Frontiers Science Program (HFSP) Long-Term
Fellowship (LT000565/2015-L to DL), ERC Advanced Grant IMMUNEMESIS (340602), the DFG
through Collaborative Research Center CRCI 101, and the Max Planck Society (DW).

25


https://www.ebi.ac.uk/ena
https://doi.org/10.1101/823492
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/823492; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Regalado et al. Combining sequencing methods in plant metagenomics

References

|. Pieterse CMJ, Zamioudis C, Berendsen RL, Weller DM, Van Wees SCM, Bakker PAHM.
Induced systemic resistance by beneficial microbes. Annu Rev Phytopathol. 2014;52:
347-375.

2. Verma M, Brar SK, Tyagi RD, Surampalli RY, Valéro JR. Antagonistic fungi, Trichoderma
spp.: Panoply of biological control. Biochem Eng J. 2007;37: [-20.

3. Mendes R, Kruijt M, de Bruijn I, Dekkers E, van der Voort M, Schneider JHM, et al.
Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science.
2011;332: 1097-1100.

4. Glick BR. Bacteria with ACC deaminase can promote plant growth and help to feed the
world. Microbiol Res. 2014;169: 30-39.

5. Lareen A, Burton F, Schafer P. Plant root-microbe communication in shaping root
microbiomes. Plant Mol Biol. 2016;90: 575-587.

6. Eckardt NA. The Plant Cell Reviews Plant Immunity: Receptor-Like Kinases, ROS-RLK
Crosstalk, Quantitative Resistance, and the Growth/Defense Trade-Off. Plant Cell. 2017;29:
601-602.

7. Hassani MA, Duran P, Hacquard S. Microbial interactions within the plant holobiont.
Microbiome. 2018;6: 58.

8. Delmotte N, Knief C, Chaffron S, Innerebner G, Roschitzki B, Schlapbach R, et al.
Community proteogenomics reveals insights into the physiology of phyllosphere bacteria.
Proc Natl Acad Sci U S A. 2009;106: 16428—16433.

9. Langille MGI, Zaneveld ], Caporaso |G, McDonald D, Knights D, Reyes JA, et al. Predictive
functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat
Biotechnol. 2013;31: 814-821.

10. ABhauer KP, Wemheuer B, Daniel R, Meinicke P. Tax4Fun: predicting functional profiles
from metagenomic 16S rRNA data. Bioinformatics. 2015;3 1: 2882-2884.

1. Hillmann B, Al-Ghalith GA, Shields-Cutler RR, Zhu Q, Gohl DM, Beckman KB, et al.
Evaluating the Information Content of Shallow Shotgun Metagenomics. mSystems. 2018;3.
doi:10.1128/mSystems.00069-18

12. Breitwieser FP, Lu J, Salzberg SL. A review of methods and databases for metagenomic
classification and assembly. Brief Bioinform. 2017. doi:10.1093/bib/bbx 120

I3. Finkel OM, Delmont TO, Post AF, Belkin S. Metagenomic Signatures of Bacterial

Adaptation to Life in the Phyllosphere of a Salt-Secreting Desert Tree. Appl Environ
Microbiol. 2016;82: 2854-2861.

4. Methe BA, Li K, Talley SP, Gupta N, Frank B, Xu W, et al. Functional Genes That
Distinguish Maize Phyllosphere Metagenomes in Drought and Well-Watered Conditions.
bioRxiv. 2017. p. 104331. doi:10.1101/10433 |

I5. Bomblies K, Yant L, Laitinen RA, Kim S-T, Hollister JD, Warthmann N, et al. Local-Scale
Patterns of Genetic Variability, Outcrossing, and Spatial Structure in Natural Stands of

26


http://paperpile.com/b/xrppp0/pgtx
http://paperpile.com/b/xrppp0/pgtx
http://paperpile.com/b/xrppp0/pgtx
http://paperpile.com/b/xrppp0/qtj2
http://paperpile.com/b/xrppp0/qtj2
http://paperpile.com/b/xrppp0/lRZB
http://paperpile.com/b/xrppp0/lRZB
http://paperpile.com/b/xrppp0/lRZB
http://paperpile.com/b/xrppp0/kwCE
http://paperpile.com/b/xrppp0/kwCE
http://paperpile.com/b/xrppp0/lLCK
http://paperpile.com/b/xrppp0/lLCK
http://paperpile.com/b/xrppp0/2Jsn
http://paperpile.com/b/xrppp0/2Jsn
http://paperpile.com/b/xrppp0/2Jsn
http://paperpile.com/b/xrppp0/X86t
http://paperpile.com/b/xrppp0/X86t
http://paperpile.com/b/xrppp0/F3ql
http://paperpile.com/b/xrppp0/F3ql
http://paperpile.com/b/xrppp0/F3ql
http://paperpile.com/b/xrppp0/3bnd
http://paperpile.com/b/xrppp0/3bnd
http://paperpile.com/b/xrppp0/3bnd
http://paperpile.com/b/xrppp0/eOpn
http://paperpile.com/b/xrppp0/eOpn
http://paperpile.com/b/xrppp0/r0Eo
http://paperpile.com/b/xrppp0/r0Eo
http://paperpile.com/b/xrppp0/r0Eo
http://dx.doi.org/10.1128/mSystems.00069-18
http://paperpile.com/b/xrppp0/obkC
http://paperpile.com/b/xrppp0/obkC
http://dx.doi.org/10.1093/bib/bbx120
http://paperpile.com/b/xrppp0/yVRG
http://paperpile.com/b/xrppp0/yVRG
http://paperpile.com/b/xrppp0/yVRG
http://paperpile.com/b/xrppp0/PwUN
http://paperpile.com/b/xrppp0/PwUN
http://paperpile.com/b/xrppp0/PwUN
http://dx.doi.org/10.1101/104331
http://paperpile.com/b/xrppp0/HpCt
http://paperpile.com/b/xrppp0/HpCt
https://doi.org/10.1101/823492
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/823492; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Regalado et al. Combining sequencing methods in plant metagenomics

Arabidopsis thaliana. Mauricio R, editor. 2010. doi:10.137 | /journal.pgen.1000890

|6. Berardini TZ, Reiser L, Li D, Mezheritsky Y, Muller R, Strait E, et al. The Arabidopsis
information resource: Making and mining the “gold standard” annotated reference plant
genome. Genesis. 2015;53: 474-485.

I7. Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM.
arXiv [g-bio.GN]. 201 3. Available: http://arxiv.org/abs/1303.3997

I8. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using DIAMOND. Nat
Methods. 2015;12: 59-60.

19. Huson DH, Beier S, Flade |, Gorska A, El-Hadidi M, Mitra S, et al. MEGAN Community
Edition - Interactive Exploration and Analysis of Large-Scale Microbiome Sequencing Data.
PLoS Comput Biol. 2016;12: e1004957.

20. Huson DH, Auch AF, Qi ], Schuster SC. MEGAN analysis of metagenomic data. Genome
Res. 2007;17: 377-386.

21. Massonnet C, Tisné S, Radziejwoski A, Vile D, De Veylder L, Dauzat M, et al. New insights
into the control of endoreduplication: endoreduplication could be driven by organ growth
in Arabidopsis leaves. Plant Physiol. 201 I;157: 2044-2055.

22. Davies DR. DNA contents and cell number in relation to seed size in the genus Vicia.
Heredity . 1977;39: 153.

23. Stammler F, Glasner |, Hiergeist A, Holler E, Weber D, Oefner PJ, et al. Adjusting
microbiome profiles for differences in microbial load by spike-in bacteria. Microbiome.
2016;4: 28.

24. Tourlousse DM, Yoshiike S, Ohashi A, Matsukura S, Noda N, Sekiguchi Y. Synthetic spike-in
standards for high-throughput 16S rRNA gene amplicon sequencing. Nucleic Acids Res.
2017;45: e23.

25. Smets W, Leff JW, Bradford MA, McCulley RL, Lebeer S, Fierer N. A method for
simultaneous measurement of soil bacterial abundances and community composition via
16S rRNA gene sequencing. Soil Biol Biochem. 2016;96: 145-151.

26. Michael TP, Jupe F, Bemm F, Motley ST, Sandoval P, Lanz C, et al. High contiguity
Arabidopsis thaliana genome assembly with a single nanopore flow cell. Nat Commun.
2018;9: 541.

27. Howe AC, Jansson JK, Malfatti SA, Tringe SG, Tiedje JM, Brown CT. Tackling soil diversity
with the assembly of large, complex metagenomes. Proc Natl Acad Sci U S A. 2014;111:
4904—4909.

28. Arumugam M, Raes |, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. Enterotypes of
the human gut microbiome. Nature. 201 1;473: 174—180.

29. QinJ, Li R, Raes ], Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut microbial
gene catalogue established by metagenomic sequencing. Nature. 2010;464: 59—65.

30. Li D, Liu C-M, Luo R, Sadakane K, Lam T-W. MEGAHIT: an ultra-fast single-node solution
for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics.
2015;31: 1674-1676.

31. Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. metaSPAdes: a new versatile

27


http://paperpile.com/b/xrppp0/HpCt
http://dx.doi.org/10.1371/journal.pgen.1000890
http://paperpile.com/b/xrppp0/hYmO
http://paperpile.com/b/xrppp0/hYmO
http://paperpile.com/b/xrppp0/hYmO
http://paperpile.com/b/xrppp0/WBuc
http://paperpile.com/b/xrppp0/WBuc
http://arxiv.org/abs/1303.3997
http://paperpile.com/b/xrppp0/NjW6
http://paperpile.com/b/xrppp0/NjW6
http://paperpile.com/b/xrppp0/alJE
http://paperpile.com/b/xrppp0/alJE
http://paperpile.com/b/xrppp0/alJE
http://paperpile.com/b/xrppp0/3zCW
http://paperpile.com/b/xrppp0/3zCW
http://paperpile.com/b/xrppp0/UbcL
http://paperpile.com/b/xrppp0/UbcL
http://paperpile.com/b/xrppp0/UbcL
http://paperpile.com/b/xrppp0/RuyC
http://paperpile.com/b/xrppp0/RuyC
http://paperpile.com/b/xrppp0/jVV6
http://paperpile.com/b/xrppp0/jVV6
http://paperpile.com/b/xrppp0/jVV6
http://paperpile.com/b/xrppp0/Jm2G
http://paperpile.com/b/xrppp0/Jm2G
http://paperpile.com/b/xrppp0/Jm2G
http://paperpile.com/b/xrppp0/Gkr4
http://paperpile.com/b/xrppp0/Gkr4
http://paperpile.com/b/xrppp0/Gkr4
http://paperpile.com/b/xrppp0/iTkW
http://paperpile.com/b/xrppp0/iTkW
http://paperpile.com/b/xrppp0/iTkW
http://paperpile.com/b/xrppp0/83k6
http://paperpile.com/b/xrppp0/83k6
http://paperpile.com/b/xrppp0/83k6
http://paperpile.com/b/xrppp0/T9fN
http://paperpile.com/b/xrppp0/T9fN
http://paperpile.com/b/xrppp0/0d20
http://paperpile.com/b/xrppp0/0d20
http://paperpile.com/b/xrppp0/KXkJ
http://paperpile.com/b/xrppp0/KXkJ
http://paperpile.com/b/xrppp0/KXkJ
http://paperpile.com/b/xrppp0/WCKI
https://doi.org/10.1101/823492
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/823492; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

Regalado et al. Combining sequencing methods in plant metagenomics

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

metagenomic assembler. Genome Res. 2017;27: 824-834.

Pearson K. LIIl. On lines and planes of closest fit to systems of points in space. The London,
Edinburgh, and Dublin Philosophical Magazine and Journal of Science. 1901;2: 559-572.

Xie M, Goh TN, Tang XY. Data transformation for geometrically distributed quality
characteristics. Qual Reliab Eng Int. 2000;16: 9-15.

Garrison E, Marth G. Haplotype-based variant detection from short-read sequencing. arXiv
[g-bio.GN]. 2012. Available: http://arxiv.org/abs/1207.3907

Wagner MR, Lundberg DS, Del Rio TG, Tringe SG, Dangl JL, Mitchell-Olds T. Host
genotype and age shape the leaf and root microbiomes of a wild perennial plant. Nat
Commun. 2016;7: 12151.

Bodenhausen N, Bortfeld-Miller M, Ackermann M, Vorholt JA. A synthetic community
approach reveals plant genotypes affecting the phyllosphere microbiota. PLoS Genet.
2014;10: e1004283.

Ondov BD, Treangen T, Melsted P, Mallonee AB, Bergman NH, Koren S, et al. Mash: fast
genome and metagenome distance estimation using MinHash. Genome Biol. 2016;17: 132.

Innerebner G, Knief C, Vorholt JA. Protection of Arabidopsis thaliana against
leaf-pathogenic Pseudomonas syringae by Sphingomonas strains in a controlled model
system. Appl Environ Microbiol. 201 1;77: 3202-3210.

Gloor GB, Macklaim JM, Pawlowsky-Glahn V, Egozcue JJ. Microbiome Datasets Are
Compositional: And This Is Not Optional. Front Microbiol. 2017;8: 2224.

Friedman |, Alm EJ. Inferring correlation networks from genomic survey data. PLoS Comput
Biol. 2012;8: €1002687.

Tsilimigras MCB, Fodor AA. Compositional data analysis of the microbiome: fundamentals,
tools, and challenges. Ann Epidemiol. 2016;26: 330—335.

Silverman D, Washburne AD, Mukherjee S, David LA. A phylogenetic transform enhances
analysis of compositional microbiota data. Elife. 2017;6. doi:10.7554/eLife.21887

Kurtz ZD, Miller CL, Miraldi ER, Littman DR, Blaser MJ, Bonneau RA. Sparse and
compositionally robust inference of microbial ecological networks. PLoS Comput Biol.
2015;11: e1004226.

Gruber-Vodicka HR, Seah BKB, Pruesse E. phyloFlash — Rapid SSU rRNA profiling and
targeted assembly from metagenomes. bioRxiv. 2019. p. 521922. doi:10.1101/521922

Lofgren LA, Uehling JK, Branco S, Bruns TD, Martin F, Kennedy PG. Genome-based
estimates of fungal rDNA copy number variation across phylogenetic scales and ecological
lifestyles. Mol Ecol. 2018. doi:10.1111/mec.14995

Lundberg DS, Yourstone S, Mieczkowski P, Jones CD, Dangl JL. Practical innovations for
high-throughput amplicon sequencing. Nat Methods. 2013;10: 999—-1002.

Agler MT, Mari A, Dombrowski N, Hacquard S, Kemen EM. New insights in
host-associated microbial diversity with broad and accurate taxonomic resolution. bioRxiv.
2016. p. 050005. doi:10.1101/050005

Tessler M, Neumann |S, Afshinnekoo E, Pineda M, Hersch R, Velho LFM, et al. Large-scale
differences in microbial biodiversity discovery between 16S amplicon and shotgun

28


http://paperpile.com/b/xrppp0/WCKI
http://paperpile.com/b/xrppp0/bf6X
http://paperpile.com/b/xrppp0/bf6X
http://paperpile.com/b/xrppp0/eWEZ
http://paperpile.com/b/xrppp0/eWEZ
http://paperpile.com/b/xrppp0/agg9
http://paperpile.com/b/xrppp0/agg9
http://arxiv.org/abs/1207.3907
http://paperpile.com/b/xrppp0/T2ue
http://paperpile.com/b/xrppp0/T2ue
http://paperpile.com/b/xrppp0/T2ue
http://paperpile.com/b/xrppp0/BlPf
http://paperpile.com/b/xrppp0/BlPf
http://paperpile.com/b/xrppp0/BlPf
http://paperpile.com/b/xrppp0/HZMZ
http://paperpile.com/b/xrppp0/HZMZ
http://paperpile.com/b/xrppp0/8E5O
http://paperpile.com/b/xrppp0/8E5O
http://paperpile.com/b/xrppp0/8E5O
http://paperpile.com/b/xrppp0/6f7q
http://paperpile.com/b/xrppp0/6f7q
http://paperpile.com/b/xrppp0/idgo
http://paperpile.com/b/xrppp0/idgo
http://paperpile.com/b/xrppp0/UtR3
http://paperpile.com/b/xrppp0/UtR3
http://paperpile.com/b/xrppp0/dQQd
http://paperpile.com/b/xrppp0/dQQd
http://dx.doi.org/10.7554/eLife.21887
http://paperpile.com/b/xrppp0/tmRW
http://paperpile.com/b/xrppp0/tmRW
http://paperpile.com/b/xrppp0/tmRW
http://paperpile.com/b/xrppp0/jA2e
http://paperpile.com/b/xrppp0/jA2e
http://dx.doi.org/10.1101/521922
http://paperpile.com/b/xrppp0/I355
http://paperpile.com/b/xrppp0/I355
http://paperpile.com/b/xrppp0/I355
http://dx.doi.org/10.1111/mec.14995
http://paperpile.com/b/xrppp0/KRec
http://paperpile.com/b/xrppp0/KRec
http://paperpile.com/b/xrppp0/BVFQ
http://paperpile.com/b/xrppp0/BVFQ
http://paperpile.com/b/xrppp0/BVFQ
http://dx.doi.org/10.1101/050005
http://paperpile.com/b/xrppp0/GQJG
http://paperpile.com/b/xrppp0/GQJG
https://doi.org/10.1101/823492
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/823492; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

Regalado et al. Combining sequencing methods in plant metagenomics

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65

sequencing. Sci Rep. 2017;7: 6589.

Adey A, Morrison HG, Asan, Xun X, Kitzman JO, Turner EH, et al. Rapid, low-input,

low-bias construction of shotgun fragment libraries by high-density in vitro transposition.
Genome Biol. 2010;11: RI19.

Kniskern JM, Traw MB, Bergelson ]. Salicylic acid and jasmonic acid signaling defense
pathways reduce natural bacterial diversity on Arabidopsis thaliana. Mol Plant Microbe
Interact. 2007;20: 1512—-1522.

Lindow SE, Brandl MT. Microbiology of the phyllosphere. Appl Environ Microbiol. 2003;69:
1875-1883.

Dickinson CH, Austin B, Goodfellow M. Quantitative and Qualitative Studies of Phylloplane
Bacteria from Lolium perenne. Microbiology. 1975;91: 157—-166.

Agler MT, Ruhe J, Kroll S, Morhenn C, Kim S-T, Weigel D, et al. Microbial Hub Taxa Link
Host and Abiotic Factors to Plant Microbiome Variation. PLoS Biol. 2016;14: e1002352.

Vacher C, Hampe A, Porté A, Sauer U, Compant S, Morris CE. The Phyllosphere:
Microbial Jungle at the Plant—Climate Interface. Annu Rev Ecol Evol Syst. 2016;47: |-24.

Karasov TL, Almario J, Friedemann C, Ding W, Giolai M, Heavens D, et al. Arabidopsis
thaliana and Pseudomonas Pathogens Exhibit Stable Associations over Evolutionary
Timescales. Cell Host Microbe. 2018;24: 168—179.e4.

Rowan BA, Patel V, Weigel D, Schneeberger K. Rapid and inexpensive whole-genome
genotyping-by-sequencing for crossover localization and fine-scale genetic mapping. G3 .
2015;5: 385-398.

Bronner IF, Quail MA, Turner DJ, Swerdlow H. Improved Protocols for Illumina
Sequencing. Curr Protoc Hum Genet. 2014;80: 18.2.1—42.

Baym M, Kryazhimskiy S, Lieberman TD, Chung H, Desai MM, Kishony R. Inexpensive
multiplexed library preparation for megabase-sized genomes. PLoS One. 2015;10:
e0128036.

Parada AE, Needham DM, Fuhrman JA. Every base matters: assessing small subunit rRNA
primers for marine microbiomes with mock communities, time series and global field

samples. Environ Microbiol. 2016;18: 1403—-1414.

Apprill A, McNally S, Parsons R, Weber L. Minor revision to V4 region SSU rRNA 806R
gene primer greatly increases detection of SAR| | bacterioplankton. Aquat Microb Ecol.
2015;75: 129-137.

Rohland N, Reich D. Cost-effective, high-throughput DNA sequencing libraries for
multiplexed target capture. Genome Res. 2012;22: 939-946.

Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to improve genome
assemblies. Bioinformatics. 201 1;27: 2957-2963.

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics.
2010;26: 2460-2461.

Edgar RC. UNOISE2: improved error-correction for lllumina 16S and ITS amplicon
sequencing. bioRxiv. 2016. p. 081257. doi:10.1101/081257

. Jiang H, Lei R, Ding S-W, Zhu S. Skewer: a fast and accurate adapter trimmer for

29


http://paperpile.com/b/xrppp0/GQJG
http://paperpile.com/b/xrppp0/lI0g
http://paperpile.com/b/xrppp0/lI0g
http://paperpile.com/b/xrppp0/lI0g
http://paperpile.com/b/xrppp0/XhD5
http://paperpile.com/b/xrppp0/XhD5
http://paperpile.com/b/xrppp0/XhD5
http://paperpile.com/b/xrppp0/64Sm
http://paperpile.com/b/xrppp0/64Sm
http://paperpile.com/b/xrppp0/kaNz
http://paperpile.com/b/xrppp0/kaNz
http://paperpile.com/b/xrppp0/DuNP
http://paperpile.com/b/xrppp0/DuNP
http://paperpile.com/b/xrppp0/s8lF
http://paperpile.com/b/xrppp0/s8lF
http://paperpile.com/b/xrppp0/hnlB
http://paperpile.com/b/xrppp0/hnlB
http://paperpile.com/b/xrppp0/hnlB
http://paperpile.com/b/xrppp0/5WmC
http://paperpile.com/b/xrppp0/5WmC
http://paperpile.com/b/xrppp0/5WmC
http://paperpile.com/b/xrppp0/vF48
http://paperpile.com/b/xrppp0/vF48
http://paperpile.com/b/xrppp0/yL4N
http://paperpile.com/b/xrppp0/yL4N
http://paperpile.com/b/xrppp0/yL4N
http://paperpile.com/b/xrppp0/5auv
http://paperpile.com/b/xrppp0/5auv
http://paperpile.com/b/xrppp0/5auv
http://paperpile.com/b/xrppp0/ZjEW
http://paperpile.com/b/xrppp0/ZjEW
http://paperpile.com/b/xrppp0/ZjEW
http://paperpile.com/b/xrppp0/OQg8
http://paperpile.com/b/xrppp0/OQg8
http://paperpile.com/b/xrppp0/Lmc1
http://paperpile.com/b/xrppp0/Lmc1
http://paperpile.com/b/xrppp0/bjcY
http://paperpile.com/b/xrppp0/bjcY
http://paperpile.com/b/xrppp0/YZWa
http://paperpile.com/b/xrppp0/YZWa
http://dx.doi.org/10.1101/081257
http://paperpile.com/b/xrppp0/3QWP
https://doi.org/10.1101/823492
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/823492; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Regalado et al. Combining sequencing methods in plant metagenomics

next-generation sequencing paired-end reads. BMC Bioinformatics. 2014;15: 182.

66. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics. 2009;25: 1754—1760.

67. Vieira FG, Lassalle F, Korneliussen TS, Fumagalli M. Improving the estimation of genetic
distances from Next-Generation Sequencing data. Biol | Linn Soc Lond. 2016;117: 139-149.

68. Maaten L van der, Hinton G. Visualizing Data using t-SNE. ] Mach Learn Res. 2008;9:
2579-2605.

30


http://paperpile.com/b/xrppp0/3QWP
http://paperpile.com/b/xrppp0/9WQw
http://paperpile.com/b/xrppp0/9WQw
http://paperpile.com/b/xrppp0/H87J
http://paperpile.com/b/xrppp0/H87J
http://paperpile.com/b/xrppp0/5x4o
http://paperpile.com/b/xrppp0/5x4o
https://doi.org/10.1101/823492
http://creativecommons.org/licenses/by/4.0/

