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Summary

Herbaria contain an invaluable record of plant specimens from across the world. They can be
used to study the evolutionary history and geographic distribution of plants that have
experienced recent demographic changes, and provide opportunities to study species that are
otherwise difficult to collect. Several plant species also establish highly specific interactions
with microorganisms, which can be preserved in the herbarium tissues. In this work, we
investigated the leaf symbiosis between the yam Dioscorea sansibarensis and its bacterial
symbiont Orrella dioscoreae using preserved leaf samples collected from different locations
in Africa. We recovered DNA from the extracellular symbiont in all samples, showing that the
symbionts are widespread in continental Africa. We also observed both similarities and
differences in the dynamics of DNA decay in both plastid and symbiont DNA. Despite the
degraded nature of this ancient DNA, we managed to construct 17 de novo symbiont genomes
from short DNA fragments. Phylogenetic and genomic analyses revealed that horizontal
transmission of symbionts and horizontal gene transfer shape the symbiont’s evolution
despite the captive nature of symbiont populations. These mechanisms could help explain
why the symbiont genomes do not display clear signs of reductive genome evolution.
Furthermore, phylogenetic analysis of the Dioscorea sansibarensis plastid genome revealed a
strong geographical clustering of samples, providing further insight in D. sansibarensis’ spread,

and provide evidence of that the symbiosis was established earlier than previously estimated.

Keywords: Symbiosis, herbarium, evolution, yam, plant-microbe interactions,

phylogeography, bacterial genomics
Introduction

Herbaria are a tremendous resource for biological research, containing plant specimens and
associated data collected over at least the last 300 years all around the world [1]. With an
estimated 350 million specimens, they enable studies in plant biogeography, history, and
population dynamics [2—4]. Furthermore, with the development of novel high-throughput
sequencing (HTS) methods and the continuous optimisation of laboratory techniques,
especially ancient DNA (aDNA) methodologies, herbarium specimens can now also be used
for large-scale genomic studies [5—7]. In its early days, aDNA research was mainly focused on

investigating archaeological and museum specimens, with the first isolated aDNA being a 213
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bp sequence from the extinct quagga [8]. Further development of PCR technologies, and later
HTS, made it possible to sequence full genomes, such as that of the woolly mammoth [9], or
certain plant species like maize, barley and grapevine [10—12]. Early reports on ancient DNA
were however fraught with issues stemming from the contamination of samples with
exogenous DNA [13-17]. In fact, these setbacks were a direct consequence of two major
issues in the aDNA research field: the rapid degradation of DNA in non-living tissue, leading to
low vyields of highly-degraded DNA, and a high risk of contamination from ubiquitous,
chemically intact “modern” DNA. Although contamination can never be completely ruled out,
the risk can be mitigated by adherence to strict laboratory procedures [18—-21]. The use of
high-throughput sequencing technology further provides tools ideally suited for investigating
aDNA: short read sequencing is ideal for aDNA inserts which are naturally very short, greater
amounts of data allow better quantification and characterisation of contaminant DNA, and it

allows for the study of aDNA damage patterns.

While the general dynamics of DNA decay are rather well understood at a molecular level [22],
the degradation dynamics in various types of preserved tissue (e.g. bone, herbarium, museum
specimens) remains difficult to model [23-25]. In general, most aDNA shows similar patterns
of degradation. First, aDNA is highly fragmented, with DNA strands breaking most often near
purine bases [26]. This bias is likely caused by preferential hydrolytic depurination over
depyrimidination, followed by DNA breakage at abasic sites [22]. The level of fragmentation
does not seem to correlate with the age of the specimens, with regional climate a better
predictor of DNA fragmentation [24]. Second, aDNA tends to accumulate deaminated cytosine
residues (creating uracil residues), preferably at the edge of single-stranded fragments or
overhangs [26]. This can be detected after sequencing, as the polymerases will erroneously
pair uracil with adenosine, resulting in mismatches. This type of DNA damage is correlated
with specimen age [26—29], and the presence of uracil residues can be used to enrich samples
for aDNA [30]. Furthermore, the presence of these degradation patterns can be used to

authenticate aDNA [17,19,20,28,31].

In contrast to studies of animal and plant ancient or historical remains, there are relatively
few examples of aDNA methods applied to microbial samples. Microbial aDNA studies have
mostly focused on pathogens such as Mycobacterium leprae and Salmonella enterica in

human remains [32—-34], the human oral microbiome [35,36], Phytophtora infestans in plants
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[37,38], or on the general microbiome of archaeological specimens [30,39,40]. Studying
microbiomes of archaeological specimens is challenging, as it is often difficult to discern pre-
mortem microbiota from post-mortem communities [6,40-42]. When investigating
pathogenic microbes, this risk is lower, as often the specific pathogen is known, and unlikely
to have been introduced post-mortem. However, the identification of symptoms on ancient
specimens is necessary. This is a non-trivial task which requires expert knowledge, with the
difficulty compounded by the fact that pathogens may not leave identifiable signs or
symptoms on certain preserved tissue types (e.g. bone), or may even kill their host before
symptoms develop. Symbiotic microorganisms, however, are often known beforehand,
making detection easier. In many symbiotic systems, especially obligate symbioses, the
presence of a symbiont is highly predictable based on taxonomic and collection information.
Because mostly plant aerial organs are stored in herbaria, microbial DNA from symbioses

affecting leaves or flowers is more likely to be preserved.

Stable associations between plants and microbes in aerial organs are rare, and leaf symbioses
represent perhaps some of the most intimate examples. Leaf symbioses affect numerous
species of the Rubiaceae and Primulaceae, and bacteria of the Burkholderiaceae family of [3-
Proteobacteria [43]. In these associations, bacteria reside extracellularly in specialised leaf
structures called leaf glands or nodules. The symbionts are generally vertically transmitted,
and can produce secondary metabolites such as the insecticidal kirkamide or the herbicidal
streptol-glucoside [44,45]. Detection of Burkholderia symbionts in herbarium specimens by
PCR has been reported previously, showing that bacterial DNA can be preserved in leaf
nodules [46,47]. Recently, we described a symbiotic system that shares many of the features
of leaf nodule symbioses, i.e. the association between the monocot Dioscorea sansibarensis
and the bacterium Orrella dioscoreae [48]. Also here, the symbiont resides in specialised leaf
structures, is vertically transmitted, and has a high investment in secondary metabolism [49].
Despite evidence of vertical transmission and in contrast to obligate symbionts of Rubiaceae
and Primulaceae, the genome of O. dioscoreae does not display clear signs of genome erosion

[48].

We took advantage here of herbarium specimens to study the Dioscorea — Orrella symbiosis
and its evolution. We reconstructed de novo whole bacterial genomes from degraded

bacterial aDNA present in the leaf glands, enabling detailed comparative genomics across a
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broad variety of preserved, historic and modern specimens across the natural range of D.
sansibarensis. The high quality of our dataset and the low intraspecific diversity allowed us to
document consistent, distinct damage patterns in the preserved DNA of hosts and symbionts
which are independent of sample age or region of collection. Further, we show that the
symbiosis with O. dioscoreae is ubiquitous and exclusive throughout the geographical range
of D. sansibarensis, with co-phylogenetic patterns suggestive of a mixed vertical and

horizontal mode of transmission.
Material & Methods
Sampling and DNA-extraction

Leaf glands of 36 herbarium specimens (Table 1, Figure 1) of the Meise Botanic Garden
herbarium (Belgium) were dissected and tissues were stored at 4°C with silica until further

processing.

Total DNA-isolation and genomic library preparation of ten specimens (Herb1-Herb10, Table
1), representing various geographic locations, different ages, and diverse gland sizes were
performed in the palaeogenomics facility at the Department of Archaeology of the University
of York (UK). Twenty-six specimens (MK001-MK026) were processed at the department of
Microbiology of Ghent University in a room disinfected with bleach and under a PCR cabinet
(AirClean 600 PCR Workstation, Starlab, Hamburg, Germany). All tools used were disinfected
using bleach and/or followed a UV treatment prior to their usage. When possible, sterile
disposable items were used. Total genomic DNA from leaf nodules was extracted using the
protocol described in Gilbert et al. [50], which was found to perform well on botanical
specimens [51,52]. The leaf glands were cut into small pieces using a sterile scalpel and placed
into sterile 2ml Eppendorf Lo-bind microfuge tubes. The samples were incubated on a shaker
overnight at 55°C in 1200 pl of extraction buffer (10mM Tris-HCI pH 8, 10mM NaCl, 2% SDS,
5mM CaCly, 2.5mM EDTA pH 8, 0.5mg/ml Proteinase K, and 40mM DTT). Supernatants were
extracted twice with an equal volume of 25:24:1 phenol/chloroform/isoamylalcohol. The
resulting DNA was diluted in 13x binding buffer (5M guanidine hydrochloride, 40%
isopropanol, 0.05% Tween-20, and 90mM Sodium Acetate pH 5.2) [53] and purified using a

MinElute PCR purification kit (Qiagen) following the manufacturer’s recommendation.

Library preparation and sequencing
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Genomic libraries adapted for ancient DNA were constructed following the double-stranded
protocol from Wales et al. [54], and using the adapters described in Meyer & Kircher [55]. DNA
fragment ends were repaired using the NEBNext End Repair module (New England Biolabs,
Ipswich, MA, USA), and purified on MinElute (Qiagen, Hilden, Germany) columns, followed by
adapter ligation using the NEBNext Quick Ligation module (New England BiolLabs, Ipswich, MA,
USA) and purification using QiaQuick (Qiagen, Hilden, Germany) columns. Gaps were filled
using Bst DNA polymerase (New England Biolabs, Ipswich, MA, USA). DNA libraries were
quantified using either a Quantus (Promega, Madison, WI, USA) or Qubit (Invitrogen, Carlsbad,
CA, USA) fluorometers with respective dsDNA kits, and amplified using PCR. Libraries were
pooled in equimolar concentrations and sequenced at the National High-throughput DNA
Sequencing Centre, Copenhagen, Denmark (samples Herb1 to 10, Table 1) or at the Wellcome
Trust Human Center for Human Genetics, Oxford, UK (samples MK001-MKO026, Table 1), using
Illumina technology, single-end 80 bp reads. Raw sequencing reads were deposited in the SRA

archive under bioproject PRINA646369.
Read processing and mapping

Sequencing adapters were removed using Cutadapt v2.10 [56], and low-quality bases were
removed using Trimmomatic v0.39 [57]. Smalt v0.7.6 [58] and BEDTools v2.27.1 [59] were
used for mapping and coverage estimations, respectively. Reads were mapped to the
Dioscorea sansibarensis chloroplast sequence from a plant from the Botanical Garden of
Ghent University (NCBI accession GCA_900631875.1) and its associated Orrella dioscoreae
LMG 29303™ genome (NCBI accession GCA 900089455.2). To estimate the diversity of
microbes in the glands, and detect possible contamination, Metaphlan 3 [60] and Kraken
v1.1.1 [61] (using a custom database of bacterial and chloroplast sequences [48]) were used.
Samples with low amounts of O. dioscoreae content were further analysed using Blastn [62]

against the NCBI nt database (accessed 03/2020).
Genome assembly

De novo assembly of bacterial genomes was performed in 2 steps using SPAdes v3.14 [63] as
described previously [49]. First, a low-stringency assembly was done in unpaired mode using
k-mer sizes of 21, 25, 33, 37, and 45. Bacterial contigs were visually identified based on base

composition (% G+C) and average coverage (Figure S1). Reads used in the assembly of these
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contigs were extracted and reassembled using SPAdes v3.4 in careful mode, using k-mer sizes
of 21, 27,33, and 41. The final assemblies were filtered to remove contamination, by removing
contigs assigned as eukaryotic or with discordant taxonomic assignment by Kraken v1.1.1 [61]
and BASTA [64]. Quast v5.0.2 [65] was used to determine quality of assembly, and BUSCO
v4.0.6 [66] was used to asses genome completeness using the Burkholderiales conserved
marker set. The herbarium metagenome-assembled genomes are submitted to Zenodo (DOI:

10.5281/zenod0.3946545).
DNA damage analysis

Trimmed reads of each sample were mapped to the Orrella dioscoreae LMG 29303 reference
genome and the aforementioned Dioscorea sansibarensis plastome using bwa-mem [67].
Duplicates were removed using Samtools MarkDup [68]. The resulting alignments were used
as input for MapDamage 2 [31] to estimate DNA damage patterns. Only samples with average
coverage above 5x for both plastid and symbiont genomes were considered for further
analysis (17 samples). The assessed patterns were the amount of C-to-T mutations on the first
base of the reads, and the relative increase of purine bases before strand breaks, calculated
by dividing the proportions of purine bases in the reference genome at position -1 and at
position -5 (relative to the start of the mapped read). To assess the influence of DNA-
methylation on strand breakage, methylated sites in the Orrella dioscoreae LMG 293037
reference genome were predicted using PacBio long reads obtained as part of the genome
sequencing effort [49] and the RS_Modification_and_Motif Analysis protocol of the SMRT
Analysis software suite v. 2.3.0 (PacBio, Menlo Park, CA, USA). The amount of data included in
the analysis amounted to a total of about 1.25 Gb, for an average coverage of the reference
genome of 114x. This strategy allowed for the detection of m4C (a vast majority of the
detected modifications) and m6A modified bases. To assess if methylation has an effect on
strand breakage, the amount of 5’ read ends mapping in a neighbourhood of up to 5 bases up-
and downstream of methylated sites in the O. dioscoreae reference genome was calculated
using BedTools [59]. This was performed for four samples with high coverage (MK003, MKOO5,
MKO019, MK025).

Phylogeny & comparative genomics
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SNP-based phylogenies of the herbarium specimens, previously sequenced fresh leaf glands
collected in Madagascar [49], and a specimen collected from the living collection of the Meise
Botanic Garden , Belgium (accession CD-0-BR-1960001), containing O. dioscoreae strain R-
67584, were constructed using Realphy v.122 (with settings -polyThreshold 0.9, -gapThreshold
0.2 -perBaseCov 5 (3 for the chloroplast)) [69] to create reference alignments of all samples
including the Dioscorea sansibarensis chloroplast and the Orrella dioscoreae LMG 293037
genome. For the chloroplast alignment, samples where less than 40% of reference bases could
be covered with >5x coverage were discarded to increase the robustness of the phylogeny.
Phylogenetic trees based on plastid data were constructed using PhyML v3.3.3 [70] using the
F81 model, 100 bootstrap replicates and the plastid sequence of Dioscorea elephantipes (NCBI
accession NC_009601) as outgroup. Symbiont trees were constructed using FastTree [71] with
the GTR model and the genome sequence of Achromobacter xylosoxidans ADAF13 (NCBI
accession GCA_001566985) as outgroup. A haplotype network of the plastid sequences was

created with TCS [72] using the SNP-based alignment used for the phylogeny.

Average Nucleotide Identity (ANI) values between genomes were calculated using PyANI v0.3
[73]. Orthologs between herbarium genomes, genomes assembled from fresh glands [49], and
the specimen from Meise, were predicted using Orthofinder v2.3.9 [74]. A core-genome
phylogeny was constructed by aligning the protein sequences of the single-copy core genes
using Muscle v3.8.31 [75], back-translating the alignments into nucleotide sequences using T-
Coffee v12 and concatenating [76]. The concatenated alignment was then used to construct a
maximum likelihood phylogeny using RAXML v8.2.12 [77] (rapid bootstrapping and best-
scoring ML mode, using 100 bootstrap replicates and the GTRGAMMA substitution model).
Patterns of gene gain and loss were computed based on the gene presence/absence output
of Orthofinder, using the Dollo analysis implement in Count [78]. Only non-redundant
genomes (genomes <99% identical) were used in this analysis. To assess if assembly errors
could affect the detection of gene losses, reads of herbarium specimens were mapped to the
closest reliable fresh-specimen genome, and compared the proportions of unmapped

sequence to the amount of observed gene losses.

Age estimation of the common ancestor of all investigated specimens was performed using
BEAST v1.10.4 [79] based on Viruel et al. [80], and as described before [49]. Gene alignments

for three chloroplast genes (matkK, rbcl, atpB) were constructed using the sequences of
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Dioscorea species described in[80], three herbarium specimens with enough coverage and
representing most variety in the SNP-based phylogeny (MK014, MK017, MK023), and the
chloroplast sequences obtained from a specimen kept in the botanical garden of Ghent
University. The same parameters and calibration points as described in [49] and [80] were

used to run the dating analysis.

Python scripts used for summarizing DNA damage data, automating and filtering genome
assemblies, and constructing the core-genome phylogeny can be found on Github:

https://github.ugent.be/brdannee/DioscoreaHerbarium

Results
Recovery of DNA from preserved Dioscorea sansibarensis leaf glands

Leaf glands from herbaria had an average weight of 6.9 mg and varied in size from 1.4 mg to
18.4 mg. (Table 2). Yields from DNA extraction also greatly varied, with an average of 1.15 pug
DNA recovered (Table 2), and ranging from 1 ng up to 5.5 pg. We did not detect any significant
correlation between the size of the glands and DNA yield, even after leaving out 10 specimens
for which we had processed only a fragment of the gland (Spearman correlation p-value > 0.1).
In addition, specimen age did not correlate with the amount of DNA extracted (Spearman

correlation p-value > 0.1).
Characteristics of the sequencing libraries are consistent with historic DNA specimens

The number of sequencing reads was also highly variable for each library within a sequencing
run (Table 2). One library failed (MK021), some showed extremely low yields (MKO001: 74
thousand reads; MK022: 13.5 thousand reads) while others had over 30 million reads (MK011:
36.8 million; MKO003: 40 million). There was no correlation between the age of the specimens
and the number of reads produced during sequencing, even when accounting for the different
sequencing run (Spearman correlation p-value > 0.1). As expected for highly degraded DNA,
83.4 % of reads were shorter than the maximum read length of 80 bp. On average, adapter-
trimmed reads were 53 bp long, with shorter reads mostly occurring in specimens with low
sequencing output. In total, an average of 35% of raw bases originated from sequencing

adapters.

Taxonomic composition of D. sansibarensis leaf glands
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On average 66% of reads per sample mapped to the O. dioscoreae LMG 29303" reference
genome. The proportion of O. dioscoreae reads in samples MK001, MK010, MK018, and Herb2
was significantly lower, with an average of 50% of reads or less (Table 3). Because the
percentage of mapped reads could be influenced by the degree of divergence to the reference
sequence, we also classified sequencing reads using a more robust blastn search against the
NCBI nucleotide database (Figure S2). With this approach, 26% of MK0O1 reads were classified
as O. dioscoreae, while another 26% matched Viridiplantae sequences. The remaining reads
were classified as other bacteria (of which 17% were y-Proteobacteria and 9% were o-
proteobacteria). Furthermore, 14% accounted for various eukaryotes, of which 6% matched
with human DNA. Samples MK010 and MKO018 in particular contained high proportions of
human contamination (85% and 43% respectively). Finally, 31% of Herb2 reads matched the
reference O. dioscoreae sequence, whereas 16% matched with Viridiplantae sequences. The
remaining reads were dominated by a-proteobacterial and Actinobacterial sequences (23%
and 12% respectively). Because shotgun read abundance may not accurately reflect cell
numbers and spurious hits in the database may confuse the analysis, we used Metaphlan 3 to
infer normalized abundance counts (Table S1). In all other samples, O. dioscoreae represented
100% of eubacterial DNA, except in MK010 and MK018. Sequences classified as Cutibacterium
acnes, a human commensal, represented 41% and 17% of the bacterial relative abundances
in samples MK010 and MKO018, respectively, indicating possible post-mortem contamination.
Due to these high levels of contamination, neither samples were used for further analysis.
Similarly, we did not analyse further samples MKOO1 and MK024 due to a low overall

sequencing yield.
DNA damage patterns vary between chloroplast and symbiont DNA

Assessment of DNA damage patterns in historical specimens is critical for validating their
authenticity. Leaf glands of D. sansibarensis are populated by clonal bacteria [48] as well as
plant cells and plastids. This within-sample homogeneity allowed us to test whether DNA
degradation patterns or dynamics differ between microbial, plastid or nuclear DNA within the
same historic specimen. We observed an average read length of 53 bp in our historical
specimens, a degree of fragmentation that is similar to previously reported herbarium DNA
[28,81,82]. We did not observe significant differences in read length between reads mapping

to the chloroplast and reads mapping to the symbiont (Wilcoxon paired rank sum test p-value

10
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> 0.1). Read length was not significantly correlated to the age of the specimens in the
chloroplast or the symbiont (Pearson correlation p-values > 0.1). Consistent with patterns
typical of aDNA, the first base of sequencing reads is enriched in C-to-T mismatches in both
the chloroplast and symbiont genomes (Figure 2). We observed a small, statistically significant
increase in the average proportion of C-to-T mismatches between O. dioscoreae and
chloroplast DNA (Figure S3a; paired t-test p-value < 0.05). This can be explained by the higher
inter-sample diversity in O. dioscoreae sequences compared to plastids. This interpretation is
confirmed by the fact that specimens phylogenetically further away from the reference tend
to see an increase in background mismatches, which also translates to an increase in C-to-T
conversions (Figure S5). The proportion of C-to-T mismatches showed significant correlation
with the age of the specimens in both sources (Figure S4a; Pearson correlation p-values <

0.01).

Purines were enriched before strand breaks in O. dioscoreae and plastid DNA, a common
feature of ancient DNA (Figure 2). Unexpectedly, the proportion of purines before strand
breaks was larger in the O. dioscoreae genome compared to the D. sansibarensis plastome.
(45% vs. 30% increase, Wilcoxon signed-rank test p-value < 0.005) (Figure S3b). More
specifically, positions preceding strand breaks were more enriched in adenine in the symbiont
than in plastid DNA (23% vs. 56% increase, Wilcoxon signed-rank test p-value < 0.001; Figure
S3c-d), whereas the relative proportion of guanines remains unchanged (Wilcoxon signed-
rank test p-value > 0.1). In addition, there was no correlation between specimen age and the
relative increase in purines (Figure S4c-d; Pearson correlation p-values > 0.05). We wondered
whether DNA base modifications could influence the relative proportions of purines before
strand breaks. We examined whether strand breakage is influenced by DNA-methylation by
examining the occurrence of strand breaks in four samples with high coverage around known
methylation sites of the LMG29303" reference genome. In all four samples, we observed a
lower proportion of 5 ends mapping in the immediate vicinity of N*-methyl cytosines (m4C)
(Fig S5). However, the proportion of mapped 5’ ends plateaus quickly further away from the
m4C residue. The proportion of strand breakage at cytosine residues was less affected by the
proximity of a m4C residue. We observed a higher proportion of purines before strand breaks,
although strand breaks did not occur more often after adenosine compared to guanine

residues. This indicates that base modifications may influence the rate of degradation in

11
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historical DNA, yet do not explain the different rates of strand breakage at purines when

comparing plastid and bacterial genomes.

Herbarium specimens provide insight into the dispersal of D. sansibarensis over continental

Africa

Most plastid sequences used in SNP-based alignment were nearly identical, resulting in a
phylogenetic topology with very short branches (Figure 5). In contrast, the plastid sequence
of the Herb2 sample is divergent from the rest and constitutes a basal branch in the
phylogenetic tree, while the other samples appear to cluster together based on geographic
origin (Figure 5). Samples collected from fresh glands in Madagascar all clustered together,
and according to the sampling region, which is in concordance with what we previously
described [49]. The herbarium specimens collected in continental Africa form a different clade
in the phylogeny. Three main clusters can be distinguished: a group mainly comprising
specimens from Tanzania, a group with specimens from DR Congo and Sdo Tomé, and a group
with specimens from both Tanzania and DR Congo. The genomes of the symbionts are more
diverse, with 2 main clusters (Figure 5). In contrast to the chloroplast phylogeny, samples do
not cluster together according to specimen location. For example, the closest relatives of the
RAN3 sample from Madagascar are all herbarium specimens collected in DR Congo. The core-
genome phylogeny of the symbiont is mostly congruent with the SNP based phylogeny, with
the subdivision of the two big groups, and fresh-collected samples mixed with herbarium
samples (Figure 6). Phylogenetic dating of the most recent common ancestor of the herbarium
specimens and the Madagascar specimens revealed that the D. sansibarensis specimens
diverged about 13.54 million years ago (95% confidence interval: 4.93 Mya — 25.19 Mya). This
high age estimate is mostly due to the very divergent nature of the Herb2 specimen. The
remaining specimens share their most recent common ancestor at 3.31 million year ago (95%
confidence interval: 0.63 Mya — 7.71 Mya). This is slightly older than previously estimated
based on the fresh specimens from Madagascar alone [49], estimated between 20 000 and

3.19 million years ago.
Nearly complete bacterial assemblies can be retrieved from herbarium specimens
We were able to produce de novo O. dioscoreae genome assemblies from 17 out of 36

herbarium specimens. In general, at least 30x coverage of the Orrella dioscoreae reference
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genome was required for constructing a de novo genome with > 98% BUSCO completeness
from the short reads. Most genomes could be reconstructed in less than 100 contigs, and
showed very similar sizes to the reference genome (4.7 to 5.2 Mbp) (Table 4). Whole genome
alignment using Mauve showed high synteny, without large rearrangements. Average
nucleotide identity (ANI) values confirmed that all symbiont genomes belonged to the same
species, with a minimum of 96.02% ANI, well above the commonly accepted 95% threshold
for species delineation [83]. Interestingly, two genomes from specimens collected 35 years
apart in different phytoregions of the DRC were almost identical (Herb9 and MK003, 2 SNPs
over the whole genome). Cross-sample contamination is unlikely since these samples were
processed in different facilities and sequenced at a different sequencing centre. In contrast,
some glands from plants collected at the same site in Madagascar contained bacteria
belonging to distinct phylogenetic clusters, highlighting the highly distributed biogeography

of O. dioscoreae [49].
Comparative genomics of wild-collected and herbarium-assembled O. dioscoreae genomes

The total amount of predicted genes is approximately the same in all genomes (4300-4700,
Table 4), with a core genome taking up an average of 77% of the gene inventory (3541 genes).
The pan genome of O. dioscoreae is large given the narrow range of ANI values, consisting of
7406 genes over 28 genomes (herbarium & fresh). The accessory genome mostly consists of
genes that are unique to one, or very few samples (30% of orthogroups only consist of three
or less members) (Figure S7). On average, each genome has 50 genes for which no orthologs
were found in other genomes, while accessory genes shared between more than 5 genomes
are rare. Using an analysis of gene gain and loss over time with the Dollo parsimony principle,
we estimated an ancestral genome of 5116 genes (Figure 7). Thus, there is a general trend
towards gene loss, with most lineages having lost on average 998 genes, while only gaining an
average of 385 genes for a net gene loss of 614 genes per lineage. Gene loss seemed to occur
mostly at random across lineages. Most frequently occurring patterns of gene loss involve long
branches (e.g. in MK020), or genes that are specific to a certain (sub)group in the phylogeny.
Most lost genes are hypothetical genes, and are lost as single genes or in small clusters,
indicating that gene loss is unlikely to be adaptive. An exception is a large gene cluster that is
lost in some lineages, is a cluster of 34 Type Ill secretion system genes. This cluster is present

all genomes of the LMG 293037 reference genome subgroup, but is lost multiple times in
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lineages of the other subgroup (Figure S8). In contrast, functions highly expressed in the D.
sansibarensis leaf nodule and linked to specialized metabolism and type VI secretion are
conserved in all O. dioscoreae genomes [49]. We also wondered if frequent host-switching, as
evidenced by the incongruence between host and symbiont phylogenetic trees, would also be
reflected in HGT of symbiotic factors. Interestingly, the phylogenetic trees of 10 genes that
comprise one of the two Type VI secretion systems of O. dioscoreae are incongruent with the
species tree. These 10 genes include the two putative VgrG-domain effector proteins of the
cluster. In addition, a pair of Rhs/VgrG proteins putative T6SS effector proteins was encoded
in all genomes of one of the phylogenetic clusters but not the other. Apart from those,
additional Rhs and/or VgrG proteins domains were also detected in 4 other genomes (AMP9,

BER1, BER2, and MK019).
Discussion

Herbarium specimens are an increasingly useful resource for studies of plant biology and
evolution, including molecular techniques [84]. Here, we leverage herbarium specimens to
gain novel insights into the genome evolution and transmission mode of the symbiosis
between Dioscorea sansibarensis and its obligate symbiont Orrella dioscoreae. We could
detect O. dioscoreae DNA in all successfully sequenced libraries, highlighting the ubiquity of
the association in a broad cross-section of D. sansibarensis’ range. Several factors influenced
the amount of recovered symbiont reads. Sample complexity, such as high amounts of plant
DNA or contaminants, resulted in smaller amounts of recovered microbial DNA. DNA quality
also played a role: in highly degraded samples, reliably mapping reads to the reference
genomes is more difficult due to their short length. Similarly, accurate taxonomic classification
of reads is less reliable with shorter reads. Highly degraded samples MK001 and MK0024 did
not yield usable gene marker sequences, and unbiased analysis of reads using yielded
taxonomically ambiguous results. Interestingly, in sample MK001, 12% of the reads showed a
best hit against the genome of Pantoea stewartii, a known plant pathogen which affects aerial
tissues, including leaves [85]. Our sample predates the first detection of this species in Africa
by more than 60 years (Benin and Togo [86,87]). However, many other Pantoea species are
known to infect a range of plant species across the world [88]. Thus, the high level of Pantoea
in this sample could indicate an infected state of the gland, demonstrating the potential of

shotgun metagenomics of herbarium specimens to investigate plant diseases. In the Herb2

14



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

specimen, almost 40% of reads showed a best hit either against a-proteobacteria or
Actinobacteria, without reliable taxonomic assignment at the species level. We cannot say if
these sequences represent post-mortem contamination, spurious hits, or actual bacteria
present in the leaf gland, but O. dioscoreae was still largely dominant. However, some of these
species are also known to be common lab contaminants [89]. Interestingly, the two samples
which showed excessive human contamination (MK010 and MK018) were specimens from the
same collection (Ghesquiere J. 2709). It is thus possible that specimens from this collection

were contaminated during collection or preservation.

We compared the presence and severity of some commonly investigated DNA-damage
patterns between plastid and bacterial DNA. Conversions of cytosine to uracil/thymidine on
fragment ends is a clear signature of ancient DNA [26]. We observed elevated levels of these
C-to-T conversions in herbarium specimens, validating the DNA as ancient. We also found that
these conversions were slightly but significantly more present in O. dioscoreae than in the
chloroplast of D. sansibarensis. This may however be the result of higher substitution rates in
the symbiont genomes compared to the plastomes, resulting in elevated numbers of
mismatches between the samples and reference genomes. This is an important factor to
consider when performing aDNA studies, especially when working with non-model systems
and/or species without reliable genome references. Similar to other studies, we found that
the proportion of C-to-T conversions is correlated with specimen age [26,28,29]. The
proportion of C-to-T conversions in our samples is similar to that of plant specimens of similar
age [28,82], but also of the oomycete Phytophtora infestans collected from potato leaves

[37,38], as well as preserved molluscs and primate specimens [25,90].

Both plastid and symbiont DNA sequences showed fragmentation similar to what has been
described in most aDNA studies [25,26,28,82]. However, purines were significantly enriched
before strands breaks in the symbiont DNA compared to the plastid DNA. This enrichment was
solely due to an elevated relative abundance of adenosines before strand breaks, while the
proportion of guanines remained unchanged. This purine bias has so far been scarcely
discussed in the literature [25,26]. Sawyer and colleagues observed a shift in bias from
adenosines to purines over time and hypothesized that enzymatic processes could be
responsible, such as nuclease activity, and act differently on adenosines than on guanines [25].

However, they did not control for specimens of different origins, species, and conservation
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methods. In their review on ancient DNA damage, Dabney and colleagues [26] argued that
differences in resonance structure between A and G could be responsible for this bias. Higher
relative increase of guanines is indeed found in many specimens from the Pleistocene era
[53,91,92], but not all [93]. All these data were gathered from mammalian specimens, mostly
targeting mitochondrial DNA, which is generally AT-rich. Furthermore, purine enrichment
varies greatly between specimens. In DNA from a Pleistocene horse bone preserved in
permafrost, guanines were enriched over two-fold before strand breaks, while adenosine only
increased 1.35 fold [91]. Specimens derived from Neanderthal, mammoth, and cave bear
bones showed lower rates of purine enrichments (both adenosine and guanine between 1.1
and 1.3 fold increase [27]). While these differences could be attributed to different storage
conditions, possibly affecting enzymatic processes, evidence from our specimens show that
factors other than preservation method clearly play a role. As both symbiont and host DNA
are preserved for the same time, in the same conditions, storage environment alone cannot
explain the differences. Micro-environment (e.g. conditions in the gland, or within
bacterial/plastid cells) or inherent differences in DNA content and/or structure (%G+C,
methylation status, presence of histones etc...) could perhaps account for the difference in

the chemistry of strand breaks in plant and bacteria in herbarium specimens.

Most plastid sequences across Dioscorea sansibarensis representative of the distribution
range were highly similar, which resulted in a phylogenetic topology containing many
unresolved branches. There is however a strong biogeographic separation of samples, with
specimens from the same region/country clustering together. Continental African specimens
form a nested clade within specimens from Madagascar, which is in concordance with the
earlier hypothesis that D. sansibarensis originated in Madagascar and was dispersed to Africa
[80]. Dioscorea sansibarensis appears to rely largely, or in places exclusively, on vegetative
reproduction for propagation and dispersal. Despite extensive field research collecting
Dioscorea in Africa and Madagascar, one author (PW) has never seen mature seeds or juvenile
plants not arising from bulbils (axillary perennating organs) in situ, even in areas where it is
abundant and flowers extensively such as the far North of Madagascar. Wilkin [94] reported
that no seed bearing plants had been seen among all the herbarium specimens collected in
southern Africa, although they were occasionally encountered from elsewhere in Africa. This

suggests that O. dioscoreae would be most likely to move between plants via bulbil-mediated
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vertical transmission [49]. It also suggests that patterns of genetic variation within D.
sansibarensis would reflect its mode of reproduction, with low levels of within-population
genetic divergence in local clones that are occasionally further dispersed. This is congruent
with the plastid tree topology, and haplotype network (Fig. 5, Fig. S9) with an eastern, a
western and a mixed East-West Africa clade. Furthermore, there is some variation in bulbil
traits, which tend to be black or purple and smooth in Africa and brown or green and warty in
Madagascar which is also congruent with the observed tree topology and haplotype network.
However, specimen Herb2, collected in Cameroon, formed a divergent basal branch on the
tree. Interestingly this herbarium specimen did not fully fit the taxonomic type of the species,
and was identified as “Dioscorea cf. sansibarensis”. These observations could indicate that this
specimen represents an early-diverging lineage of the species, a sub-species, or even an
entirely new species. Further investigation and sampling will be necessary to confirm the exact
taxonomic placement of this specimen, and link it to the evolution of D. sansibarensis.
Nevertheless, the presence of the symbiont O. dioscoreae in the Herb2 specimen is
interesting, as this indicates that the symbiosis might not be confined to the D. sansibarensis
species and is possibly established much earlier than expected. Indeed, when adding this
sample to our dating analysis, the estimated time of divergence of the symbiont-containing
specimens is ca. 13 Mya, much older than when excluding the sample (ca. 3.3 Mya). This last
estimate is in line with what we previously estimated based on fresh specimens from
Madagascar alone [49]. Alternatively, Herb2 may represent a lineage in which the symbiont
has been acquired independently, as it has been observed that other Dioscorea species can
engage in leaf symbiotic interactions [95]. However, the observation that in the SNP-based
phylogeny the Herb2 symbiont clusters with other symbionts from D. sansibarensis may

suggest that instead horizontal transfer of the symbiont could have taken place.

Despite direct evidence of vertical transmission under laboratory conditions [49], the
phylogenetic trees of D. sansibarensis and O. dioscoreae are incongruent. This confirms that a
mixed transmission mode is likely a feature of this symbiosis [49]. Horizontal transmission, for
example by insect vectors, could create the observed patterns. Acquisition from an
environmental reservoir (e.g. the soil) seems unlikely, as we could not reliably detect the

symbiont anywhere outside of the plant [49], but cannot be fully ruled out at this moment.
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As the symbionts do not seem to co-evolve with their hosts, environmental selective pressures
could play a role in the evolution of the symbiont. Functions implied to play a role in the
symbiosis such as secondary metabolism and type VI secretion are conserved in all samples,
further reinforcing their importance [49]. While the putative effectors within the two T6SS
gene clusters are conserved, putative orphan effectors found elsewhere in the genome are
not. While some spurious Rhs or VgrG domain hits could be found in some single genomes,
we did find a combination of a Rhs and VgrG domain that is conserved in all genomes from
one phylogenetic clade, but not in the other. As T6SSs play important roles in microbe-microbe
interactions [96,97], this could indicate that T6SS effector inventories partially diverged in
response to different threats from competitors. The fact that some genes of the second T6SS
cluster in O. dioscoreae diverge greatly from the core genome phylogeny could indicate
diversifying evolution, or more likely active horizontal gene transfer. This T6SS cluster may
play a role in adaptation to the local environment and diverse threats, or could perhaps play
a role in signalling and adaptation to a new host [98]. Another example of possible ongoing
adaptation in the symbiont is the type Ill secretion system (T3SS). This cluster of 34 genes is
conserved in one of the clades, but has been lost multiple times in the other clades (Figure
S8). T3SSs are often used by pathogenic bacteria to inject effectors into eukaryotic hosts [97],
but can also play a role in symbiosis [99]. However, genes of the T3SS of O. dioscoreae
LMG29303" were not upregulated in planta [49], suggesting that loss of T3SS genes is due to

genetic drift rather than adaptive selection [100].

In general, O. dioscoreae genomes show an overall trend toward gene loss. While on average
the core genome accounts for 78% of the gene complement in O. dioscoreae, the pangenome
is large, being approximately twice the size of the core genome. The membership distribution
of genes of the pan-genome is bimodal, with a strong bias towards genes only found in very
few genomes. This could indicate that new genes can still be acquired, or more likely that
genes affected by genetic drift are quickly purged [101]. Genome erosion is a feature
commonly found in restricted symbionts, including leaf symbionts [46,102—-106]. However,
the genomes of O. dioscoreae do not display the hallmarks signs of genome reduction, such
as accumulation of pseudogenes and IS elements [49]. Together, this indicates that O.
dioscoreae may be undergoing the very early steps of genome streamlining. How the symbiont

manages to escape the evolutionary rabbit hole of genome reduction remains unknown. The
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deleterious effects of excessive genetic drift could possibly be counteracted by avoiding
stringent transmission bottlenecks, or through horizontal transfer and/or mixing of symbionts,
at the cost of the eventual loss of symbiont effectiveness due to a proliferation of cheaters

[104,107,108].

In conclusion, our data demonstrate that aDNA and metagenomics methods are a powerful
combination to probe dynamic associations between plants and microorganisms from preserved
samples. The discovery that symbiont switching or horizontal transfer occurs frequently between D.
sansibarensis and O. dioscoreae despite up to 13 Mya of co-evolution suggests a degree of plasticity
not previously thought in vertically-transmitted leaf symbioses. This illustrates the potential of leaf

symbioses as model systems to understand the mechanisms of host-microbe specificity in the leaf.
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575 Table 1: Herbarium specimens metadata, as registered in the archives of the Meise Botanic Garden Herbarium.

576

Sample Herbarium Collector Collection Collection Date CountrY of Collection details
name Barcode Number collection
Herbl BR0000024463324 | L. Pauwels 6041 05 DEC 1978 DR Congo Zongo. Terr. Kasangulu

BR0000024463003 | R. Letouzey 13552 09 MAY 1975 Cameroon Route Mamfe-Calabar; entre lac Fjagham et riviere Akegam
Herb2

(40km W. Mamfe) Mamfe

Herb3 BR0000024463461 | Fred L. Hendrickx 5488 15JUL 1948 DR Congo Maniema ou culture a Mulungu

BR0O000024463171 | R.B. Faden, S.M. 96/12 01JUN 1996 Tanzania T3, Lushoto District. Western Usambara Mts., Mombo-
Herb4 Phillips, A.M. Muasya Lushoto road, 3 km

& E. Macha

BR0000024462990 | Joaquim Viegas do 79 07 JAN 1949 Sdo Tomé & Regio S. Tomé. S. Vicente

Herb5 Graca do Espirito Principe
Santo
Herb6 BR0000024463034 | Georges le Testu 4268 30 OCT 1922 Central African | Yalinga. Dans la Haute-Kotto
Republic
Herb7 BR0000024463126 | H.G. Faulkner K.580 24 MAY 1950 Tanzania Pangani District, Busheii Estate
Herb8 BR0000024463218 | H.J. Schlieben 2063 09 APR 1932 Tanzania Mahenge: Umgebung der Mahenge
Herb9 BR0000024463287 | Flamigni 520 01JUL 1913 DR Congo Kito. Kitobola
Herb10 | BR0O000024463416 | Em. & M. Laurent - 11 DEC 1903 DR Congo Pres de Yumbi
MKO001 BR0000024463249 | H. Humbert 25450 15 FEB 1951 Madagascar Bassin margen du Sambirano au S. de Marvato
MKO002 | BR0000024463409 | S.C. S.N. - DR Congo -
MKO003 | BR0O000024463423 | J. Leonard 1914 17 SEP 1948 DR Congo Yangambi, Service médical
MK004 BR0000024463454 | D. Van der Ben 420 20 MAY 1953 DR Congo Lac Albert. Mahagi-Port. Riviére Ori a la sortie de la
montagne
MKO005 | BR0000024463485 | Van Meel 872 - - -
MKO006 BR0000024462983 | J. Espirito Santo 79 07 JAN 1949 Sdo Tomé & S. Vicente
Principe

MKO007 | BRO000024463294 | Flamigni 520 17 APR 1913 DR Congo Kito. Kitobola
MKO008 | BR0O000024463256 | C. Evrard 6998 - DR Congo Campus de Kinshasa. Territoire: Kinshasa
MKO009 | BR0O000024463270 | C. Evrard 6998 03 0CT 1973 DR Congo Campus de Kinshasa. Territoire: Kinshasa
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MKO010
MKO011
MKO012

MKO013

MKO014

MKO015
MKO016
MKO017
MKO018
MKO019
MK020
MK021
MKO022
MKO023
MKO024

MKO025

MKO026
577

BR0000024463379
BR0000024463362
BR0000024463157
BR0000024463072

BR0000024463102

BR0000024463430
BR0000024463263
BR0000024463058
BR0000024463355
BR0000024463133
BR0000024463331
BR0000024463201
BR0000024462976
BR0000024463164
BR0000024463188
BR0000024463195

BR0000024463119

Ghesquiere J.
Body

J.S. Bond
Haerdi

G. de Nevers
& S. Charnley
Ph. Gerard

H. Breyne

M. Batty
Ghesquieére J.
M. Batty

F. Demeuse
H.J. Schlieben
M. Mathieu
H.J. Schlieben
E.M. Bruce
R.E.S. Tanner

H.G. Faulkner

2709
471
68
500/0

3230

1465
1045
2709
1044
106bis
6133
2095
1040
3515

580

13 JUN 1936
01 JUL 1906
15 SEP 1969

11 APR 1984

09JUL 1954

28 APR 1971
11 APR 1970
11 APR 1970
02 NOV 1888
17 MAR 1935
18 APR 1932
15 APR 1935
27 MAY 1957

DR Congo
Tanzania
Tanzania

Tanzania

DR Congo
DR Congo
Tanzania
DR Congo
Tanzania
DR Congo
Tanzania
Senegal
Tanzania
Tanzania
Tanzania

Busiza

T3. Pangani District. Kidifu

ltundufula oberhalb Kiberege, Mbangliau b/Mahenge, Itula
b/Ifakara, in Dickichten des Hagelwaldes

Mikumi National Park; hills east of road; Miombo Woodland

Tukpwo. Galerie de la Magidi
Sao. Territoire: Maluku

Morogoro. Kidatu
Busiza

Morogoro Dist., Kidatu

Lindi: 60 km W Lindi
Marovoay

Mahenge: Umgebung der Mahenge

Ulugurus, Kimbosa

Pangani Dist., Tassini. Tanga Prov., Pangani Dist., Madanga,

Tassini
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578
579

Table 2: DNA-extraction and sequencing yields

Sequencing

Mean

S:;nnf;e Nr::z:e DNAyield | Specimen age CountrY of Sequencing yifel.ds trimmed b:‘se:?:fi:r Mean read
(mg) (ng) (years) collection Center (million read length trimming (%) length (bp)
reads) (bp)
Herbl 2.2 219.8 41 DR Congo Copenhagen, DK 1.17 49.31 61.51 55.77
Herb2 3.0 7.1 44 Cameroon Copenhagen, DK 2.36 55.66 69.47 59.98
Herb3 3.7 1722.0 71 DR Congo Copenhagen, DK 0.85 51.23 63.92 58.09
Herb4 5.2 3640.0 23 Tanzania Copenhagen, DK 4.43 64.85 80.90 64.56
Herb5 6.5 2576.0 70 Sa;’n,TnocriT;‘Z& Copenhagen, DK 4.09 71.29 88.96 72.73
Herb6 7.8 1078.0 97 Central African . hagen, DK 0.70 51.72 64.56 60.90
Republic
Herb7 10.0 959.0 69 Tanzania Copenhagen, DK 1.45 59.44 74.18 63.52
Herb8 104 3395.0 87 Tanzania Copenhagen, DK 0.64 51.27 63.97 58.59
Herb9 14.4 303.1 106 DR Congo Copenhagen, DK 4.16 71.10 88.73 71.95
Herb10 18.4 1470.0 116 DR Congo Copenhagen, DK 0.43 39.69 49.54 47.27
MKO001 1.4 163.8 68 Madagascar Oxford, UK 0.07 37.60 46.12 40.83
MKO002 13.8 35.7 DR Congo Oxford, UK 19.62 50.07 62.21 54.67
MKO003 1.5 139.7 71 DR Congo Oxford, UK 40.10 48.19 59.87 49.99
MKO004 4.4 910.0 66 DR Congo Oxford, UK 0.31 40.17 47.60 46.81
MKO005 1.6 27.6 Oxford, UK 28.22 4391 54.47 49.54
MKOO6 = 2.6 455.0 70 530 Tome & Oxford, UK 1.57 48.31 59.95 50.76
Principe
MKO007 3.5 220.5 106 DR Congo Oxford, UK 1.01 43.16 53.61 46.31
MKO008 13.0 252.0 DR Congo Oxford, UK 1.25 45.23 56.17 51.26
MKO009 5.6 241.5 46 DR Congo Oxford, UK 0.42 40.01 46.84 47.33
MKO010 8.9 4.2 83 DR Congo Oxford, UK 6.76 58.79 73.05 55.39
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MKO011
MKO012
MKO013
MKO014
MKO015
MKO016
MKO017
MKO018
MKO019
MKO020
MK022
MKO023
MKO024
MKO025
MKO026

2.9

2.1

1.6

6.3

8.0
12.5
4.1
10.3
7.0
13.3
3.5

5.4

6.2

3.3
18.2

72.5
5250.0
945.0
1960.0
136.5
2870.0
1050.0
0.9
2345.0
118.3
287.0
665.0
26.6
1540.0
5530.0

113
50

35
65
106
49

49
131

87
84
62

Tanzania
Tanzania
Tanzania
DR Congo
DR Congo
Tanzania
DR Congo
Tanzania
DR Congo
Senegal

Tanzania
Tanzania
Tanzania

Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK
Oxford, UK

36.84
20.86
23.64
13.38
26.35
19.09
27.77
5.37
23.94
28.56
0.01
15.04
0.30
22.60
22.94

45.75
62.42
58.28
62.01
50.09
55.20
54.02
53.68
54.41
57.34
49.31
60.52
36.10
51.71
66.19

56.74
77.64
72.10
77.12
62.24
68.60
67.11
66.66
67.56
71.24
61.33
75.25
44.47
64.27
82.28

5541
63.35
59.57
63.08
57.95
61.12
55.74
55.24
57.34
58.94
52.87
60.58
43.16
53.37
66.69
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Table 3: Results from read mapping to the D. sansibarensis chloroplast sequence and O. dioscoreae reference genome.

O. dioscoreae

D. sansibarensis chloroplast

Sample
name

Herbl
Herb2
Herb3
Herb4
Herb5
Herb6
Herb7
Herb8
Herb9
Herb10
MKO001
MKO002
MK003
MKO004
MKO005
MKO006
MKO007
MKO008
MKO009
MKO010
MKO011

Mapped
Reads
(million
reads)
0.90
0.44
0.67
3.43
2.59
0.60
0.79
0.50
3.34
0.33
0.01
16.44
27.06
0.19
18.54
0.77
0.75
1.09
0.28
0.31
20.81

Mean
read
length

(bp)
50.30
56.54
52.28
65.49
71.93
52.34
59.96
52.06
72.03
39.23
43.72
50.65
49.18
43.04
44.24
49.71
43.99
45.77
42.99
52.61
43.61

Proportion of
total (%)

77.16
18.65
78.37
77.68
63.34
86.30
54.53
78.89
80.29
77.59
8.55
84.30
67.90
62.52
66.18
48.97
74.34
87.59
70.00
4.59
56.93

Mean
genomic
coverage (X)

7.58
2.70
5.98
39.91
32.63
5.44
7.92
4.42
42.25
2.13
0.04
167.63
264.31
1.59
163.15
7.24
6.57
10.11
2.40
1.95
179.45

Mapped
Reads
(thousand
reads)
1.48
33.97
1.28
21.64
40.69
0.24
1.36
0.23
16.15
2.46
1.90
12.04
350.68
0.75
530.65
13.11
4.25
2.13
1.58
37.46
277.79

Mean Mean
read Proportion of genomic
length total (%) coverage
(bp) (X)
55.77 0.13 0.49
59.98 1.44 13.39
58.09 0.15 0.45
64.56 0.49 8.75
72.73 1.00 18.73
60.90 0.03 0.07
63.52 0.09 0.51
58.59 0.04 0.06
71.95 0.39 6.98
47.27 0.57 0.72
40.83 2.61 0.59
54.67 0.06 4.02
49.99 0.88 130.24
46.81 0.25 0.26
49.54 1.89 198.95
50.76 0.84 4.79
46.31 0.42 1.45
51.26 0.17 0.75
47.33 0.40 0.55
55.39 0.56 7.99
55.41 0.76 103.99
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MK012
MKO013
MKO014
MKO015
MKO016
MKO017
MKO018
MKO019
MKO020
MK022
MK023
MK024
MK025
MK026

16.65
15.32
9.69
20.12
16.58
19.30
1.88
21.12
22.96
0.01
11.99
0.21
19.03
11.01

63.04
59.75
62.75
51.06
55.81
54.99
46.01
54.93
58.53
49.77
61.15
37.22
52.16
67.44

80.21
65.49
72.74
76.82
87.38
69.93
35.30
88.84
80.88
77.64
80.10
71.11
84.70
48.23

211.93
184.44
121.75
202.60
186.05
209.64
15.58
236.03
264.85
0.10
146.98
1.56
202.22
136.54

57.02
130.53
74.16
33.94
15.12
179.76
28.81
26.01
80.84
0.06
46.47
0.30
67.51
18.05

63.35
59.57
63.08
57.95
61.12
55.74
55.24
57.34
58.94
52.87
60.58
43.16
53.37
66.69

0.27
0.56
0.56
0.13
0.08
0.65
0.54
0.11
0.28
0.47
0.31
0.10
0.30
0.08

23.71
52.70
32.39
12.51
5.14
72.66
8.67
9.24
33.92
0.02
18.60
0.09
24.93
7.68
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584  Table 4: Genome statistics of reference genome (LMG 293037), symbionts from fresh
585 collected specimens from Madagascar[49], and symbionts from herbarium specimens.
586

Nr.of | Assembl Largest Nr. of
Assembly Source contigs | length (b:al) contiz (bp) NS0 (bp) | GC (%) genes
LMG 29303 Typestrain 1 4848101 4848101 4848101 | 67.43 4361
R-67584 BOta”&;Z'isGearde” 22 | 4750654 | 1321707 = 810799 | 67.46 4636
AMB3 Sampling Madagascar 49 5042305 758077 168034 67.37 4536
AMP9 Sampling Madagascar 33 5239569 684227 355776 67.17 4704
ANDA3 Sampling Madagascar 31 5095598 575995 280825 67.15 4609
ANDO1 Sampling Madagascar 28 4985216 545984 283023 67.21 4485
ANDO2 Sampling Madagascar 19 4985273 800603 455071 67.21 4488
ANK1 Sampling Madagascar 13 4916307 953346 707415 67.62 4474
ANK2 Sampling Madagascar 8 4923321 1670418 828734 67.6 4475
ANT2 Sampling Madagascar 44 5127454 1151522 458767 67.21 4631
ANT3 Sampling Madagascar 34 5151797 1151522 458767 67.15 4643
BER1 Sampling Madagascar 38 5156740 637626 459432 67.15 4598
BER2 Sampling Madagascar 43 5152454 674381 245878 67.16 4600
BRI6 Sampling Madagascar 78 5304677 343171 130052 67.18 4812
BRI9 Sampling Madagascar 75 5304830 469735 148617 67.18 4812
DAR2 Sampling Madagascar 34 5069858 873190 222944 67.14 4588
DAR3 Sampling Madagascar 30 5070116 875833 280825 67.14 4590
ISE1 Sampling Madagascar 31 5004706 683316 275927 67.3 4496
ISE2 Sampling Madagascar 42 5005310 820128 220477 67.3 4493
IVvO3 Sampling Madagascar 74 5304581 469351 164009 67.18 4811
RAN3 Sampling Madagascar 52 4950690 550950 167320 67.39 4479
RAN7 Sampling Madagascar 85 5303384 437753 127654 67.19 4802
Herb4 Herbarium 83 4990371 433249 118222 67.25 4608
Herb5 Herbarium 84 4777030 322322 127023 67.51 4385
Herb9 Herbarium 66 4855410 663656 144429 67.43 4460
MKO002 Herbarium 79 5010997 346863 141145 67.23 4464
MKO003 Herbarium 87 4846400 327900 134388 67.46 4572
MKO005 Herbarium 109 4973616 372040 105137 67.35 4564
MKO011 Herbarium 94 4965225 680317 105998 67.13 4762
MKO012 Herbarium 75 5043392 717518 165392 67.01 4638
MKO014 Herbarium 61 5023193 420498 157880 67.3 4627
MKO015 Herbarium 88 5022797 568010 106353 67.33 4619
MKO016 Herbarium 52 4972869 395858 172976 67.47 4623
MKO017 Herbarium 86 5061349 392001 165944 67.3 4416
MKO019 Herbarium 61 4845358 395326 129604 67.31 4446
MKO020 Herbarium 68 4818048 401954 134771 67.41 4573
MKO023 Herbarium 63 4970086 572808 177270 67.39 4386
MKO025 Herbarium 57 4758493 376489 160045 67.46 4582
MKO026 Herbarium 59 4963154 715678 242657 67.19 4312
587
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FIGURE 1: Sample location of herbarium specim;ns. Approximate sample location based on

information available from the herbarium sheets. No accurate location could be determined

for specimens MK002, MK0O5, MK010, MK011, MK018, MK020, MK022, and MK026.
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FIGURE 2: DNA Damage patterns. Output from MapDamage 2.0 of sample MK023, showing

different DNA damage patterns. (A-B) Frequency of bases around read ends (grey brackets)

mapped to the Orrella dioscoreae (A) and Dioscorea sansibarensis chloroplast (B) reference

genomes. Numbers on the x-axis represent the relative position from the read end. The
dotted lines on the chloroplast plot show the higher variability due to lower sequencing
coverage (C-D) Frequency of mismatches along mapped reads. Numbers on the x-axis
represent the position along the mapped read, lines represent the observed frequency of
certain mismatches. Red: C-to-T mismatch; Blue: G-to-A mismatch; Orange: Soft-masked
bases; Grey: Other mismatches. The chloroplast lines are more irregular due to the lower

sequencing coverage.
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FIGURE 3: SNP-based phylogenies of D. sansibarensis chloroplast (A) and O. dioscoreae (B).

Bootstrap values (for chloroplast), and Shimodaira-Hasegawa local support values (for O.

dioscoreae) are displayed on branches. Branches with support < 50% were collapsed.

Abbreviations next to the chloroplast tree correspond to where the specimens were

collected originally. CM: Cameroon; MG: Madagascar (North (N) and East (E)); TZ: Tanzania;

CD: Democratic Republic of Congo; ST: Sao Tomé & Principe. Plants from the botanical

gardens of Meise and Ghent were originally collected in DR Congo, and are annotated as

such on the tree.
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FIGURE 5: Gene gains and losses in the Orrella dioscoreae genome. Reconstruction of gene

gain and loss, based on Dollo’s parsimony principle. Numbers on branches represent gained

(+) and lost (-) genes. Bold numbers represent the estimated size of the ancestral gene pool

(left), or samples represent the current number of genes in a certain genome (right).
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