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ABSTRACT

Streptomycetes are Gram-positive actinobacteria largely represented in the plant root microbiota.
The genetic determinants involved in the presence of Streptomyces in the rhizosphere are largely
unknown and can rely on the ability to degrade plant-derived compounds such as cell-wall
polysaccharides and on the production of specialised metabolites. To address whether Streptomyces
strains recruited into root microbiota share genomic specificities related to these two functions, we
engaged a comparative genomic analysis using a newly sequenced rhizospheric strain, Streptomyces
sp. AgN23 and strains from the phylogenetically related S. violaceusniger clade. This analysis
enlightens a shared prominent CAZyome potentially involved in plant polysaccharides degradation
and a strong conservation of antimicrobials biosynthetic clusters (rustmicin, mediomycin, niphimycin,
nigericin) as well as plant bioactive compounds (nigericin, echosides, elaiophylin). Taken together, our
work supports the hypothesis that specific hydrolytic enzymes and specialised metabolites repertoires

may play important roles in the development of Streptomyces strains in the rhizosphere.

KEYWORDS
Streptomyces, Long-read sequencing, Biosynthetic Gene Clusters, Phylogenomic, Specialised

Metabolites, Transcriptome
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INTRODUCTION

Streptomycetes are aerobic and Gram-positive actinobacteria forming branched vegetative mycelium
before developing aerial hyphae bearing spores . These bacteria received considerable attention from

2 and in the drug

a biotechnological point of view, notably regarding their enzymatic repertoire
discovery field, leading to the structure elucidation of more than 6000 specialised metabolites **. Their
tremendous ability to produce antimicrobial compounds relies on the wealth and diversity of
Biosynthetic Gene Clusters (BGCs) encoded in their genomes °. The recent soaring of microbial
metabarcoding approaches have highlighted Streptomyces spp. prominent abundance in plant roots
microbiota ®’. Since several of these metabolites display strong antimicrobial activities, Streptomyces
recruitment in the rhizosphere and inside root tissues presumably protect the host from pathogens.
Thus, several Streptomyces based products have been developed for agriculture, but these strains only
cover a subset of plant colonising Streptomyces species 8°. Notwithstanding, little is known regarding
the biological function of these bacteria in the plant environment and the gene families involved in

1011 More than 100 hundred fully assembled genome

their adaptation to this ecological niche
sequences of Streptomyces strains are currently available, paving the way to whole genome-based

phylogeny and comparisons of BGCs content across Streptomyces clades 214, This knowledge open

inroads to rationalise and investigate the potential use of Streptomyces strains in agriculture.

Here we report a gapless assembly of Streptomyces sp. AgN23 (AgN23), previously isolated from
grapevine rhizosphere and identified as a strong inducer of plant defences *°. We used this high-quality
assembly to position AgN23 in the Streptomyces violaceusniger genomospecies. We then dissected
the original features in the CAZyome and BGC content of AgN23 and other Streptomyces
violaceusniger strains and shed light on specificities in the specialised metabolism and carbohydrate
degradation capabilities of this lineage. Our data reflect the high potential of Streptomyces species of

the S. violaceusniger clade to interact with plants and protect them from fungal pathogens.
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RESULTS AND DISCUSSION

Chromosome scale assembly of AgN23 and genome based taxonomic assignation to the S.

violaceusniger clade

We performed a PacBio® RSl long-read sequencing and obtained a linear chromosome of 10,86 Mb
for AgN23. This genome sequence was polished using lllumina® MiSeq sequences to produce the final
assembly. The final assembly was uploaded on the MicroScope Platform®. The genome annotation
retrieved 10,514 protein coding sequences, 10,458 of them being supported by RNA-seq
(Supplementary Information 1). checkM analysis was performed using 455 genomes and 315 lineage-
specific markers and validated the completeness of the assembly and the annotation '’. Moreover, its

completeness was also supported by BUSCO analysis &,

Table 1: Summary of the assembly and the annotation of Streptomyces sp. AgN23 complete
chromosome obtained by PacBio® and lllumina® sequencing.

Assembly Statistics Streptomyces sp. AgN23
Genome size (bp) 10 858 739

Coverage (PacBio®) 77X

G+C content (%) 70.9

Number of protein coding genes 10,514

CheckM Completeness 100%

Contamination 1,84%

BUSCO 451/452

CAZymes 278

Number BGCs (antiSMASH 5.0) 45

More than 500 Streptomyces species have been described based on their 16S rRNA sequence. Previous
sequencing of AgN23 16S rRNA showed strongest conservation with representatives of the S.
violaceusniger clade, most notably S. castelarensis *°>. However, lack of variation in 16S rRNA may
confound strains belonging to different species °. Recent development of long-read technologies and
massive sequencing of Streptomyces has leveraged whole genome based phylogenies °. Thus, we
decided to consolidate the taxonomic affiliation of AgN23 with the gapless assembly of AgN23
chromosome. We performed an autoMLST approach based on publicly available Streptomyces

sequences. In brief, 63 conserved housekeeping genes showing neutral dN/dS were concatenated and
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aligned as a basis for tree building (Figure 1)%. As a result, using AgN23 as query, we affiliated the

strain to a clade containing three other stains showing Average Nucleotide Identity higher than 95%

with AgN23 which can thus be considered as belonging to the same species, namely S.

melanosporofaciens, S. antimycoticus

21,22

harboured ANI>85% (Supplementary Information 2).
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and S. violaceusniger NRRL F-8817. In total, 24 isolates

Frankia alni ACN14a

Streptomyces bingchenggensis BCW-1

Streptomyces sparsogenes ATCC 25498
Streptomyces himastatinicus ATCC 53653
Streptomyces sp RTd22 (

Streptomyces hygroscopicus subsp hygroscopicus NRRL B-1477
Streptomyces sp NBRC 109436 (%

Streptomyces hygroscopicus subsp hygroscopicus NBRC 16556
Streptomyces sporocinereus OsiSh-2
Streptomyces sporocinereus NBRC 100766
Streptomyces violaceusniger Tu 4113 ll

Streptomyces sp. 11-1-2 1l (%

Streptomyces hygroscopicus XM201 ll

Streptomyces melanosporofaciens DSM 40318
Streptomyces antimycoticus NBRC 100767 ll
Streptomyces violaceusniger NRRL F-8817
Streptomyces sp. AgN23 H (%

Streptomyces antioxidans MUSC 164

Streptomyces sp PRh5

Streptomyces rapamycinicus NRRL 5491
Streptomyces iranensis

Streptomyces malaysiensis DSM4137

Streptomyces sp. M56

Streptomyces autolyticus CGMCCO0516

Streptomyces sp SPMA113

Streptomyces griseoviridis strain K61

Streptomyces resistomycificus NRRL 2290
Streptomyces flavovariabilis NRRL B-16367
Streptomyces coelicolor A3(2)

Streptomyces leeuwenhoekii C34 DSM 42122 NRRL B-24963
Streptomyces ghanaensis ATCC 14672

Streptomyces bungoensis DSM 41781

Streptomyces yokosukanensis DSM 40224
Streptomyces achromogenes subsp achromogenes NRRL B-2120
Streptomyces lavenduligriseus NRRL ISP-5487
Streptomyces hygroscopicus subsp jinggangensis 5008
Streptomyces corchorusii DSM 40340

Streptomyces rimosus subsp rimasus ATCC 10970
Streptomyces rimosus subsp rimosus NRRL ISP-5260
Streptomyces sclerotialus NRRL ISP-5269
Streptomyces niger NRRL B-3857

Streptomyces violens NRRL ISP-5597

Streptomyces ochraceiscleroticus NRRL ISP-5594
Streptomyces catenulae NRRL B-2342

Streptomyces celluloflavus NRRL B-2493
Streptomyces noursei ATCC 11455

Streptomyces chattanoogensis NRRL ISP-5002
Streptomyces lydicus NRRL ISP-5461

Streptomyces decoyicus NRRL 2666

Streptomyces platensis DSM 40041

Streptomyces lydicus strain WYEC 108

Figure 1: Multi Locus Sequence Typing assigned AgN23 to the S. violaceusniger clade. Phylogenetic
tree based on genomic sequences with AutoMLST. The green node highlights the isolates considered
to be from the same species (ANI>95%). The black node highlights the clade formed by isolates with
ANI>85% as compared to AgN23. The red squares highlighted the five strains that were used for the
BGC conservation study. The green logo indicates plant-isolated strains. Frankia alni ACN14a was used
as outgroup, bootstrap=100.
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This group of AgN23-related strains contains hallmark representative of the S. violaceusniger clade,
such as, S. hygroscopicus, S. sparsogenes, S. malaysiensis 23, S. himastatinicus, S. rapamycinicus, and
other close species S. autolyticus 2%, S. antioxidans ?°> and S. iranensis %6. Interestingly, Streptomyces
strains RT-d22 ?, Streptomyces sp. Strain PRh5 2, Streptomyces sp. 11-1-2 ?°, S. hygroscopicus Osish-
2 303% and Streptomyces sp. NBRC 109436 * were isolated from the rhizosphere of diverse plants
across the world. It suggests that interaction with plants is widespread among the strains belonging
to the S. violaceusniger clade. Finally, cultivation of AgN23 on a range of ISP media confirmed that
AgN23 display typical phenotypes of S. violaceusniger clade with whitish colony then turning grey
during the sporulation process and resulting in the formation of spiralled chains of rugose-ornamented

spores (Figure 2) 3638,

ISP3 ISP4 ISP5
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109  Figure 2: AgN23 harbours typical phenotypic features the S. violaceusniger clade. a) AgN23 forms a
110  white mycelium turning grey at the onset of sporulation is observed on a range of ISP media, the Petri
111 plate are 9 cm in diameter and the scale bar is Imm. b) Scanning Electron Microscopy observation of
112  spiralled chains of spores (white arrow) are formed by AgN23 (scale bar = 6um). ¢) Scanning Electron
113 Microscopy observation of AgN23 spores showing a rugose-ornamented surface (scale bar = 6um).

114

115  AgN23 exhibits a wide repertoire of CAZymes related to plant and fungi cell wall degradation

116 Streptomycetes display extensive abilities to degrade polysaccharides based on their rich repertoires
117  of Carbohydrate-Active Enzymes (CAZymes) %3°, CAZymes may represent a major advantage to get
118 access to carbon sources derived from plant cell wall in the rhizosphere. We predicted AgN23 and four
119 others S. violaceusniger sp. CAZymes with dbCAN2 to detect potential CAZyome adaptation to plant
120  cell walls. The CAZyome of the hydrolytic strain Streptomyces sp. SirexAA-E %, the model strain S.
121  coelicolor A3(2) and four strains belonging to the S. violaceusniger clade, namely S. antimycoticus
122 NBRC 100767, Streptomyces sp. 11-1-2, S. hygroscopicus XM201 and S. violaceusniger Tt 4113 were
123  annotated for comparison with AgN23. Noteworthy, the selection of S. violaceusniger strains was
124  based on two criterions, the availability of a chromosome scale assembly and an ANI score higher than
125  90% with AgN23. Around 2.8% of AgN23 coding sequences were annotated by dbCAN2 as CAZymes
126  (Supplementary Information 3). Such large repertoire of CAZymes has been previously described in
127  the Streptomyces sp. SirexAA-E as a marker for high potential hydrolytic Streptomyces strains, notably
128  cellulose 2. Most of these enzymes are predicted to degrade major plant cell wall components,
129  cellulose, hemicellulose and pectin, as well as cutin, a waxy polymer of the plant cuticle (Figure 3). We
130  found that AgN23 and the other S. violaceusniger sp. possess Polysaccharide Lyase PL1 and PL9
131 involved in pectin degradation which are absent from S. coelicolor or Streptomyces sp. SirexAA-E.
132 Endoglucanases related to cellulose degradation, namely AA3 (Auxilliary Activity) and GH6 (Glycoside
133 Hydrolase) families are expanded in AgN23 and its related strains as compared to the two outgroup.
134 A similar observation was drawn for the CE1 (Carbohydrate Esterase) and GH43 involved in
135 Hemicellulose catabolism. Strikingly, AgN23 genome encode 9 GH43 whilst the other S. violaceusniger

136  sp. all possess a single copy gene and the 2 outgroups none. Finally, cutins degradation mediated by
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AA6 CAZymes is shared by S. violaceusniger sp. but not found in S. coelicolor. The expression level of
all these CAZymes vary between Log2=8 and Log2=17 read counts in pure culture, suggesting that
AgN23 constitutively express this prominent CAZyome (Figure 3). Noteworthy, the most expressed
CAZymes families in AgN23 are AA3, CE1 both families being expanded in S. violaceuniger sp. Taken
together, these dataillustrate the strong potential of AgN23 to use polysaccharides derived from plant

biomass as nutrient source in the rhizosphere niche.
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Figure 3: Plant cell wall associated CAZyome is expanded in S. violaceusniger sp. as compared to S.
coelicolor and S. SirexAA-E. CAZymes families with at least 2 representatives in AgN23 are ordered
according to their target polymers and the type of enzymatic activity: Glycoside Hydrolases (GHs),
Polysaccharide Lyases (PLs), Carbohydrate Esterases (CEs) and Auxiliary Activities (AAs). The
transcription of AgN23 CAZyome is displayed as sums of genes mean read counts for each family on a
Log2 base (n=3).
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150  Specialised metabolism of AgN23 may interfere with plants physiology and their microbiota

151  Specialised metabolites are presumed to play key roles in adaption of streptomycetes to their
152  environment. We used antiSMASH 5.0 to detect and annotate AgN23 BGCs according to their similarity
153  to reference clusters deposited in the MiBIG database “>*!. Forty-Five BGCs were detected in the
154  AgN23 genome, all of them being expressed during AgN23 cultivation according to RNA-seq analysis
155 (Table 2, Supplementary information 4). Their expression levels range from Log2=7 up to Log2=15
156 reads counts for their central biosynthetic genes as defined by antiSMASH. Twenty BGCs of AgN23
157 showed at least 50% of similar gene content with MiBIG reference BGCs (Table 2). These candidates
158 BGCs are notably involved in the biosynthesis of volatiles terpenes including geosmin (region 3, 10,
159  23), indoles (region 21), bacteriocins (region 5 and 20) and a bicyclomycin-like antibacterial (region
160  43). Other BGCs are potentially involved in the production of siderophores including coelichelin and
161  desferrioxamin (region 24, 27, 42) or stress protectant (ectoin, region 16). Additional BGCs are likely
162 involved in the regulation of the bacteria lifecycle such as spore pigment (region 30), hopene (region
163  31), and butyrolactone (region 36). BGCs encoded by regions 2, 18, 39 and 40 are similar to the
164  biosynthesis pathways of the antifungal compounds rustmicin, also known as galbonolide A,
165 mediomycin A, nigericin and niphimycins C-E respectively ***. In addition, echoside (region 26),
166  elaiophylin (region 38) and nigericin (region 39) are structural analogues of terfestatin, pteridic acid
167  and monensin respectively, three compounds affecting plant immunity and development 460, Taken
168  together, these data reveal that AgN23 likely secrete specialised metabolites with a potential to

169 regulate host plant biology along with its rhizosphere microbiota.

170
171

172  Table 2: antiSMASH annotation of AgN23 chromosomal regions coding for Biosynthetic Gene
173 Clusters. The functional category of each BGCs was determined by antiSMASH. The BGC type, best hit
174 in the MiBIG database as its percentage of similarity to the query are indicated along with the bacterial
175 strain from whom the cluster was described. The expression level of each BGCs was determined by
176  doing the mean of the reads count of the core biosynthetic genes of each BGC from the RNA-seq data,
177  theresultis expressed on a Log2 base.
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Putative compound

Mean reads

Region BGC type (MIBIG similarity score) MiBIG accession Species counts (Log2)
1 NRPS atratumycin (7%) BGC0001975 S. atratus 10
2 PKS-like,terpene rustmicin (20%) BGC0000065 S. galbus KCCM 41354 10
3 terpene tiancilactone (17%) BGC0002019 Streptomyces sp. CB03234 9
4 NRPS dechlorocuracomycin (8%) BGC0001569 S. noursei ATCC 11455 12
5 bacteriocin 9
6 T1PKS, hglE-KS leinamycin (2%) BGC0001101 S. atroolivaceus 11
7 NRPS

8 T1PKS, NRPS meridamycin (52%) BGC0001011 Streptomyces sp. NRRL

9 terpene 2-methylisoborneol (100%) BGC0000658 S. griseus NBRC 13350

10 terpene pristinol (100%) BGC0001746 S. pristinaespiralis ATCC

11 NRPS-like, TIPKS amipurimycin (90%) BGC0001957 S. novoguineensis 12
12 Zif:lzc Ij:fs NRPS, " totopotensamide (43%) BGC0001807 zg;”ot%’;'gggs pactum °
13 lanthipeptide lipopolysaccharide (8%) BGC0000774 Xanthomonas campestris

14 NRPS mildiomycin (11%) BGC0000882 S. rimofaciens strain

15 T1PKS, siderophore apoptolidin (23%) BGC0000021 Nocardiopsis sp. FU 40

16 ectoine ectoine (100%) BGC0000853 Streptomyces anulatus 10
17 terpene 13
18 T1PKS mediomycin A (88%) BGC0001932 Kitasatospora mediocidica 12
19 ladderane atratumycin (31%) BGC0001975 S. atratus 11
20 NRPS ochronotic pigment (75%) BGC0000918 S. avermitilis 11
21 indole ia'f;;’;jgzg %‘fg'_eg'liéosyl BGC0001483 Streptomyces sp. RM-5-8 10
22 g ZZZ}:;‘;' polyene, RP-1776 (46%) BGC0000429 Streptomyces sp. Acta 2897 1
23 terpene geosmin (100%) BGC0001181 S. coelicolor A3(2) 12
24 siderophore desferrioxamin B (100%) BGC0000941 S. griseus NBRC 13350 10
25 terpene carotenoid (63%) BGC0000633 S. avermitilis 15
26 NRPS-like echosides (100%) BGC0000340 Streptomyces sp. LZ35 12
27 siderophore 8
28 bacteriocin 12
29 NRPS formicamycins A-M (20%) BGC0001590 Streptomyces sp. KY5 13
30 T2PKS spore pigment (83%) BGC0000271 S. avermitilis 13
31 terpene hopene (76%) BGC0000663 S. coelicolor A3(2) 10
32 lanthipeptide steffimycin D (16%) BGC0000273 S. steffisburgensis 10
33 other mitomycin (18%) BGC0000915 S. lavendulae 10
34 NRPS cadaside (14%) BGC0001968 Uncultured bacterium 9
35 T1PKS 10
36 butyrolactone 11
37 hserlactone daptomycin (3%) BGC0000336 S. filamentosus NRRL 11379 11
38 T1PKS elaiophylin (87%) BGC0000053 Unknown 11
39 T1PKS nigericin (100%) BGC0000114 S. violaceusniger 10
40 T1PKS niphimycins C-E (87%) BGC0001700 Streptomyces sp. IMB7-145 10
41 NRPS-like BD-12 (67%) BGC0001379 S. luteocolor 10
42 NRPS coelichelin (90%) BGC0000325 S. coelicolor A3(2) 10
43 CDPS bicyclomycin (100%) BGC0001468 S. cinnamoneus 10
44 betalactone

45 NRPS acyldepsipeptide (10%) BGC0001967 S. hawaiiensis
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180 A core set of biosynthetic gene clusters conserved across S. violaceusniger species

181  The S. violaceusniger clade hosts several strains possessing BGCs involved in the synthesis of fungicidal
182  polyene macrolides such as nigericin, elaiophylin and geldanamycin 3635156 However, strains sharing
183 phylogenetic vicinity may differ in their specialised metabolism due to variation in their content of
184  BGCs °7*8, To assess the conservation of BGCs during species radiation among the S. violaceusniger
185 clade, we set up a comparative genomic approach on fully assembled genomes belonging to S.

186  violaceusniger clade.

187  We decided to dissect the BGCs content of AgN23 to uncover biosynthesis pathways that are shared
188  with other S. violaceusniger representative, found outside of this clade or unique to the strain. We
189 predicted BGC-containing regions from genomes of the four S. violaceusniger strains previously
190 selected for CAZy comparisons. The antiSMASH outputs were introduced into BiG-SCAPE to group the
191 235 detected BGCs into 93 gene clusters families and to visualise their relationships by sequence

192  similarity networks (Figure 4a).
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Figure 4: Twenty-six BGC-containing regions in Streptomyces sp. AgN23 genome are specifically
found within S. violaceusniger strains. a) BiG-SCAPE similarity network analysis of AgN23 and four
close isolates reveals that 22 BGC-containing regions are found by the given members of the S.
violaceusniger clade. Each node represents a BGC-containing region from one of the 5 compared
genomes. They are coloured according one of the 93 gene cluster families and are clustered within
regions displaying similar organisation. AgN23 BGC are displayed as larger nodes harbouring its region
number. b) Venn Diagram showing the combination of BiG-SCAPE and BiG-FAM analyses to distribute
hits of BGC-containing region of Streptomyces sp. AgN23 genome in or out S. violaceusniger clade.
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202  Twenty-two BGCs from the AgN23 genome showed conservation among all other close isolates while
203 13 others BGCs had at least one homologue in another isolate and 10 did not show homology with
204  any of the other four strains selected. We then wondered which of these BGCs were specific to the S.
205 violaceusniger clade or shared with another Streptomyces lineage. To address this question, the
206 sequences of the 45 AgN23 BGCs were compared to the 1,225,071 BGCs of the BiG-FAM database
207  using the BiG-SLICE algorithm. Twenty-eight BGCs obtained a BGC-to-GCFs (Gene Cluster Families)
208 pairing distance lower than 900 in BiG-FAM, meaning that they share similar domain architectures
209  with previously described BGCs (Figure 4b). The combination of the two analyses allowed us to
210  conclude on orthologues distribution across Streptomyces phylogeny for each BGC-containing region

211 detected in Streptomyces AgN23 genome.

212  Ten BGCs belonged to gene cluster families encountered both inside and outside of the S.
213 violaceusniger clade (Figure 4b). This suggests that they are widely conserved among the Streptomyces
214  genus. This group contains BGCs similar to the BGCs of terpene pristinol (region 10), ectoin (region
215 16), desferrioxamin B (region 24) and hopene (region 31) but also unknown BGCs annotated as
216  terpene (Region 3), bacteriocins (region 5 and 28), indole (region 21), siderophore (region 27) and

217  butyrolactone (region 36).

218  We then found that 26 of AgN23 BGCs shared orthologues exclusively with other S. violaceusniger
219  representatives. Among them, we found the regions 20 and 30 predicted to encode enzymes for the
220 biosynthesis of pigments that might be responsible of for the characteristic grey coloration of spores
221  among members of the clade. Aside from such regions involved in the strain life cycle, the regions 18,
222 39 and 40 are predicted to code for the biosynthesis of the antifungals mediomycin A, nigericin and
223 niphimycins C-E respectively and the regions 26 and 38 may be involved in synthesis of analogues of
224  the plant bioactive echosides and elaiophylin (Figure 5). Notably, the BGC involved in the biosynthesis

225  of geldanamycin, a hallmark phytotoxic, antifungal and antibacterial compound of S. violaceusniger
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species was detected in 3 strains but not AgN23 and its closest neighbour S. antimycoticus (Figure 4a)
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Figure 5: Candidate BGCs for antimicrobials and plant bioactive compounds of Streptomyces sp.
AgN23 are conserved in the S. violaceusniger clade. Connected nodes are part of the sequence
similarity network produced by the BiG-SCAPE comparison of AgN23 genome with four other S.
violaceusniger isolates. Each node represents a BGC, they are connected when sharing sequence
similarity, colours representing BiG-SCAPE gene clusters families. AgN23 BGCs are displayed as larger
nodes harbouring the number of their corresponding region. The structures on the right correspond
to putative compounds produced by highly similar BGCs according to antiSMASH.

Intriguingly, the BIG-SCAPE analysis clustered regions containing rustmicin-like BGCs from the four S.
violaceusniger strains we selected for comparative studies but did not add to this cluster the region 2
of AgN23 also annotated as rustmicin by antiSMASH (Table 2). Since the organisation of the five BGCs
are very similar to the subcluster GalA-E of S. galbus responsible for the biosynthesis of the
macrolactone ring of the compound, we propose that rustmicin biosynthesis is among core BGCs
functions of the S. violaceusniger clade ° (Figure 6). Given S. violaceusniger isolates are frequently
isolated in interactions with plant roots, these data suggest that these specialised metabolites support

their accommodation into the plant rhizosphere and root microbiota 352,
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BGCO0000065: Streptomyces galbus, rustmicin (20% of genes show similarity), Polyketide:lterative type |

CP007153.2 Streptomyces sp. AgN23
X} KH X H T o« e <} KT+

AP019620.1 Streptomyces antimycoticus
KKK W H O O 4T @ 11 T o< KKK >

CP002994.1 Streptomyces violaceusniger Tu 4113
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CP022545 1 Streptomyces sp. 11-1-2
Ao KT AT e < o< KK HD>CTKC

CP018627 1 Streptomyces hygroscopicus
245 K XK HOADD D RKPE T T < < KKK

246 Figure 6: Rustmicin ABCDE biosynthetic gene cluster is conserved across S. violaceusniger clade.
247 Comparison of the rustmicin BGC sequence from MiBIG (BGC0000065) with genomic regions that are
248 similar in AgN23 and four others S. violaceusniger genomes. Coloured genes are putative homologs
249 according to antiSMASH with ClusterBLAST e -value < 1E-05, an identity > 30% and a query cover >
250 25%.

251

252 AgN23 chromosome terminal regions harbour putatively unique biosynthetic gene clusters

253  Whilst we found a large core set of 26 BGCs is shared by AgN23 and four other S. violaceusniger
254  isolates, six BGC-containing regions predicted in AgN23 genome show no similarity to any BGCs found
255  within or outside the violaceusniger clade according to BiG-FAM and BiG-SCAPE analysis (Figure 4b).
256 However, some of these regions received a MiBIG hit attributed by antiSMASH. This is notably the
257  case of the region 12 which show similarity with the BGC responsible of the biosynthesis of
258  totopotensamide in S. pactum a strain being outside of the S. violaceusniger clade (Table 2). The
259 remaining regions showed no or <10% MiBIG hit and may constitute uncharacterised biosynthetic

260 pathways for novel compounds.

261  Streptomyces chromosome organisation consists in a central conserved genome whilst terminal
262 sequences contain more variable gene content described as accessory genome %%, This accessory
263  genome undergoes frequent amplification and deletion events as well as interspecies homologous
264  recombination ®7°, Regarding terminal sequences, 3 out of 5 regions located in the first 700 kb of the

265  AgN23 chromosome left arm showed neither hit in other S. violaceusniger strains nor significant
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266  alignment with known MiBIG reference (Supplementary Information 3, Figure 7). The same
267  observation was drawn for the region 42 to 45 located in the last 700 kb of the chromosome right
268  extremity. Interestingly, region 42 have 90% similarity to the one encoding coelichelin in S. coelicolor
269  andis found in only one other S. violaceusniger stain, namely NRRL F-8817. The neighbouring region
270 43, contains a BGC with 100% similarity to the biosynthetic pathway of the antimicrobial bicyclomycin,
271 which is absent from other S. violaceusniger strains but is found outside of the clade (Table 2). Thus,
272 regions 42 and 43 may have been acquired by AgN23 through horizontal gene transfer from non-S.
273 violaceusniger strains. Taken together these data suggest that AgN23 chromosome fulfils the classical

274 organisation of Streptomyces genome with variable genetic sequences located in terminal regions.

275

276 Figure 7: Schematic representation of antiSMASH-predicted BGCs-containing region along
277  Streptomyces sp. AgN23 linear chromosome. Regions are numbered from 1 (left arm) to 45 (right
278 arm) on the chromosome. The regions in red are non-conserved into S. violaceusniger clade according
279  to both BiG-SCAPE and BiG-FAM analysis. The regions coloured in purple had no hit or a hit <=20% of
280  similarity with a BGC from the MiBIG database.
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281  CONCLUSION

282 Plant roots recruit abundant and diverse consortia of microorganisms whilst exploring the soil. The
283 relevance of this root microbiota in plant nutrition and resistance to stresses is currently unveiled
284  through metabarcoding studies of plant microbiota. Streptomyces genus constitutes one of the most
285 prominent bacterial genera colonising plant roots ®. However, such studies do not inform on the
286  species diversity of Streptomyces and the genomic features enabling their colonisation of plant roots.
287  Therefore, genome sequencing of root associated Streptomyces is an important step toward the
288 description of their molecular interaction with host plant. Here we produced a complete chromosome
289 sequence of Streptomyces sp. AgN23, a strain isolated from grapevine rhizosphere and shown to elicit
290 plant defence responses *°. A whole genome-based phylogeny of AgN23 showed that it belongs to the
291  S. violaceusniger clade from whom several other genome-sequenced strains have been isolated in
292 rhizosphere of diverse plants around the world. We found that AgN23 genome, as well as other
293 representative strains of the S. violaceusniger clade is rich in CAZymes able to degrade plant-derived
294  carbohydrates and BGCs producing specialised metabolite potentially involved in the interaction with
295  the plant. In addition, this phylogenetic lineage is considered as having a high potential in terms of
296  specialised metabolism as its members have a large genome between 10.7 and 12.7 Mb and possess
297  from 45 to 55 BGCs ’X. The wealth of genomic data available in this clade allowed us to unveil common
298  trendsinthe BGCs specifically found in S. violaceusniger isolates. The ability of these strains to produce
299  antifungal compounds (nigericin, niphimycin, mediomycin, rustmicin) as well as elicitors of plant
300 defence (nigericin) strongly suggests that they play an important role in protection from pathogens.
301 In addition, echosides and elaiophylin from whom structural analogues have been shown to interfere
302 with auxin like responses suggest they may interfere with plant development 4%, Designing reverse
303 genetic approach to inactivate candidates BGCs will allow dissecting the involvement of AgN23

304  specialised metabolism in the interaction with the plant and its microbiota.

305
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306 MATERIALS AND METHODS

307  AgN23 cultivation and HMW DNA extraction

308  AgN23 strain was cultivated as described previously 72, In brief the strain was grown on solid
309 modified Bennet medium (D-Glucose 10 g/I; Soybean peptones 2.5 g/|; Yeast Extract 1.5 g/|; Agarose
310 16 g/l) or International Streptomyces Project media >7% . To produce spore inoculum, we incubated
311 Bennet plates for two weeks at 22°C in the darkness before filling them with 10 ml of sterile water.
312  The mycelium was scraped with a spreader and the resulting solution was filtered in 50 ml syringe
313 filled with non-absorbent cotton wool. For DNA extraction the AgN23 mycelium was grown at 28°C
314  and under 250 rpm in 250 ml Erlenmeyer flasks containing 50 ml of liquid Bennet. Approximately 100
315 mg of AgN23 pellets were collected by centrifugation at 11 000 g and flash frozen in liquid nitrogen.
316 Genomic DNA was isolated using the Macherey-Nagel Nucleobond RNA/DNA kit according to the

317 manufacturer’s instructions.

318 Library preparation for genome sequencing

319 Library preparation and sequencing were performed at the GeT-PlaGe core facility (Castanet-Tolosan),
320 according to the manufacturer’s instructions “Shared protocol-20kb Template Preparation Using
321 BluePippin Size Selection system (15kb size cut-off)”. At each step, DNA was quantified using the Qubit
322  dsDNA HS Assay Kit (Life Technologies). DNA purity was tested using the NanoDrop (Thermo Fisher)
323  andsize distribution and degradation assessed using High Sensitivity Large Fragment 50kb Analysis Kit
324  used with a Fragment analyser (AATI). Purification steps were performed using 0.45X AMPure PB
325 beads (PacBio). A total of 10 ug of DNA was purified then sheared at 40kb using the Megaruptor
326  system (Diagenode). Using SMRTBell template Prep Kit 1.0 (PacBio), a DNA and END damage repair
327 step was performed on 5 pg of sample. Then, blunt hairpin adapters were ligated to the library. The
328 library was treated with an exonuclease cocktail to digest unligated DNA fragments. A size selection
329  step using a 10kb cut-off was performed on the BluePippin Size Selection system (Sage Science) with

330 0.75% agarose cassettes, Marker S1 high Pass 15-20 kb. Conditioned Sequencing Primer V2 was
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331  annealed to the size selected SMRTbell. The annealed library was then bound to the P6-C4 polymerase
332 using a ratio of polymerase to SMRTbell at 10:1. Then after a magnetic bead-loading step (OCPW),
333  SMRTcell libraries were sequenced on 2 SMRTcells on RSIl instrument at 0.18 to 0.23 nM with a 360
334 min movie. The initially generated raw sequencing reads were evaluated in terms of the average
335 quality score at each position, GC content distribution, quality distribution, base composition, and
336 other metrics. Sequencing reads with low quality were also filtered out before the genome assembly
337 and annotation of gene structure. Finally, microbial DNA potential contamination was excluded after
338 comparison by blast of the draft assembly of the first SMRT cell against a 16S ribosomal RNA

339 sequences data bank (Bacteria and Archaea).

340 Genome assembly, annotation, and comparative genomics

341  The subreads were assembled with the Pacific Biosciences software SMRTanalysis version 2.3.0 using
342 default settings with a minimum subreads length of 3 kb to exclude smaller sequenced reads and a
343 read score of better than 0.8 to enrich in reads with a low error rate. The single Unitig obtained by
344  long-read sequencing was corrected with Mi-Seq (Illumina®) data using Pilon (version 1.21), resulting
345 in 165 substitutions and two deletions of 44 and 5 bases. This final genome assembly was retained for
346  subsequent analysis. The gene annotation was performed on the MicroScope Microbial Genome
347  Annotation & Analysis Platform ®. CAZy genes annotation was obtained running the HMMER tool (E-
348  Value < le-15, coverage > 0.35) on the dbCAN2 meta server *°. The antiSMASH 5.0 server was used
349  to detect BGC-containg regions in the AgN23 chromosome and annotate detected sequences based
350  onthe MiBIG 2.0 repository *°*!, The comparative genomics was performed using combination of two
351  tools. The first was the Antibiotic Resistant Target Seeker (ARTS) webservice to introduce the perform
352  antiSMASH analyses of the 5 compared genomes with the BIG-SCAPE software 7>7%, The second was
353  the BiG-FAM server that we use to find similar BGCs that the one predicted by AgN23 antiSMASH
354 results among the 1,225,071 BGCs stored in the BiG-FAM database using the BiG-SLiCE software (1.0.0)

355  with an arbitrary clustering threshold (T=900.0) 7"’


https://doi.org/10.1101/2021.10.25.465742

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.25.465742; this version posted October 25, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

356 Phylogenomic analysis

357 Genome of Streptomyces sp. AgN23 and related strains and outgroups were selected to perform
358  genome-scale phylogeny of AgN23 with autoMLST %, Streptomyces sp. M56, Streptomyces sp. 11-1-2,
359 S. rapamycinicus NRRL 5491, S. malaysiensis DSM4137, S. antimycoticus NBRC 100767 were chosen
360 based on their belonging to the S. violaceusniger clade according to the bibliography as well as the
361 genomes of the model strain S. coelicolor A(3)2 and of the two biocontrol strains, S. lydicus WYEC108
362 and S. griseoveridis K61, were added. Frankia alni ACN14a were used as outgroup (Supplementary

363  Table 1). Phylogenetic tree has a bootstrap value of 100.

364 Library preparation for transcriptome sequencing and expression analysis

365  AgN23 was cultivated on Bennett medium at 28°C for 48h. Total RNA was isolated using the RNeasy
366 Plant Mini Kit Qiagen according to manufacturer’s instructions. Three replicates were prepared for the
367 libraries construction. RNA-seq libraries have been prepared according to lllumina’s protocols using
368 the lllumina TruSeq Stranded mRNA sample prep kit to analyse mRNA. Briefly, ribodepletion was
369  carried out to clean up mRNAs using poly-T beads. Then, RNAs were fragmented to generate double
370  stranded cDNA and adaptors were ligated to be sequenced. Eleven cycles of PCR were applied to
371  amplify libraries. Library quality was assessed using a Fragment Analyzer and libraries were quantified
372 by QPCR using the Kapa Library Quantification Kit. RNA-Seq experiments have been performed on an
373  Illumina HiSeq4000 using a paired-end read length of 2x150 bp with the Illumina HiSeq4000
374  sequencing kits. The analysis was performed using the bioinformatics pipeline implemented in the
375 MicroScope Platform 8. In a first step, raw reads of each sample (R1 fastq files from the paired-end
376  run) were mapped onto Streptomyces sp. AgN23 reference genome with BWA-MEM (v.0.7.4) °. An
377 alignment score equal to at least half of the read was required for a hit to be retained. SAMtools
378  (v.0.1.8) was then used to extract reliable alignments with a Mapping Quality (MAPQ)>=1 from SAM
379  formatted files 8. The number of reads matching each genomic object of the reference sequence was

380  subsequently counted with the toolset BEDTools (v.2.10.1) 8. The mean read counts of each gene was
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381  calculated from three independent samples. The BGCs expression levels have been determined by
382  calculating the mean expression of biosynthetic genes for each BGC as defined by antiSMASH. A mean

383 expression for each BGC across the three biological repetitions was then determined.

384 Scanning electronic microscopy

385  The observation of AgN23 mycelium and spore development by Scanning Electronic microscopy was
386  performed on a FEG FEI Quanta 250. Agar plugs of AgN23 two weeks old culture were placed on
387  micrometric platen, frozen in liquid nitrogen and finally metallized with platinum. The samples were

388  observed microscopically at an accelerating voltage of 5.00 kV.

389  SUPPLEMENTARY INFORMATION

390 Supplementary Information 1: Annotation of AgN23 full chromosome. For each gene the frame of
391 translation, sequence length and position on the chromosome are indicated. All genes were annotated
392  according to the Microscope platform, see materials and methods. In addition, the mean raw reads

393  count found in RNA-seq data is indicated for each gene.

394  Supplementary Information 2: Genomes having a Mash-based estimated ANI (Average Nucleotide

395 Identity) superior or egal to 80% according to autoMLST.

396  Supplementary Information 3: Prediction of the CAZyme encoding genes using HMMER dbCAN?2.
397 Mean raw reads count from the RNA-seq is indicated for each gene as well as the predicted targets of

398 the putative enzymes.

399 Supplementary Information 4: Gene identified by antiSMASH in the region containing a biosynthetic
400 gene cluster. Mean raw reads count from the RNA -eq is indicated for each gene. Annotated central
401 biosynthetic genes are indicated as Y. Those are the ones used for the calculation of mean BGC

402  expression in Table 2.

403
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404 DATA AVAILIBILITY

405  The raw reads sequences of AgN23 genome are available at NCBI on the Sequence Read Archive portal
406  for PacBio and MiSeq data (SRR13990229 and SRR14028548 respectively). The Genome assembly is
407  available on the NCBI nucleotide portal under the accession NZ_CP007153.1. This genome sequence
408 was uploaded on the MicroScope platform for genome annotation and analysis

409  (https://mage.genoscope.cns.fr/microscope/home/index.php) ¢. The RNA-seq raw reads are

410 archived in the NCBI Bioproject PRINA745930. The genome sequence used in BiG-SCAPE analysis can
411 be retrieved from the NCBI GenBank portal for S. antimycoticus NBRC 100767, Streptomyces sp. 11-1-
412 2, S. hygroscopicus XM201, S. violaceusniger Tii 4113, Streptomyces coelicolor A3(2) and Streptomyces
413 sp. SirexAA-E with the accession number AP019620.1, CP022545.1, CP018627.1, CP002994.1,

414  AL645882 and CP002993 respectively.
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