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Abstract

The plant rhizosphere is a highly selective environment where bacteria have developed traits to establish
themselves or outcompete other microbes. These traits include bacterial secretion systems (SS’s) that
range from Type I (T1SS) to Type IX (T9SS) and can play diverse roles. The best known functions are
to secrete various proteins or other compounds into the extracellular space or into neighbouring cells,
including toxins to attack other microbes or effectors to suppress plant host immune responses. Here,
we aimed to determine which bacterial SS’s were associated with the plant rhizosphere. We utilised
paired metagenomic datasets of rhizosphere and bulk soil samples from five different plant species
grown in a wide variety of soil types, amounting to ten different studies. The T3SS and T6SS were
generally enriched in the rhizosphere, as observed in studies of individual plant-associated genera. We
also identified additional SS’s that have received less attention thus far, such as the T2SS, T5SS and
Bacteroidetes-specific T6SSiii and T9SS. The predicted secreted proteins of some of these systems
(T3SS, T5SS and T6SS) could be linked to functions such as toxin secretion, adhesion to the host and
facilitation of plant-host interactions (such as root penetration). The most prominent bacterial taxa with
rhizosphere- or  soil-enriched SS’s included Xanthomonadaceae,  Oxalobacteraceae,
Comamonadaceae, Caulobacteraceae, and Chitinophagaceae, broadening the scope of known plant-
associated taxa that use these systems. We anticipate that the SS’s and taxa identified in this study may

be utilised for the optimisation of bioinoculants to improve plant productivity.
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Introduction

Many microbes have symbiotic relationships with plants and are able to colonise the above and below-
ground parts of the plant. These plant-associated microbes can act as pathogens, commensals or
beneficials. A strong focus for the development of sustainable agriculture has been on utilising plant
growth-promoting rhizobacteria (Rosier et al., 2018, Lucke ef al., 2020) and biocontrol agents that can
contribute directly to plant growth by producing phytohormones (Finkel et al., 2020), facilitating
nutrient uptake such as iron, or by producing antibiotics to fend off pathogens (Bakker et al., 2020,
Pascale er al., 2020). It is thus essential to understand which microbes are beneficial, how they function

and how they can be optimised for agricultural applications (Poppeliers ef al., 2023).

The root environment is a highly selective environment, influenced by plant root exudates (Pascale et
al., 2020). This results in a reduced taxonomic diversity closer to the root surface, referred to as the
rhizosphere effect (Bakker et al., 2013, Schneijderberg et al., 2020). Near to the plant root, fast-growing
microbes are selected (Lopez et al., 2023) that can compete for nutrients and for attachment to the host
surface. Other traits that allow bacteria to colonise and persist in the rhizosphere include flagellar
motility (Li et al., 2021, Lopez et al., 2023, Sanchez-Gil et al., 2023), attachment and biofilm formation
(Seneviratne et al., 2011), processing of plant metabolites (Barret ef al., 2011, Sanchez-Gil et al., 2023)

and iron chelation (Lemanceau et al., 2009).

Bacterial secretion systems (SS’s) represent another trait that likely contributes to competition and
colonisation in the rhizosphere. These systems include membrane-spanning protein channels that
facilitate secretion or translocation of proteins or other molecules that contribute to extracellular nutrient
processing, function as effector proteins for host interactions, or as toxins to attack neighbouring
microbes (Bernal et al., 2018, Lucke et al., 2020). Known SS’s are widely distributed among gram-
negative bacteria (Abby et al., 2016, Green et al., 2016), they are prominent among Proteobacteria and
some other gram-negative phyla and are classified into nine main types, ranging from Type 1 (T1SS)
to Type 9 (T9SS). One sub-type of the T6SS, T6SSiii, and the TISS are restricted to Bacteroidetes
(James et al., 2022), and a specific T7SS, known as the ESAT-6 SS, is only observed in some genera
of the gram-positive Firmicutes and Actinobacteria phyla (Abdallah et al., 2007, Ates et al., 2016).
SS’s can be associated to different membranes. In gram negative bacteria, some SS channels are located
only in the outer membrane (T2SS, T5SS) while others cross both membranes and some can even

penetrate neighbouring bacterial or eukaryotic cells (T3SS, T4SS and T6SS).

Distinct functions have been associated with different SS types, based on their secreted proteins. For
example, T1SS’s contribute to antagonism or host attachment by secretion of toxins or adhesins
(Thomas et al., 2014, Hui et al., 2021), T5aSS’s and T5¢SS’s are mostly linked to membrane attachment
(Fan et al., 2016) and T5bSS’s are involved in contact-dependent growth inhibition (CDI) for

interbacterial competition (Willett ez al., 2015). T3SS’s can suppress host immune responses through
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67  translocation of effector proteins (Zboralski et al., 2022) or by contributing to biofilm formation
68  (Castiblanco & Sundin, 2016), and T6SS’s secrete toxic effectors intracellularly to attack competing
69  microbes (Gallegos-Monterrosa & Coulthurst, 2021).

70  Functional studies of specific plant-associated bacterial genera support the importance of SS’s
71  (including T3SS, T6SS and T7SS) in rhizosphere colonization and survival. In Pseudomonas, the T6SS
72 was shown to contribute to interbacterial competition and persistence in the rhizosphere (Bernal et al.,
73 2017, Duran et al., 2021, Boak et al., 2022), in Rhizobium it played a role in biocontrol (Vogel et al.,
74 2021) and in Xanthomonadales it contributed to antagonism against prokaryotes and eukaryotes (Bayer-
75  Santos et al., 2019). The T3SS has been shown to facilitate root colonisation of legume-associated
76  Burkholderia species (Wallner et al., 2021) and for plant growth-promoting Pseudomonas strains it can
77  contribute to biocontrol properties or suppression of plant immune responses (Zboralski et al., 2022).
78  Plant-beneficial Bacilli utilise T7SS’s to secrete a protein that embeds into the plant plasma membrane

79  and causes iron leakage, facilitating root colonisation (Liu et al., 2023).

80  Various community-based metagenomic analyses have reported an enrichment in the rhizosphere (vs
81  bulk soil) of some bacterial SS proteins. For example, in cucumber and wheat various genes from the
82  T2SS, T3SS and T6SS were enriched (Ofek-Lalzar et al., 2014), and in barley genes from the T3SS
83  and T6SS were enriched (Bulgarelli et al., 2015). In genome-based comparisons of plant-associated and
84  soil-isolated microbes, T3SS’s and T6SS’s were also enriched in plant-associated microbes (Levy et
85  al., 2018) and specifically in copiotrophs, fast-growing microbes in nutrient-rich environments such as
86  the rhizosphere (Lopez et al., 2023). However, these studies evaluated the different protein components
87  of a SS independently and not as a unit. Except in the case of the T5SS, SS proteins rarely function
88  alone but rather as complexes whose genes occur as operons in the genome. Another challenge for SS
89  analysis is that some proteins can also form part of more than one SS. For example, secretin forms part
90  of the T2SS and the T3SS (Denise et al., 2020) and the gene content of the T6SS and the extracellular
91  contractile injection system (eCIS) are highly similar (Geller ef al., 2021). Such functional redundancy

92  can confound abundance estimates of SS’s and should be taken into account when interpreting results.

93  To our knowledge, there has not been a comprehensive investigation of all bacterial SS’s present in
94  natural root communities of diverse plant species. In addition, the approach of considering all protein
95  components of a SS as a unit to confirm its presence, while excluding redundant proteins, has not been
96  used before, but could impact the detection of prominent SS’s. The aim of this study was to determine
97  which SS’s were enriched in the rhizosphere environment in comparison to unplanted soil, as an
98 indication of their involvement in rhizosphere colonisation and survival. Publicly available metagenome
99  sequencing studies, that evaluated paired rhizosphere and soil samples, were investigated for the
100 presence and abundance of all well-defined bacterial SS’s (T1SS-T6SS and T9SS). The studied pairs

101  included diverse plants, i.e. Arabidopsis thaliana (two studies), cucumber, wheat, chickpea and various
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102  citrus species, allowing us to investigate consistencies between different plant species. In addition to
103  quantifying the SS’s, we also assessed their association to bacterial families. Finally, we predicted the
104  secreted proteins of the SS’s of interest, including the functional annotation of effector proteins, as an

105 indication of the functional role of the SS’s and their contribution to their host bacteria.

106  Results
107  Metagenomic data processing

108 In this study we utilised existing paired metagenomic datasets of rhizosphere and soil samples, from
109  various plant species (Table S1). This included Arabidopsis thaliana (Sanchez-Gil et al., Unpublished,
110  Stringlis et al., 2018), chickpea and wheat (Zhou et al., 2020), citrus species from Brazil, Italy, China
111  and Spain (Xu et al., 2018), and cucumber and wheat (Ofek-Lalzar ef al., 2014). The number of raw
112 sequencing reads per dataset ranged from 26M to 115M reads per sample (Table S1), with the datasets
113 from Arabidopsis (Stringlis et al., 2018), wheat and cucumber (Ofek-Lalzar et al., 2014) being in the
114  lower range and citrus having the largest datasets (Xu et al., 2018). For ease of reference, these datasets
115  were named as follows: Arabidopsis Stringlis, Arabidopsis_Sanchez, Chickpea Zhou, Wheat Zhou,
116  Cucumber Ofek, Wheat Ofek, Citrus Brazil, Citrus China, Citrus_Italy, Citrus Spain. Sequences
117  were quality filtered, host reads removed and then assembled into contigs to allow for gene and protein

118  predictions.

119  The rhizosphere sampling method had a big impact on the number of reads retained after host read
120  removal. In the chickpea and wheat datasets (Zhou et al., 2020) and citrus datasets (Xu et al., 2018)
121  about 97% of the reads were retained as microbial reads whereas for the other studies only 50-60% of
122 the reads were of microbial origin and the remainder were derived from the plant host (see Table S1).
123 In the former studies the soil adhering to the roots was collected and only the soil was used for DNA
124  isolation and sequencing, whereas the other studies included the plant root and the adhering soil. This
125  means that likely more of the tightly-adhering microbes and endophytes were included in the latter
126 studies.

127  The total assembly length varied greatly between datasets, ranging from 72 Mbp in datasets with fewer
128  reads up to 1 Gbp in datasets with the most reads (Table S1). The N50 values of the assemblies also
129  showed an upward trend where datasets with more reads had larger assemblies. However, the
130  Arabidopsis datasets had particularly high N50 values, relative to the amount of input reads. This could
131  be an effect of the sampling method and consequently a lower bacterial diversity present in these

132 datasets.

133 The quality of the contigs’ assemblies was assessed by the percentage of reads that mapped back to
134 contigs, thus indicating what proportion of the reads were assembled. For most of the datasets an
135  average of 10-20% of the reads mapped to the assembled contigs (Table S1). This low percentage has

136  also been observed in other soil microbiome assemblies and is a result of the high diversity of the soil
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137  microbiome. This suggests current algorithms and depth of coverage have a limited resolution to

138 construct inclusive metagenomic assemblies in soil (Howe et al., 2014, Xu et al., 2021).

139  Rhizosphere sampling methods impact observation of a rhizosphere effect in metagenomes

140  Previous studies have shown a lower microbial diversity near the root (rhizosphere effect) suggesting
141  stronger selection for specific microbes and functions (Bakker et al., 2013, Schneijderberg et al., 2020).
142 The metagenomic datasets used in this study used different sampling methods, as mentioned earlier.
143 Due to these differences, we wanted to determine if a clear rhizosphere effect could still be observed in
144 all datasets. To this end, we first performed taxonomic read classification of the metagenomic datasets
145  using Kaiju (Menzel et al., 2016). The taxonomic identity could be determined for 82% (+ 3.6 SD) of
146  the metagenomic reads of each dataset. Of these, 45% (+ 7.1 SD) were classified at the genus rank and
147  51% (% 8.8 SD) at the family rank (Fig. S1). The taxonomic composition and core genera observed in
148  the datasets are summarised in Fig. S2. Using the taxonomic quantification of the reads, we next
149  computed the per-sample alpha diversity at the genus rank, applying the Shannon index that quantifies
150  the number of different organisms and their evenness. This enabled us to compare soil versus
151  rhizosphere alpha diversity per dataset. The alpha diversity was significantly lower in the rhizosphere
152  than in the soil for both Arabidopsis datasets, the Citrus Brazil and the Wheat Ofek datasets, but
153  significantly higher for the Chickpea Zhou and the Wheat Zhou datasets (Fig. 1A; t-test, p value <
154  0.05, BH-correction). The other datasets did not show a strong rhizosphere effect either way. The
155  rhizosphere effect was thus predominantly observed in datasets where the root and tightly adhering

156 microbes were included.

157  Visualisation of the beta diversity of the different datasets in a multivariate analysis PCoA plot showed
158  distinct clustering of root and soil samples of most datasets, except Citrus_China and Citrus_Italy (Fig.
159  1B;see Fig. S3 for individual plots). In the combined analysis of all datasets (Fig. 1B), the metagenomic
160  dataset source had the biggest effect on the variation observed, but the interaction between metagenomic
161  dataset and biome (root or soil) was also significant. This suggests some distinct differences between
162  the root and soil communities, per dataset. However, in individual analyses of most datasets the
163  differences were not statistically significant (permanova, p value >0.05; Table S2), except for the
164  Arabidopsis_Sanchez dataset. This corresponds to the low distinction between biomes and the low

165  rhizosphere effect observed in the alpha diversities.

166  Four secretion systems showed rhizosphere enrichment in the metagenomic data

167  Twelve subtypes of well-defined SS’s were investigated, including the T1SS - T6SS and T9SS and their
168  respective subtypes (T4SS;, T4SSt, T5aSS, T5bSS, T5c¢SS, T6SSi, T6SSii and T6SSiii). To identify all
169  possible SS structural proteins in the metagenomic datasets and not only those that occurred in
170  assembled contigs, since only 10-20% of the reads were assembled, we used a read mapping approach

171  (see M&M for details). To quantify all the possible SS structural proteins, we first created a
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172 comprehensive SS protein database. The first part of this database was created using all 254,090
173 bacterial genomes in the Genome Taxonomy Database (GTDB) (Parks et al., 2021), in order to
174  represent as many taxa as possible. SS’s were detected in 129,743 genomes, representing 116 phyla
175  divided into 1,441 families and 4,525 genera (Table S3). Due to the ambiguity of some SS proteins
176  involved in different SS’s (see Introduction), a subset of representative proteins was selected per SS. A
177  non-redundant GTDB protein database of 263,396 proteins was created. For each metagenomic dataset
178  a study-specific reference protein database was constructed, consisting of the GTDB SS proteins and

179  those identified in the assembled metagenomic contigs.

180  The DIAMOND blastx algorithm (Buchfink et al., 2015) was used to map metagenomic reads to the
181  SS protein database. Identified proteins were filtered based on percentage sequence identity and
182  percentage coverage of the read mappings. Mapped read counts were converted and normalised similar
183  to transcripts per kilobase million (TPM), but to avoid confusion with RNA transcripts was termed as

184  metagenomic reads per kilobase million (MRPM) in this manuscript.

185  Summaries of the read mapping results confirmed the presence of the T1SS-T3SS, T4SSr, T5a-cSS,
186  T6SSi, T6SSiii and T9SS in the metagenomic datasets. Some types of SS’s were more abundant in the
187  metagenomes than others. The T1SS was the most abundant, followed by T5aSS and T5bSS (Fig. 2).
188  This corresponds to what was observed in the GTDB bacterial genomes (Table S3) where the T1SS,
189  T5aSS and T5bSS were detected in the largest number of bacterial families (765, 542 and 499,

190  respectively), illustrating that some SS’s are more widely distributed among bacterial taxa than others.

191  The abundance (MRPM value) of the SS’s in the rhizosphere and soil biomes of the different studies
192  were compared to evaluate if there is a higher abundance of specific SS’s in one of the two biomes.
193  From a total of 100 comparisons (10 SS’s in 10 metagenomic datasets), 20 SS’s were significantly
194  enriched in rhizosphere samples and 5 were enriched in soil samples. The remaining 75 comparisons
195  were not significant. All SS’s except the T1SS showed enrichment in one or multiple plant datasets
196  (Fig. 2). General trends could be observed across the different datasets; four SS types were more
197  abundant in the rhizosphere in multiple plant host datasets (Fig. 2). This included the T2SS (both
198  Arabidopsis sets and Cucumber Ofek), T3SS (both Arabidopsis sets, Cucumber Ofek and
199  Wheat Zhou), T5cSS (Arabidopsis Sanchez, Cucumber Ofek and Wheat Ofek) and T6SSi (both
200  Arabidopsis sets and Wheat Zhou). The soil-enriched SS’s (T4SSt, T5aSS, T5bSS, T5¢SS) were all
201  found in the Zhou datasets, where we also observed an unexpected reverse rhizosphere effect (Fig. 1a).
202  In the latter dataset, the soil was collected from a farm site where different crops have been rotated and
203  soil management included no tillage. This could impact the existing microbial community and perhaps

204  explain the contrasting results observed.

205 Core bacterial families can be linked to the identified SS’s
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206  Based on the Kaiju classification of the metagenomic reads, a total of 559 bacterial families could be
207  identified in the investigated metagenomic datasets. To identify which families in the rhizosphere utilise
208  SS’s, and to estimate their abundance, the identified SS proteins were also taxonomically classified up
209  to family rank (see M&M). The number of families in which the different SS’s were detected ranged
210  from 267 families (48%) with a T1SS, to 104 — 170 (19% - 30%) with a T3SS, T5SS or T6SSi, to low
211 numbers of 4 (0.7%) and 22 (4%) families with a T6SSiii and T9SS, respectively.

212 The families in which SS’s were detected in the majority of the plant datasets (>80%) are of specific
213  interest. These can be considered core families whose members utilise the SS’s in different rhizosphere
214  environments. A total of 52 core bacterial families were identified among the metagenomic datasets
215  (Fig. 3). The TISS was found in the largest number of core bacterial families (37 families), while
216  Chitinophagaceae was the only core family in which a T6SSiii and T9SS were consistently detected in
217  all plant studies. Other SS’s of interest included the T2SS which was consistent in 10 bacterial families
218  across the plant studies, the T3SS which was found in 18 families and the T6SSi which was identified
219  in 15 families. Since most community-based metagenomic studies primarily focused on functional
220  enrichment and not taxonomic composition of the SS’s, this study adds new knowledge on the types of
221  families that may encode for SS’s in the rhizosphere. For example, the T3SS’s identified in the
222 Solirubrobacteraceae, Bryobacteraceae, Oxalobacteraceae and Caulobacteraceae families and the
223 T5bSS’s which have, to our knowledge, primarily been identified in plant-associated Pseudomonas
224 (Berendsen et al., 2015), Rhizobium (Liang et al., 2018) and Paraburkholderia (Dias et al., 2019)
225  species.

226 By comparing the total abundance of the different SSs between rhizosphere and soil, many of the SS’s
227  were not clearly enriched in either biome (Fig. 2). However, investigating SS abundance per family
228  revealed specific families with enriched SS’s in the rhizosphere or soil. A total of 41 families with SS’s
229  showed enrichment in multiple plant species (Fig. 4A). If the SS’s of the same family are enriched in
230  different plant rhizosphere environments, this suggests it is a common trait in this family and likely

231  plays an important role for some of its species. These families were thus of specific interest.

232 One prominent family was the Oxalobacteraceae that was enriched in the rhizosphere in multiple plant
233 datasets for the T3SS, T4SSt, T5aSS and the T6SS (Fig. 4B). Other families of interest were
234 Burkholderiaceae (T3SS, T5SS, T6SS) (Fig. 4B), Comamonadaceae (T3SS, T4SSt, T5SS and T6SSi1)
235  (Fig. 4B), Xanthomonadaceae (T3SS, T5cSS), Caulobacteraceae (T3SS, T5SS and T6SS),
236  Pseudomonadaceae (T3SS, T5¢SS and T6SS) and some unclassified families in the Burkholderiales
237  order. In five of the studies the Chitinophagaceae also showed an enrichment of the T6SSiii in the

238  rhizosphere (Fig. 4A).

239  Functional prediction of SS’s in prominent bacterial families - Arabidopsis thaliana as model
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240  The aforementioned metagenomic data analyses suggested that SS’s were especially important for some
241 of the microbes in the rhizosphere. Next, we focused on predicting the functional roles of these SS’s
242 and the potential presence of multiple copies of a SS within a genome. This information cannot be
243 reliably predicted from the metagenomic data, so we constructed a genomic dataset of microbes isolated
244  from the plant rhizosphere. A large collection of 241 genomes is publicly available for 4. thaliana-
245  associated microbes (referred to as At microbiome genomes, Table S4, see M&M) and further
246  investigations were thus narrowed to this host. This also allowed identification of the most prominent

247  SS-encoding genera within the families.

248  The proteins secreted by the T3SS, T5SS and T6SSi facilitate diverse plant and microbe
249  interactions

250  The prediction of secreted products has most reliably been established for the T3SS, T4SS, T5SS and
251 T6SS (Gerlach & Hensel, 2007, An et al., 2016, Fan et al., 2016, Zeng & Zou, 2017) and predictions
252  were thus restricted to these SS’s. The T4SS was excluded, as we focused on those that showed
253  enrichment. The T3SS, T4SS and T6SS directly inject effector proteins into a host cell to interact with
254  host cellular proteins (Galan, 2009), whereas TSSS’s also secrete other proteins extracellularly, such as
255  proteases or adhesins. Secreted products were either predicted based on surrounding structural SS genes

256  in the genome, or by blastp comparisons of the proteome to known effectors (for details see M&M).

257  Of the 241 genomes analysed, 62 encoded either one or two copies of a T3SS (Table S5). Based on
258  blastp comparisons of the proteomes to known effectors, a total of 339 putative effectors were identified
259  in these genomes, with a range of 1-13 effectors per genome (average: 5.3£2.3 SD). Proteins with a
260  match were further analysed for secretion signals and eukaryotic-like domains (EffectorT3 model in
261  EffectiveDB; Eichinger ef al., 2016). Of the matched proteins, the EffectorT3 model supported 76 and
262 7 as effectors with high (>99%) or medium confidence (>95%), respectively. Some of the prominent
263 domains that were confirmed to occur in effectors in various bacterial families were Shikimate kinase,
264  DUF1512, glycosyl hydrolases and glycosyl transferases, NolW and NolX domains and metallo-beta-
265  lactamase (Fig. S4).

266  The T5aSS, T5bSS and T5c¢SS were present in 166, 137 and 56 of the At microbiome genomes,
267  respectively, but the number of copies per genome varied greatly within and between families (Table
268  S6). The highest T5aSS copy number was observed in the genomes of the Bradyrhizobium genus in the
269  Bradyrhizobiaceae family (4 -12 copies), for TSbSS in unclassified genera in the Burkholderiaceae (up

270  to 9 copies) and for T5¢SS in the Variovorax genus in the Comamonadaceae family (up to 8 copies).

271 The T5aSS and T5¢SS are autotransporter proteins that code for a transporter domain (anchored in the
272  membrane and facilitating translocation) and a passenger domain which is presented outside the
273  membrane or secreted into the environment (Wilhelm et al, 2011). The most prominent T5aSS

274  passenger domain identified in the genomes was an immunoglobulin (Ig) domain, which was generally
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275  present as tandem repeats. This domain has predominantly been associated with host cell attachment,
276  when present on the outer membrane (Luo et al., 2000, Bodelon et al., 2013). Based on the predicted
277  domains, T5aSS’s could be divided into different general functional categories, including host cell
278  attachment, membrane hydrolysis, nuclease toxin and various adhesins. The functions differed between
279  genera (Fig. S5A), for example Variovorax mostly contained extended signal peptides that contribute
280  to inner membrane translocation (Leyton et al., 2012), Cupriavidus had some extended signal peptides
281  but mostly domains for host cell attachment. Brevudimonas and Sphingomonas had subtilase and

282  acylhydrolase domains, suggesting a role as toxins rather than host attachment in these genera.

283  The T5bSS is a two-partner system where the gene for the transmembrane protein is located next to the
284  secreted protein gene, in the same operon on the genome (Fan ef al., 2016). The predominant domains
285  on potential exported proteins were Hemagglutinin domains and MGB/YDG domains, which were
286  generally attached to the Hemagglutinin proteins (Fig. S5B). This protein forms part of the contact-
287  dependent growth inhibition (CDI) system, playing a role in short-range interbacterial competition
288  (Willett et al., 2015). Another prominent domain was a collagen middle domain, identified in genera of
289  the Burkholderiaceae family including Cupriavidus. Collagen-like bacterial proteins have been linked
290  to attachment and biofilm formation of Burkholderia species in animals (Bachert et al., 2015) and

291  attachment to A. thaliana roots in a Bacillus species (Zhao et al., 2015).

292  T5cSS only contained extended signal peptides and adhesins domains, supporting that these systems
293  solely contribute to cellular adhesion. This system was less prevalent in most of the At microbiome
294  genomes but had a high copy number in some of the Burkholderia (3-5 copies) and Variovorax isolates

295  (max 8 copies).

296  The T6SSi was identified in 103 genomes. T6SS effectors can either be attached to the needle tip (cargo
297  effectors) and are thus encoded as an additional domain of this gene in the genome, or will be secreted
298 Dby the needle structure but are encoded as separate genes which can be found near the needle tip genes
299  (VgrG/PAAR or Hcp) in the genome. A total of 107 cargo effectors were predicted in the genomes,
300 ranging from one to seven copies per genome. Another 274 other transported effectors were identified,
301 ranging from 1-14 effectors per genome (average: 3.3£3.0 SD). Based on functional domains, the
302  functions predicted for the effectors (corresponding to those previously reported in literature; Table S7)
303 ranged from various anti-bacterial toxins, carboxypeptidase, DNase activity, some eukaryotic targets,
304 membrane pore formation, methyltransferase, peptidoglycan cleavage to post-translational
305 modification (Fig. S6). Proteins with various different DUF domains, with unknown functions but
306  previously associated with effector proteins (see Table S7), were also identified in the genomes. The

307 most abundant effectors were those linked to peptidoglycan cleavage and antibacterial toxins.

308  Multiple copies of the T6SSi can be placed in different, known, phylogenetic clusters


https://doi.org/10.1101/2024.05.07.592589
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.07.592589; this version posted May 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

309  Multiple copies (2 - 3) of the T6SSi in a single genome were specifically identified in the
310  Burkholderiaceae, Oxalobacteraceae and Comamonadaceae families (Fig. 5; Table S8). The T6SS has
311  been subdivided into five known phylogenetic clusters which can be visualised in phylogenetic trees
312  (Duran et al., 2021). Groups 1, 3 and 4 are commonly found in plant-associated microbes while some
313  others might be predominantly animal-associated. To determine the classification of the different copies
314  of T6SSi’s found here, we constructed a phylogenetic tree from all the translated zssB genes found in
315  complete T6SSi clusters in the 241 At _microbiome genomes. The T6SS’s predominantly grouped into
316  the Group 2, 3 and 4A clusters (Fig. 5).

317  In genomes that had multiple copies of the T6SSi, indicated with coloured labels in Fig. 5, the copies
318  were often in different phylogenetic groups, suggesting complementary functions. For example, two of
319  the copies were in subgroup 3 while the third was in subgroup 4A (Oxalobacteraceae) or in 4B
320 (Comamonadaceae). This could indicate independent origins of the different copies. Indeed, the
321  effector proteins associated with the different copies also had different functions (Fig. 5). One copy in
322 Oxalobacteraceae genomes, for example, was associated with DNase activity, methyltransferase and
323  post-translational modifications, while the second copy only contained VgrG/Hcp cargo effectors and
324  proteins linked to peptidoglycan cleavage and the third copy only encoded a VgrG/Hcp cargo effector
325  and a protein with a DUF domain previously linked to T6SS effectors.

326  Four SS’s are potentially active in the rhizosphere, based on A. thaliana metatranscriptomic
327 data

328  Metatranscriptomic data were available for the same samples used in the 4. thaliana metagenomic study
329  (Sanchez-Gil et al., Unpublished). These data were used to determine which SS’s were expressed in the
330  soil or rhizosphere. Read mappings were converted to TPM (see M&M). The SS’s had a relatively low
331  TPM value compared to those of four housekeeping genes, but active SS’s were clear for T1SS, T3SS,
332 T5aSS and T9SS (Fig. S7), with the highest TPM values for T3SS and T5aSS. Expression was detected
333  for eight of the nine core T3SS genes and six of these were significantly enriched (FDR <0.05) in the
334  rhizosphere relative to the soil (logfold 0.7 — 1.8). For the T9SS, seven of the eight core components
335  were expressed and all were more abundant in the rhizosphere (logfold 1.6 — 4.1). Two T6SSi genes,
336  tssD and tssB, had very high expression levels (Fig. S7). The tssD (Hcp) gene often occurs
337  independently from the gene cluster, in close proximity to secreted effector proteins or fused to effector
338  proteins and can occur as multiple copies in a genome. This is one explanation for the high expression
339  values. Nonetheless, this gene is considered as a marker to indicate if a T6SS is functional (Bernal et

340 al, 2017), suggesting the high levels detected in this study relate to active T6SS’s in the rhizosphere.

341 Discussion

342  Various bacterial SS’s, that are enriched and thus likely contribute to survival in the rhizosphere, were

343  identified in this study. Although several studies have investigated SS’s in the genomes of plant-
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344  associated bacteria, few have considered their presence in natural root communities (microbiomes) of
345  different plant species (Ofek-Lalzar et al., 2014, Levy et al., 2018). In this multi-plant, comparative
346  metagenomic study, we found that the T2SS, T3SS, T5SS, T6SS and T9SS were more abundant in the
347  rhizosphere community than in bulk soil in at least one plant species. The bacteria encoding these SS’s
348  are more abundant near the plant root and likely benefit from the secreted effectors. Enrichment was
349  family-specific and a number of bacterial families were identified that make use of these systems. The
350 potential functions of the SS’s were investigated in species of interest, based on the predicted effector
351  proteins, and some prominent functions included a role in interbacterial competition and host cell

352 attachment.

353  Five of the SS types were more abundant in the rhizosphere relative to the bulk soil. Two of these
354  systems, T3SS and T6SS, have received most attention in plant-associated microbiome studies as
355  potential contributors to rhizosphere competence (Bernal ef al., 2018, Borrero de Acufia & Bernal,
356 2021, Duran et al., 2021, Zboralski et al., 2022). The current study supports the importance of both
357  these SS’s, as they were enriched in three to four different metagenomic datasets. T3SS’s also had

358  higher expression levels in the 4. thaliana rhizosphere than in bulk soil.

359  The collection of effector proteins predicted for T3SS and T6SS paints a picture of the various activities
360 likely occurring simultaneously in such a community. Most predicted T6SS effectors had a toxic effect
361  towards other bacteria that can result in cell lysis or DNA damage. Various Cupriavidus species have
362  Dbiocontrol activity against fungi (Ye et al., 2020, Estoppey et al., 2022) and indeed we observed
363  Cupriavidus effectors with eukaryotic targets. Functional domains were also identified in T3SS
364  effectors, providing some indication of their role. Functions such as glycosyl hydrolase and glycosyl
365 transferase have been suggested to facilitate plant-microbe interactions (such as root cell penetration)
366  in some genera (Wang et al., 2022) and the NolX domain detected in many effectors can serve as a
367  translocation channel that facilitates transportation of effectors into plant cells (Staehelin & Krishnan,
368  2015). The shikimate kinase domain, present in many of the effectors in the current study, has also been
369  found in a T3SS effector of a Bradyrhizobium sp. (Piromyou et al., 2021) and a Mesorhizobium sp.
370  (Okazaki ef al., 2010). In the latter species one such effector triggered bacterial recognition in the host
371  plant (Lotus halophilus) which limited bacterial colonisation and reduced nodulation. Nonetheless, this

372  recognition suggests that this effector domain might also facilitate colonisation of other hosts.

373  Furthermore, additional SS’s were identified as important in the rhizosphere, namely T2SS, T5SS,
374  Bacteroidetes-specific T6SSiii, and T9SS. T2SS’s has mostly been investigated in plant pathogens but
375  also occurs in environmental microbes, facilitating the secretion of CAZymes for cell wall degradation,
376  lipases and proteases that can facilitate plant host colonisation (Cianciotto & White, 2017, Pfeilmeier
377 et al., 2023, Entila ef al., 2024). The different T5SS’s have rarely been investigated in plant systems

378  but could be big contributors to microbial establishment on the host. In this study, the most abundant
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379 functional domain of T5aSS was the Ig domain, associated with host cell attachment (Luo et al., 2000,
380 Bodelon et al., 2013). The T5aSS is well known for its contribution to biofilm formation and adhesion
381 to plant surfaces in some plant-associated microbes (Castiblanco & Sundin, 2016). Its functional
382  importance has been confirmed in Xanthomonas pathogens (Alvarez-Martinez et al., 2021) but it has
383 ot been studied in other genera. The Hemagglutinin domain was prominent in the T5bSS, a known
384  signature of the contact-dependent growth inhibition (CDI) system. The T5bSS likely also contributes
385  to interbacterial competition or host interaction, as observed in animal hosts (Allen et al., 2020), but

386 this still requires thorough investigation in plant rhizospheres.

387  The rhizosphere-enriched T6SSiii and T9SS were predominantly assigned to members of the
388  Chitinophagaceae family, for which the role of their SS’s in plant interactions has rarely been
389  investigated. This family is also considered as part of the core microbiome in the rhizosphere and
390  endosphere of different plant species (Schneijderberg et al., 2020). The transcriptomic data from A.
391  thaliana suggested active expression of the T9SS in the rhizosphere, supporting the involvement of this
392  SSinrhizosphere interactions. T6SSiii plays a similar role as other T6SS’s, i.e. producing a needle-like
393  injection structure to attack nearby microbes (Russell et al., 2014), while the T9SS can contribute to
394  gliding motility (i.e. adhesins) and secretion of virulence factors and chitinases (Song et al., 2022).
395  Chitinophagaceae genera can be beneficial to plants directly, or serve as biocontrol agents against

396  fungal pathogens (Madhaiyan et al., 2015, Carrién et al., 2019).

397  The enrichment of SS’s in the rhizosphere or soil could be linked to various specific bacterial families.
398  Many of these are considered core taxa of plant microbiomes, such as Rhizobiales, Burkholderiales,
399  Pseudomonadales, the Bacteroidetes phylum (Banerjee et al., 2018), Oxalobacteraceae,
400  Comamonadaceae and Xanthomonadaceae (Schneijderberg et al., 2020, Johnston-Monje et al., 2021).
401 A predominant focus in studies of T3SS and plant-associated bacteria has been on Pseudomonas, root-
402  nodulating Rhizobiales and other genera within this order (Stringlis et al., 2019, Wallner et al., 2021,
403  Boak et al., 2022, Zboralski et al., 2022). This study identified additional families likely benefiting
404 from T3SS and T6SS, such as Oxalobacteraceae, Comamonadaceae and Caulobacteraceae. Various
405 genera in these families are considered beneficial microbes (Wen et al., 2020, Berrios, 2021, Yu et al.,
406  2021) and could be good candidates for the development of plant growth-promoting microbes or

407  biocontrol agents.

408  The bacterial isolates encoding multiple copies of some SS’s were of specific interest, since these copies
409  likely serve complementary functions and provide a larger arsenal of SS tools. This could specifically
410  be investigated in the T6SS, since its corresponding effector genes are located in close proximity to the
411  structural SS genes in the genome. In the Burkholderiaceae, Oxalobacteraceae and Comamonadaceae
412  families, two to three copies were prominent in many isolates. The different copies often grouped in

413  different phylogenetic groups and were linked to different secreted products and functions. Multiple
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414  copies have been shown to play different roles in plant growth-promoting microbes. For example, in
415  Pseudomonas chlororaphis, two T6SS’s contribute to interbacterial competition and protection against
416  predation but the two copies were controlled uniquely and had different bacterial target ranges (Boak
417 et al., 2022). Similarly, in Pseudomonas putida three T6SS’s were found which collectively contribute
418  to interbacterial competition but one copy was significantly more important for killing a broad range of

419  bacteria than the other two (Bernal et al., 2017).

420  Enriched SS’s could not be identified robustly across all the studied datasets. In the A. thaliana,
421  cucumber (Ofek-Lalzar ef al., 2014) and wheat (Zhou et al., 2020) datasets, various enrichments were
422  observed and the two studies of A. thaliana were quite consistent. An explanation for unclear
423  distinctions in the other datasets could be due to the sampling method. In the former studies, the root
424  and tightly adhering bacteria were included whereas in most of the latter studies the root-adhering soil
425  was collected and the root excluded. This can result in smaller differences between the rhizosphere and
426  bulk soil communities. This was also prominent in the alpha diversity differences between rhizosphere
427  and soil communities, where the studies including the root in the sampling displayed a clearer
428  rhizosphere effect (i.e., reduced alpha diversity in the rhizosphere). We thus suggest that alpha and beta
429  diversity measurements should be analysed first and/or used for proper interpretation, as key indicators

430  of the rhizosphere effect.

431  Our comparison of bacterial communities from paired rhizosphere and soil metagenomic samples of
432  different plant hosts revealed an enrichment of many SS’s in the rhizosphere, and their functional
433  interpretation highlighted several potential mechanisms by which rhizosphere bacteria might colonize
434 and persist in the rhizosphere. Thus, our study provides a guide of which bacterial families can establish
435  in the rhizosphere, and their SS’s that may contribute to this process. Essential functions such as
436  interbacterial competition (T5bSS and T6SS) and attachment to the host surface (T5SS) seem to be
437  important for improving establishment near the root. These SS’s can also be transferred to related
438  species of importance to enhance their survival in the rhizosphere environment (Borrero de Acufia &
439  Bernal, 2021). Families with these useful machineries can be mined for additional properties such as

440  plant growth promotion or biocontrol, knowing they have survival benefits in a natural community.

441  Materials and methods

442  Metagenomic data processing and taxonomic composition

443  Metagenomic sequence data were gathered from publicly available datasets, including paired
444 rhizosphere and soil collections (Ofek-Lalzar ef al., 2014, Sanchez-Gil et al., Unpublished, Stringlis et
445  al., 2018, Xu et al., 2018, Zhou et al., 2020). Datasets with high quality paired-end Illumina sequence
446  data and at least 30,000 reads per sample were selected for appropriate comparisons between studies.
447  The rhizosphere and soil samples consisted, on average, of three biological replicates. Additional details

448  on the datasets are provided in Table S1.
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449  Metagenomic reads were processed, assembled and annotated using the ATLAS pipeline (Kieser et al.,
450  2020). Quality filtering included read filtering and trimming based on sequence quality and the removal
451  of host DNA, using appropriate host reference genomes (Table S1). Due to the size of the wheat
452  reference genome an alternative approach was used to remove plant DNA from these datasets, using
453  Kraken 2 (Wood et al., 2019), and only reads that did not match to the eukaryotic database were
454  retained. Metagenome assembly was performed by metaSPAdes (Nurk ef al., 2017) and genes were
455  predicted with Prodigal (Hyatt et al., 2010), both included as part of ATLAS. To evaluate the coverage
456  and assembly quality of the metagenomes, the additional step in the ATLAS pipeline was included,

457  where the raw reads were mapped back to the assembly.

458  Taxonomic composition of the metagenomic datasets was determined by read classification, using
459  Kaiju v. 1.6.2 (Menzel et al., 2016). The relative abundances of different genera and families were
460  determined based on all classified bacterial reads. The relative abundances at genus rank were used for
461  calculation of the alpha and beta diversity of the datasets. The Shannon diversity index was calculated
462  as an indication of alpha diversity and differences in alpha diversity between datasets were tested with
463  pairwise t-tests (FDR adjustment Benjamini & Hochberg). For comparison of beta diversity, Bray-
464  Curtis dissimilarity was calculated and differences between datasets were tested with a permanova test,
465  followed by pairwise comparisons with pairwiseAdonis (BH adjustments for FDR). For this analysis
466  genera with relative abundance >1-107 were used. Dataset-specific comparisons between rhizosphere
467  and soil samples of a dataset were also performed using the same approach. Packages used with R 4.0.3
468 (R Core Team, 2020) in RStudio (RStudio Team, 2019) included phyloseq (McMurdie & Holmes,
469  2013), metagMisc (Mikryukov, 2019), vegan v. 2.5-7 (Oksanen et al., 2013) and pairwiseAdonis
470  (Arbizu, 2019).

471  Identification of secretion systems in the metagenomic data

472 A read mapping approach was used to identify the SS’s in the metagenomes. To create the SS protein
473  database for each metagenomic study, SS proteins were predicted in the metagenomic contigs as well
474  as in the 254,090 GTDB genomes (release 202) (Parks et al., 2021). SS proteins were predicted with
475  MacSyFinder (Abby ef al., 2016), which uses an hmm search against the TXSScan models, including
476  the T1SS - T6SS and T9SS and the subtypes T4SS;, T4SSt, T5aSS, T5bSS, T5¢SS, T6SSi, T6SSii and
477  T6SSiii. In the GTDB genomes, complete SS’s were predicted using the gembase mode and in the
478  metagenomes the unordered mode was used. The resulting collection of SS proteins was reduced to a
479  non-redundant set, based on 98% similarity, using CD-hit v. 4.8.1 (Fu et al., 2012). Due to the ambiguity
480  of some components of the SS’s (see Introduction), a subset of core genes was selected for many of the
481  SS’s (see Table S3) and a DIAMOND BLAST database was generated for downstream analysis
482  (Buchfink et al., 2015).
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483  Quality-filtered reads of each metagenome sample were mapped to the SS protein database using the
484  sensitive DIAMOND blastx algorithm (Buchfink et al., 2015) with >40% identity and e-value < 10
485  cut-offs. Results were processed in R Studio to only select genes with >60% coverage and converted to
486  anormalised count, termed metagenomic reads per kilobase million (MRPM). This was based on the
487  formula used for calculating transcripts per kilobase million (TPM), which first normalises for gene
488  length and then for read depth. The term MRPM is used throughout this manuscript to avoid confusion
489  with RNA transcripts. A kingdom-wide study of bacterial SS’s indicated that some SS’s only occur in
490  specific phyla, such as the T2SS only in Proteobacteria, and T6SSiii and T9SS only in Bacteroidetes
491  (Abbyetal., 2016). Thus, the MRPM counts were adjusted based on the relative abundance of the phyla
492  known to encode for such SS’s (using the formula (MRPM count)/(Phylum relative abundance)). Kaiju
493  analyses of the reads, previously described, were used to determine the relative abundances of the phyla.
494  The MRPM values of all orthologs of each SS gene were summed and the median MRPM value of each

495  SS was determined from all its gene components.

496  For each plant metagenomic dataset, pairwise t-tests were performed to determine which SS’s were
497  more abundant in the rhizosphere or the soil biome. Analyses were done in RStudio (RStudio Team,

498  2019), using the rstatix package and p values were corrected for FDR (Benjamini-Hochberg).

499  Taxonomic classification of the identified secretion systems

500  The SS proteins identified in the metagenomes were classified up to family rank. The SS proteins from
501 the assembled metagenomic contigs were annotated based on CAT classification of the contigs (using
502  NCBI database) (von Meijenfeldt ef al., 2019) and those identified on GTDB genomes were annotated
503  based on the GTDB metadata (using NCBI taxonomic names for conformity). The total MRPM value
504  of each SS protein was summed per taxonomic family. To determine the abundance of a SS in a given
505  family, we used an approach similar to pathway predictions in the HUMANN?2 software (Franzosa et
506  al, 2018). First, we replaced the lowest MRPM value of a SS protein with that of the second lowest
507  value, as a gap filling approach to compensate for missing proteins or miss-annotation. Second, we
508 calculated the abundance of a SS by averaging the values of all SS proteins in the family (HUMAnN2
509  used average of the top 50% reactions of a pathway). In order to focus mostly on complete SS’s in the

510 families, a SS was only included if more than 40% of the proteins were detected for a specific family.

511  Enrichment of the SS’s of different families in the rhizosphere or soil were determined with DESeq2
512 v.1.28.1 (Love et al., 2014), using the average calculated MRPM values. A size factor of 1 was used to
513  bypass the normalisation step, since MRPM values were already normalised. Families with SS’s that
514  were enriched in the rhizosphere or soil biome in multiple plant species were considered as the families

515  most likely benefitting from the SS’s.

516  Functional prediction of SS’s in prominent bacterial families - Arabidopsis thaliana as model
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517  More detailed investigations of the secreted protein products were performed on publicly available 4.
518  thaliana isolated genomes (At microbiome genomes). Genome sources used in this study included
519 IMG (JGI Integrated Microbial Genomes Database; Chen et al., 2022), PATRIC (BV-BRC) database
520  version 2022-02 (Wattam et al., 2017), the At-Sphere collection from the MPIPZ institute (Bai et al.,
521  2015) and a local culture collection from Utrecht University, constructed from limed Reijerscamp soil
522  (Selten et al.,2024). Families with SS’s that were enriched in the bulk soil or rhizosphere biomes (T2SS,
523  T3SS, T5SS and T6SS) were selected for further analyses, including 241 genomes (Table S4) from the
524 families: Rhizobiaceae, Comamonadaceae, Burkholderiaceae, Caulobacteraceae,

525  Sphingomonadaceae, Bradyrhizobiaceae and Oxalobacteraceae.
526  Prediction of secreted proteins of T3SS, TSSS and T6SS

527  Secreted proteins were predicted from the previously described At microbiome genomes resource (Bai
528 etal, 2015, Wattam et al., 2017, Chen et al., 2022, Selten et al., 2024). Functions of putative secreted
529  proteins were predicted by comparison to the Pfam database of protein families (Mistry et al., 2020),
530  using InterProScan v. 5 (Jones et al., 2014).

531  For the T3SS, effector genes are not necessarily located close to the T3SS structural gene cluster in a
532 genome, therefore predictions were based on similarity to verified effector proteins (Hu et al., 2017).
533  The protein sequences from all the genomes with a confirmed T3SS were compared to a previously
534  generated effector database (Hu ef al., 2017) using blastp with a >30% identity cutoff. The potential
535  effector proteins were further analysed with the EffectiveT3 model in EffectiveDB (Eichinger et al.,

536  2016) for effector signals such as secretion signals and eukaryotic-like domains.

537  T5aSS and T5cSS are autotransporters that encode for a transporter domain and a passenger domain
538  (Wilhelm et al., 2011). The functional annotations of the passenger domains were used to predict the
539  putative functions of the SS’s. The T5bSS is a two-partner system where the gene for the outer
540 membrane protein is located next to the secreted protein gene in the same operon on the genome (Fan
541  etal, 2016). Secreted proteins of T5bSS were predicted by collecting all proteins flanking the T5bSS
542  outer membrane protein in the genome. Several functions and domains have been reported in literature
543  for T5bSS (Table S7) (Barret et al., 2011), including contact-dependant growth inhibition (CDI)
544 proteins (Willett et al., 2015, Lin et al., 2020), hemolysins, adhesin proteins, Ig domains (Belikov et
545  al.,2021), collagen (Bachert et al., 2015) and tyrosine phosphatase (Rojas-Lopez et al., 2018). Proteins

546  were filtered based on these predicted functions and potential novel functions.

547  The T6SS effectors are often attached to the needle spike protein VgrG or PAAR (C-terminal) and
548  transported as a passenger on the needle tip. Thus the genes of the secreted effectors are either fused,
549  or in close proximity to the VgrG or Hcp genes on the genome. Putative effectors were predicted by
550 identifying 10 flanking genes on each side of VgrG and Hcp genes on the genomes and predicting their

551 functional domains. Functional domains that have been associated with T6SS effectors in literature and
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552 associated with functions such as peptidoglycan cleavage, nuclease activity, membrane pore formation,
553  interference with energy balance or post-translational modification or various known domains of
554  unknown function (DUF) were used to identify potential effector candidates (Table S7) (Suarez ef al.,
555 2010, Salomon et al., 2014, Jiang et al., 2016, Klockgether & Timmler, 2017, Verster et al., 2017,
556  Bayer-Santos et al., 2019, Duran et al., 2021, Jurénas & Journet, 2021, Boak ef al., 2022). Predicted

557  secreted proteins smaller than 50 amino acids were excluded from the analysis.
558  Phylogenetic clusters and copy number of the T6SS’s

559  T6SS’s can be subdivided into known phylogenetic clusters, based on the phylogenetic composition of
560 core structural genes. Five clusters have been well-defined in different studies (Group 1-5)(Bernal et
561 al, 2018, Duran et al., 2021). To obtain the overall phylogenetic composition of this SS in the
562 At microbiome genomes, the most frequently used phylogenetic marker gene was selected for tree
563  construction (¢zssB). Reference sequences from previous publications were included to easily identify
564  known clusters. Amino acid sequences of the proteins were aligned using MAFFT v 7.453 (Katoh &
565  Standley, 2013), large, gapped regions were removed with trimAl v1.4 (Capella-Gutiérrez et al., 2009),
566  using the heuristic automated setting, and maximum likelihood trees were constructed with IQ-TREE
567  v.2.1.4 (Minh et al., 2020), including 1000 replicates of ultrafast bootstrap approximations. Trees were
568  visualised and edited in iTOL v.5 (Letunic & Bork, 2021). The number of T6SS’s identified in a single
569  genome was also investigated to identify which isolates and genera encode for multiple copies of a

570  T6SS.

571  Identification of “active” secretion systems in 4. thaliana metatranscriptomic data

572  The metatranscriptomic data, from the same samples used in the 4. thaliana metagenomic study
573  (Sanchez-Gil et al., Unpublished), were used to investigate SS expression. Reads were filtered by
574  removing rRNA sequences using SortMeRNA v. 4.3.4 (Kopylova et al., 2012) and host reads were
575 removed using Kraken 2 (Wood et al., 2019), as described earlier for the metagenomic datasets.
576  Transcriptome assembly was performed with Trinity v. 2.13.2 (Grabherr et al., 2011) with a minimum
577  contig length of 150 bp, a maximum cluster size of 25 was set for the Chrysalis contig clustering step
578 and reads were not normalised. Prediction of coding regions in the assembled transcripts were
579  performed with TransDecoder v. 5.5.0 (Haas, 2023). The second step of CDS prediction with
580  TransDecoder included information on CDSs with hits to the Pfam and Swissprot database as a prior

581  for selecting the best CDSs. A single best CDS was retained per transcript.

582  The identified CDSs were reduced to a non-redundant set (nrCDS) at a 95% similarity threshold using
583  CD-Hit-est (Fu et al., 2012). Reads were mapped to the nrCDS sequences using Bowtie2 (Langmead
584 & Salzberg, 2012) and mapped reads were counted using HtSeq v. 0.11.3 (Putri et al., 2022) with the
585  parameters --nonunique all and --mode union. Read counts were normalised by conversion to transcripts

586  per kilobase million (TPM). All CDSs assigned to the same SS protein were combined for a total count
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587  per SS protein and TPM values were compared between the rhizosphere and soil biome samples. Four
588  housekeeping genes (atpD, ftsZ, rho and rpoA) were included as a reference indication of the
589  expressions levels that can be obtained for a gene in metatranscriptomic data. Differential expression
590  ofeach SS protein in the rhizosphere versus the soil were compared with DESeq2 v.1.28.1 (Love et al.,

591  2014), using the raw read counts as input.
592  Data and scripts availability

593  The scripts used in this study can be accessed at the GitHub repository:

594 https://github.com/Arfourie/Bacterial SS’s. Sequence data from the A4. thaliana metagenome and

595  metatranscriptome study by Sanchez-Gil ef al. (Unpublished) will be made available at NCBI SRA
596  upon publication. Genome sequences of isolates from the A. thaliana rhizosphere from the UU

597  repository can be accessed at Zenodo (Selten et al., 2024).

598

599
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Figure 1. Alpha- and beta diversity of all metagenomic datasets, based on genus rank classification of
metagenomic reads (Kaiju). A) The Shannon-diversity index was compared between the rhizosphere
and soil samples of each plant species to determine the rhizosphere effect (lower diversity in the
rhizosphere) in each study. Studies with significant differences (t-test, p value < 0.05, BH-correction)
are indicated with an asterisk. B) Pairwise sample-to-sample Bray-Curtis dissimilarities were used to
perform principal coordinate analysis (based on genera > 1-107 relative abundance) to illustrate

differences in community composition between plant species and different biomes (rhizosphere vs soil).
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Figure 3. Fifty-two bacterial families encoding SS’s in the rhizosphere (detected in >80% of the plant
studies/datasets). The coloured gradient boxes relate to the number of plant studies in which a family
with the corresponding SS was detected (8-10 studies). Some families were detected in all studies
considered (dark red). The bar plot at the bottom summarises the total number of families in which a

SS was observed.
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Figure 4. Enrichment of SS’s of specific families in all plant studies/datasets investigated. A) The
log»fold difference ranges from green (enriched in the rhizosphere) to brown (enriched in the soil).
Families that showed a significant enrichment in rhizosphere or soil for a specific SS in more than one
dataset is displayed, starting with the families present in most datasets from the bottom of the figure.
The counts of SS’s per family is summarised on the left in a barplot. B) Three prominent families,
Oxalobacteriaceae, Burkholderiales and Comamonadaceae, showed enrichment of the T3SS in
multiple datasets. The logio(MRPM abundance) of the T3SS is shown for the rhizosphere and soil

biomes across the different studies and plants.
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Figure 5. Summary of isolates encoding two or three T6SS copies in their genomes. Different effector
functions can be linked to the different copies of T6SS’s. The ML tree was constructed based on the
tssB gene. Coloured ranges on the branches indicate the well-known T6SS taxonomic groups. Coloured
strips before the labels (gray scales) indicate taxonomic identity. Isolates with three T6SS copies are
highlighted with coloured labels, each colour corresponding to a single genome. The different effector

functions are summarised by the different coloured shapes.
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Figure S1. Families with > 1% relative abundance in the classified bacterial reads of the metagenomes
of the different plant species (Kaiju read classification). Some plants had clear distinctions between
rhizosphere (Rh) and soil (S), while others were highly similar in both biomes. Some of the most
abundant families in all plants were Bradyrhizobiaceae, Burkholderiaceae, Sphingomonadaceae and

Streptomycetaceae.
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Figure S2. Summary of core bacterial genera (> 0.5% relative abundance) in the rhizosphere of all plant
datasets, based on all bacterial reads classified at genus rank (Kaiju). A) The number of core genera and
genera unique to each study is shown by connected dots. Green triangles indicate the genera present in
>80% of all rhizosphere datasets (core genera) B) The relative abundance of the 13 core genera in the

rhizospheres of the different datasets are illustrated in the coloured bar graph.
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Figure S3. Dataset-specific beta-diversity analyses. The Bray-Curtis distances between samples were

used to construct a principal coordinate analysis plot (based on genera > le-5 relative abundance) to

illustrate differences in community composition between rhizosphere and soil in each dataset, including
A) Arabidopsis_Stringlis, B) Arabidopsis_Sanchez, C) Chickpea Zhou, D) Wheat Zhou, E)
Cucumber Ofek, F) Wheat Ofek, G) Citrus_Brazil, H) Citrus_China, I) Citrus_Italy, J) Citrus_Spain
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Figure S4. Summary of the functional T3SS effector domains present in different genera of the A.
thaliana isolated bacterial genomes. Dot sizes represent the number of effectors predicted in the genus

and the colours correspond to the functional domains.
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Figure S5. Summary of the functional domains/categories identified for the TSSS effectors, indicating
the abundance of the categories in the (A) T5aSS and (B) T5bSS. Dot sizes represent the number of

effectors predicted in the genus and the colours correspond to the functional domains.
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Figure S6. Summary of the effector functions identified in families with a T6SS and enriched in the

rhizosphere.
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