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ABSTRACT 30 

Specialized or secondary metabolites mediate biotic interactions, including virulence and 31 

defense. In plant-pathogenic Pseudomonas, certain specialized metabolites can enhance 32 

colonization of plant hosts, yet their broader contribution to plant–microbe interactions and 33 

the relative importance of different metabolites remain unclear. Specialized metabolites are 34 

products of enzymes encoded in biosynthetic gene clusters (BGCs), whose prediction from 35 

genome sequences has become routine but whose functional roles are rarely tested 36 

experimentally. Here, we characterize the BGC repertoire of 225 P. viridiflava isolates from 37 

Arabidopsis thaliana and assess BGC contributions to fitness in planta and disease severity. 38 

The BGC landscape of P. viridiflava was dominated by non-ribosomal peptide synthetase 39 

(NRPS) and NRPS-like BGCs, with one-third of families restricted to a single isolate. 40 

Transposon mutagenesis coupled with random barcode transposon sequencing (RB-TnSeq) 41 

revealed that the majority of BGCs reduce rather than increase fitness during A. thaliana 42 

infection, with the magnitude of the fitness cost varying across host genotypes. This cost 43 

could be due to exploitation of public goods by cheater mutant strains. In single-isolate 44 

plant infections, where public goods are not available, several BGC families were negatively 45 

associated with disease severity, which is positively correlated with bacterial growth in this 46 

pathosystem, further indicating that BGCs are generally not beneficial in planta. Our 47 

findings reveal extensive and largely uncharacterized biosynthetic potential in populations 48 

of P. viridiflava and indicate that candidate metabolites are likely not adaptive for direct 49 

interactions with the plant, but perhaps for microbe-microbe interactions either in planta or 50 

in other ecological niches. 51 

IMPORTANCE  52 

Bacteria living on plant leaves produce a vast array of chemical compounds, called 53 

secondary or specialized metabolites, that can mediate their interaction with the plant host 54 

or other microorganisms. Some of these compounds are known to directly influence how 55 

bacteria interact with plants, but it has been unclear whether this is a general rule. We 56 

studied a large collection of closely related leaf-dwelling bacteria that varied in their ability 57 

to cause disease, focusing on leaf-associated Pseudomonas viridiflava—a plant pathogen. 58 

We found that very few of the gene clusters responsible for making specialized metabolites 59 
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improved the ability of the bacteria to colonize Arabidopsis thaliana. On the contrary, 60 

carrying these gene clusters often reduced bacterial growth and disease severity in plants. 61 

Specialized metabolites may instead primarily be important for interacting with other 62 

microbes, different host species, or under environmental conditions we did not test. These 63 

are questions that remain for future research. 64 

 65 

INTRODUCTION 66 

Bacteria can produce a wide range of specialized metabolites, also known as secondary 67 

metabolites, which mediate interactions with other organisms and generally help bacteria to 68 

cope with their environment. Specialized metabolites are defined as metabolites that are 69 

not essential for basal bacterial growth or division but that instead play a role in nutrient 70 

acquisition, quorum sensing, defense and virulence (1). Specialized metabolites also 71 

mediate the interaction between bacteria and host organisms they colonize, such as plants 72 

(2). Some of these metabolites are well known to affect plant growth and plant defense 73 

against pathogenic bacteria. Examples of specialized metabolites that mediate plant-74 

bacterial interactions and contribute to the virulence of plant-pathogenic Pseudomonas 75 

species include toxins such as coronatine, syringomycin and phaseolotoxin (3), the iron-76 

chelating siderophore pyoverdin (4) and biosurfactants syringafactin and cichofactin, which 77 

increase the availability of water-insoluble substrates and promote swarming (5, 6). 78 

 79 

Specialized metabolites are produced by proteins encoded in biosynthetic gene clusters 80 

(BGCs). A BGC is a consecutive array of at least two genes that encode the biosynthetic 81 

pathway for the production of these metabolites and their variants, including biosynthetic, 82 

regulatory, and transport proteins (7, 8). BGCs have often defined patterns of different types 83 

of genes depending on the chemical class of specialized metabolites they produce; hence, 84 

they can be predicted from genome sequences. The gold-standard tool for BGC prediction 85 

in bacterial genomes is antiSMASH (antibiotics and secondary metabolite analysis shell) (9, 86 

10), which identifies BGCs based on profile Hidden Markov Models (HMMs) of genes that 87 

are specific for each metabolite class. Genome mining for BGCs in small and large bacterial 88 

genomes datasets is now common, particularly focusing on a genus or species (11, 12) or on 89 
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a particular environment, from the human microbiota (13) to oceans (14), soil (15, 16) and 90 

many other habitats (17, 18).  91 

 92 

Pseudomonas viridiflava is a globally-distributed agricultural pest (19–21) and a natural 93 

pathogen of Arabidopsis thaliana (22–24), but its mechanisms of virulence are largely 94 

unknown. Pseudomonas viridiflava is prevalent in the epi- and endophytic leaf 95 

compartments in A. thaliana populations in Southwest Germany and across Europe (24, 25). 96 

Most isolates are pathogenic on A. thaliana under lab conditions, with inter-strain variation 97 

in virulence (21, 24, 26, 27). These P. viridiflava isolates, referred to as ATUE5 as they were 98 

first isolated Around Tuebingen encode two known virulence factors: the effector AvrE and 99 

the pectate lyase gene pel, and lack other well-known effectors proteins and toxins (24).  100 

 101 

The Pseudomonas genus is well-known for its ability to produce a vast array of 102 

specialized metabolites (28–30) and it is one of the most biosynthetically-diverse bacterial 103 

genera, second only to Streptomyces (31). There is great diversity in the specialized 104 

metabolite potential of different Pseudomonas species (29, 30, 32); yet, variation among 105 

isolates of the same species has rarely been studied. Descriptions of the BGC repertoire of 106 

plant-associated Pseudomonas have been published in recent years, focusing on isolates 107 

from the soil and the plant rhizosphere (12, 30, 33, 34). However, most studies did not test 108 

the importance of these BGCs in the interaction with the host and/or other microbes (35–109 

37), particularly beyond well-known phytotoxins. Considering that P. viridiflava isolates are 110 

pathogenic to varying degrees on A. thaliana but lack effector proteins and toxins encoded 111 

by other plant-pathogenic Pseudomonas species, we hypothesized that P. viridiflava 112 

encodes specialized metabolites that are involved in infection and disease severity on A. 113 

thaliana.  114 

  115 

Here, we describe the largely-uncharacterized specialized metabolite potential of 225 116 

closely-related yet genetically distinct P. viridiflava ATUE5 isolates previously obtained from 117 

A. thaliana populations in Southwestern Germany (24). We not only predict the BGC 118 

repertoire from whole-genome sequences but also show that BGC genes reduce fitness 119 

during plant infection, with varying magnitude between host genotypes. By integrating the 120 
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pattern of BGC presence/absence with disease severity data of single-isolate infections of A. 121 

thaliana, we identify BGCs that negatively correlate with disease severity on plants, further 122 

corroborating that they incur fitness costs in planta.  123 

 124 

RESULTS 125 

The biosynthetic potential of A. thaliana-associated P. viridiflava is broad and its 126 

products are largely unknown 127 

We selected representative P. viridiflava ATUE5 genomes from a published collection (24) 128 

based on gene content. Starting with 1,338 complete genome assemblies (BUSCO single 129 

genes > 95%), we reduced our dataset to 163 ATUE5 genomes with distinct gene content 130 

according to the presence and absence of groups of orthologous genes. In addition, we 131 

included the genomes of 62 ATUE5 isolates for which disease severity data was available, 132 

measured as plant size (green pixels) post-infection (27). A total of 225 ATUE5 genomes 133 

were included in downstream analyses (Table S1). These genomes had a median 134 

completeness of 98.1% (min = 92.1%, max = 99.2%) and 88 contigs (min = 19, max = 5,666) 135 

(Table S1). Completeness was not available for four genomes, one of which also lacked the 136 

number of contigs in the assembly. Representative genomes had higher completeness 137 

(>94%) and smaller number of contigs than genomes with disease severity data.  138 

 139 

We characterized the specialized metabolite potential of these 225 A. thaliana-associated P. 140 

viridiflava isolates with antiSMASH 7 (10), predicting their BGCs repertoire. When two or 141 

more BGC were predicted in the same genomic region, we counted each BGC 142 

independently. In total, 2,925 regions encoding 3,519 BGCs were predicted (Figure 1). 143 

Genomes had on average 15.6 BGCs (median = 15, min = 7, max = 31; Figure 2A). The 144 

percentage of BGCs on a contig’s edge ranged from 0 to 100%, with a mean of 41% and a 145 

median of 38%. We visually examined the relation between the total number of BGCs and 146 

the percentage of BGCs on a contig’s edge with the assembly statistics (Figure S1). We 147 

found that genomes with more contigs and with lower completeness, i.e., of genomes of 148 

lower quality, had more predicted BGC in general, and more of the predicted BGCs were 149 

located on contig edges (Pearson’s correlation coefficient magnitude between 0.34 and 150 

0.48). 151 
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 152 

The predicted BGCs represented 14 of the 81 (17%) specialized metabolite chemical 153 

classes predicted by antiSMASH 7. The most abundant BGC classes were NRPS and NRPS-154 

like, accounting for 43% of all the predicted BGCs (Table 1). These were the only BGC 155 

classes predicted in all isolates: every genome had at least three NRPS and one NRPS-like 156 

BGC (max = 19 and 5, respectively; Figure 2B, Table 1). BGCs for hydrogen cyanides, NRP-157 

metallophores, NI-siderophores, terpenes, redox cofactors and NAGGNs were found in at 158 

least 90% of the genomes; together these classes represented an additional 46% of all the 159 

BGCs predicted in 225 ATUE5 genomes. On the other end of the frequency spectrum, 160 

BGCs for RiPP-like, betalactones, triceptides and ranthipeptides were predicted in fewer 161 

than 10% of the genomes, representing only about 1% of all predicted BGCs. 162 

 163 

 164 
Figure 1 - Distribution of biosynthetic gene clusters across 225 genomes of plant-165 

associated Pseudomonas viridiflava. Core genome maximum likelihood phylogeny (24) of 166 
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225 P. viridiflava isolates from Southwest Germany. Innermost ring (purple): total number of 167 

predicted BGCs, outer rings (grey): number of BGCs per class, for classes arylpolyene, 168 

betalactone, hydrogen cyanide, N-acetylglutaminylglutamine amide (NAGGN), non-alpha 169 

poly-amino acids like e-Polylysin (NAPAA), NRP-independent (NI) siderophore, NRPS, NRPS-170 

llike, NRP metallophore, ranthipeptide, redox cofactor, RiPP-like, terpene and triceptide. 171 

BGC: biosynthetic gene cluster, NRPS: non-ribosomal peptide synthetase, RiPP: ribosomally 172 

synthesized and post-translationally modified peptide. 173 

 174 

 175 
Figure 2 - Specialized metabolite potential of Pseudomonas viridiflava associated with 176 

Arabidopsis thaliana. A. Distribution of the number of BGCs predicted per genome. B. 177 

Boxplot of the number of BGCs predicted per genome for each detected class. C. 178 
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Distribution of the number of genomes a given gene cluster family (GCF) is detected in. D. 179 

Number of GCFs relative to all BCGs for each genome. Solid line: linear regression of the 180 

data, dashed line: unity. BGC: biosynthetic gene cluster (output from antiSMASH), GCF: 181 

gene cluster family (output from BiG-SCAPE). 182 

 183 

 184 
Figure S1 - Relation between genome assembly statistics and BGC prediction. The 185 

number of predicted BGCs vs the number of contigs in a genome (A) and the genome’s 186 

completeness as per CheckM (B). Proportion of predicted BGCs located in a contig edge vs 187 

the number of contigs in a genome (C) and the genome’s completeness as per CheckM (D). 188 

  189 
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Table 1 - Number of predicted biosynthetic gene clusters per class in 225 plant-190 

associated P. viridiflava genomes. 191 

BGC class n 

% of all 

predicted 

BGCs min max mean median 

NRPS 1,186 33.7 3 19 5.3 4 

Hydrogen cyanide 426 12.1 0 2 1.9 2 

NRPS-like 351 10.0 1 5 1.6 1 

NRP Metallophore 260 7.4 0 2 1.2 1 

NI-Siderophore 257 7.3 0 3 1.1 1 

Terpene 243 6.9 0 3 1.1 1 

Redox cofactor 225 6.4 0 2 1.0 1 

NAGGN 216 6.1 0 1 1.0 1 

Arylpolyene 177 5.0 0 2 0.8 1 

NAPAA 142 4.0 0 1 0.6 1 

RiPP-like 19 0.5 0 2 0.1 0 

Betalactone 13 0.4 0 1 0.06 0 

Triceptide 3 0.1 0 1 0.01 0 

Ranthipeptide 1 0.03 0 1 0.00 0 

BGC: biosynthetic gene cluster, NAGGN: N-acetylglutaminylglutamine amide, NAPAA: non-alpha 192 

poly-amino acids like e-Polylysin, NI: NRPS-independent, NRPS: non-ribosomal peptide synthetases, 193 

RiPP: ribosomally synthesised and post-translationally modified peptide. 194 

 195 

To determine the similarity among the predicted BGCs and deduplicate them, we 196 

clustered all BGCs into gene cluster families (GCF) based on sequence similarity using BiG-197 

SCAPE (38) A GCF contains BGCs that are predicted to produce chemically-related 198 

specialized metabolites. The 3,519 BGCs were clustered into 148 GCFs (Table S2). Almost 199 

one-third of the GCFs were singletons, i.e., they consisted of a single BGC found in only 200 

one genome. A GCF was present in a median of four genomes (mean = 21.6, IQR = 1-15, 201 
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Figure 2C). Nine GCFs were found in over 100 isolates, predicted to produce compounds of 202 

the classes arylpolyene, hydrogen cyanide, redox cofactor, NPRS, NRPS-like, NAPAA and 203 

terpene. The two most prevalent families, which encoded a hydrogen cyanide and a redox 204 

cofactor, were almost fixed in the population, missing from only one and three genomes, 205 

respectively.  206 

 207 

Only four GCFs had a reference specialized metabolite in the database of experimentally 208 

characterized BGCs, MIBiG (39): FAM_00334 (NRPS) had hits to biosurfactants cichofactin 209 

and syringafactin, FAM_00335 (NRPS) to virginiafactin, and FAM_00462 (NI-siderophore) to 210 

the siderophore achromobactin, all known from Pseudomonas species, while FAM_00458 211 

(terpene) had hits to carotenoids from Enterobacteriaceae and Pantoea (Table S3). There 212 

was a strong and significant correlation between the number of BGCs and the number of 213 

GCFs predicted in a genome (Pearson’s correlation coefficient = 0.99, p-value < 0.0001, 214 

Figure 2D), These results indicate that there is little redundancy in the BGCs encoded by a 215 

given P. viridiflava isolate, as BGCs of the same class usually belong to different GCFs. In 216 

addition, most of the specialized metabolites encoded by P. viridiflava genomes appear to 217 

be novel and/or have not yet been experimentally characterized. Their biological functions 218 

therefore remain unknown.  219 

 220 

Biosynthetic genes for specialized metabolites have a fitness cost for P. viridiflava 221 

in planta 222 

Microbial specialized metabolites often mediate ecologically important functions, including 223 

the interaction with their hosts and with other microorganisms. Hence, it is not unlikely that 224 

the effect of carrying a BGC on bacterial fitness varies in different contexts. In this 225 

pathosystem, bacterial load correlates positively with disease severity (27). To assess the 226 

fitness benefits or fitness costs of encoding a BGC in planta, we used a pool of BarSeq 227 

mutants in the P. viridiflava ATUE5:p25.C2 background (40), a highly virulent isolate on A. 228 

thaliana Ey15-2 (24).  229 

 230 

Pseudomonas viridiflava ATUE5:p25.C2 putatively encodes 11 BGCs in 8 regions of the 231 

genome, with region 6 encoding two completely-overlapping (i.e., chemical hybrid) BGCs 232 
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and region 7 three partially-overlapping (i.e., neighboring hybrid) BGCs (Table 2, Figure S2). 233 

These 11 BGCs contain 229 genes, with the BarSeq mutant pool having strains with 234 

mutations in 222 of these (97%). The proteins encoded by the remaining seven genes were 235 

annotated by antiSMASH 7 as hypothetical protein (region 4), transcriptional regulator LiaR, 236 

protein MbtH and glutamate tRNA ligase (region 6), and NAD-dependent glycerol 237 

dehydrogenase, transcriptional regulator LsrR and hypothetical protein (region 7).  238 

 239 

We used this p25.C2 mutant pool to infect axenic A. thaliana Ey15-2 and Col-0 plants. 240 

RB-TnSeq (41) was applied to the pooled mutants used as inoculum and to the ones 241 

retrieved from infected plants 3 days after infection. We estimated the fitness of genes from 242 

the ratio of barcode reads in the material harvested from plants compared to the initial 243 

inoculum. We identified genes whose mutants changed in abundance in the BarSeq pool 244 

upon infection of A. thaliana plants with DESeq2 (42). The estimated fold change of most 245 

BGC-associated BarSeq mutants was positive across the two A. thaliana accessions Col-0 246 

and Ey15-2. We identified 25 and 23 differentially-abundant mutants (DAMs) for the 222 247 

BGC genes in Col-0 and Ey15-2 infections, respectively, defined as having a log2 fold 248 

change with an adjusted p-value ≤ 0.05 (Table 2, Figure 3A,B, Figure S2). To validate 249 

whether the identified DAMs represented a biological signal or a random occurrence due to 250 

the large number of genes in a BGC, we calculated the empirical p-value for each BGC 251 

region from 1,000 random sets of contiguous genes corresponding to the size of each 252 

region. The observed number of DAMs in region 6 for Ey15-2 was greater than expected by 253 

random chance (empirical p-value ≤ 0.05).  254 

 255 

Table 2 - Biosynthetic gene clusters (BGCs) predicted in P. viridiflava ATUE5:p25.C2 256 

Region Type 

Number of 

genes in BGC 

Number of genes 

represented in 

mutant pool 

DAMs 

Ey15-2 

DAMs Col-

0 

Region 1 NRPS 32 32 0 6 

Region 2 NAGGN 12 12 1 2 

Region 3 NRPS-like 30 30 0 4 
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Region 4 Hydrogen-cyanide 10 9 0 0 

Region 5 Redox-cofactor 17 17 3 1 

Region 6 

NRP-metallophore, 

NRPS 57 54 10 6 

Region 7 

Terpene, NRPS, 

NI-siderophore 60 57 9 5 

Region 8 Hydrogen-cyanide 11 11 0 1 

Total genes 229 222 23 25 

BGC: biosynthetic gene cluster, DAM: differentially-abundant BarSeq mutant, NAGGN: N-257 

acetylglutaminylglutamine amide, NI: NRPS-independent, NRPS: non-ribosomal peptide synthetases. 258 

Underlined numbers indicate that the number of DAMs was greater than expected by chance 259 

(empirical p-value ≤ 0.05). 260 

 261 

 262 
Figure S2 - BGCs predicted in P. viridiflava ATUE5:p25.C2. Diagram of the eight regions 263 

encoding 11 BGCs predicted by antiSMASH. Each arrow represents a gene and the color of 264 

the arrow indicates the gene function. There were no BGCs on contigs’ edges. Asterisks on 265 
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top of each BGC diagram indicate genes for which DAMs were identified in hosts Ey15-2 266 

(red) and Col-0 (black).  267 

 268 

The longest BGCs, with the largest number of both genes and DAMs, were the 102 kb-269 

long region 6 encoding an NRP-metallophore and an NRPS hybrid and the 97 kb-long 270 

region 7 encoding a terpene, an NRPS, and an NI-siderophore hybrid. We identified six 271 

DAMs in region 1 and four DAMs in region 3 after Col-0 infection, but none after Ey15-2 272 

infection (Figure S2). Only two DAMs were shared between Ey15-2 and Col-0, one in region 273 

2 and one in region 7.  274 

 275 

We compared the fitness of each mutant in Col-0 infections against Ey15-2 infections, 276 

and found no significant correlation between the two infection environments (Pearson’s 277 

correlation coefficient = 0.07, p-value of 0.31) (Figure S3). Moreover, the direction of the 278 

fold change was not always consistent between the two accessions, with some mutants with 279 

increased abundance in Ey15-2 having a negative or no change in Col-0 and vice versa. 280 

Taken together, these results suggest that BGC fitness effects are strongly dependent on 281 

the host environment. 282 

 283 
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 284 
Figure 3 - Behavior of BGC mutants in planta. A, B. Volcano plots of abundance change 285 

(mutant abundance in planta compared to inoculum) of mutants defective in 222 BGC 286 

genes, 3 days after infection of Ey15-2 (A) or Col-0 (B). Dashed lines indicate no change in 287 

abundance (x-axis, log2 fold change = 0) and the significance threshold (y-axis, p = 0.05). C. 288 

Correlation between abundance changes in Ey15-2 and Col-0. Colors indicate whether 289 

changes were significant in one or the other accession or in both The dotted line indicates 290 

perfect correlation. DAM: differentially abundant mutant. 291 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 17, 2026. ; https://doi.org/10.64898/2026.02.17.706262doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.17.706262


Duque-Jaramillo et al.         BGC fitness costs in Arabidopsis-associated Pseudomonas 

15 

 292 

 293 
Figure S3 - Distribution of abundance changes in the p25.C2 mutant pool. For all or a 294 

subset of mutants in hosts Ey15-2 (A) and Col-0 (B). 295 

 296 

We were surprised to find that the abundance of most BGC mutants increased in planta: 297 

74% and 68% of the BGC mutants increased in Col-0 and Ey15-2, respectively, indicating 298 

improved fitness upon BGC disruption. The abundance of only two and four mutants was 299 

reduced in Col-0 and Ey15-2, respectively. We compared the distribution of fold changes of 300 

strains with mutations in core BGC biosynthetic genes and non-core BGC biosynthetic 301 

genes (i.e., additional biosynthetic, transport-related, regulatory and other genes) as well as 302 

in non-BGC genes. The fold change of core biosynthetic genes tended to be higher than 303 

that of non-core biosynthetic genes and non-BGC genes, although the difference was not 304 

significant (Kolmogorov-Smirnov, p-value > 0.05, Figure 3D,E). Overall, contrary to our initial 305 

expectations, the increased ability of BarSeq mutants to grow in planta suggests that BGC 306 

production can reduce bacterial fitness. 307 

 308 

The presence/absence of biosynthetic gene clusters correlates with disease 309 

severity on A. thaliana 310 

We had hypothesized that specialized metabolites contribute to P. viridiflava ATUE5 311 

pathogenicity in A. thaliana. However, our RB-Tnseq experiments suggested instead that 312 

BGCs, particularly core biosynthetic genes, are more likely to carry a fitness cost rather than 313 

a fitness benefit for P. viridiflava in planta. Tn-seq experiments and their variants, including 314 

RB-TnSeq, measure fitness in a population-dependent context and can underestimate the 315 
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fitness advantage of compounds that are public goods, i.e., products that are secreted and 316 

affect not only the producer bacterium but also everyone else in the environment. Many 317 

specialized metabolites are secreted and thus are considered public goods for members of 318 

a bacterial population that co-exist in a shared environment (43).  319 

 320 

Because pooled mutant infections allow for cheaters to exploit secreted metabolites 321 

produced by other strains, we next tested whether BGC effects persisted when plants were 322 

infected with individual isolates. To this end, we reanalyzed an available experimental 323 

dataset where axenic A. thaliana Ey15-2 plants were infected with 75 P. viridiflava ATUE5 324 

isolates in single-isolate infections, and plant size was measured after 7 days post-infection 325 

as a proxy for disease severity (27). In this context, only the specialized metabolites encoded 326 

by the infecting isolate are available, and thus there are no public goods from genetically 327 

different strains. The distribution of the 120 GCFs in these 75 isolates was similar to that of 328 

the entire collection, with a median of 12 GCFs per genome (mean = 13.7, min = 7, max = 329 

30, Figure 4A). One-third of the GCFs (35%) were restricted to a single isolate. We 330 

determined the correlation between the presence of a GCF and plant size after infection, 331 

including only those GCFs present in at least 5%, but no more than 90% isolates. This 332 

resulted in 34 testable GCFs, including seven GCFs present in P. viridiflava ATUE5:p25.C2. 333 

For eleven GCFs, their presence correlated with plant size after infection (Pearson’s 334 

correlation coefficient between -0.546 and 0.769, adjusted p-value ≤ 0.05, Table 3, Figure 335 

4B,C). Only one of these families (FAM_00334) had hits in the MIBiG database, to 336 

biosurfactants syringafactin and cichofactin. Pearson’s correlation coefficient was negative 337 

for two of the GCFs, suggesting that isolates encoding these specialized metabolites are 338 

more virulent on A. thaliana Ey15-2 than isolates that do not encode them. Three of the 339 

significant GCFs were present in P. viridiflava ATUE5:p25.C2. When we looked into the RB-340 

Tnseq data for the BGC regions represented by these three families, we found these to be 341 

regions 1 (NRPS, FAM_00392), 2 (NAGGN, FAM_00470) and region 6 (NPR-metallophore-342 

NRPS chemical hybrid, FAM_00355). Region 6 had more BGC genes that changed 343 

abundances in Ey15-2 than expected by chance (Table 2). 344 

 345 
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 346 
Figure 4 - Association of gene cluster families presence/absence with disease severity in 347 

planta. A. Distribution of the number of genomes a given GCF is detected in a subset of 75 348 

P. viridiflava genomes. B. Boxplot of the number of green pixels recorded plants 7 days 349 

after infection with P. viridiflava isolates where FAM_0470 was either absent or present. C. 350 

Boxplot of the plant’s green pixels 7 days after infection with P. viridiflava isolates where 351 

FAM_0468 was either absent or present . D. Manhattan plot of treeWAS subsequent test for 352 

34 GCFs found in at least four but fewer than 67 P. viridiflava isolates. Orange points 353 

indicate GCFs whose presence/absence was significantly correlated with plant size as 354 

inferred from the number of green pixels (Table 3). GCF: Gene cluster family, dpi: days post-355 

infection. 356 

 357 
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Table 3 - Gene cluster families correlated with plant size after infection 358 

GCF Product class 

Number of 

isolates (%) 

Pearson's 

correlation 

coefficient 

Adjusted  

p-value 

FAM_00470# NAGGN 33 (44) -0.546 3.51x10-6 

FAM_00392# NRPS 18 (24) -0.406 1.45x10-3 

FAM_00344 NRPS 7 (9) 0.277 4.96x10-2 

FAM_00355# NRPS 42 (56) 0.278 4.96x10-2 

FAM_00463 NI-siderophore 33 (44) 0.312 2.422x10-2 

FAM_00334* NRPS 20 (27) 0.326 1.81x10-2 

FAM_00384 NAPAA 28 (37) 0.420 1.01x10-3 

FAM_00455 Arylpolyene 49 (65) 0.505 2.56x10-5 

FAM_00473 Betalactone 11 (15) 0.632 1.31x10-8 

FAM_00468 NAGGN 24 (32) 0.657 2.63x10-9 

FAM_00390 NRPS 22 (29) 0.769 2.71x10-14 

GCF: gene cluster family, BGC: biosynthetic gene cluster. *Hits to syringafactin and 359 

cichofactin in the MIBiG database. #Families encoded by isolate p25.C2. 360 

 361 

Population structure could influence the results of our correlation analysis, reflecting 362 

lineage rather than causality. Hence, we then applied treeWAS, a GWAS approach that 363 

corrects for population structure (44) on the same dataset of 34 GCFs in 75 ATUE5 isolates. 364 

We did not find any GCF significantly associated with disease severity with treeWAS (Figure 365 

4D), although the GCFs with the highest absolute subsequent score were also significantly 366 

correlated with plant size. We thus cannot decisively conclude that these BGCs are virulence 367 

factors in planta, but they are priority candidates for functional validation. 368 

 369 

DISCUSSION 370 

The genus Pseudomonas is known for its ability to produce many specialized metabolites 371 

(28, 29), which are often hypothesized to play a role in the interaction with other organisms 372 
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and the environment. Here we show that this also applies to Arabidopsis thaliana-associated 373 

isolates of P. viridiflava, which encode a remarkably diverse and largely uncharacterized 374 

repertoire of BGCs, dominated by NRPS and NRPS-like families. Despite this extensive 375 

biosynthetic potential, RB-TnSeq experiments revealed that disrupting BGC genes generally 376 

improved bacterial growth in planta, indicating that specialized metabolite production often 377 

imposes a fitness cost during infection. This cost varied strongly with host genotype, 378 

suggesting substantial genotype-by-genotype interactions. Complementary analyses 379 

correlating BGC presence–absence with disease severity identified a subset of BGC families 380 

associated with altered disease severity, suggesting several candidates whose products may 381 

limit pathogenicity but be beneficial in other ecological contexts.  382 

 383 

In our collection of 225 genomes, antiSMASH 7.1.0 (10) predicted 3,519 BGCs from 14 384 

different chemical classes that clustered into 148 GCFs based on sequence similarity 385 

networks (38). Fragmented genomes could lead to the overestimation of BGCs due to a 386 

single BGC being distributed over multiple contigs.It is likely that the large specialized 387 

metabolite potential of P. viridiflava is associated with the diverse ecological niches it 388 

occupies as a generalist and opportunist pathogen, which include diverse hosts and non-389 

plant environments (45, 46). That almost 30% of the GCFs are present in only a single isolate 390 

and that only nine GCFs are found in over 100 isolates support this hypothesis.  391 

 392 

Fewer than 5% of the 148 gene cluster families had a closely-related hit in the MIBiG 393 

database of experimentally-characterized specialized metabolites. It is important to note, 394 

however, that even though the MIBiG database is the largest database of experimentally-395 

validated BGCs to date, currently it contains only 3013 hand-curated BGCs and their 396 

products, 75% of which are either PKS or NRPS (39, 47). Although the use of different 397 

software and database versions makes comparisons difficult across previous studies, finding 398 

MIBiG matches for only a few BGCs encoded by the bacteria of interest seems to be the 399 

norm rather than the exception (12, 16, 48, 49). Indeed, in an analysis of over 200,000 400 

bacterial genomes and metagenome-assembled genomes (MAGs), 97% of the predicted 401 

specialized metabolites have not yet been experimentally characterized (31). 402 

 403 
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PKS and PKS/NRPS hybrids, such as the antimicrobial mupirocin and the toxin syringolin, 404 

are known to be encoded by Pseudomonas isolates, including plant-associated isolates (12, 405 

29, 30, 32, 36). However, no PKS or PKS/NRPS hybrid was predicted in the P. viridiflava 406 

isolates we analyzed. Half of the predicted BGCs (51%) were related to NRPS (classes NRPS, 407 

NRPS-like and NRP metallophore), in agreement with previous genome mining studies of 408 

the Pseudomonas genus (12, 30, 34). All isolates encoded at least three NRPS and one 409 

NRPS-like BGC, making these BGC classes the only ubiquitous ones in the genomes we 410 

analyzed.  411 

 412 

NRPS can function as phytotoxins, antimicrobials, siderophores and surfactants, among 413 

others (50). Clustering all predicted NRPS by sequence similarity (38) resulted in 121 GCF, 414 

but only two of these families had hits to the MIBiG database (39). These hits suggest that P. 415 

viridiflava encodes metabolites similar to the biosurfactants syringafactin and cichofactin and 416 

to the yet-uncharacterized virginiafactin. We expect our isolates to produce cichofactin and 417 

not syringafactin, as a recent characterization of the lipopeptide diversity of the P. syringae 418 

species complex found that isolates belonging to phylogroups 7 and 8, which include P. 419 

viridiflava (51), produce cichofactin and not syringafactin (33). Although Bricout and 420 

colleagues (33) reported that isolates are either monoproducers of factins or multiproducer 421 

of the three lipopeptides families (factins, mycins and peptides), at least eight of our isolates 422 

encode BGCs closely related to both cichofactin/syringafactin and virginiafactin. The 423 

simultaneous production of both factins by a single isolate still needs to be demonstrated. 424 

There were no hits to toxins included in the MIBiG database, confirming our previous 425 

finding that P. viridiflava does not encode coronatine, mangotoxin, phaseolotoxin, 426 

syringomycin, syringopeptin nor tabtoxin (24).  427 

 428 

With antiSMASH and its predecessors, it has become increasingly straightforward to 429 

predict BGCs in microbial genomes. Tn-seq provides a complementary high-throughput 430 

approach to test the fitness of BGC genes at scale, although most of these studies have 431 

been done in vitro, and only a few in eukaryotic hosts (35). Between 2009, when Tn-Seq was 432 

first described, and mid-2023, fewer than 20 Tn-Seq studies with plant hosts were published 433 

(35), but 100 studies with animal hosts.  434 
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 435 

In two genetically distinct A. thaliana accessions, Col-0 and Ey15-2, we found that BGCs 436 

mostly reduced rather than increased P. viridiflava fitness. Surprisingly, the fitness costs of 437 

BGCs were strongly host dependent, and only two BGC mutants were differentially 438 

abundant in both Ey15-2 and Col-0, while the remaining 44 BGC mutants differed 439 

significantly in their abundance in only one of the two hosts. Thus, the well-documented 440 

genotype-by-genotype interactions in the A. thaliana - P. viridiflava pathosystem (27) extend 441 

also to BGCs.  442 

 443 

We were surprised by the cost associated with BGC genes, a result that contradicted our 444 

starting hypothesis. Nonetheless, an analysis of key BGCs in P. fluorescens, where only 2 out 445 

of 26 Tn-seq mutants had a growth disadvantage in at least one of over 100 conditions (46, 446 

52). As specialized metabolites can mediate not only host-microbe interactions, but also 447 

microbe-microbe and microbe-environment interactions, one potential explanation is that 448 

many of the BGCs have functions unrelated to host colonization and/or contribute to 449 

successful plant colonization by acting outside of the host, i.e., on the surrounding microbial 450 

communities. An example of this is the shift in the composition of a protective synthetic 451 

community induced by an opportunistic Pseudomonas root pathogen, which requires the 452 

production of two specialized metabolites, a siderophore and an antibiotic (53). This 453 

remodeling of the synthetic community contributes to an increase in root colonization by the 454 

opportunistic pathogen (53). Another possible reason for fitness cost of BGC genes is that 455 

specialized metabolites can be detected by the host and/or by host-associated microbes, 456 

triggering a defense response, and/or be toxins that kill the host and thus lead to a 457 

reduction in the bacterial counts. The Pseudomonas siderophore pyochelin, for example, 458 

causes a root-associated Bacillus isolate to increase its production of antibacterials (54).  459 

 460 

A caveat to Tn-seq experiments is that they can lead to underestimates of fitness costs 461 

from genes that encode secreted public goods (35, 55, 56), such as siderophores, 462 

biosurfactants and toxins (57). Public goods are exploited by cheaters, individuals of the 463 

population that benefit from a public good without contributing to the production of said 464 

good, i.e., at no (fitness) cost (57). It has been shown, for instance, that mutants with defects 465 
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in siderophore production have superior fitness than wild-type isolates when co-cultured, 466 

where they can cheat, but lower fitness in mono-cultures (58, 59). In addition, specialized 467 

metabolites are energetically expensive and divert resources from primary metabolism, so 468 

they can be detrimental for the producer (60) under certain conditions, similar to antibiotic 469 

resistance genes having a cost in the absence of the antibiotic (61, 62).  470 

 471 

To overcome a possible underestimation of a BGC fitness in our RB-TnSeq experiments, 472 

we followed an orthogonal approach by examining the outcome of infections with 473 

genetically diverse P. viridiflava isolates that naturally vary for BGC presence. Eleven of the 474 

34 tested GCFs correlated with disease severity in the A. thaliana accession Ey15-2. Similar 475 

to the results of the RB-TnSeq experiments, most GCFs were correlated with reduced 476 

disease severity, i.e., larger plant size measured in green pixels, but two were associated 477 

with increased disease severity.  478 

 479 

We found four NRPS associated with reduced disease severity in infected A. thaliana, 480 

including the one predicted to be related to the biosurfactant cichofactin. This product 481 

therefore does not appear to be a virulence factor in A. thaliana (at least under the 482 

conditions of mono-association in an axenic system) despite previous reports (6). 483 

Meanwhile, the two GCFs negatively correlated with disease severity are potential virulence 484 

factors in A. thaliana infection and should be experimentally validated. One encodes a 485 

NAGGN (N-Acetylglutaminyl glutamine amide), a modified dipeptide with an important role 486 

in bacterial osmoregulation (63), and the other encodes a NRPS.  487 

 488 

While our uncorrected correlations identified BGC associated both with increased and 489 

decreased disease severity, no significant association remained after phylogenetic 490 

correction. This could reflect limited power due to the number of isolates and/or non-491 

random sampling. Hence, these candidate BGCs and the secondary metabolites they 492 

produce should be tested experimentally to confirm whether they play a role during in 493 

planta infection, particularly the two GCFs associated with increased disease severity. 494 

Although simple, a similar correlation approach identified BGCs potentially associated with 495 

Pseudomonas inhibition of the potato pathogen Streptomyces scabies (36). Further 496 
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experimental characterization confirmed a role of two BGCs, a cyclic lipopeptide and of 497 

hydrogen cyanide, on the Pseudomonas-Streptomyces interaction (36). 498 

 499 

In summary, our results challenge the common assumption that specialized metabolite 500 

production enhances pathogen success in plant hosts. Instead, while many P. viridiflava 501 

isolates encode well-known specialized metabolites that serve as virulence factors, such as 502 

hydrogen cyanide, the biosurfactant cichofactin and the siderophore achromobactin, we 503 

find that specialized metabolites seem to have a limited role in the virulence of P. viridiflava 504 

on A. thaliana, at least when tested in mono associations. As P. viridiflava is a generalist that 505 

is also found in water-related environments including rain drops, snowpack, rivers and lakes 506 

(45), there is ample opportunity for its specialized metabolites to provide fitness benefits in 507 

a non-plant context. Future experiments should include the characterization of the 508 

specialized metabolites produced by P. viridiflava isolates and their production -if any- upon 509 

plant infection, the validation of the fitness cost of BGCs in single-isolate A. thaliana 510 

infections using e.g., knock-outs as well as in co-infections, and the interaction between 511 

BGCs and host genotypes. 512 

 513 

MATERIALS AND METHODS 514 

Selection of representative Pseudomonas genomes 515 

The genomes in this study were described before (24). To select representative genomes, 516 

we first assessed the completeness of each genome using BUSCO version 3.0.2 (64). Of 517 

1,514 genomes, 1,338 had a single-copy completeness score equal to or above 95%. These 518 

were clustered using the following procedure:  519 

 520 

1. Sort all genome assemblies by their total length, from the longest to the shortest. 521 

2. In each iteration, set the longest assembly as the ‘representative’ of a newly formed 522 

cluster.  523 

3. Assign members to the newly formed cluster based on the similarity of their 524 

orthology groups presence-absence profiles. Iterate over all genomes not yet 525 

assigned to a cluster, and compute the Jaccard similarity coefficient (65) between the 526 
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presence-absence profile of orthology groups (obtained from PanX assignments (24)) 527 

of said genome and the cluster ‘representative’. The Jaccard similarity coefficient 528 

was calculated as:  529 

 530 

𝐽	 = !!!
!"!	#	!!"	#	!!!

,  531 

 532 

where M11 is the number of orthology groups shared between the strains; M10 and 533 

M01 are orthology groups present in the representative and the assessed genome, 534 

respectively.  535 

If the Jaccard similarity coefficient is greater or equal to 0.99, assign the genome to 536 

the cluster and remove it from the list. 537 

4. Repeat steps 2 and 3 until all genomes are assigned to a cluster. 538 

 539 

Annotation of biosynthetic gene clusters  540 

We used antiSMASH 7.1.0 (10) to predict biosynthetic gene clusters (BGCs) on each 541 

genome. MultiSMASH 0.3.1 was used to tabulate antiSMASH results (66). When more than 542 

one BGC was predicted in a region, each BGC was counted independently in its 543 

corresponding class. For example, a region with “NRPS, terpene, siderophore” accounted 544 

for three BGCs in our analyses. Sequence similarity networks of the BGC were generated 545 

using BiG-SCAPE (38) version 2.0.0b6, available at github.com/medema-group/BiG-SCAPE 546 

with parameters --hybrids-off and --include-singletons. We included entries from the 547 

Minimum Information about a Biosynthetic Gene (MIBiG) database (39) with parameter --548 

mibig-version 4.0, providing manually-curated BGC annotations with known functions to the 549 

gene cluster families identified in the P. viridiflava genomes. The number and distribution of 550 

BGCs were plotted on the core genome maximum-likelihood tree (24) using iToL (67).  551 

 552 

Plant infections with pools of RB-TnSeq P. viridiflava ATUE5:p25.C2 mutants  553 

BarSeq mutants were generated in P. viridiflava ATUE5:p25.C2 (40). Briefly, we conjugated 554 

P. viridiflava ATUE5:p25.C2 with the E. coli conjugation donor WM3064 harboring the 555 
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pHLL250 mariner transposon vector library (AMD290) (68). Stocks of the mutant pool were 556 

stored at -80ºC in 10% glycerol at an OD600 of 1.0 and were used to infect A. thaliana. 557 

 558 

Col-0 and Ey15-2 wild-type A. thaliana plants were grown under long-day conditions (16 559 

hours light, 8 hours dark) in an AR41L3 Percival growth chamber with 60% intensity of 560 

SciWhite LED lights. Seedlings were grown in 24-well plates on ½ Murashige & Skoog 561 

medium with vitamins and MES buffer. Thirteen-day-old seedlings were used for the 562 

infections. Plants were infected with a bacterial suspension of pooled P. viridiflava 563 

ATUE5:p25.C2 mutants at an OD600 of 0.02. Each plant was infected with 200 μL of bacterial 564 

suspension. Samples were collected in 2 mL deep-well plates three days after infection, 565 

frozen and then ground using two 5 mm glass beads. DNA was extracted using Qiagen 566 

buffers. Each biological sample contained two infected plants. 567 

 568 

Random barcode transposon-site sequencing (RB-TnSeq) (41) was performed to 569 

determine the fitness of each mutant in the pool. Barcode sequence data from the stock 570 

mutant pool and the infected plants were obtained by multiplexing on a partial NovaSeq 571 

6000 lane at Novogene Corporation Inc. Fitness was calculated from the abundance of 572 

reads in the plant material versus the initial inoculum pool, and analyzed with the DESeq2 573 

package (42) in R v4.4.0 (69) to identify differentially-abundant mutants (DAMs). 574 

 575 

To determine the statistical significance of the number of mutants for a BGC region 576 

(DAMs), we calculated the empirical p-value. For this, we generated 1,000 random sets of 577 

contiguous genes of comparable size to each BGC region and determined how many of the 578 

mutants in each random set were differentially abundant (adjusted p-value ≤ 0.05). We then 579 

calculated the probability of finding as many or more DAMs in the 1000 random sets for 580 

each region compared to the observed, i.e., experimental, number of DAMs in the same 581 

region. We used this probability as the empirical p-value.  582 

 583 

Correlation/association of green pixels with gene cluster families 584 

We had previously generated data on virulence measured as green pixels of 75 genetically 585 

diverse P. viridiflava ATUE5 isolates on A. thaliana Ey15-2 (27). We calculated Pearson's 586 
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correlation coefficients between the presence/absence matrix of GCFs encoded by 5% to 587 

90% isolates and the mean green pixels 7 days post-infection as a proxy for fitness in planta. 588 

The p-value was adjusted for multiple comparisons using the Benjamin-Hochberg method in 589 

R v4.4.0 (69). 590 

 591 

Genome-wide associations between the presence/absence matrix of GCFs and green 592 

pixels after infection were obtained using treeWAS (44) in R v4.4.0(69), with 100 593 

permutations. When a GCF had more than one copy per genome, the corresponding cell in 594 

the matrix was changed to 1 to comply with treeWAS requirements. The three association 595 

tests included in treeWAS, terminal, simultaneous and subsequent, were run. A GCF was 596 

considered significantly associated with fitness in planta when the adjusted p-value ≤ 0.05. 597 

 598 

Data availability 599 

Genome IDs are given in Table S1. Green pixel data are from (27). Other materials and data 600 

that are reasonably requested will be made available in a timely fashion.  601 
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