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Abstract

In 2017, a 560-ha area of hybrid poplar plantation in northern Poland showed symptoms of tree decline. Leaves appeared
smaller, turned yellow—brown, and were shed prematurely. Twigs and smaller branches died. Bark was sunken and discolored,
often loosened and split. Trunks decayed from the base. Phloem and xylem showed brown necrosis. Ten per cent of trees
died in 1-2 months. None of these symptoms was typical for known poplar diseases. Bacteria in soil and in the necrotic base
of poplar trunk were analyzed with Illumina sequencing. Soil and wood were colonized by at least 615 and 249 taxa. The
majority of bacteria were common to soil and wood. The most common taxa in soil were: Acidobacteria (14.76%), Actino-
bacteria (14.58%), Proteobacteria (36.87) with Betaproteobacteria (6.52%), (6.10%), Comamonadaceae (2.79%), and Ver-
rucomicrobia (5.31%).The most common taxa in wood were: Bacteroidetes (22.72%) including Chryseobacterium (5.07%),
Flavobacteriales (10.87%), Sphingobacteriales (9.40%) with Pedobacter cryoconitis (7.31%), Proteobacteria (73.79%) with
Enterobacteriales (33.25%) including Serratia (15.30%) and Sodalis (6.52%), Pseudomonadales (9.83%) including Pseu-
domonas (9.02%), Rhizobiales (6.83%), Sphingomonadales (5.65%), and Xanthomonadales (11.19%). Possible pathogens
were Pseudomonas, Rhizobium and Xanthomonas. The potential initial, endophytic character of bacteria is discussed. Soil
and possibly planting material might be the reservoir of pathogen inoculum.
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Introduction

Poplars are distributed predominantly throughout the north-
ern hemisphere. Because of their rapid growth, wild Populus
spp. and their hybrids are currently planted over huge areas
worldwide as ornamental plants for landscape greening, pro-
duction of wood, and multiple industrial uses (Jansson and
Douglas 2007).

Poplar’s susceptibility to phytopathogens is the main
obstacle to its exploitation (reviewed in Newcombe 1996).
The most serious fungal pathogens include vascular and
parenchymal colonizers (Kwasna et al. 2021).
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There are also a few bacteria pathogenic on poplar. Pseu-
domonas syringae Van Hall and Xanthomonas populi (Ridé)
Ridé & Ridé cause wilting, necrosis, rot, injury, tumours and
cankers (Ridé 1993; Nesme et al. 1994; Yuki et al. 2013).
Symptoms caused by P. syringae in combination with frost
occur usually on the south side of trees, just above soil level,
and the development of P. syringae in poplar bark is pro-
moted by fluctuating temperatures (Ramstedt et al. 1994).
Pseudomonas aeruginosa (Schroter) Migula appeared on
poplar recently (Attila et al. 2008). It causes soft rot, which
results in wilting, with death of trees occurring quickly,
even in less than 48 h. Rhizobium radiobacter Beijerinck
and van Delden [syn. Agrobacterium radiobacter (Beijer-
inck and van Delden) Conn, Agrobacterium tumefaciens
(Smith and Townsend) Conn] causes crown gall disease by
transferring and integrating bacterial DNA (T-DNA) into the
plant genome. In the 1990s, the bacterial genus Brenneria
was also reported to cause canker of trees including poplar
(Biosca et al. 2006). Currently, large portions of the planta-
tion areas of the hybrid poplar Populus X euramericana in
China and Hungary are affected by potentially lethal Lons-
dalea populi (formerly Lonsdalea quercina subsp. populi)
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(Toth et al. 2013; Li et al. 2014; Li and He 2019). Bacteria
overwinter on infected plant tissues, in necrosis, gummo-
sis and sap oozing from wounds or healthy looking plant
tissues.

Bacteria spread by windblown water droplets, contami-
nated tools, insects and animals. Infection is through roots,
leaf scars and fresh wounds on branches and stems. The
extent of symptoms depends on tree susceptibility. Planting
highly resistant clones from selections and breeding pro-
grams is the only way to control bacterial disease.

In 2017, 560 ha of plantation of hybrid poplar (P. del-
toides X P. nigra) in northern Poland showed symptoms
of tree decline. Leaves of diseased trees appeared smaller,
turned yellow—brown, and were shed prematurely. Twigs and
smaller branches died without definite cankers. Bark of the
entire trunk was sunken and discolored, often loosened and
split. It often fell off, exposing wet wood. Trunks decayed
from the base. The phloem showed brown necrosis. Ten
per cent of trees died in 1-2 months (in June) after the first
appearance of symptoms. None of the observed symptoms
was typical for known poplar diseases. The possible contri-
bution of vascular and parenchymal fungal pathogens has
been suggested (Kwasna et al. 2021).

The objectives of this research were to study: (1) the
abundance and diversity of bacteria in soil and wood that
may possibly contribute to development of vascular wilt in
poplar, and (2) interactions among these bacteria and envi-
ronmental conditions.

Materials and methods
Site and sampling

The study was carried out in Loza, Czarne District,
Cztuchéw County, Pomeranian Voivodeship, northern
Poland (53°41"29" N 17°04'19" E), in 560 ha of plantations
of 5—6-year-old hybrid poplar (P. deltoides X P. nigra, cul-
tivar AF2, from Italy) showing symptoms of crown decline
and trunk-base decay (520 ha) and tree death (40 ha).

Trees were grown at a density of 425 trees/ha (4 x4 m
spacing), and had mean diameter of 9-10 cm at breast
height. The post-agricultural soil was sandy loam, consisting
of sand (60%), silt (20%) and clay (20%), with low humus
level, and with pH 6.5. The former crop was rye (Secale
cereale L.). The average temperature is 7.9 °C and rainfall
680 mm.

The understorey vegetation included Achillea millefo-
lium L., Agrostis stolonifera L., Artemisia absinthium L.,
Artemisia vulgaris L., Cichorium intybus L., Elymus repens
(L.) Gould, Lamium purpureum L., Lolium perenne L.,
Papaver rhoeas L., Poa annua L., Poa pratensis L., Poa
trivialis L., Polygonum aviculare L., Polypodium vulgare
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L., Polytrichum commune Hedw., Stellaria media Hist. PI.
Dauphiné, Taraxacum officinale F.H. Wigg., and Trifolium
arvense L.

Five wood cores, ¢.10 cm long and 3 cm diameter, each
including bark, phloem and xylem, were sampled from the
bases of necrotic trunks of five symptomatic trees, 0 cm
and 50 cm above the soil surface, with a Pressler borer. The
core samples were surface-sterilized before being ground to
sawdust with a cordless SPARKY BUR2 15E drill. In addi-
tion, five subsamples of soil were taken as cylindrical cores,
10 cm long and 5 cm diameter, from the surroundings of
roots of five symptomatic trees. They were placed in sterile
glass containers and refrigerated for 48 h. There were no
healthy, asymptomatic, trees in plantation which could be
analyzed as the control.

DNA extraction, amplification and lllumina
sequencing

Five samples of sawdust were prepared from five wood cores
in a SPEX™ SamplePrep™ Freezer/Mill™ cryogenic mill.
Genomic DNA from wood was extracted in 100 mg of saw-
dust from each of the five wood cores with GeneJET™ Plant
Genomic DNA Purification Mini Kit (Thermo Scientific,
USA). Genomic DNA from soil was extracted in 300 mg of
soil from each of the five soil cores with DNeasy PowerSoil
Pro Kit (Qiagen, Hilden, Germany). The 16S rDNA from
each subsample was amplified with bacteria-specific prim-
ers: 16S-F 5" CAGCCTACGGGNGGCWGCAG and 16S-R
5" ACAGGACTACHVGGGTATCTAATCC. Each amplifi-
cation reaction was carried out in a final volume of 25.0 pL
containing 2 pLL DNA, 0.2 pL of each primer, 10.1 pL deion-
ized water and 12.5 pL 2X PCR MIX (A & A Biotechnol-
ogy, Gdynia, Poland). DNA amplification was performed
under the following conditions: denaturation at 94 °C for
5 min, followed by 35 cycles of denaturation at 94 °C for
30 s, annealing at 56 °C for 30 s, elongation at 72 °C for
30 s, and a final elongation at 72 °C for 7 min. Visualization
of 5-ul amplicons was performed in 1.0% agarose gel dyed
with Midori Green Advance DNA (Genetics). Pooled PCR
products were purified using a MinElute PCR Purification
Kit (Qiagen, Hilden, Germany). The concentration of PCR
products was quantified using a Qubit 2.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA), and an equimolar mix
of PCR products from each sample was prepared. The PCR
product from each subsample was purified and sequenced
with the use of Illumina SBS technology (Genomed S.A.
Warsaw, Poland).

Bioinformatics analysis

A table of Operational Taxonomic Units (OTUs) was
prepared by PIPITS, version 1.2.0 (Gweon et al. 2015).
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Read-pairs were joined with PEAR, version 0.9.6 (Zhang
et al. 2014), filtered with a quality threshold of ¢=30 by
FASTX-toolkit, version 0.0.13 (http://hannonlab.cshl.edu/
fastx_toolkit/index.html), converted to Fasta format and
merged into a single file. Prepared sequences were de-rep-
licated and subregions of ITS were selected with the use of
ITSx, version 1.0.11 (Bengtsson-Palme et al. 2013). Unique
sequences and those shorter than 100 bp were removed.
Remaining sequences were clustered with 97% sequence
identity. The resulting representative sequences for each
cluster were subjected to chimera detection and removal
using the UNITE UCHIME reference data set, version 6.0
(https://unite.ut.ee/index.php). The input sequences were
then mapped onto the representative sequences and taxon-
omy assigned using RDP Classifier, version 2.10.2 (Wang
et al. 2007), against UNITE fungal ITS reference database,
version 11.2 (Cole et al. 2014). This process resulted in the
creation of a table of OTUs. Sequences were identified by
comparison with reference sequences from the National
Center for Biotechnology Information (NCBI) database.

Abundance of bacteria was defined as the average num-
ber of OTUs from five subsamples. Frequency of an indi-
vidual taxon was defined as percentage (%) of OTUs in the
total number of OTUs from five subsamples. Diversity of
bacterial community (%) evaluated with the number of taxa
in soil or wood is shown by a heatmap.

Statistical analyses

Differences in abundance of bacteria in soil and wood were
analyzed with Chi-squared tests (y%). Diversity between
communities of microfungi was compared with Margalef’s
diversity index (Dyg), Shannon’s diversity index (H'), Simp-
son’s diversity index (D), Shannon’s evenness index (E) and
Berger—Parker’s index (d) (Magurran 1988).

Results

A total of 34,866 and 21,207 OTUs were obtained, respec-
tively, from the soil and wood of Populus hybrid using the
[llumina sequencing technique (Table 1). The majority of
bacteria were classified to the higher taxa. Classification
resulted from the length of the sequence. The frequency of
classified and non-classified bacteria was 96.57% and 3.43%
in soil and 99.84% and 0.16% in wood. The frequency of
bacteria absent from NCBI database was 0.70% and 0.63%
in soil and wood, respectively. Soil and wood were colonized
by at least 615 and 249 taxa. There were 242 non-identified
taxa in soil and 16 in wood. The majority of bacteria were
common to soil and wood.

The most common taxa in soil were: Acidobacteria (with
Acidobacteriales and Solibacterales), Actinobacteria (with

Acidimicrobiales), Bacteroidetes (with Cytophagales, Flavo-
bacteriales, Saprospirales and Sphingobacteriales), Chloro-
flexi (with Caldilineales), Nitrospirae, Planctomycetes,
Proteobacteria (with Betaproteobacteria, Burkholderiales,
Pseudomonadales, Rhizobiales, Sphingomonadales and Syn-
trophobacterales) and Verrucomicrobia (with Chthoniobac-
terales and Pedosphaerales).

The most common taxa in wood were: Bacteroidetes (with
Flavobacteriales and Sphingobacteriales), Proteobacteria
(with Burkholderiales, Enterobacteriales, Pseudomonadales,
Rhizobiales, Sphingomonadales and Xanthomonadales).

Most taxa were present in wood of the diseased poplars
and in soil. Potential pathogens were species in genera Pseu-
domonas and Xanthomonas. Dubious and unexpected spe-
cies include Pedobacter cryoconitis and Sodalis.

Margalef’s index (D)) and Shannon’s diversity index
(H') indicate greater diversity in soil than in wood, although
Simpson’s diversity index (D) suggests more diversity in
wood (Table 1). Conversely, Shannon’s evenness index (E)
shows more evenness in communities in wood, although
Berger—Parker’s dominance index (d) shows more domi-
nance of individual taxa in wood.

Discussion

Research on bacteria has usually been focused on the study
of single species. However, bacteria are social organisms and
they occur in communities. Recent advances in genomics
and molecular techniques have led to discovery and charac-
terization of a vast bacterial diversity and to understanding
of mutual interactions among them.

Illumina sequencing of 16S rRNA genes was applied for
studies of the bacteria associated with vascular wilt of pop-
lar. Sequencing of the 16S rRNA gene is highly useful for
bacterial classification because of its presence in almost all
bacteria, its ability to exist as a multigene family or operon,
its resistance to change over time, and its size (1500 bp
long).

However, the 16S rRNA genes are highly conserved and
do not provide sufficient resolution at lower taxon levels
(i.e., species or strain). Thus, most bacteria in our studies
were classified to the higher taxonomic ranks, making them
ecologically and functionally indistinguishable. More pre-
cise taxonomic resolution was not possible because of: (1)
insufficient number of sequences of the lower taxa in nucleo-
tide databases, (2) occurrence of species sharing similar and/
or identical 16S rRNA sequences, (3) nomenclature prob-
lems arising from multiple genomovars assigned to single
species or complexes, and (4) the possible occurrence of
new taxa. These reasons undoubtedly affected the scientific
completeness of the research presented. Therefore, in many
cases, the data are discussed and interpreted with caution
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Table 1 Bacteria present in soil and wood of wilted poplar
Frequency (%
No. Taxon Order Soil Wood
Phylum Acidobacteria
1 Acidobacteria (5.281%, 0.124%)2, Acidobacteriaceae, Candidatus Koribacter, Chloracidobacteria (5.764%, Acidobacteriales 12.385
"~ 10.055%), Koribacteraceae (1.237%, 0.002%), Terriglobus
2. | Nitrosopumilus Cenarchaeales
3. | Geothrix (0.021%, 0%), Holophagaceae Holophagales
4. | Bryobacteraceae, Candidatus Solibacter (1.019%, 0.005%), Solibacteres (1.097%, 0.022%) Solibacterales
Frequency
Number of taxa (13)
Phylum Actinobacteria
Actinobacteria (8.880%, 0.059%), Actinocorallia, Actinoplanes, Aeromicrobium, Agromyces, Arthrobacter,
Catellatospora, Cellulomonas, Cellulomonas xylanilytica, Corynebacterium, Dactylosporangium, Frankiaceae,
1 Geodermatophilaceae, lamia, Intrasporangiaceae, Kineosporiaceae, Kribbella, Lentzea, Microbacteriaceae, Acidimicrobiales
| Micrococcaceae, Microlunatus, Micromonosporaceae, Mycobacterium, Nakamurellaceae, Nocardioidaceae,
Nocardioides, Nonomuraea, Phycicoccus, Pilimelia, Pimelobacter, Propionibacteriaceae, Pseudonocardia,
Rhodococcus, Salinibacterium, Sporichthya, Sporichthyaceae, Streptacidiphilus, Streptomyces, Terracoccus
2. | Gaiellaceae, Gaiellales Gaiellales
3. | Conexibacteraceae, Patulibacteraceae, Solirubrobacteraceae, Solirubrobacterales Solirubrobacterales

Frequency

Number of taxa (46)

Phylum Armatimonadetes

1. | Chthonomonadaceae, Chthonomonadete

Chthonomonadales

2. | Fimbriimonadaceae, Fimbriimonadales, Fimbriimonas

Fimbriimonadales

Frequency 0.376 0.020
Number of taxa (5) 5] 3
Phylum Bacteroidetes
Adhaeribacter, Cytophaga, Cytophagaceae (1.526%,0.026%), Dyadobacter, Flectobacillus, Larkinella,
1. . Cytophagales
Spirosoma, Sporocytophaga
- o S — - -
2. Chryseobacterium (0.014%, 5.074%), Crocinitomix, Cryomorphaceae, Flavobacteriaceae, Flavobacterium Flavobacteriales 3.482 10.873

(3.055%,5.477%), Flavobacterium columnare, Flavobacterium frigidarium, Flavobacterium succinicans,

Fluviicola

3. | Rubricoccus

Rhodothermales

Saprospira, Saprospiraceae, Sediminibacterium

4 Haliscomenobacter, Flavihumibacter, Flavisolibacter, Chitinophagaceae (2.583%, 0.252%), Niabella,

Saprospirales

Sphingobacterium faecium

Pedobacter (0.039%, 1.725%), Pedobacter cryoconitis (0.004%,7.306%), Sphingobacteriaceae,

Sphingobacteriales

Frequency

Number of taxa (33)

Phylum Chlamydiae

1. | Candidatus Rhabdochlamydia, Chlamydiales

Chlamydiales

Frequency
Number of taxa (2) 2 1
Phylum Chlorobi
1._|Chlorobi [ 0.041]  0.001]
Frequency 0.411 0.001
Number of taxa (1) 1 1

Phylum Chlorofiexi

Ardenscatena

Ardenscatenales

Anaerolinaceae, Anaerolineae (1.209%,0.004%)

Anaerolineales

Caldilinea, Caldilineaceae, Chloroflexi (2.575%, 0.002%)

Caldilineales

Herpetosiphonales

Herpetosiphonales

oA IWIN =

Ktedonobacteraceae Ktedonobacterales
Kouleothrixaceae, Roseiflexales, Thermomicrobia Roseiflexales
Frequency

4.041 0.028

Number of taxa (11)

1] 4

Phylum Cyanobacteria

1. | Chlorophyta, Cyanobacteria, Stramenopiles, Streptophyta

Frequency

0.066 0.016

Number of taxa (4)

Phylum Elusimicrobia

1. ‘Elusimicrobia, Elusimicrobiales

I

| Elusimicrobiales

and conclusions formulated with care. Only assumptions
can be made.

In wood of diseased poplar the most common taxa of
bacteria were: Bacteroidetes, particularly Chryseobacterium
and Flavobacterium; Proteobacteria including Enterobacte-
riales, particularly Serratia and Sodalis; Pseudomonadales;
Rhizobiales; Sphingobacteriales including Pedobacter
cryoconitis; Xanthomonadales.Each of these taxa includes
species or strains with various trophisms and functions:
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endophytes, pathogens or saprotrophs. It is not easy to draw
a clear distinction between pathogens and non-pathogens.
They occupy the same ecological niches and possess similar
mechanisms for plant colonization. Endophytic, pathogenic
and saprotrophic strains are often found within the same
species, and the incidence and severity of potential diseases
are affected by additional factors, including host vigour,
environmental conditions and host—pathogen specific inter-
actions (Schulz et al. 1999).
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Table 1 (continued)

Frequency 0.163
Number of taxa (2) 2
Phylum Fibrobacteres
1. | Fibrobacteria _
Frequency 0.020 0.001
Number of taxa (1) 1 1
Phylum Firmicutes
4 |Bacillales, Bacillus, Bacillus flexus, Bacillus muralis, Clostridium, Paenibacillus, Paenibacillus chondroitinus, [ g _
" | Sporosarcina
Frequency 0.207 0.017
Number of taxa (8) 8 3
Phylum Gemmatimonadetes
1. | Gemmatimonadales, Gemmatimonadetes (1.137%, 0%), Gemmatimonas Gemmatimonadales
Frequency 1.574 0.004
Number of taxa (3) | 3 | 2
Phylum Nitrospirae
1. | Leptospirillaceae, Nitrospira (1.912%, 0.011%), Nitrospiraceae, Thermodesulfovibrio naceae Nitrospirales _
Frequency 3.452 0.015
Number of taxa (5) 5 2
Phylum Planctomycetes
1. | Gemmataceae, Isosphaeraceae Gemmatales
2. | Phycisphaerae Phycisphaerales
3. | Pirellula, Pirellulaceae Pirellulales
4. | Planctomyces, Planctomycetes Planctomycetales
Frequency
Number of taxa (7)
Phylum Proteobacteria
1. |Alpha-, Beta- (6.516%, 0.105%), Delta-, Gammaproteobacteria
2. |Alteromonadales, Cellvibrio Alteromonadales
3. | Bacteriovoracaceae, Bdellovibrio bacteriovorus, Bdellovibrio Bdellovibrionales
4. | Acidovorax, Alcaligenaceae, Burkholderia, Burkholderia andropogonis (0%, 1.057%), Comamonadaceae Burkholderiales
(2.786%, 0.884%), Herminiimonas, Hydrogenophaga, Janthinobacterium, Janthinobacterium lividum,
Methylibium, Oxalobacteraceae (1.709%, 0.379%), Paucibacter, Polaromonas, Ramlibacter, Rubrivivax,
Variovorax, Variovorax paradoxus
5. |Asticcacaulis biprosthecium, Caulobacter, Caulobacteraceae, Mycoplana, Phenylobacterium Caulobacterales
6. | Chromatial Chromatiales
7. |Desulfuromonadales, Geobacter, Pelobacteraceae Desulfuromonadales
Enterobacteriaceae (0.012%, 11.349%), Serratia (0.005%,15.303%), Serratia marcescens, Sodalis (0.001%, .
8. 6.524%), Entotheoné-llaceae, Erwinia, I)?ahnella ac(yuatilis : ( Enterobacteriales
9. |Aquicella, Coxiellaceae, Legionellales Legionellales
10. | Crenothrix Methylococcales
11. | Methylophilaceae Methylophilales
12. | Chondromyces, Haliangiaceae, Myxococcales (1.604%, 0.102%), Plesiocystis, Polyangiaceae Myxococcales
13. | Nitrosomonadales, Nitrosovibriotenuis Nitrosomonadales
14. | Halomonadaceae Oceanospirillales
15. | Acinetobacter, Moraxellaceae, Perlucidibaca, Pseudomonas (3.065%, 9.017%), Pseudomonas viridiflava Pseudomonadales
Afifella, Aminobacter, Aurantimonadaceae, Balneimonas, Beijerinckiaceae, Boseageno, Bradyrhizobiaceae,
Devosia, Hyphomicrobiaceae, Hyphomicrobium, Kaistia, Labrys, Mesorhizobium, Methylobacterium
16. | adhaesivum, Parvibaculum, Pedomicrobium, Phyllobacteriaceae, Phyllobacterium, Pleomorphomonas, Rhizobiales
Rhizobiaceae (0.095%, 5.724%), Rhizobium, Rhizobium leguminosarum, Rhodoplanes (1.807%, 0.034%),
Xanthobacteraceae
17. | Hyphomonadaceae, Rhodobacter, Rhodobacteraceae Rhodobacterales
18. | Azoarcus, Dechloromonas, Rhodocyclaceae, Uliginosibacterium Rhodocyclales
19. Acetobaqt(_—;‘r, Acetobacteraceae, Gluconacetobacter, Inquilinus, Rhodospirillaceae (1.291%, 0.028%), Rhodospirillales
Rhodospirillales, Roseococcus, Roseomonas, Skermanella
20. | Mitochondria, Rickettsiales Rickettsiales
Blastomonas, Erythrobacteraceae, Novosphingobium, Kaistobacter, Sphingobium (0.102%,1.554%),
21. | Sphingomonadaceae, Sphingomonas, Sphingomonas echinoides, Sphingomonas wittichii (0.201%,1.666%), | Sphingomonadales
Sphingopyxis alaskensis
22. | Spirobacillales Spirobacillales
23. | Syntrophobacteraceae (1.555%, 0.005%) Syntrophobacterales
24. | Piscirickettsiaceae Thiotrichales
25. | Arenimona, Dokdonella, Luteibacter rhizovicinus, Lysobacter, Lysobacter brunescens, Nevskiaramosa, Xanthomonadales

Members of Chryseobacterium have so far been found
in various environments, i.e., freshwater, soil and sludge,
rhizosphere and phyllosphere, midgut of insects, facces of
millipede, raw fish, chicken and dairy products, or clinical
samples. On poplar, Chryseobacterium has been detected on
two hybrid clones, where it was classified as an endophyte
(Ulrich et al. 2008).

Flavobacteria are generally known as common, free liv-
ing organisms in soil and water. Most species are harm-
less, psychrotolerant, present in temperate to polar regions,
and particularly in low salinity ecosystems (Kolton et al.
2016). Several species are infectious to freshwater fish and
humans (Berg et al. 2005). Little is known about the occur-
rence of Flavobacterium in plants. The first evidence of
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Table 1 (continued)

Pseudoxanthomonas, Rhodanobacter, Sinobacteraceae (1.487%,0.035%), Stenotrophomonas,
Stenotrophomonas acidaminiphila, Thermomonas, Steroidobacter, Xanthomonadaceae (1.401%,8.410%),
Xanthomonas
Frequency 36.872 73.785
Number of taxa (143) 129 109
Phylum Spirochaetes

1. | Turneriella Leptospirales 0.010 0.010
Frequency 0.010 0.010
Number of taxa (1) 1 1

Phylum Verrucomicrobia

1. | Chthoniobacteraceae (1.587%, 0.011%) Chthoniobacterales 1.766 0.018

2. | Luteolibacter, Methylacidiphilae Verrucomicrobiales 0.490 0.505

3. | Opitutaceae Opitutales 0.640 0.003

4. | Pedosphaera (2.065%,0.002%) Pedosphaerales 2.166 0.002

5. | Prosthecobacter debontii, Verrucomicrobia Verrucomicrobiales 0.245 0.301
Frequency 5.307 0.829
Number of taxa (12) 12 7
Non-identified bacteria - frequency 3.431 0.164
Number of taxa (102) 82 16
Bacteria absent in NCBI database- frequency 0.701 0.630
Number of taxa (243) 242 16

Number
oTu 34866°| 21207°
Taxa 615° 249°
Margalef’s diversity index — Dug 58.7039| 24.8944
Shannon’s diversity index — H’ 4.1276 3.1787
Simpson'’s diversity index — D 0.6428 0.5761
Shannon’s evenness index — E 0.0294 0.0716
Berger-Parker's dominance index — d 0.0888 0.1530
L N , o
- diversity of bacterial community (%)
0 14 38
Explanations

Indicates frequency in soil and wood, respectively

“Indicates a statistically significant difference according to Xz test, P < 0.001

Flavobacterium in plants was from a study of the barley
rhizosphere (Johansen et al. 2002). Recently, Kolton et al.
(2016) detected epiphytic and endophytic Flavobacteria on/
in roots and leaves of cucumber, lettuce, maize, peanuts,
peppers, tomatoes, thale cress [Arabidopsis thaliana (L.)
Heynh.] and wheat. They may be associated with plant
health. They move rapidly over solid surfaces due to unique
gliding-motility (linked to a novel type IX secretion sys-
tem), enabling fast propagation and colonization (McBride
and Zhu 2013; McBride and Nakane 2015). Flavobacterium
johnsoniae causes a ‘soft-rot” of various fresh plants (Liao
and Wells 1986). Flavobacterium abundance can vary con-
siderably and is a function of plant and environment inter-
actions. So far there was no information on occurrence of
Flavobacterium in forest habitats. Our record is the first. Its
occurrence could possibly have resulted from the slightly
less acid soil (pH 6.5) of the diseased poplar plantation.
Enterobacteriales are facultative anaerobes, common in
water or soil, or are parasites of animals and plants. They
can live on/in wood of poplar, and even much longer than
on wood of other tree species (Schonwilder et al. 2002;
Milling et al. 2005). The most abundant representatives of
Enterobacteriales were Serratia and Sodalis (15.3% and
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6.5% in wood). Serratia is often a harmless, environmental,
plant-associated endophyte or free-living bacterium, found
in decaying plants or animals and humans. Many Serratia
species have plant growth-promoting (PGP) ability and have
been developed as biocontrol agents for soil-borne fungal
pathogens (Hallmann et al. 1997).

The very fast development of wilt in the poplar trees stud-
ied suggests that pathogenic Pseudomonas, i.e., P. syringae
and P. aeruginosa, may be involved in development of dis-
ease. Pseudomonas occurred relatively abundantly in soil
from where they could infect roots. The short span of the
disease in the surveyed poplars may also have resulted from
a quick response of the host plant. It is known that percep-
tion of Pseudomonas by plants occurs quickly. Changes in
plant signal transduction and in plant gene expression occur
within 2 and 15 min, respectively, after infection and expo-
sure to bacterial elicitors (Gomez-Goémez et al. 1999; de
Torres et al. 2003). The first cellular symptoms are observed
within 5 h (Bestwick et al. 1997). Bacteria live on nutrients
present in the apoplast of host cells, the acidic components
of cell walls and nutrients in dying cells (Preston 2004).
Apart from changes in the plant’s physiology, Pseudomonas
can cause mechanical damage of the host tissues through
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the ice nucleation (Wisniewski et al. 1997). They may con-
tribute to the final disease effect. The second potentially
pathogenic species, P. aeruginosa, is an environmental
organism that can survive in different conditions and is par-
ticularly well-adapted to wet and damp habitats, i.e., soil,
aqueous solutions (Jefferies et al. 2012), and thus probably
also in sap oozing from wounds on the diseased poplars. It
forms biofilms which increase its persistence and stability
and generate extensive genetic diversity which enables the
bacteria to persist and spread under different environmental
stresses (Webb et al. 2003). The genus Pseudomonas may
also include neutral or beneficial strains, i.e., with biocon-
trol- or plant growth-promoting activity, or capable of induc-
ing systemic plant defense. One of those is Pseudomonas
fluorescens Migula, usually very common in soil and rhizo-
sphere, and on plant surfaces (Silby et al. 2009). Degrada-
tive enzymes determine the virulence of pathogenic strains
(Preston 2000). However, the same enzymes are produced by
plant growth-promoting Pseudomonas. Thus, distinguishing
between pathogenic and beneficial interactions needs recog-
nition of: (1) the specificity and combination of extracellular
compounds produced by the bacterium, (2) effects of habitat
conditions (temperature, moisture) on host and bacterium,
(3) host genotype, (4) host physiology, (5) the ability of the
bacterium to respond to host recognition (Preston 2004).
Success for the plant depends on its ability to distinguish
beneficial symbionts and harmless saprotrophs from patho-
genic parasites, and in using induced defense responses to
eliminate dangerous pathogens at minimum cost.

Rhizobiales are well-known, beneficial, microsymbiotic,
legume-nodulating, nitrogen-fixing, methanotrophic bacteria
providing nutrients, vitamins, phytohormones (auxins and
cytokinins) and precursors of essential plant metabolites
(Vorholt 2012).

Nitrogen fixation by Rhizobiales has recently been found
also in non-leguminous plants (Fischer et al. 2012), includ-
ing wild poplar harbouring diazotrophic bacteria. However,
poplar can be a natural host of pathogenic R. radiobacter,
the occurrence of which in the microbiome of the studied
poplars cannot be excluded, although the typical symptoms
of R. radiobacter, i.e., tumour-like growths (galls) on stems
and roots, often above ground, were not observed.

Sphingobacteriales are common in soil and marine habi-
tats. One member of this order, Flavitalea populi, has been
isolated from soil of a Euphrates poplar (Populus euphratica
Oliv.) forest (Wang et al. 2011).

Xanthomonadales are typically rod-shaped, obligate aer-
obes with optimal growth at 25-30 °C. There are at least
27 plant-associated Xanthomonas species, which colonize
at least 400 plant species (An et al. 2019). Xanthomonas
populi can cause wilting, necrosis, rot and injury of poplar.
It initially feeds on living host tissue and kills the tree in later
stages of infection. Xanthan, a biopolymer, contributes to

formation of biofilm which masks the bacteria, preventing
recognition and early response from plant defense mecha-
nisms (Biittner and Bonas 2010).

Betaproteobacteria, common in the soil samples, occupy
diverse habitats and have various metabolic strategies.
They may be autotrophic, heterotrophic and diazotrophic.
Some, including Bordetella, Burkholderia and Ralstonia,
are pathogenic on plants (Dworkin et al. 2006). However,
the volatile organic compounds of Burkholderia pyrrocinia
strain JK-SHOO7 inhibit three poplar canker pathogens:
Cytospora chrysosperma (Pers.) Fr., Phomopsis macrospora
Tak. Kobay. and Chiba, and Fusicoccum aesculi Corda) (Liu
et al. 2020).

Dubious and unexpected species include Pedobacter cry-
oconitis (7.306% in wood) and Sodalis (6.524% in wood).
Pedobacter cryoconitis is a rod-shaped bacterium, facul-
tatively aerobic and psychrophilic. Other Pedobacter spe-
cies have been isolated from soil and compost, water and
freshwater-lake sediment, and plant rhizosphere (Kwon et al.
2007, 2011). So far, Pedobacter was not found in the forest
habitat. However, the bacterium is a cellulose decomposer,
and this explains its abundant occurrence in wood. Endos-
ymbiontic Sodalis has so far been associated with spittlebugs
and feather-chewing bird lice, and a human wound.

Many bacteria detected were possibly the initial endo-
phytes in a variety of tissues in trees that were, so far,
healthy. They probably do not participate in the initial devel-
opment of disease but become pathogenic later, after devel-
opment of disease started by fungi (Kwasna et al. 2021).
They need favorable conditions, including lower tempera-
ture and higher humidity of soil from where they spread to
plants. Their adaptation strategies for growth, production
and activation of enzymes could compensate for the occa-
sionally negative effects of the habitat.

Plants can be colonized simultaneously by a large vari-
ety of bacteria (Bacon and Hinton 2006). Most studies on
bacterial endophytes were done on agricultural and horticul-
tural plants. However, endophytic bacteria have also been
detected in trees: elm, pine, oak, citrus and coffee (Bacon
and Mead 1971; Mocali et al. 2003; Vega et al. 2005). Their
survival was strongly dependent on moisture.

Endophytic bacteria in poplar have rarely been stud-
ied. Single studies have described only specific strains
(Germaine et al. 2004; Van Aken et al. 2004; Doty et al.
2005). More recently, Moore et al. (2006) and Ulrich et al.
(2008) studied the diversity of endophytic bacteria in Popu-
lus growing in contaminated and non-contaminated fields.
They reported a high diversity and domination of Gam-
maproteobacteria (28-61%), especially Pseudomonas spp.
(19-46%). In the present study Pseudomonas frequency was
3-9%, and other Gammaproteobacteria were sporadic in soil
(0.01%) and absent in wood. The differences in abundance
and diversity may result from the genetic background of the
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host tree (Ulrich et al. 2008). Each tree species or clone has
an association with specific bacterial endophytes (Cambours
et al. 2005; Moore et al. 2006) and the dependence of endo-
phytic bacterial communities on host genotype seems to be
stronger in longer-lived trees. In the endophytic phase, bac-
teria may have beneficial effects on their hosts and may play
an important role in plant physiology, including resistance.
Apart from Pseudomonas, other bacteria detected in soil or
wood of the poplars studied, i.e., Actinobacteria, Bacillus,
Burkholderia and Chryseobacterium, promote plant growth
by elimination of pathogenic microorganisms, synthesis of
growth-stimulating plant hormones, low-molecular com-
pounds or enzymes, and creation of plant disease resistance,
particularly during periods of drought or nutrient deprivation
(Shin et al. 2007; Montero-Calasanz et al. 2013; Timm et al.
2016). Their presence in soil is explained by their ability to
live on organic debris as saprotrophs. They usually colonize
the host plant from the rhizosphere soil. Their adaptation to
an endophytic or pathogenic lifestyle in plants results from
their ability to pass (actively or passively) through the endo-
dermis and pericycle and enter the xylem vessels (Compant
et al. 2010).

Conclusions

New diseases, including wilt, necrosis of stems and die-
back may appear in forests and plantations of trees. Popu-
lus hybrids may be subjected to various, so far unidentified
pathogenic agents, including bacteria. Bacteria can con-
tribute to the development of disease, but can also have an
important role in limiting or preventing the development of
initial pathogens. This situation can lead to near-total disap-
pearance of some diseases and sudden emergence of new
pathogens. Poplar wilt symptoms may be a consequence of
various factors, the most important being climate and its
effects on development of pathogens and the host—patho-
gen relationship. New diseases can spread from soil or from
introduced plant material, the latter potentially introducing
them into new areas.
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