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of bacterial microbiota of soils
collected from two fields of diverse
potato blackleg and soft rot
diseases incidences, a case study
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The presence of bacteria from the Dickeya spp. and Pectobacterium spp. in farmlands leads to global
crop losses of over $420 million annually. Since 1982, the scientists have started to suspect that

the development of disease symptoms in crops might be inhibited by bacteria present in the soil.
Here, we characterized in terms of physicochemical properties and the composition of bacterial soil
microbiota two fields differing, on the basis of long-term studies, in the occurrence of Dickeya spp.-
and Pectobacterium spp.-triggered infections. Majority, i.e. 17 of the investigated physicochemical
features of the soils collected from two fields of either low or high potato blackleg and soft rot
diseases incidences turned out to be similar, in contrast to the observed 4 deviations in relation to
Mg, Mn, organic C and organic substance contents. By performing microbial cultures and molecular
diagnostics-based identification, 20 Pectobacterium spp. strains were acquired from the field showing
high blackleg and soft rot incidences. In addition, 16S rRNA gene amplicon sequencing followed

by bioinformatic analysis revealed differences at various taxonomic levels in the soil bacterial
microbiota of the studied fields. We observed that bacteria from the genera Bacillus, Rumeliibacillus,
Acidobacterium and Gaiella turned out to be more abundant in the soil samples originating from the
field of low comparing to high frequency of pectinolytic bacterial infections. In the herein presented
case study, it is shown for the first time that the composition of bacterial soil microbiota varies
between two fields differing in the incidences of soft rot and blackleg infections.

Pectinolytic bacteria from the Dickeya spp. and Pectobacterium spp., referred as Soft Rot Pectobacteriaceae (SRP),
currently comprise 13 Dickeya and 21 Pectobacterium species'—. These phytopathogens cause the symptoms of
soft rot on potato or other vegetables and ornamentals, as well as blackleg on potato, cabbage, corn and other
economically important plants®*. The blackleg symptoms can be recognized by blackening of the base of the
shoot, which often leads to wilting of the whole plant. Soft rot, on the other hand, is manifested by maceration of
the internal tissue of vegetative organs. The global spread of Dickeya spp. and Pectobacterium spp. results not only
in significant yield reductions, but also increasing economic losses*. In particular, the presence of SRP in farm-
lands has been associated with crop damage reaching up to $420 million annually®, with the highest economic
impact towards the potato production sector®. In Europe alone, SRP phytopathogens triggered approximately
€46 million damage in potato plantations’. In more detail, 32%, 43% and 25% of these losses have been associ-
ated with seed, table and processing potatoes, respectively’. In view of high impact on food security, widespread
occurrence and expansion of the geographical range of SRP, it needs to be stressed that there are currently no
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effective plant protection measures against pectinolytic phytopathogens®. Despite the fact that different control
approaches relying either on physical, chemical or biological methods have been tested so far*, the potency of
these methods is too low to effectively prevent the spread of these microorganisms in the environment. To date,
preventive methods, for example applying diagnostics to test seed potatoes for the presence of Dickeya and
Pectobacterium spp., cleaning and disinfection of machinery and equipment, limiting irrigation from possibly
contaminated waterways, removing diseased plants, minimizing mechanical damage at harvest, and optimizing
the storage conditions, have been regarded as the most efficacious plant protection methods®.

The spread of Dickeya spp. and Pectobacterium spp. over long distances was previously associated not only
with shipment of latently infected seed potatoes, but also with transferring of contaminated soil®. Indeed, the
members of the family Pectobacteriaceae are able to retain viability in soil from 1 week to 6 months, depending
on the encountered environmental conditions®. Interestingly, the ability of SRP to survive in soil tends to be
species-specific as most of the so-far studied Pectobacterium spp. are capable of surviving under these condi-
tions for up to several months, while Dickeya spp., e.g. Dickeya dianthicola strains, are generally regarded as
seed-borne pathogens’. For instance, Pectobacterium spp. strains were able to survive in soil for approximately
two months'®. At the same time, Dickeya spp. remained viable in soil for up to seven days at 6 °C and 50% soil
moisture'!. Several factors, like temperature, moisture and pH of the soil, impacts persistence of SPR in this
environmental niche'%. Microbiological analyses of the soil collected in Australia one year before planting of
potatoes showed that 25% of the samples contained the cells from the current Dickeya spp. or Pectobacterium
spp.'*. Among these bacteria, Erwinia carotovora subsp. carotovora turned out to be the most abundant species
as it accounted for 93% of the strains. On the contrary, Erwinia carotovora subsp. atroseptica was found only in
5.6% of the samples. It is worth to underline that in the 90’s, Erwinia carotovora subsp. carotovora corresponded
to a consortium including the following recently differentiated species: Pectobacterium brasiliense, Pectobacterium
carotovorum, Pectobacterium parmentieri, Pectobacterium parvum, Pectobacterium peruviense, Pectobacterium
polaris, Pectobacterium punjabese and Pectobacterium versatile. Pectobacterium atrosepticum was found only in
5.6% of the samples. On the other hand, Dickeya spp. strains were rarely detected in the collected soil samples
as these strains amounted to just about 2% of the total number of the identified strains'*'5.

Pectinolytic bacteria originating from soil can penetrate host plant tissue through natural openings, such as
lenticels or mechanical wounds, leading to colonization of the intercellular spaces of the roots prior to invad-
ing the xylem and causing systemic infection®. It needs to be underlined that majority of the previous research
focused on studying the occurrence and persistence of pectinolytic bacteria in the rhizosphere of the crops'® or
weeds, while in terms of bulk soil, the presence of these microorganisms was mostly investigated in association
with plant debris'”~*°.

Since 1982, it has been suggested that the composition of natural soil microbiota may influence the develop-
ment of diseases caused by phytopathogens®*?!. So far, there have been several reports on bacterial taxa identi-
fied in soils that inhibit development of certain plant diseases**?. For instance, soil containing bacteria from
the genera Streptomyces, Pseudomonas and Bacillus was described to suppress Fusarium wilts?>. Furthermore,
the soil-borne bacterial pathogen Ralstonia solanacearum, which is responsible for bacterial wilt of tomato,
was noted to trigger less devastating disease symptoms in soil containing highly diverse bacterial communities
enriched with bacteria from the genera Olivibacter, Flavihumibacter and Flavobacterium?®. Similarly, a drop in
the relative abundance of R. solancearum was associated with an elevation in Arthrobacter, Streptomyces, and
Nocardioides detection frequencies. Additionally, the presence of Gracilibacillus, Cellvibrio, Bacillus, and Paeni-
bacillus decreased the number of R. solancearum cells, while the occurrence of Propionibacterium contributed
to the raise in this parameter. Interestingly, Weller et al. hypothesized that beneficial microbiota is transfer-
able between diverse soils*. This concept was proven by performing sterilization and later on inoculation of
four agricultural soils with favorable bacteria that led to successive suppression of wheat root disease caused
by Fusarium culmorum?. Nowadays, bacterial community profiling methods offer more precise views on the
structural diversity of the soil microbiota in terms of detection and identification of non-culturable bacteria®.

The goal of this case study was to evaluate if there are differences in the composition of bacterial community of
the soils collected from two fields of highly various incidences of soft rot and blackleg diseases. To achieve this
aim, the soils have been characterized in terms of physicochemical properties, the occurrence of SRP was inves-
tigated by classical culture methods, while bacterial diversity and abundance of specific taxa were addressed by
undertaking 16S rRNA gene amplicon sequencing followed by bioinformatic analyses.

Results and discussion
The incidence of blackleg and soft rot diseases on the studied potato farmlands
The types of the soils from both the studied fields (located in Siemysl and Bonin, Poland) were defined as clay
according to the classification of the Polish Soil Science Society: Grading classification of soils and mineral for-
mations. Regarding the potato field located in Siemysl, there were no blackleg symptoms identified throughout
the entire growing season of 2021 (Table 1). On this basis, this field was selected for further analyses as of low
blackleg and soft rot diseases incidences. In the case of the field of high diseases incidences situated in Bonin, the
frequency of blackleg symptoms observed in this area equaled 2% in July and subsequently increased to 20% in
the month of the harvest, i.e. August. Concerning the rates of diseases incidences noted during the previous five
years, no blackleg nor soft rot symptoms were observed on plants growing at the Siemysl site, in contrast to the
Bonin location. In the latter area also the symptoms of other plant diseases were noted in the last 5 years (Table 1).
As cropping and management practices are important factors influencing the occurrence of plant pathogens?,
surveys on fertilizers and pesticides applied throughout the growing season on the two fields of interest were
performed (Table 1). Both potato fields were amended with the same types of pesticides and mineral fertilizers
with the sole difference of application of the aftercrop at the Bonin site. Considering that SRP were proven to be
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Field with low blackleg and soft rot diseases | Field with high blackleg and soft rot diseases

incidences incidences
Field location Siemysl village, Poland Bonin village, Poland

July 0% | July 2%
Blackleg disease incidence

August 0% | August 20%

Diseases reported in the previous 5 years | No reports Blackleg, potato blight, early blight, rhizoctonia,

anthracnose
Soil type? Clay Clay
Applied pesticides Insecticides, herbicides, fungicides Insecticides, herbicides, fungicides
Mineral fertilizers: NPK Mineral fertilizers: NPK
Applied fertilizers
Natural fertilizers: not used Natural fertilizers: aftercrop
Origin of the seed potatoes Own material, class A, cultivar Lady Rosetta Classified material, class A, cultivar Denar
Disease symptoms on seed potatoes No disease symptoms No disease symptoms

Table 1. General characteristics of the two selected potato farmlands. *Polish Soil Science Society: grading
classification of soils and mineral formations.

able to utilize organic fertilizers as sources of nutrients* and to survive better in association with plant residues®,
we anticipate that addition of the aftercrop might have had some impact on higher blackleg and soft rot diseases
incidences recorded in the field in Bonin than at the Siemysl site.

Physicochemical characteristics of the collected soil samples
Afterwards, physicochemical properties, i.e. pH, salinity, organic matter and the contents of microelements and
macroelements, of the soils collected from two fields of diverse blackleg and soft rot diseases incidences were
analyzed (Table 2). Previously, the temperature, moisture and pH have been shown to influence the survival of
SRP in soil*!. In the current study, the soils originating from two fields either of low or high diseases incidences
exhibited pH values of 6.1 and 6.4, respectively, which allowed for classification of these soils as “slightly acidic”
(pH 5.5+6.5) according to the Polish Soil Science Society. The moisture of the soils from the both examined fields
was approximately equal (Table 2). Also the temperature at each collection site was alike. Altogether, as solely
slight differences in pH, moisture, and temperature were recorded between the soils collected from two fields
of low and high diseases incidences, it was concluded that these factors alone could not have accounted for the
observed differences in the occurrence of blackleg and soft rot symptoms at the studied farmlands.

During the conducted physicochemical analyses of two soils, some deviations were noted in the composition
of minerals between the studied fields (Table 2). Three times more Mg and twice as much Mn were determined

Feature Field of low diseases incidence (Siemysl) | Field of high diseases incidence (Bonin)
Soil moisture [%)] 542+1.2 531+1.47
pH 6.1 6.4

Salinity NaCl [g/dm’] 0.26£0.09 0.33+0.08
N-NO; [mg/dm?] 37.4+20.45 41.8+4.65

Cl [mg/dm?] 46.4+15.64 54.6+6.35

P [mg/dm’] 42.4+8.87 42.06+4.53

K [mg/dm’] 107.83+£17.14 88.8+10.12
Ca [mg/dm’] 684 +38.27 854.3+127.92
Na [mg/dm’] <15 <15

Mg [mg/dm’] 184.3+23.89 50.9+9.89%

B [mg/dm’] 0.33+0.05 0.3+0.08

Cu [mg/dm’] 0.7+0.08 0.83+0.12
Zn [mg/dm’] 7.2+2.33 4.1+0.46

Mn [mg/dm’] 7.1+1.34 3.1+1.34*

Fe [mg/dm?] 59.6+8.7 46.73+9.45
Organic C [% dry weight] 4.5+0.14 1.37£0.12%*
Organic substance [% dry weight] 7.81+0.25 2.37+0.2%%

Table 2. Physicochemical features of the soils sampled from two investigated potato fields. The statistically
significant differences according to the Student’s ¢-test are marked as follows: *p <0.05; **p <0.005. The data
shown are means + SEM. The values different in a statistically significant manner between the examined two
fields are marked in bold.
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in the soil collected from the field of low compared to high diseases incidences and these deviations exhibited
statistical significance. The previous studies showed that Mn ions inhibit the production of pectin lyases, one
of the most important virulence factors of Dickeya and Pectobacterium spp.*2. On the other hand, Mg assures
greater resistance of the older plant tissues to the necrotrophic pathogens as this constituent of the middle lamella
together with Ca boost the resistance of pectic chains to the action of pectolytic enzymes. Moreover, the elevated
Mg levels in tubers were discovered to be associated both with the reduced occurrence of soft rot, as observed
by McGuire and Kelman®, and with the decreased stem rot incidence, as indicated by Bain et al.**. Anyhow, the
impact of Mg on rot prevention was not as pronounced as that of the equivalent amounts of calcium (Ca). These
experimental findings align with the results of Dubois et al., who demonstrated that the increased Mg input could
effectively delay blackleg disease outbreaks*®. Based on this data we can assume that the higher concentration of
Mg in the soil acquired from the potato field of low in contrast to high diseases incidence might contribute to
the lack of blackleg and soft rot diseases symptoms observed at this location.

Interestingly, the soil obtained from the field showing low diseases incidences contained about twice as much
organics as the one collected from the field of high diseases incidences, and the herein-mentioned results are sta-
tistically significant. Ficke et al. provided evidence that the enrichment of soil with organic compounds extended
the survival of P. atrosepticum. Thus, it might be hypothesized that even if pectinolytic bacteria survived longer
in soil at the Siemysl site in contrast to the Bonin location, their persistence did not lead to the increased diseases
incidences due to the impact of some other environmental or biotic factors.

It is worth acknowledging that out of the 17 examined physicochemical features, solely 4 i.e. the contents of
Mn, Mg, organic C and organic substance, differed in a statistically significant manner between the soils acquired
from two fields of low and high diseases incidences. This finding suggests that it is worth to search for other
factors that might have contributed to the observed differences between the investigated two fields of various
blackleg and soft rot diseases incidences.

The occurrence of Dickeya spp. and Pectobacterium spp. in the studied potato plantations
Microbiological analysis of soil samples collected from two fields of low and high soft rot and blackleg diseases
incidences involved culturing of the serially-diluted plant homogenates and soil filtrates on Crystal Violet Pec-
tate (CVP) media in addition to PCR-based identification to the species level of the so-acquired SRP strains.
Importantly, the mother tubers were not subjected to microbiological analysis for the presence of Dickeya spp.
and Pectobacterium spp. before planting. Also plants and stems that grew in both fields were not tested for the
presence of bacteria from the Pectobacteriaceae family.

As shown in Table 3, four Pectobacterium spp. strains were obtained from the soil collected from the field
of high diseases incidences (Bonin), whereas no Dickeya nor Pectobacterium spp. were detected in the case of
soil obtained from the field of low diseases incidences (Siemysl). Additionally, 16 strains of Pectobacterium spp.
were isolated from young potato tubers harvested from the field showing high soft rot and blackleg diseases inci-
dences. Six out of these strains were initially classified as P. carotovorum/P. parmentieri with the use of multiplex
PCR method*. On the other hand, no pectinolytic Pectobacteriaceae were detected in the young potato tubers
harvested from the field of low diseases incidences.

Based on the BLAST comparison of the sequences of fragments of dnaX*” and recA®® genes, the isolated
pectinolytic bacteria were identified. Three strains of P. brasiliense (IFB5712; IFB5713; IFB5714) and 1 strain of
P. betavasculorum (IFB5711) were detected in soil of high disease incidence. Moreover, 6 strains of P. brasiliense
(IFB5705; IFB5706; IFB5707; IFB5708; IFB5709; IFB5710), 2 strains of P. betavasculorum (IFB5703; IFB5704)
and 8 strains of P, versatile (IFB5695; IFB5696; IFB5697; IFB5698; IFB5699; IFB5700; IFB5701; IFB5702) were
identified in young tubers (Table 3). The sequences of dnaX and recA genes of Pectobacterium spp. isolates
were submitted to the GenBank database and are available under the following accession numbers: PP869790,

Field type

Sample type No. of detected SRP strains | Identification of the detected isolates™®

Low diseases incidences (Siemysl)

Soil Not detected -

Young tubers Not detected -

Mother tubers | Not tested -

Plants, stems Not tested -

High diseases incidences (Bonin)

3 strains of P. brasiliense (IFB5712; IFB5713; IFB5714)

Soil 4 strains 1 strain of P. betavasculorum (IFB5711)

6 strains of P. brasiliense (IFB5705; IFB5706; IFB5707; IFB5708; IFB5709; IFB5710)
2 strains of P. betavasculorum (IFB5703; IFB5704)

8 strains of P. versatile (IFB5695; IFB5696; IFB5697; IFB5698; IFB5699; IFB5700; IFB5701;
IFB5702)

8 strains

Young tubers
8 strains

Mother tubers | Not tested -

Plants, stems Not tested -

Table 3. The pectinolytic strains identified in the samples collected from two investigated potato fields.

IFB - Intercollegiate Faculty of Biotechnology, University of Gdansk and Medical University of Gdansk,
Gdansk, Poland. *Identified using multiplex PCR* and with Y1/Y2 primers®. *Identified based on the BLAST
comparison of the fragments of gene sequences of dnaX*” and recA* towards records available in the GenBank
database.
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PP869791, PP869792, PP869793, PP869794, PP869795, PP869796, PP869797, PP869798, PP869799, PP869800,
PP869801, PP869802, PP869803, PP869804, PP869805, PP869806, PP869807, PP869808, PP869809, PP869810,
PP869811, PP869812, PP869813, PP869814, PP869815, PP869816, PP869817, PP869818, PP869819, PP869820,
PP869821, PP869822, PP869823, PP869824, PP869825, PP869826, PP869827, PP869828, PP869829.The analysis
of the obtained sequences allowed to conclude that the same single nucleotide polymorphisms (SNPs) were
present in the sequences of recA and dnaX amplified from the DNA of P. brasiliense strains from soil and young
tubers. Similar observation on the occurence of identical SNPs among strains of various origin concerned P
betavasculorum.

The genomic profiling with the use of ERIC primers* (Fig. S1), was applied to examine clonality of the ana-
lyzed strains. The acquired ERIC patterns for IFB5705, IFB5706, IFB5707, IFB5708, IFB5709 and IFB5710 strains
of P, brasiliense isolated from young tubers and IFB5712 and IFB5713 acquired from soil were the same (Fig. S1).
Only P. brasiliense IFB5714 isolated from soil showed a different ERIC profile from the other 8 isolates belonging
to this species. Moving to the representatives of the next pectinolytic species P. betavasculorum, these strains were
identified both in soil and young tubers. We observed that all three strains IFB5703, IFB5704 (both from young
tuber) and IFB5711 (soil) showed the same ERIC profile (Fig. S1). Finally, the P. versatile strains were isolated
only from young tubers and according to the results of genomic profiling, all 8 strains were clonal (Fig. S1).

The presence of SRP in the Bonin potato field (with a total of 20 acquired Pectobacterium spp. strains) and
the absence of such strains in the farmland in Siemysl is in agreement with the data collected during the long-
term monitoring of these potato fields performed by our research group''®. The herein presented data indicate
that SRP were detected only in the potato field in Bonin and that a higher number of strains was acquired from
potato tubers than from the soil. This observation is most likely associated with a higher survival rate of Dickeya
spp. and Pectobacterium spp. cells in association with plant tissues than in the less favorable soil environment'”.
According to the literature, SRP can be efficiently isolated from post-harvest plant residues that provide a suit-
able environment for growth and multiplication of bacteria'’. The latter remark is in line with the recent data of
Toth et al. indicating that SRP populations are often detected after potato harvesting, but over the winter period
their numbers decrease to very low levels®. Additionally, ERIC-based genomic profiling showed that in terms of
both species, i.e. P. brasiliense and P. betavasculorum, the strains isolated from soil and young tubers collected
from the field of high disease incidence were clonal. This observation may indicate that potato plants have been
infected by the Pectobacteriaceae present in the soil. However, as the mother tubers had not been tested before
planting for the presence of pectinolytic bacteria, we cannot exclude that they formed the source of inoculum.
In addition, the presence of pectinolytic bacteria was also not examined in progeny plants. The obtained results
are consistent with previous data stating that pectinolytic bacteria of either mother tubers or soil origin are both
capable of causing wilting and blackleg disease symptoms on potato under greenhouse and field conditions®.

The numbers of amplicon sequence variants (ASVs) and bacterial diversity in the soil samples
collected from two fields of either low or high blackleg and soft rot diseases incidences
Sequencing was performed on 16S rRNA amplified from a library generated from total DNA isolated from five
soil samples collected either from the field of low or high soft rot and blackleg diseases incidences. The number
of paired raw reads obtained for each sample ranged from 91,124 to 101,293. On average 76% of all the readings
passed the quality control threshold (Table S1). After the clustering step, the number of the determined unique
ASVs enclosed in the range of 767-1024 ASV's per sample (Table S1). The numbers of ASVs computed for the
soil samples originating either from the field of low or high diseases incidences are comparable. The rarefaction
curves obtained for the generated ASVs reached a plateau for all the included soil samples (Fig. S2), which indi-
cated an achievement of a satisfactory sequencing depth for studying bacterial diversity of soils acquired from
two fields of either low or high blackleg and soft rot diseases incidences.

In order to get a better insight into the bacterial diversity of soils collected from these two fields, alpha- and
beta-diversities were calculated. At first, the alpha diversity estimates were computed using Evenness (Pielou)
index. No notable deviations were detected in the alpha-diversity of the soils obtained from the field of low in
juxtaposition to high blackleg and soft rot diseases incidences (p>0.05; Kruskal-Wallis test) (Fig. 1A). How-
ever, the samples of soil collected from different parts of the field of low diseases incidences varied to a greater
extent in terms of complexity of bacterial populations than the replicates obtained from the field of high diseases
incidences.

Subsequently, PCoA and PERMANOVA were used to investigate bacterial beta-diversity in the examined
soils. PCoA calculations using the Bray—Curtis distance matrix were performed to determine the relatedness of
soil samples acquired from each of two fields of diverse diseases incidences. The PCoA plot revealed separate
grouping of soil samples originating from the field of low comparing to high diseases incidences (Fig. 1B),
suggesting some structural differences between the two studied fields. PERMANOVA-based analysis pointed
to statistical significance of the observed deviations according to pseudo-F at p=0.01 (Fig. S3). The obtained
data suggests that the bacterial communities of the soils collected from two potato fields of either low or high
diseases incidences differ. According to the literature a high diversity in soil bacterial community has been
associated with inhibition of pathogens?, the herein observed dissimilarities in biodiversity of bacterial popu-
lations between the examined fields might have had some reflection in the frequencies of detection of blackleg
and soft rot symptoms. In turn, according to the research conducted by Hamed et al.*! covering the impact of
algal-based products on the development of brown rot disease caused by R. solanacearum, it was shown that the
soil infested by this plant pathogen differs significantly in population biodiversity from the non-infested soil.
Moreover, it was demonstrated before that the soil microbial diversity affects the ability of R. solanacearum to
induce wilting disease in tomato**2,
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Figure 1. Alpha and beta-diversity indices of the soil samples collected from two fields either of low or high
blackleg and soft rot diseases incidences. (A) Pielou’s indices. The differences were not statistically significant
based on Kruskal-Wallis tests (p>0.05). (B) Principal coordinates analysis (PCoA) using the Bray—Curtis
distance matrix. PC1 and PC2 represent the two principal components, and the percentage values refer to the
contribution of the principal component to the differences between samples.

Determination of the bacterial constituents of soils collected from two fields of either low or
high blackleg and soft rot diseases incidences

The structural diversity of bacterial communities at the phylum level is shown in Fig. 2. Actinobacteriota, Pro-
teobacteria, Acidobacteriota, Chloroflexi, Firmicutes, and Gemmatimonadota were the six most abundant bac-
terial phyla and together accounted for more than 85% of all the identified ASVs. The contribution of the most
frequently represented phyla to the studied bacterial populations of two investigated fields was comparable in
the case of all the analysed soil samples.

Our findings are in agreement with the analysis conducted by Cangioli et al. on the taxonomic composition
of bacterial microbiota in four potato farmlands of Italy**. There, Acidobacteriota, Actinobacteriota, Chloroflexi
and Proteobacteria turned out to be the four phyla of the highest abundance. The above-listed bacterial taxa
were also present among the herein revealed 10 most frequently detected phyla in the two investigated potato
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Figure 2. The 10 most abundantly represented bacterial phyla in the soils collected from two studied fields
either of low (L1A-L1E) or high blackleg and soft rot diseases incidences (H2A-H2E). L: the field of low
diseases incidences, H: the field of high diseases incidences.

fields in Poland. A similar distribution of these phyla was also observed in a study conducted in Japan, in which
sweet potato fields were sampled from June to September 2017 across three different geographical locations*.

Going down in the taxonomic rankings of the identified bacterial microbiota in the soils acquired from
two fields of either low or high diseases incidences (Fig. 3), a clear sharp clustering of the samples from the
aforementioned fields was visible if the focus was turned into bacterial classes. Here, the most abundant classes
were Actinobacteria, Alphaproteobacteria, Gammaproteobacteria and Thermoleophilia. It is worth noticing that
among these groups, the members of Thermoleophilia were shown to be present in significantly higher numbers
in the field of low diseases incidences in contrast to the one of high diseases incidences (p <0.05). On the contrary,
concerning the other classes exhibiting low abundance, no significant differences based on the Wilcoxon rank
sum test were found. The presence of Thermoleophilia in soil can influence the overall microbial diversity*.
Furthermore, these bacteria might contribute to breaking down organic matter and play a role in nutrient cycling
processes, especially in the environments in which the temperatures form a limiting factor for multiplication of
other microorganisms*. Intriguingly, Yang et al., observed that soil salinity negatively affects the number of the
representatives of Thermoleophilia’. Nonetheless, additional research on the contribution of the members of
this class to the natural bacterial populations is needed, given that only a small number of strains belonging to
this group has been cultured and characterized thus far*.

Upon transitioning to the order level, we identified statistically significant differences (Wilcoxon Rank Sum;
P <0.05) between the investigated soils concerning the bacteria from Ktedonobacterales, Clostridiales, Saccha-
rimonadales, Micropepsales, Frankiales, Acidobacteriales, Acetobacterales, Solirubrobacterales, Solibacterales,
Chthoniobacterales, Streptomycetales, and Xanthomonadales orders (Fig. 4). It is also interesting to acknowledge
the presence of Acidobacteriales, Acetobacterales, Streptomycetales, and Bacillales among the 30 most differently
abundant orders basing on log2fold change considering that the members of these taxa have been recognized
before for their effectiveness in inhibiting the growth of pathogenic bacteria®®. Different representation of Strep-
tomycetales in the soils from two fields of contrasting soft rot and blackleg diseases incidences finds confirmation
in the former data on decreases in the numbers of three Actinomycetes families, including Streptomycetaceae,
post subjection of the soil suppressing the fungal root pathogen Rhizoctonia solani to selective heat (80 °C; 1 h),
as the latter treatment led to total elimination of the inhibitory effect of that soil**. Furthermore, our analysis
revealed 12 orders of bacteria of significantly higher abundance in the field characterized by low diseases inci-
dences compared to the one of high diseases incidences. Noteworthily, there are among them Gaiellales and
Solirubrobacterales orders, members of the Thermoleophilia class that also exhibited statistically significant
differences in abundance between the herein investigated two potato fields.

Finally, the comparison of the normalized counts for the four most divergently represented genera between
two fields of interest, led to identification of Bacillus, Rummeliibacillus, Acidobacterium and Gaiella as the genera
present in high numbers in the field of low soft rot and blackleg diseases incidences in contrast to their total
absence in the field of high occurrence of SRP-triggered disease symptoms (Fig. 5). In the case of Gaiella spp.,
which belongs to the Thermoleophilia class, we noted an overlap with the results obtained from the insight into
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Figure 3. The clustered heatmap of ASVs identified according to the class level in the samples of soils collected
from two investigated fields either of low or high diseases incidences L: field of low diseases incidences, H: field
of high diseases incidences. If the Wilcoxon Rank Sum Test showed statistically significant differences at p <0.05,
they are marked with *.
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Figure 4. The log2fold change among 30 most differentially represented bacterial orders between the field

of low and high diseases incidences. Values above zero indicate that a stated order is more abundant in the

soil collected from the field of low diseases incidences, whereas log2fold change below zero points to higher
abundance of a certain bacterial order in the soil acquired from the field of high diseases incidences. Taxa, which
are according to the literature known for involvement in the control of plant pathogens, are displayed in bold*.
If the Wilcoxon Rank Sum Test showed statistically significant differences at p <0.05, they are marked with *.
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Figure 5. Comparison of the normalized counts for the four most differently represented ASVs between the
soil samples collected from the field of low vs. high diseases incidences.

the previously examined bacterial taxonomic levels (classes and orders) (Figs. 3 and 4). The total numbers of the
occurrences of ASVs, assigned to the genera Bacillus and Rummeliibacillus in the soil acquired from the field of
low diseases incidences, were 209 and 135, respectively, while in the soil obtained from the field of high diseases
incidences these ASVs were not found at all. In turn, the counts of ASV's corresponding to the Gaiella and Aci-
dobacterium genera in the soil samples from the field of low diseases incidences were 188 and 133, respectively.
As in the case of Bacillus and Rummeliibacillus, the ASV's assigned to Gaiella and Acidobacterium did not occur
in the soil samples collected from the field of high diseases incidences. These results point to interesting differ-
ences in the presence of bacterial taxa between the two studied fields.

Noteworthily, the representatives of the genus Bacillus were identified more frequently in the soil collected
from the field showing low in contrast to high incidence of blackleg and soft rot, which is in accordance with
the fact that Bacillus spp. belongs to plant growth promoting bacteria (PGPR), well-known for improving plant
health and productivity*®. PGPR act by three diverse mechanisms: production of antagonistic biocidals, releasing
substances promoting plant growth and/or induction of plant defense systems*. Furthermore, the use of biofor-
mulations with different strains of Bacillus spp. was stated to restore the biological balance and self-regulating
capacity of the soil®. For example, Bacillus amyloliquefaciens subsp. plantarum® and Myxococcus sp.** isolated
from soil have been identified as potential biocontrol agents that could efficiently inhibit development of soft
rot diseases. Moreover, Weinert et al.**, observed, while studying microbial diversity on the surface of the soil-
grown potato tubers, that the occurrence of Bacillus spp. and Streptomyces spp. was responsible for suppressing
disease symptoms caused by potato pathogens Rhizoctonia solani, Verticillium dahliae or Phytophthora infestans.
It was also suggested that Bacillus spp. can improve the fertilization efficacy and provide plants with essential ele-
ments, e.g. phosphorus, nitrogen, potassium, manganese and iron, from the limited soil resources*. Additionally,
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bacteria from this genus support plants in acquisition of other nutrients or production of phytohormones, exhibit
antagonistic activity against phytopathogens and/or improve crops protection against abiotic stresses™.

In turn, Gaiella spp. is one of the representatives of the Thermoleophilia class, whose members have been
so far isolated from the aquatic and soil environments. Zhao et al. showed positive relationship between the
abundance of bacteria from the Gaiella group and physicochemical properties of the soil (pH, NH,*, NO;, soil
organic matter and dissolved organic carbon)®. A notable linkage between physicochemical properties of the
soil and the presence of Gaiella spp. was also demonstrated during the analyses of sugarcane fields*’.

Moving to Acidobacteria, a significant dominance of bacterial phyla Acidobacteria, Actinobacteria and Fir-
micutes was demonstrated by Xiong et al. in soil suppressing development of Fusarium wilt disease in vanilla®.
Among others, Acidobacteria participate in biogeochemical cycles, involving carbon, nitrogen or sulphur, by
these means contributing to the balance in the plant-soil ecosystem. These microorganisms not only play a critical
role in recycling organic matter by increasing the organics and nitrogen contents in soil along with boosting the
availability of the essential macro and microelements, but also Acidobacteria secrete exopolysaccharides, which
participate in the formation of the soil matrix and contribute to plant growth promotion by facilitating the water
and nutrients uptake®. In addition, some species of Acidobacteria produce a phytohormone indole-3-acetic
acid (IAA) and siderophores, molecules showing activities that significantly improve plant growth parameters®.

Previous research demonstrated that different microorganisms are antagonistic to Dickeya spp. and Pecto-
bacterium spp. The so-far obtained strains showing biocontrol potential belong mostly to the genera Bacillus,
Pseudomonas or Serratia®-%*. Gerayeli et al.% revealed antagonistic action of Bacillus subtilis, Bacillus pumilus,
Bacillus amyloliquefaciens, and Bacillus thuringiensis strains against P, brasiliense. Also, Des Essarts et al.% isolated
Bacillus simplex and Pseudomonas brassicacearum strains, which inhibited the development of P. atrosepticum-
induced symptoms on plants besides acquisition of Pseudomonas fluorescens and P. putida strains that exhibited
high antagonistic action against D. dianthicola. In the latter study, the noted inhibitory effects, observed both
under laboratory and greenhouse conditions, have been attributed to the presence in the genomes of antagonistic
bacteria of specific clusters responsible for the production of bacteriocins, adhesins and siderophores®’.

Determination of the constituents of bacterial microbiota of the soil may in the future serve as one of predic-
tive factors contributing to assessment of risks of blackleg and soft rot diseases development at a stated location.
The prognostic value of soil microbial inhabitants might have been exploited during search for optimal fields
for cultivating elite seed potatoes. In addition, this research points to bacterial taxa enclosing considerable can-
didates for development of sophisticated and efficient biological formulations that could potentially serve for
plant protection purposes in the modern sustainable agriculture biocontrol schemes.

Conclusions

In this work, two potato fields of various incidences of blackleg and soft rot diseases were determined to share
17 physicochemical features and to differ in Mg, Mn, organic C and organic substance contents. Relying on
classical culturing methods, 20 Pectobacterium spp. strains were isolated from soil and tubers growing on the
field of high disease incidences. Molecular diagnostics methods allowed for identification of P. brasiliense (6
strains), P. betavasculorum (3 strains) and P. versatile (8 strains). In the presented case study, the mother tubers
were not tested before planting for the presence of pectinolytic bacteria. Based on this, we cannot exclude that
they formed the source of inoculum. By applying sequencing of 16S rRNA followed by bioinformatic analysis,
the two studied fields showed similar alpha-diversity, but contrasting beta-diversity values. Examination of
the abundances of various bacterial taxa, revealed that the members of Thermoleophilia class were present in
higher numbers in the field of low in juxtaposition to high diseases incidences. Also, the members of Bacillus,
Rumeliibacillus, Acidobacterium, and Gaiella genera were more commonly found in soil samples collected from
the field showing low soft rot and blackleg diseases incidences, as opposed to the field of high diseases incidences.
The herein presented case study demonstrated, for the first time, considerable differences in the occurrences of
specific bacterial taxa between two fields of various soft rot and blackleg diseases incidences.

Materials and methods

Sampling of potato fields and physicochemical analysis of the soil

The soil samples were collected in July 2021 from two potato fields, showing either low or high soft rot and
blackleg diseases incidences. Five soil samples were picked up from each of these two fields. The fields selected
for this case study are located in Siemysl (54° 38' E, 18° 58’ N) and Bonin (54° 15’ E, 16° 24’ N) in Poland, respec-
tively. At the time of sampling and in the previous week, it was sunny and the air temperature approximated
30 °C at 12.00 PM. The mineral formations of the collected soil samples were assigned on the basis of the soil
classification system of the Polish Society of Soil Science by relying on the grain size. From each field, five soil
samples were collected with a sterile metal spatula and placed directly into sterile plastic string bags. The soil
was collected exactly from beneath the potato plants at a depth of 20 cm. In each field, the sampling points were
located at 5 m distance one from another. The soil samples intended for DNA isolation were immediately frozen
and kept on dry ice. The samples designated for microbiological and chemical analyses were transported to the
Laboratory of Plant Protection and Biotechnology at the Faculty of Biotechnology University of Gdansk and
Medical University of Gdansk (IFB UG & MUG) at an ambient temperature and then stored one week at 4 °C.
In addition, soil samples and potato tubers were collected during harvest in August and sent to IFB UG & MUG
for analyses involving detection and identification of pectinolytic bacteria.

The physicochemical composition of the soil samples was determined by the District Chemical and Agricul-
tural Station in Gdansk, Poland. Three samples from each field were analysed in terms of their pH, salinity and the
contents of microelements and macroelements such as: N-NO;, P, K, Mg, Ca, Cl, Na, Zn, Cu, Mn, Fe, B, organic
C and organic substance. This analysis was performed in accordance with the research procedure including the
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scope of accreditation for the testing laboratory for horticultural soil (No AB 787). Additionally, the moisture
of the collected soil samples was examined by a gravimetric method®. In the latter case, the percentage average
moisture content (weight; W) was calculated from the ratio of the water mass present in the soil (Mw) to the
mass of the solid components of the soil post drying (mass after drying; Ms) according to the following formula
W= %xm%. In order to compare physicochemical properties of the soils acquired from two fields of either
high or low blackleg and soft rot diseases incidences, individual Student’s t-tests were performed for each feature

examined in terms of the statistical significance of differences between means.

Isolation and identification of Dickeya spp. and Pectobacterium spp. strains by culturing and
molecular diagnostics approaches

The soil and young tuber samples collected from two studied fields were tested for the presence of pectinolytic
bacteria from the genera Dickeya and Pectobacterium by using a slightly modified methodology of Potrykus
et al.'>. Molecular detection of pectinolytic bacteria was not conducted on mother tubers prior to planting.
Furthermore, the presence of pectinolytic bacteria was not tested in progeny stems either. In terms of young
tubers samples, 1 g of this material was added to 10 ml of 50 mM phosphate buffer pH 7.2, mixed and manually
homogenized with a Bioreba device (Bioreba, Switzerland). Regarding soil samples, 10 g of soil were suspended
in 50 ml of pectate enrichment medium (PEM)® and incubated for 48 h at 28 °C with 140 rpm shaking. After-
wards, soil suspensions were filtered through sterile paper discs. The resulting plant homogenates and soil filtrates
were serially diluted and plated on CVP media” prior to incubation for 48 h at 28 °C. The pectinolytic bacterial
colonies forming characteristic cavities on CVP were further replated on CVP, and then TSA, until the axenic
culture state was reached.

Bacterial cells were lysed by suspending a single colony in 1 ml of distilled water and providing cold shock
conditions for 1 h at -20 °C. Subsequently, these suspensions were heated up for 10 min at 99 °C prior to
transferring 100 pl of the resultant bacterial lysate to 400 ml of sterile distilled water. Multiplex PCR and a
single PCR with Y1/Y2 primers were performed to identify pectinolytic strains to the species level as described
previously®>*¢. The applied multiplex PCR reaction included Df and Dr primers (for identification of the Dick-
eya genus’'), Y45 and Y46 primers (targeting P. atrosepticum)’ in addition to ExpccF and ExpccR primers (for
bacteria formerly classified as P. carotovorum)”.

The 20 isolated pectinolytic strains were cultured overnight in tryptone soya broth (TSB) (BTL, Lodz, Poland)
at 28 °C prior to isolation of genomic DNA using the Genomic Mini AX Bacterial Kit (A&A Biotechnology,
Lodz, Poland). The quality and concentration of the obtained DNA were evaluated with a NanoDrop ND-1000
(Thermo Fisher Scientific, Minneapolis, MN, USA). Single PCR reactions were performed according to the
formerly published protocols®”?® to amplify the fragments (535 and 730 bp, respectively) of dnaX and recA
housekeeping genes. The acquired amplicons underwent sequencing from both ends, which was commissioned
as a commercial service to the Genomed company (Warsaw, Poland). The chromatograms were manually edited
and aligned utilizing the MEGA Software (Auckland, New Zealand) by employing the default parameters of
ClustalW algorithm. The generated consensus sequences of the dnaX and recA gene fragments originating from
the herein isolated pectinolytic strains were compared with the corresponding gene fragments deposited in the
GenBank database (accessed: June 4, 2024), which enabled to identify these strains to the species level.

Genomic profiles of 20 pectinolytic isolates were generated using repetitive sequence-based (REP) PCR
with ERIC1F and ERIC2R primers, following the method described previously*. The resulting amplicons were
separated by electrophoresis in 1% agarose (Basica) gel suspended in 0.5 x Tris-borate-EDTA buffer. The separa-
tion lasted 4 h at 50 V. Then the gel was stained in 5 mg mL™! ethidium bromide, washed in distilled water and
visualized with the Gel Doc imaging system (Bio Rad Laboratories Inc.) using Quantity One Software (Bio Rad
Laboratories Inc.).

Extraction of the total DNA from soil and sequencing of the 16S rRNA library

Whole DNA from five soil samples per each of the two investigated fields was isolated with the use of a com-
mercially available NucleoSpin Soil Mini kit (Macherey-Nagel, Duren, Germany) following the manufacturer’s
guidelines. During the isolation procedure, 300-400 mg of soil per sample and the SL1 lysis buffer were utilized.
Purification of the isolated DNA was accomplished with NucleoSpin gDNA Clean-up Mini kit (Macherey-Nagel,
Duren, Germany). The quality and concentration of the isolated DNA were assessed spectrophotometrically
with NanoDrop ND-1000 (Thermo Fisher Scientific, Minneapolis, MN, USA). At least 3 pg of DNA (OD,¢,259
1.8-2.0) per soil sample were sent to Genomed (Warsaw, Poland) for preparation of libraries and sequencing of
amplicons of the hypervariable V3-V4 region of the 16S rRNA gene. In more detail, the 341F (5-CCT ACG GGN
GGC WGC AG-3’) and 785R (5-GAC TAC HVG GGT ATC TAA TCC-3’) primers were used to amplify the
selected 16S rRNA region. The preparation of the library was based on performing PCR reactions with the KAPA
HiFi HotStart ReadyMix, attaching dual indices and Illumina sequencing adapters using the Nextera XT Index
Kit. PCR reaction was performed with the Q5 Hot Start High-Fidelity 2 x Master Mix (New England Biolabs,
Ipswich, USA). The DNA was sequenced on the Illumina MiSeq instrument post utilization of the Illumina v3 kit
(Illumina, San Diego, USA) in order to generate 300 bp paired-end reads. An automatic preliminary report was
generated on the MiSeq sequencer using the MiSeq Reporter (MSR) v2.6 software (Illumina, San Diego, USA).

Processing of the raw data, clustering and taxonomic assignment of the reads

Initial quality control of the reads, including investigation of the error profile of individual samples and gen-
eration of the dynamic parameters for quality control, was conducted with the FIGARO tool” by Genomed
(Warsaw, Poland). Subsequently, pre-processing of the data relied on the removal of the adapter sequences and
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rejection of the short reads (<30 nt) with the Cutadapt tool”®. Final quality assessment of the filtered data was
performed with FASTQC’®.

Bioinformatic analysis, which allowed for taxonomic classification of the soil-inhabiting microbes basing
on 16S rRNA reads, was carried out with QIIME 277. The obtained reads were denoised and unique sequences
of biological origin, i.e. ASVs were assigned to them by the DADA?2 pipeline’®. In the next step, a self-trained
naive Bayes classifier and reference data from the Silva 138 nr_v138 database were implemented to assign ASV's
to the specific bacterial taxa’. The annotated ASVs count tables were processed using the ‘Phyloseq’ R package
(RStudio version 2021.09.0)%.

Downstream analysis of the 16S rRNA gene amplicon sequencing data

Evaluation of diversifications between bacterial populations involved providing an insight into alpha and beta
diversities. In terms of alpha diversity, Evenness (Pielou) indices for the soil samples, collected either from
the field of high or low diseases incidences, were calculated. Beta diversity was analyzed by a non-parametric,
multivariate statistical test Permutation Based Analysis of Variance (PERMANOVA) in addition to Principal
coordinates analysis (PCoA) based on Bray-Curtis distances. Finally, rarefaction curves were generated. The
conducted statistical analysis was based on Kruskal-Wallis test (p <0.05) for alpha-diversity and pseudo-F test
(p <0.05) for beta-diversity.

Visualization of the results and statistical analyses were performed in R. In the case of the clustered heatmap of
ASVs, the relative frequencies were normalized as follows 1/(abs(log10(aggregated_data_phylum +0.000001))).
For statistical evaluation, Wilcoxon Rank Sum Test was applied (p <0.05). Differential abundance analysis was
carried out using the R package DeSeq2 by juxtaposition with the reference sequences deposited in two data-
bases, i.e. NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and Sequence Match-RDP (https://www.lcsciences.
com/documents/sample_data/16S_sequencing/src/html/top1.html) in order to identify the ASVs/taxa differing
in a statistically significant manner between the studied two fields®'. The relative frequencies were normalized
as follows 1/(abs(logl0(relative frequency +0.000001))), where 0.000001 represents a pseudo-count introduced
here to avoid mathematical inconsistency.

Data availability

The 16S rRNA raw sequencing data are publicly available in the Sequence Read Archive repository at https://
www.ncbi.nlm.nih.gov/sra/PRJNA902273. All data generated or analyzed during this study are included in this
published article (or in its supplementary information files) or will be provided by the corresponding author
after a reasonable request. The sequences of housekeeping genes dnaX and recA of 9 strains of P. brasiliense
(IFB5712; IFB5713; IFB5714; IFB5705; IFB5706; IFB5707; IFB5708; IFB5709; IFB5710), 3 strains of P. betavascu-
lorum (IFB5711; IFB5703; IFB5704) and 8 strains of P, versatile (IFB5695; IFB5696; IFB5697; IFB5698; IFB5699;
IFB5700; IFB5701; IFB5702) were deposited in the GenBank database under the following accession numbers:
PP869790, PP869791, PP869792, PP869793, PP869794, PP869795, PP869796, PP869797, PP869798, PP869799,
PP869800, PP869801, PP869802, PP869803, PP869804, PP869805, PP869806, PP869807, PP869808, PP869809,
PP869810, PP869811, PP869812, PP869813, PP869814, PP869815, PP869816, PP869817, PP869818, PP869819,
PP869820, PP869821, PP869822, PP869823, PP869824, PP869825, PP869826, PP869827, PP869828, PP869829.
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