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Abstract

Tomato (Solanum lycopersicum L.) is affected by various pathogens of fungal and fungal-like
diseases. Soil containing pathogens in the arable layer or on infected plant residue is usually considered
the main source of infection. Although it is known that the survival time of plant pathogens in natural
conditions differs, precise information on the degree of survival after overwintering on trellises and
garter materials is rather scarce. In this work, the overwintering survival of pathogens on trellises and
garter materials used for cultivation of a number of tomato varieties and hybrids has been proven for
the first time. The survival of tomato pathogens after overwintering and storage in the open air for one
year and two years was assessed. Field research was carried out at the site of the Garden non profit
partnership «Agronom», created by employees of the Moscow Timiryazev Agricultural Academy and
located near the Dubna River in the Kimry district of the Tver region, where in the growing season of
2021 year on a tomato plantation of 50 plants, diseases at significant level were noted. The trellises
(dry miskantus stems and wooden slats with pieces of twine attached to them) released after the tomato
harvest were placed in the open air from August 2021 to July 18, 2023. After a year and two years of
overwintering, some of its were taken as samples for laboratory analysis. For microscopic analysis,
scrapings and washes were used from the trellises, sections of twine as a garter material, adhesive tape
and electrical tape fastening the trellises. After a year storage of trellises and garter material in the open
air,, viable propagules of tomato leaf mold agent Cladosporium fulvum Cooke, septoria leaf spot agent
Septoria lycopersici Speg., early blight agent Alternaria alternata Sorauer, oospores of late blight agent
Phytophthora infestans (Mont.) de Bary, molds Chaetomium globosum Kunze and Aspergillus Micheli,
as well as agents from genera Fusarium Link, Phoma (Saccardo) and Helminthosporium Link were
detected. It should be noted that during this period, about 690 mm of precipitation fell, and the
ninimum winter temperature reached —-25 °C. After two year storage in the open air at analogical
trellises Cladosporium fulvum conidia were found on all 14 trellises, and only two trellises revealed
single oospores of Phytophthora infestans. All detected conidia and oospores looked viable. It should
also be noted that during this two year period, about 1,400 mm of precipitation fell, and the minimum
winter temperature reached —27 °C. Thus, our observations indicate successful mass overwintering and
one-year preservation of 9 tomato pathogens on trellis and garter material, as well as two-year over-
wintering and preservation of 2 of them. The experimental data obtained on the persistence of infection
on trellises and garters are important for understanding and developing recommendations for the prep-
aration and cultivation of various varieties and the prevention of tomato infection in the Tver and
Moscow regions, as well as in other regions with similar agroclimatic conditions. Within the framework
of the practical significance of the study, it is necessary to give a recommendation to destroy trellises
with garter material after harvesting tomatoes or to thoroughly disinfect them.

Keywords: tomato, varieties, hybrids, tomato diseases, Cladosporium fulvum, Septoria lyco-
persici, Alternaria alternata, Phytophthora infestans, Chaetomium globosum, Aspergillus, Fusarium,
Phoma, Helminthosporium; overwintering, trellises for plants

Tomato (Solanum lycopersicum L.) widely grown throughout the world
suffers from a large number of fungal and fungal-like diseases [1-3]. In Russia,
diaeases caused by fungal and fungus-like pathogen that mainly attack tomatoes
are late blight (a fungus-like oomycete Phyftophthora infestans (Mont.) de Bary),
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alternariosis, in Russia often referred to as macrosporiosis) (Alternaria alternata
Sorauer), septoria blight, or white spot (fungus Sepforia lycopersici Speg.), brown
spot (fungus Cladosporium fulvum Cooke, also referred to as Passalora fulva
(Cooke) U. Braun & Crous, (2003) or Mycovellosiella fulva (Pers.) (Link).

The main source of infection in tomato plantations is soil containing path-
ogens in the arable layer or on infected plant debris [4-7]. Sporangia, uredospores,
telytospores or conidia do not persist for more than a year, but sclerotia can remain
viable for up to 40 years [8]. Conidia, pycnospores, zoospores, ascospores, basid-
iospores, and uredospores can overwinter in mild climates [5]. Although there is
evidence that during overwintering the amount of initial infectious material de-
creases and the duration of survival of fungi in natural conditions varies [8)],
precise information on the degree of survival of pathogens after overwintering is
rather scarce.

In a clay pot experiment under natural conditions in the Netherlands,
sandy and clay soils contaminated with P. infestans oospores remained infected for
48 and 34 months, respectively, when flooded with water. When drying out and
re-flooding, the infection persisted but did not survive more than two floods [9].
It was also noted that, under natural conditions in the Netherlands, P. infestans
oospores survived during the winter of 1992-1993 [10].

As studies by researchers from the All-Russian Research Institute of Phy-
topathology have shown [11], oospores formed after crossing strains of different
mating types (Al and A2) retained their infectious ability after overwintering in
the soil. The presence of the infectious agent in the soil caused the spread of late
blight to the above-ground parts of plants, manifesting itself on the lower and
other parts of the stem. That is, at least during the next growing season, P. infestans
oospores could be a source of infection, causing the first late blight lesions. Unlike
other regions with a milder climate, in the Moscow region, oospores after over-
wintering become the most important source of tomato infection [11].

It has been revealed that thick-walled conidia (propagules) of Alternaria
porri f. sp. solani overwintered in soil with or without host tissues and air temper-
atures in the range from -3.3 to 21.1 °C and from -31.1 to 27.7 °C. resprctively,
for 7 months or more and caused primary infection in the crop further used for
cultivation [12].

Other sources of infection are covering materials; the infection can also
be transmitted by humans and through soil-cultivating machines [13].

Infection of new plants by fungi and fungal-like pathogens is in focus [4,
5, 9, 10]. However, question still remains about how long it is necessary to keep
the soil without a tomato or potato crop to cease these pathogens. In addition,
how long can pathogens survive on secondary carriers (trellises, garters, etc.) to to
infect plants of the new season and how far can conidia or spores of pathogens be
splashed and spread to settle on neighboring shoots and infect them. It is especially
difficult to observe the prevention of plant infection by pathogens in personal
subsidiary plots (PSP) which include household plots and summer cottages of
garden non-profit partnerships (GNPP) with a small area (600 or 900 m2) often
intended to produce crops without pesticides residues.

In this work, for the first time, the survival of pathogens during overwin-
tering was proven for a number of tomato varieties and hybrids used for cultivation
in private household plots. Viable forms of pathogens of brown spot, white spot,
Alternaria, late blight (oospores), mold fungi, and representatives of the genera
Fusarium, Phoma and Helminthosporium were found on the trellises and garter
material after a year of storing in the open air. On the same auxiliary materials,
the pathogens Cladosporium fulvum and Phytophthora infestans which survived after
two overwinterings were identified for the first time.



The purpose of the work is to determine the species composition and de-
gree of preservation of tomato pathogens on naturally infected trellises and garter
material after one or two winterings in the open air in Tver region.

Materils and methods. Field research was carried out at a site located near
the Dubna River near the border with the Moscow region (the GNPP Agronomist
of the Timiryazev Russian State Agrarian University-Moscow Agricultural Acad-
emy, Tver Province, Kimry District). Tomato varieties and hibrids (Siberian early
ripening, De Barao, Demidov, Klusha, Raspberry flame Fi1, Flame Fi, Tasmanian
chocolate, For grandchildren Fi, Jackpot F1, more than 50 plants in total) were
planted on test plots at the end of May 2021. Plants were grown using trellises
attached with twine to the stems in at least two places and acting as supports;
some trellises were composite and held together with scotch tape. Plants were
grown in open ground on cultivated fertile soil. The yilld was harvested in mid-
August.

The trellises released after harvesting (dry miscanthus stems and wooden
slats with attached pieces of twine) were placed on a stack of boards 1 m high and
stored in the open air from mid-August 2021 to July 2023.

For laboratory examination of pathogens after one overwintering of trel-
lises in 2022, 10 trellises with garter material were selected at the end of June
(batch No. 1), and 15 trellises at the end of July (batch No. 2). After 2-year storage
(after two overwinters in the open air), another 14 trellises were selected at the
same place on July 15, 2023 (batch No. 3).

For microscopic analysis, we used scrapings and washes from the trellises,
twine as garter material, and scotch and adhesive tapes holding the trellises to-
gether. Scrapings and washes were placed on glass slides (ratio to water 1:1) and
viewed under a microscope (Mikmed 6, LOMO-Microsystems LLC, Russia) with
a Digital Camera for Microscop DCM 900 USB 2.0. The species of the study
objects were determined morphologically.

— - o The abundance of microbial propa-
& gules was differentiated according to the fol-
' Jowing scale: single specimens meams less than
" 1 propagule/mm?2, low density (abundance)
means 1-2 propagules/mm?, moderate abun-
dance means 3-10 propagules/mm?, high abun-
™ dance is > 10 propagules/mm?2.
For statistical processing the results,
= the mean values (M) and standard errors of the
means (xSEM) were calculated.

Results. During the 2021 growing sea-
B son, severe damage to leaves and stems oc-

@ curred in all cultivated varieties and hybrids
(Fig. 1).
Fig. 1. A damaged tomato (Solanum lyco- In the second half of July and early
persicum L.) plant with a trellis of miscan- August, spots characteristic of diseases ap-
g‘l'g S;gg‘ls) (Tver Province, Kimry Dis- neqred on the leaves. This period was charac-
’ ) terized by frequent rain and cool nights. Some-
what later, spots appeared on tomato fruits. As a result, most of the fruits, when
harvested by mid-August, turned out to be unfit for consumption.

In the first year, on the trellises after overwintering, we revealed the caus-
ative agents of brown spot Cladosporium fulvum Cooke, also referred to as Passa-
lora fulva (Cooke) U. Braun & Crous [14] (Mycosphaerellaceae) (Capnodiales), of




white spot Septoria lycopersici Speg (Capnodiales), alternariosis Alternaria alternata
Sorauer (Pleosporales) and late blight Phytophthora infestans (Mont.) de Bary
(Peronosporales), mold conidial fungi of the genus Aspergillus Micheli ex Haller
(Eurotiales), Chaetomium globosum Kunze (Sordariales), of dry rot Fusarium Link
(Hypocreales), as well as fungus of the genus Phoma (Saccardo) (Pleosporales),
and fungi of the genus Helminthosporium Link (Pleosporales). One specimen of a
bacteriophagous nematode (order Rhabditida) was also found in the twine used to
tie a tomato stem (Table 1).

1. Species composition and survival of pathogens on trellises and supports for growing
tomato (Solanum lycopersicum L.) plants stored outdoors for a year (Tver Province,
Kimry District, the experiment started in August 2021)

Number of . .
Speci . . . Microbial prop-
pecimen scrapings and Microorganism Stages of development :
agule density
flushes
Batch No. 1 (collected at the end of June 2022)
Trellis No. 1 6 Cladosporium fulvum Conidia Low and moderate
Alternaria alternata Conidia Low and single
Phytophthora infestans Oospores Low
Trellis No. 1 4 C. fulvum Conidia Low
(piece of twine) A. alternata Conidia Single
P. infestans QOospores Single
Trellis No. 2 2 C. fulvum Conidia Moderate
Trellis No. 2 2 P. infestans QOospores Moderate and low
(scotch) C. fulvum Conidia in clusters and chains Moderate
Batch No.2 (collected at the end of July 2022)
Trellis No. 1 4 Cladosporium fulvum Conidia, mycelium fragments  Low
(piece of twine) P. infestans Oospores Low and single
A. alternata Conidia Single
Trellis No. 2 2 -
(piece of twine)
Trellis No. 3 8 C. fulvum Conidia in clusters and individ- Moderate, high and
(piece of twine) ual conidia, mycelium fragments low
A. alternata Single conidia Low
P. infestans Qospores Single and low
Phoma spp. Pycnida with spout Single
Nematode Single
Trellis No. 4 4 Fusarium spp. Macro- and microconidia Low
C. fulvum Single conidia and Moderate
conidia in chains
Aspergillus spp. Conidia in capitate clusters Moderate
A. alternata Single conidia Single
Trellis No. 5 2 Septoria lycopersici Conidia Single
Helminthosporium spp.  Conidia Low
C. fulvum Conidia Low
Trellis No. 6 2 Aspergillus spp. Conidia Moderate
C. fulvum Conidia Moderate
A. alternata Conidia Low
Trellis No. 7 4 Aspergillus spp. Conidia Moderate and high
C. fulvum Conidia High
Trellis No. 8 2 C. fulvum Conidia in clusters and chains Moderate and high
Trellis No. 9 (un- 2 -
der the scotch)
Trellis No. 10 (un- 1 C. fulvum Conidia in clusters and chains  High
der tape) A. alternata Conidia Low
Trellis No. 11 2 Aspergillus spp. Conidia in capitate clusters Moderate
(on the cut) C. fulvum Conidia High
Trellis No.12 1 Chaetomium globosum Ascospores, fragments of myce- Low

lium in the form of spiral hairs
MESEM 3,0£0,47
Note. For a list of varieties and hybrids used, see the Materials and methods section. Dashes mean that no
pathogens were detected. Density (number) of microorganism propagules are as follows: single means less than 1
propagule/mm?, low density (number) means 1-2 propagules/mm2, moderate means 3-10 propagules/ mm?2, high
is > 10 propagules/ mm?2.

Among the revealed pathogens, the majority belonged to the group of mi-
tosporous fungi which do not have the sexual process and, therefore, the mecha-
nism for the formation of reproductive structures. They regularly use conidia to
reproduce. In S. lycopersici and Phoma spp. conidia were in spherical pycnidia; in



C. fulvum, A. alternata, Fusarium spp. rose on branched conidiophores [6]. Asper-
gillus conidia were located in capitate clusters. The mold C. globosum was also
present here (Fig. 2).

Fig. 2. Pathogens identified on trellises and garters for growing tomato (Solanum lycopersicum L.) plants
after a year of storage outdoors: a — accumulation of conidia of Cladosporium fulvum (magnification
%x500), b — conidia of Alfernaria alternata (magnification x500), ¢ — oospores of Phytophthora in-
festans (magnification x500), d — hyphae of the Cladosporium fulvum mycelium (magnification x400),
e — pycnida of Phoma sp. (magnification X500), f — bacteriophage nematode, order Rhabditida
(magnification X300) (Tver Province, Kimry District, the experiment started in August 2021). Mikmed
6 microscope (LOMO-Microsystems LLC, Russia) with Digital Camera for Microscop DCM 900
USB 2.0. For a list of varieties and hybrids examined, see the Materials and methods section.

Among fungal and fungal-like microorganisms, the highest occurrence and
spatial density of propagules on overwintered trellises and garter material was char-
acteristic of the brown spot agent C. fulvum. For this pathogen, the frequency of
occurrence was 38.2% of the total number of identified propagules of pathogens
that looked viable (see Table 1). This was probably primarily due to the initially
abundant presence of the pathogen on plants, since conidia and fragments of co-
nidiophores of fungi of this genus can be airborne [5, 15]. Secondly, this could be
due to the thicker wall of the conidia (see Fig. 2) and their reliable adhesion to
the surfaces of plants and other objects, as a result of which precipitation did not
wash them off the trellises; thirdly, the survival itself in winter under frosts and
significant temperature fluctuations.

C. fulvum is considered only a potentially dangerous pathogen of outdoor
tomatoes, however outbreaks of the disease occurred in most years of the early
2000s in the UK and affected a range of cultivars [16]. In Japan, for a long time,
C. fulvum was considered a harmless pathogen for open ground, but in the second
decade of the 21st century, new virulent races emerged on tomato, causing signif-
icant damage to plants [17]. In the last decade, C. fulvum has been recognized as
a very dangerous pathogen that reduces yields in crops grown in film tunnels [18,
19].

Perhaps, due to the absence of the sexual process in C. fulvum, its struc-
tures that provide asexual reproduction were under severe pressure from natural
selection [20]. However, it is possible that global warming in the last 20 years,
which has greatly influenced the development of pathogens and pests [21, 22],
also played a role in their survival.

Among samples collected from trellises and garters that overwintered once,



the causative agent of Alternaria, often referred to as the opportunistic fungus
A. alternata was in second place in terms of occurrence (20.6% of the total number
of identified pathogens). The causative agent of late blight P. infestans and Asper-
gillus spp. were in third and fourth places (14.7 and 11.8%, respectively). Each of
the remaining microorganisms was represented by one specimen.

C. fulvum also turned out to be the most abundant in the number of prop-
agules when microorganisms were washed off from the trellises. The proportion of
cases of moderate density of this pathogen (based on the number of propagules
per 1 mm?2) of the total number of cases of its detection was 41.2%, of moderate
and frequent density 70.6%. The mold fungus Aspergillus spp. had a high density
of propagules in scrapings and washings. In 80% of the identified samples, the
density was moderate, and in 20% the density was high. For the late blight path-
ogen P. infestans, the proportion of samples with a moderate density of propagules
(oospores) in scrapings and washings was 12.5%, with a low density 50%. In
37.5%, there were single specimens. The same was noted for Alternaria alternata:
50% of samples each had low density and single specimens. Among microorgan-
isms with a low density of propagules, conidia were identified in fungi of the genus
Helminthosporium, ascospores and mycelial fragments in C. globosum, and micro-
and macroconidia in the dry rot pathogen Fusarium spp. The structures of the
white spot pathogen . lycopersici and the Phoma spp. were single. Note that free-
living bacteriophage nematode (order Rhabditida) which usually lives in the soil
chose the twine for overwintering.

2. Species composition and survival of pathogens on trellises and supports for growing
tomato (Solanum lycopersicum L.) plants stored outdoors for two years (Tver Prov-
ince, Kimry District, the experiment started in August 2021)

Number of . .
. . . . Microbial propagule
Specimen scrapings and| Microorganism  |Stages of development .
fush density
usnes
Batch No.3 (collected on July 15, 2023)
Trellis No. 1 1 Cladosporium fulvum Conidia in clusters and  Low
chains
Trellis No. 2 1 C. fulvum Conidia in clusters and  Low
chains
Trellis No. 3 1 C. fulvum Conidia in clusters and ~ Moderate
(under tape) chains, mycelium
Trellis No. 4 1 C. fulvum Conidia in clusters and ~ Moderate
chains
Trellis No. 5 1 C. fulvum Conidia in clusters and  High
(under scotch) chains, chlamydospores
Phytophthora infestans ~ Oospores Single
Trellis No. 6 1 C. fulvum Conidia in clusters and ~ High
chains, chlamydospores
Trellis No. 7 1 C. fulvum Conidia in clusters and ~ Moderate
chains
Trellis No. 8 1 C. fulvum Conidia in clusters and ~ Moderate
chains
Trellis No. 9 1 C. fulvum Single conidia Single
Trellis No. 10 1 C. fulvum Conidia in clusters and  Low
chains
Trellis No. 11 1 C. fulvum Conidia in clusters and ~ Low
chains
Trellis No. 12 1 C. fulvum Single conidia Single
Trellis No. 13 1 C. fulvum Conidia in clusters and ~ High
chain, hyphae
P. infestans Oospores Low
Trellis No. 14 (on twine 1 C. fulvum Conidia in clusters and  High
attached to a slat) chain

MESEM 1£0
Note. For a list of varieties and hybrids used, see the Marweials and mrthods section. Dashes mean that no
pathogens were detected. Density (number) of microorganism propagules are as follows: single means less than 1
propagule/mm?, low density (number) means 1-2 propagules/mm?2, moderate means 3-10 propagules/mm?2, high is
> 10 propagules/mm?.




After two overwinterings (Table 2), of the 9 tomato pathogens that suc-
cessfully overcame the first overwintering, only two remained. The brown spot
pathogen C. fulvum accounted for 87.5% of the total number of pathogen detection
cases, and the late blight pathogen P. infestans accounted for 12.5 %. Scrapings
and washes in 11 cases were sampled directly from the woody part of the trellises,
in one case from under scotch tape, adhesive tape and twine. The first pathogen
was found on each of the 14 trellises analyzed. The density of its propagules in
washouts was characterized as high, moderate and low (28.6% each); the remain-
ing two structures were rare (see Table 2). Oospores of P. infestans are known to
have a thick wall and lipid inclusions, which undoubtedly allows them to overcome
winter temperatures and critical changes in hydrothermal conditions [23-25].

Thus, using microscopic analysis of scrapings and washes from the surface
of the trellises and garter material, after a year of storage without shelter in open
air, we found 9 viable microorganisms that persisted after harvesting the tomato crop
and overwintering on the trellises. Noyr that during this period, approx. 690 mm of
precipitation fell and the minimum winter temperature dropped to -25 °C.

Among the surviving microorganisms, the dominant pathogen was the
brown spot causative agent C. fulvum, a fungus characterized by the absence of a
sexual process and special structures for overwintering, but its conidia had pro-
nounced thickened integuments. Note that this pathogen spreads in the host plant
by mycelium, which does not have haustoria, exclusively through the intercellular
spaces; therefore, the fungus does not expend energy on improving the infectious
process, like many others that have high virulence. Its harmfulness on tomato
varies greatly from year to year, and therefore C. fulvum is classified as a potentially
dangerous pathogen. It is possible that the stored energy reserve allows C. fulvum
to better withstand catastrophic environmental factors.

The causative agent of Alternaria blight A. alternata was in second place
in terms of occurrence after one overwinter on trellises, followed by the causative
agent of late blight P. infestans and Aspergillus spp. The causative agent of late
blight is known to form special wintering oospores. The causative agent of alter-
nariosis has thick-walled conidia, and is also considered a potentially dangerous
pathogen. It is possible that what was noted above regarding energy saving in
C. fulvum is also true for A. alternata. During two years of storage of trellises and
wooden slats with pieces of twine, about 1400 mm of precipitation fell, winter
temperatures dropped to —27 °C, and summer temperatures rose to 28 °C. How-
ever, after the second overwintering, we found viable conidia of C. fulvum on all
trellises, and viable oospores of P. infestans in two samples.

Our results prove for the first time the survival of tomato pathogens on
trellises and garter material under winter conditions in Central Russia.

Thus, after a single overwintering under the conditions of the Tver region
on naturally infected trellises and garter material for growing nine tomato (Sola-
num lycopersicum) varieties and hybrids, 9 microorganisms causing tomato diseases
survived. After two winters outdoors, two pathogens survived were Cladosporium
Julvum and Phytophthora infestans. The data on the persistence of infection on
trellises and garter materials are important to understand and develop recommen-
dations for tomato cultivation and prevention from infections in the Tver and
Moscow regions and in other regions with similar agroclimatic conditions. In par-
ticular, after harvesting, it is necessary to destroy or thoroughly disinfect the trel-
lises along with the garter material.
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