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A b s t r a c t  
 

The problem of potato diseases caused by fungi and fungi-like organisms is relevant for all 
regions of the world cultivating this crop, since it is mycoses that cause the most significant damage 
to plants (A. Bernreiter, 2017). The traditional approaches for identification of potato pathogens are 
aimed at identifying a specific pathogen and do not take into account neither other, often unknown 
pathogens, nor the other most important component — the beneficial microbiota of the phyllosphere 
community whose alterations can also become one of the causes of diseases. The novelty of this work 
lies in the fact that the high-throughput sequencing methods we used here is free of this disad-
vantages and makes it possible to identify virtually all plant microorganisms, including the phyllo-
sphere and endosphere. The purpose of this study was to use metagenomic approaches to analyze the 
total fungal and fungi-like community in potato leaves that have morphological markers of damage 
by pathogens of the genus Alternaria and Phytophthora which are the causative agents of early blight 
and late blight. For fungal and fungi-like communities analysis, DNA samples was extracted from 
leaves of potato (Solanum tuberosum L.) cultivar Nikulinsky, affected by “alternaria” and “phy-
tophthora” diseases types, which were later used to create amplicon libraries of ITS1 and ITS2 frag-
ments and high-throughput sequencing on the Illumina MiSeq platform (Illumina, Inc., USA). Dur-
ing the bioinformatic data processing with the Illumina software and the PIPITS software package 
(H.S. Gweon et al, 2015), 187 OTU, 113 phylotypes for the ITS1 library and 249 OTU, 127 phylo-
types for ITS2 were identified. Subsequent annotation of OTU and taxonomic analysis of the result-
ing communities were carried out with the QIIME program (J.G. Caporaso et al., 2010), the diversi-
ty coefficients within the community were calculated using the PAST software package (Ø. Hammer 
et al., 2001). Comparison of the fungal communities obtained for both types of lesion using different 
universal primers for the ITS1 regions (M. Usyk et al., 2017) and ITS2 (T.J. White et al., 1990) 
showed that only the first pair is suitable for the detection of phytophthora, and in general gives a 
more even community structure. The tools of automatic annotation turned out to be insufficient for 
objective identification of alternaria in samples, as a result we had to use the methods of manual 
search with the BLASTn program (S.F. Altschul et al., 1990). Since the primer pair ITS2 does not 
allow identification of Phytophthora in the samples, the further comparative analysis of the fungal com-
munities of the two types of lesion was carried out using data only from the ITS1 library. The data of 
taxonomic analysis showed that in the affected areas for both types of mycoses a rich fungal community 
is formed, and, in the case of “late blight”, the fraction of the pathogen is about 30 % in the communi-
ty, and in the variant with “early blight”, only 2.07 % with a significant part (about 15 %) accounted 
for by Phytophthora, which does not exclude the case of secondary lesion. Thus, it was shown that in 
the fungal and fungi-like communities formed in the areas affected by disease, the proportion of patho-
gens is no more than 30 %, which indicates a pronounced dynamics of the taxonomic composition of 
fungi in the affected area. It is obvious that high-throughput sequencing methods have a very high po-
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tential in fundamental and applied research on plant diseases of a microbiological nature. 
 

Keywords: fungi, fungi-like organisms, pathogens, potato, Phytophthora infestans, Alternaria 
sp., high throughput sequencing 

 

Potato is an essential agricultural crop actively cultivated in many re-
gions of the world; therefore, the problem of losing potato crops due to various 
diseases is relevantly high both in Russia and abroad. Plant diseases can be 
caused by bacteria, viruses, fungi and fungus-like organisms. Mycoses and le-
sions are characterized by the most severe course of the disease where represent-
atives of fungus-like microbial flora, and oomycetes in particular [1], act as 
pathogens. The pathologies caused by them consist in manifestation of mildew, 
spotting and molds of fruit and seeds [2].  

Plant leaf is an ecological niche populated by a community of microor-
ganisms, including fungi and fungus-like organisms of phylloplane, endophytes 
and phytopathogens. Any imbalance in the community due to changing weather 
conditions, chemicals in the soil or for other reasons can result in pathogen domi-
nation and disease development [3, 4]. The useful inhabitants of phyllosphere 
which increase resistance to harmful representatives of microbial flora are diazo-
trophs, antagonists and bacteria ensuring plant growth [3]. The pathogenic organ-
isms inhibiting the phylloplane represent potential threat for the host and can be-
long both to biotrophs and necrotrophic pathogens [3, 4]. The saprophytes affect-
ing weakened plants, e.g. Fusarium fungi, can develop as the secondary infection 
masking the primary pathogen. 

Phytophthora rot is one of the most dangerous potato diseases in the re-
gions with humid and moderate climate, which is caused by Phytophthora in-
festans (Mont.) de Bary oomycete [5]. This pathogen affects the leaves reducing 
the assimilatory activity of the plant during tuber formation and provokes their 
further decay during storage [6]. The spread of phytophthora rot at the end of 
1840s in Europe, especially in Ireland, resulted in loss of potato crops, which 
caused the Great Irish famine (Irish potato famine) [7]. In Russia and Europe the 
damage caused by phytophthora rot (depending on edaphoclimatic conditions of 
the region) can be from 10-12% to 50% of the entire potato crop yield [8, 9]. 
Alternaria imperfect fungi cause potato blight, which poses a serious threat for 
the regions with more arid climate characterized by presence of short-term pre-
cipitations and abundant night dew [4, 5]. Alternaria also affects leaf surface re-
ducing assimilatory activity of the plant and resulting in crop yield loss of up to 
40%. Furthermore, alternaria causes reduction of potato starch content, increas-
es the share of non-saleable tubers [5, 6, 10] and causes accumulation of myco-
toxins and allergens [2]. 

Saprophytic fungi of Fusarium genus cause fusarial potato wilt. Smirnov 
et al. [11] showed that pathogenic Fusarium-Alternaria complex becomes one of 
the reasons behind potato lodging in different regions of Russia and can emerge 
as primary and secondary lesion after rhizoctonia solani, phytophthora rot or 
bacteriosis. Earlier fusarial rot and early blight were widespread in southern re-
gions, but now these diseases became typical for the European part of the coun-
try [4, 5, 11].  

Early blight and phytophthora rot are widespread in all potato farming 
regions, and scientists in Russia and abroad analyze how they can be countered. 
In particular, the studies of phylloplane [3, 12], endophytic [13, 14] and edaphic 
fungal communities are known [15, 16], as well as studies of plant sections di-
rectly affected by mycosis [17, 18]. As a result, the pathogens of phytophthora 
rot, early blight and other mycological diseases have been identified. The effect 
of various agricultural methods [15] and fungicides [8, 10, 19], which can be 
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used in combination with the other means [20], e.g. with culture liquid of 
Klebsiella planticola [21], on pathogens is actively researched. The resistance of a 
number of potato varieties to pathogens of early blight and phytophthora rot has 
been studied [9, 22]. 

It is critical to properly identify pathogens in order to effectively combat 
them [23]. It is known that early blight pathogens are a complex of alternaria 
fungi where fungal forms with small and large spores [10] are distinguished by 
ecological properties, host specificity, pathogenicity, toxicogenity, sensitivity to 
fungicides, and geographic distribution [2, 4]. For identification, cytological 
methods are traditionally used, along with microscopy and isolation of pure cul-
tures [1, 24], as well as specific symptoms on affected plants [1, 25], moist cham-
ber method to stimulate formation of infected structures, and checking patho-
genicity on susceptible plants. Furthermore, spectroscopy [25-27], mass spectros-
copy [1], biosensor diagnostics [25], molecular methods based on polymerase chain 
reaction [28-30], cloning followed by Sanger sequencing with universal primers [17, 
31] and enzyme-linked immunosorbent assay [32] are modern methods.  

However, as has been noted above, it is important to analyze the com-
munity in general, including imbalance detection in phylloplane communities. 
This task is beyond the scope of methods focused on identification of a specific 
pathogen and not taking into account the other pathogenic organisms and the 
condition of normal nonpathogenic microbial flora, whose plant protection func-
tion is often underestimated. High throughput sequencing [3, 16, 33] provides an 
opportunity to evaluate not only known and unknown pathogens, for which no 
diagnosticums have been created to date, but also the normal flora. We selected 
two pairs of universal primers to ITS1 and ITS2 regions [35, 36] among primers 
developed for the creation of fungal amplicon libraries [23, 33, 34], which ena-
ble taxonomic identification of most fungal groups and fungus-like organisms to 
genus and even species [16, 37, 38].  

In this study, for the first time we analyzed pathogenic and nonpatho-
genic fungal and fungus-like microbial flora using metagenomic approach on 
potato plants affected by diseases of early blight type and phytophthora rot type. 
We have assessed the presence and absence of the main pathogen and taxo-
nomic structure of the entire community in the affected leaf area. It was shown 
for the first time that the actual pattern of the community is of complex and 
not completely definitive nature (e.g. the primary pathogen can be a minor 
component of the entire community). Taxonomic analysis of communities with 
both primers revealed pathogenic Alternaria fungus in a sample with signs of 
early blight type. Primers to ITS1 region helped identify oomycete Phytophtho-
ra for both lesion types.  

Our subjective was to fully identify species composition of fungi and fun-
gus-like organisms involved in potato leaf phytopathogenesis by high throughput 
sequencing and two universal primers.  

Techniques. Leaf samples of potato (Solanum tuberosum L.) Nikulinsky 
cultivar with visible symptoms were collected in experimental field of Vavilov 
Russian National Plant Genetics Resources Institute (St.Petersburg—Pushkin, 
5942´37,78С; 3025´41,26В) in 2017. Two types of lesions were identified 
based on morphological characters.  

DNA was extracted directly from the affected leaf section using AxyPrep 
Multisource Genomic DNA Miniprep Kit (Axygen, USA) according to the man-
ufacturer’s instruction.  

Taxonomic composition of fungal community and fungus-like organisms 
was identified in each sample with amplicon libraries of intergenic transcribed 
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spacers of ribosomal operons (ITS1 and ITS2). The diagnostic fragment was am-
plified in PCR (T100 Thermal Cycler, BIO-RAD Laboratories, Inc., USA) using 
following primer pairs: ITS1_30F-GTCCCTGCCCTTTGTACACA/ITS1_217R-
TTTCGCTGCGTTCTTCATCG for ITS1 [35], ITS3-GCATCGATGAAGAA-
CGCAGC/ITS4-TCCTCCGCTTATTGATATGC for ITS2 [36] with addition 
of service sequences as per the protocol of Illumina, Inc. (USA) containing link-
ers and barcodes. Phusion Hot Start II High-Fidelity polymerase (Thermo Fisher 
Scientific, USA) was used in PCR according to the manufacturer’s protocol. 

PCR products were purified with AM Pure XP (Beckman Coulter, USA) 
as per Illumina, Inc. recommendation. The libraries were further prepared in 
compliance with the manufacturer’s instructions (MiSeq® Reagent Kit Prepara-
tion Guide, USA). The libraries were sequenced using Illumina MiSeq and 
MiSeq® Reagent Kit v3 (600-cycles) (Illumina, Inc., USA) with bilateral 
reading (2½300 nt). 

The identified sequences were processed with Illumina software (Illumi-
na, Inc.), QIIME software [39] and PIPITS software [40].  

Data of sequencing were used for taxonomic profiling and comparing 
variants for ITS1 and ITS2 primers. During the analysis the representation of 
different taxa as well as abundance of communities were analyzed. Parameter re-
flecting the number of taxa (richness, i.e. the expected number of phylotypes), 
Simpson index (evenness, i.e. even distribution by phylotypes) and Shannon in-
dex were calculated using PAST software [41]. 

Results. Based on the 
symptoms on potato leaves lesions 
were classified as diseases of early 
blight or phytophthora rot types 
(Fig. 1). 

Common primers to ITS2 
region [36] and wide-range primers 
to ITS1 region [35] were used (Fig. 
2) in high throughput sequencing 
to identify pathogen species in the 
affected zone. Both lesion types 
were evaluated for each region in 
terms of composition and fungal 
and fungus-like community. 

The number of reads (se-
quences) for samples obtained with 
a pair of primers for ITS1 with 
early blight and phytophthora rot 
signs amounted to 55000 and 
54000 respectively, for ITS2 — 
36000 and 21000. Processing of 

ITS1 and ITS2 libraries was performed separately, because OUT (operational 
taxonomic units) isolation can be performed only for homolog libraries. Bioin-
formatic processing for ITS1 resulted in 187 OUT and 113 phylotypes, for ITS2 — 
in 249 OUT and 127 phylotypes.  

 After automatic ОТU annotation (UNITE databank, https://unite.ut.ee/, 
PIPITS software) a large group of ОТU was taxonomically attributed only at 
kingdom level. Furthermore, a significant amount of Alternaria fungus (0.01 and 
0.08% for ITS1, and 0.07 and 0.04% for ITS2 in variants with early blight and 
phytophthora rot signs, respectively) were not found in libraries for both primer 
pairs; moreover, phytophthora was not detected using ITS2 library. For this reason, 

Fig. 1. Potato leaves  (Solanum tuberosum L. cultivar 
Nikulinsky) with lesions of phytophthora rot (А) and 
early blight (B) types (experimental fields of Vavilov 
All-Russian Institute of Plant Genetic Resources, St. 
Petersburg—Pushkin, 5942´37,78N; 3025´41,26E, 
2017). A microscope Stemi 508 and light microscopy 
camera AxioCam ERc 5s (ZEISS, Germany). 
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unannotated ОТU were checked manually for taxonomic affiliation with 
BLASTn program [42]. The issue of incorrect ОТU taxonomic diagnosis is men-
tioned by Halwachs et al. [43] who further recommend to manually adjust data with 
BLAST-based algorithm to clarify the results of automatic annotation. Some of the 
reasons why proper ОТЕ are unannotated may be insufficient number of reference 
sequences in databases or different taxonomic resolution by ITS for different 
groups of fungi at genus and species levels [37]. 

 The communities of 
fungi and fungus-like organ-
isms were generally evaluated 
based on automatic taxo-
nomic diagnosis. When com-
paring the results obtained for 
two regions we observed dif-
ferences in taxonomic com-
position both among com-
munities characteristic of 

two lesion types and among libraries obtained using primers to ITS1 and ITS2 
(Table 1). For further comparison we used only the taxa, the share of which at 
least in one of the libraries amounted to more than 1% (see Table 1). 

 

 
Fig. 3. Taxonomic composition of fungal and fungus-like communities in potato leaves (Solanum tu-
berosum L. cultivar Nikulinsky) with lesions of phytophthora rot and early blight types when constructed 
using primers to ITS1 and ITS2 regions (experimental fields of Vavilov All-Russian Institute of Plant 
Genetic Resources, St. Petersburg—Pushkin, 5942´37,78N; 3025´41,26E, 2017). 

 

The differences in specificity of the primers we chose were observed as 
early as at the large taxon level (Fig. 3). For instance, broadly specific primers to 
ITS1 captured representatives of Oomycota phylum, which includes phytophtho-
ra rot; however, a significant amount of reads corresponded to plant organisms. 
This coincides with features of ITS1 primers described by Xu [16). In turn, the 
primers to ITS2 that we selected captured only representatives of the fungal 
kingdom without identifying plant homologs. However, they demonstrated a 
more narrow specificity as compared to the ITS1 pair, resulting in lack of oomy-
cetes in libraries, which makes this primer pair not suitable for phytophthora rot 
identification in affected samples.  

To evaluate the percent of pathogens in the resulting communities, the re-
sults of automatic annotation for UNITE database and sequence check in BLASTn 
program (https://blast.ncbi.nlm.nih.gov/Blast.cgi) were summarized (Table 2). The 
table was used to evaluate the efficiency of selected primers to identify the patho-
gens in question.  

 
Fig. 2. Localization of ITS1 and ITS2 primers [35, 36] used 
to derive amplicon libraries and description of microbial com-
munities in affected potato leaves (Solanum tuberosum L. culti-
var Nikulinsky): SSU — small subunit, LSU — large subunit 
(rDNA regions encoding small and large ribosomal  subunits, 
respectively). 
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1. Taxonomic diagnosis of main operational taxonomic units (ОТU) of fungal and 
fungus-like organisms in potato leaves (Solanum tuberosum L. cultivar Nikulinsky) 
with lesions of phytophthora rot and early blight types (experimental fields of 
Vavilov All-Russian Institute of Plant Genetic Resources, St. Petersburg—Pushkin, 
5942´37,78N; 3025´41,26E, 2017) 

Taxonomic assignment 
OUT percent in the community 

Altern_Its1 Phyth_Its1 Altern_Its2 Phyth_Its2 
k__Fungi; Other; Other; Other; Other; Other 29.45 32.85 7.15 1.08 
k__Fungi; p__Ascomycota; c__Dothideomycetes; 
o__Capnodiales; f__Cladosporiaceae; g__Cladosporium 0.03 0.79 0.69 2.48 
k__Fungi; p__Ascomycota; c__Dothideomycetes; 
o__Capnodiales; Other; Other 0.02 0.00 63.38 71.10 
k__Fungi; p__Ascomycota; c__Dothideomycetes; 
o__Pleosporales; f__Didymellaceae 1.02 0.77 6.03 21.57 
k__Fungi; p__Ascomycota; c__Dothideomycetes; 
o__Pleosporales; f__Phaeosphaeriaceae 1.59 0.23 2.29 0.13 
k__Fungi; p__Ascomycota; c__Dothideomycetes; 
o__Pleosporales; Other; Other 0.04 0.10 1.85 0.46 
k__Fungi; p__Ascomycota; c__Sordariomycetes; 
o__Hypocreales; f__unidentified; g__unidentified 0.00 3.23 0.00 0.00 
k__Fungi; p__Ascomycota; Other; Other; Other; Other 1.26 0.43 0.00 0.00 
k__Fungi; p__Basidiomycota; c__Microbotryomycetes; 
o__Sporidiobolales; f__Sporidiobolaceae; 
g__Sporobolomyces 0.82 2.64 0.00 0.00 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Cystofilobasidiales; f__Cystofilobasidiaceae; 
g__Cystofilobasidium 2.70 1.46 1.15 0.00 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Cystofilobasidiales; f__Mrakiaceae 0.00 0.00 6.35 0.11 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Cystofilobasidiales; f__Mrakiaceae; g__Itersonilia 18.40 8.86 0.00 0.00 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Cystofilobasidiales; f__Mrakiaceae; g__Udeniomyces 0.20 1.59 0.00 0.00 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Filobasidiales; f__Filobasidiaceae; g__Filobasidium 0.22 1.39 0.00 0.00 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Tremellales; f__Bulleraceae 0.03 0.00 3.44 0.79 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Tremellales; f__Bulleraceae; g__Bullera 4.41 2.01 0.00 0.00 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Tremellales; f__Bulleribasidiaceae 0.10 0.51 3.05 1.10 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; 
o__Tremellales; f__Bulleribasidiaceae; g__Dioszegia 1.18 0.83 0.00 0.00 
k__Fungi; p__Basidiomycota; c__Tremellomycetes; Other; 
Other; Other 1.51 0.60 0.00 0.00 
k__Plantae; p__unidentified; c__unidentified; 
o__unidentified; f__unidentified; g__unidentified 16.68 8.00 0.00 0.00 
k__Stramenopila; p__Oomycota; c__Oomycetes; 
o__Peronosporales; f__Peronosporales_fam_Incertae_sedis; 
g__Phytophthora 15.47 29.85 0.00 0.00 
N o t e. The data of high throughput sequencing with MiSeq platform (Illumina, Inc., USA) and an automatic 
annotation using UNITE database (https://unite.ut.ee/); k — kingdom, p — phylum, с — class, о — order, f — 
family, g — genus. Altern and Phyt, respectively, are samples with symptoms of early blight and phytophthora rot 
types; Its1 and Its2 are primers we used to create amplicon libraries. 

 

2. Percentage of pathogens in fungal and fungus-like communities of potato leaves 
(Solanum tuberosum L. cultivar Nikulinsky) with lesions of phytophthora rot and 
early blight types as resulted from high throughput sequencing libraries of ITS1 и 
ITS2 fragments (experimental fields of Vavilov All-Russian Institute of Plant Ge-
netic Resources, St. Petersburg—Pushkin, 5942´37,78N; 3025´41,26E, 2017) 

Community  Percent in the community 
by primer type by lesion type Alternaria Phytophthora 

ITS1 early blight 2.07 15.47 
phytophthora rot 0.11 29.85 

ITS2 early blight 4.57 0 
phytophthora rot 0.006 0 

N o t e. The results of automatic annotation for UNITE (https://unite.ut.ee/) database are adjusted by additional 
search in BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 
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3. Diversity in fungal and fungus-like communities of potato leaves (Solanum tu-
berosum L. cultivar Nikulinsky) with lesions of phytophthora rot and early blight 
types (experimental fields of Vavilov Russian National Plant Genetics Resources 
Institute, St. Petersburg—Pushkin, 5942´37,78N; 3025´41,26E, 2017) 

Parameter, index Altern_Its1 Phyth_Its1 Altern_Its2 Phyth_Its2 
Number of taxa 19 18 10 9 
Simpson index  0.81 0.77 0.54 0.43 
Shannon index 1.90 1.87 1.31 0.84 
N o t e . Altern and Phyt areleaves with lesion of early blight and phytophthora rot types, respectively; Its1 and 
Its2 are primers used to create libraries. 

 

It must be pointed out that major irregularity was observed in ITS2 li-
braries in presenting taxa, for instance, there was a noticeable bias in the direc-
tion of representatives of Capnodiales (Ascomycota) order (see Table 1), which 
were predominant in two liaison variants resulting in significant reduction of va-
riety parameter of the resulting community. This can be clearly seen when com-
paring the Simpson index characterizing the eveness of taxon distribution (Table 3). 
The same ratios were identified during analysis of the number of taxa or species 
richness and Shannon index. It is interesting that in reports of other authors [37] 
who studied the same community using ITS1 and ITS2, the libraries showed ra-
ther identical results during annotation of resulting ОТЕ. The degree of result re-
producibility was higher for basidiomycetes and lower for ascomycetes, particular-
ly, a large number of clusters were allocated for them in a variant with ITS1. On 
the contrary, our data show oversaturation of ITS2 libraries with representatives of 
Ascomycota phylum due to Capnodiales order members.  

When comparing communities at family level, the representatives of 
Cladosporiaceae, Didymellaceae, Phaeosphaeriaceae, Cystofilobasidiaceae, Mrakiace-
ae, Bulleraceae and Bulleribasidiaceae turned out common for both primer variants. 
The representatives of Sporidiobolaceae, Filobasidiaceae and Peronosporales, to 
which Phytophthora infestans belongs (see Table 1), were typical only for the 
ITS1variant.  

Both primer pairs were suitable for identification of alternaria; however, 
for no explicable reason the automatic identification system did not attribute the 
fungi of this type and attributed them to the group of unidentified organisms. 
Nevertheless, by using manual adjustment based on BLASTn data the Alternaria 
genus fungi were identified and, apparently, they account for a noticeable part of 
the community. 

Whereas comparison of ITS1 and ITS2 libraries, and more precisely, of 
the primers used, demonstrated apparent predominance of the former, we subse-
quently worked with ITS1 library only.   

The data of taxonomic analysis for the sample affected with early blight 
type showed that unidentified representatives of Fungi kingdom were predomi-
nant (27.38 %). The representatives of Itersonilia (18.4 %) and Phytophthora 
(15.47%) genera were rather numerous. The plant ITS accounted for 16.68%. 
Fungi of Bullera (4.41%), Cystofilobasidium (2.7%) and Alternaria (2.07 %) gene-
ra (see Table 3) along with non-attributed representatives of Tremellomycetes or-
der (1.51%) and ascomycetes (1.26%), as well as Dioszegia (1.18%) genus fungi 
were observed at family level. Representatives of Bulleraceae and Bulleribasidi-
aceae families, as well as Udeniomyces and Filobasidium genera (see Table 1) were 
observed in insignificant quantities (below 1% of the community). In the event 
of phytophthora rot type, two groups of organisms were predominant, i.e. uni-
dentified representatives of Fungi kingdom (32.85 %) and oomycetes of Phytophthora 
genus (29.85%). The representatives of Itersonilia genus and plant ITS in the 
community accounted for 8.86 and 8.00%, respectively. They were followed, in 
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descending order, by representatives of Hypocreales order (3.23%), Sporobolomy-
ces (2.64%), Bullera (2.01%), Udeniomyces (1.59%), Cystofilobasidium (1.46%) 
and Filobasidium (1.40%) genera. Also, a small number of taxa were observed in 
the community, whose share did not exceed 1% (see Table 1). 

The ITS1 data showed presence of phytophthora rot pathogen in both 
samples, 15.47% and 29.85% of community, respectively, for early blight and 
phytophthora rot damage types. The representatives of Alternaria genus were also 
found, their share was 2.1 and 0.1%, respectively, for early blight and phy-
tophthora rot types (see Table 3).  

Regardless of lesion type, significant number of reads fell upon unidenti-
fied fungal organisms. The structure of the community obtained for sample with 
early blight showed presence of two subdominant taxa, Itersonilia and Phy-
tophthora genera. In the phytophthora rot variant the Phytophthora genus acted 
as the second dominant. Also, both communities showed taxa either not identi-
fied in the other community or identified in insignificant quantities. For early 
blight damage type these were unidentified representatives of Tremellomycetes 
class and Phaeosphaeriaceae family fungi; for phytophthora rot these were uni-
dentified representatives of Hypocreales order and Sporobolomyces, Udeniomyces 
and Filobasidium genera. 

In studies on pathogens in fungal communities of phyllospheres and po-
tato tubers, the Alternaria genus fungi are observed on affected plants in signifi-
cant quantities; however, it has to be pointed out that the authors mostly use 
isolates grown on special nutrient media [12, 17, 18]. The studies of endophytic 
mycobiota of a healthy plant based on this approach also confirm significant 
presence of Alternaria genus fungus [13]. At the same time, detailed analysis of 
high throughput sequencing shows a small share of pathogen in the community 
(0.35%) [14], and in weakened plant phyllosphere affected by Podosphaera fun-
gus it shows a more significant (0.35-4.6 %) portion. These data demonstrate the 
advantages of metagenomic approach in similar studies.  

Therefore, we have identified serious differences in taxonic specificity of 
two primer pairs, ITS1 and ITS2. The ITS1 primers help identify not only more 
fungal taxa and fungus-like organisms, but also demonstrate higher levels of 
eveness in distributing the sequences by taxa. However, due to broader specificity, 
primers to ITS1 capture plant sequences. The automatic taxonomic database di-
agnosis not always reveal several taxa in the community. This can strongly dis-
tort the results of analysis, specifically in cases when certain process or absence 
of a specific pathogenic organism should be diagnosed. For this reason, combina-
tion of several tools to diagnose a target organism can have a positive impact on 
the results of the research. The community of affected potato leafs of Nikulinsky 
cultivar turned out quite rich. Interestingly, in case of phytophthora rot the share 
of pathogen did not exceed 29.9%, which is indicative of the dynamics of taxo-
nomic composition of affected tissues. Apparently, during the first stage of infec-
tion there is almost always a major pathogen, and subsequently damaged zones are 
populated by opportunist microbial flora. Apparently, this explains low numbers 
of alternaria in the sample corresponding to early blight. There is a good chance 
that in the described case the presence of phytophthora rot can also be the sec-
ondary lesion.  

To summarize, the results of taxonomic analysis showed a rather rich 
community of fungi and fungus-like organisms for lesions of both types, whereas 
a share of primary pathogen in the community when affected by phytophthora rot 
type accounts for about 30%, and only 27% when affected by early blight type 
whereas a significant part (about 15%) can be attributed to phytophthora rot (pos-
sibly, due to secondary damage). It is certain that high throughput sequencing 
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methods show a lot of promise in identifying plant pathogens; however, these 
methods require significant methodic work both at choosing primers and during 
analysis of libraries, when certain important taxa can be lost. 
 

R E F E R E N C E S  
 

1. Bernreiter A. Molecular diagnostics to identify fungal plant pathogens — a review of current 
methods. Revista Científica Ecuatoriana, 2017, 4: 26-35. 

2. Gannibal F.B., Orina A.S., Levitin M.M. Zashchita i karantin rastenii, 2010, 5: 30-32 (in 
Russ.).  

3. Zhang Z., Luo L., Tan X., Kong X., Yang J., Wang D., Zhang D., Jin D., Liu Y. Pumpkin 
powdery mildew disease severity influences the fungal diversity of the phyllosphere. PeerJ, 2018, 
6: e4559 (doi: 10.7717/peerj.4559). 

4. Kozlovskii B.E., Fillipov A.V. Zashchita i karantin rastenii, 2007, 5: 12-13 (in Russ.).  
5. Poshtarenko A.Yu., Smirnov A.N. Zashchita i karantin rastenii, 2011, 12: 40-42 (in Russ.).  
6. Nikolaev A.V., Sezonova N.P., Lyubimskaya I.G., Lange F. Agrarnaya nauka Evro-Severo-

Vostoka, 2014, 3(40): 19-24 (in Russ.).    
7. Bourke A. The Visitation of God?: The Potato and the Great Irish Famine. Dublin, Lilliput Press, 

Ltd., 1993. 
8. Denisenkov I.A. Dostizheniya nauki i tekhniki APK, 2018, 32(3): 76-78 (doi: 10.24411/0235-

2451-2018-10315) (in Russ.).  
9. Kiru S.D., Kostina L.I., Rogozina E.V., Yas'ko A.A., Chalaya N.A., Zhigadlo T.E. Trudy po 

prikladnoi botanike, genetike i selektsii, 2013, 173: 91-101 (in Russ.).  
10. Pobedinskaya M.A., Plutalov P.N., Romanova S.S., Kokaeva L.Yu., Nikolaev A.V., Aleksan-

drova A.V., Elanskii S.N. Mikologiya i fitopatologiya, 2012, 46(6): 401-408 (in Russ.).  
11. Smirnov A.N., Bibik T.S., Prikhod'ko E.S., Beloshapkina O.O., Kuznetsov S.A. Izvestiya 

TSKHA, 2015, 3: 36-46 (in Russ.).  
12. Kowalik M. Diversity of fungi colonizing and damaging leaves of pontic azalea Azalea pontica. 

Acta Mycologica, 2013, 48(2): 227-236 (doi: 10.5586/am.2013.024).  
13. Russo M.L., Pelizza S.A., Cabello M.N., Stenglein S.A., Vianna M.F., Scorsetti A.C. Endo-

phytic fungi from selected varieties of soybean (Glycine max L. Merr.) and corn (Zea mays L.) 
grown in an agricultural area of Argentina. Revista Argentina de Microbiología, 2016, 48(2): 154-
160 (doi: 10.1016/j.ram.2015.11.006) 

14. Yang H., Ye W., Ma J., Zeng D., Rong Z., Xu M., Wang Y., Zheng X. Endophytic fungal 
communities associated with field-grown soybean roots and seeds in the Huang-Huai region of 
China. PeerJ, 2018, 6: e4713 (doi: 10.7717/peerj.4713). 

15. Qin S., Yeboah S., Xu X., Liu Y., Yu B. Analysis on fungal diversity in rhizosphere soil of con-
tinuous cropping potato subjected to different furrow-ridge mulching managements. Frontiers in 
Microbiology, 2017, 8: 845 (doi: 10.3389/fmicb.2017.00845). 

16. Xu L. Soil fungal communities associated with plant health as revealed by next-generation sequenc-
ing. PhD thesis. Slagelse, 2011. 

17. Youssuf G., Gashgari R.M. Mycobiota associated with superficial blemishes of potato tubers. 
Food Biotechnology, 2013, 27(2): 137-151 (doi: 10.1080/08905436.2013.781947). 

18. Mazur S., Kurzavińska H., Nadziakiewicz M., Nawrocki J. Redroot pigweed as a host for Alter-
naria alternata — the causal agent of Alternaria leaf blight in potato. Zemdirbyste-Agriculture, 
2015, 102(1): 115-118 (doi: 10.13080/z-a.2015.102.015). 

19. Cwalina-Ambroziak B., Trojak A. Effectiveness of selected fungicides in potato protection 
against Phytophthora Infestans and Alternaria spp. Polish Journal of Natural Science, 2011, 26(4): 
275-284.  

20. Cwalina-Ambroziak B., Damszel M.M., Głosek-Sobieraj M. The effect of biological and chem-
ical control agents on the health status of the very early potato cultivar Rosara. Journal of Plant 
Protection Research, 2015, 55(4): 389-395 (doi: 10.1515/jppr-2015-0052). 

21. Prikhod'ko E.S., Selitskaya O.V., Smirnov A.N. Izvestiya TSKHA, 2016, 5: 68-78 (in Russ.).  
22. Vutto N.L., Gapeeva T.A., Pundik A.N., Tretyakova T.G., Volotovski I.D. Transgenic Belarus-

ian-bred potato plants expressing the genes for antimicrobial peptides of the cecropin-melittin 
type. Russian Journal of Genetics, 2010, 46(12): 1626-1634 (doi: 10.1134/S1022795410120057). 

23. Raja H.A., Miller A.N., Pearce C.J., Oberlies N.H. Fungal identification using molecular tools: 
a primer for the natural products research community. Journal of Natural Products, 2018, 80(3): 
756-770 (doi: 10.1021/acs.jnatprod.6b01085). 

24. Riley M.B., Williamson M.R., Maloy O. Plant disease diagnosis. Plant Health Instructor, 2002 
(doi: 10.1094/PHI-I-2002-1021-01). Available https://www.apsnet.org/edcenter/disimpact-
mngmnt/casestudies/Pages/PlantDiseaseDiagnosis.aspx. Accessed 19.06.2019. 

25. Ray M., Ray A., Dash S., Mishra A., Achary K.G., Nayak S., Singh S. Fungal disease detec-
tion in plants: Traditional assays, novel diagnostic techniques and biosensors. Biosensors and Bi-



 

999 

oelectronics, 2017, 87: 708-723 (doi: 10.1016/j.bios.2016.09.032). 
26. Sankaran S., Mishra A., Ehsani R., Davis C. A review of advanced techniques for detecting 

plant diseases. Computers and Electronics in Agriculture, 2010, 72(1): 1-13 (doi:  
10.1016/j.compag.2010.02.007). 

27. Kumbhar N.P., Patil S.B. A review for agricultural plant diseases detection using different tech-
niques. International Journal of Electrical and Electronics Engineers, 2017, 9(1): 891-901.  

28. Gagkaeva T.Yu., Gannibal F.B., Gavrilova O.P. V sbornike: Vysokoproizvoditel'nye i vysoko-
tochnye tekhnologii i metody fitosanitarnogo monitoring [High-performance and high-precision 
technologies and methods of phytosanitary monitoring]. St. Petersburg, 2009: 4-14 (in Russ.).  

29. Lau H.Y., Botella J.R. Advanced DNA-based point-of-care diagnostic methods for plant diseas-
es detection. Front. Plant Sci., 2017, 8: 2016 (doi: 10.3389/fpls.2017.02016). 

30. Lees A.K., Sullivan L., Cullen D.W. A quantitative polymerase chain reaction assay for the 
detection of Polyscytalum pustulans, the cause of skin spot disease of potato. Journal of Phyto-
pathology, 2009, 157(3): 154-158 (doi: 10.1111/j.1439-0434.2008.01459.x). 

31. Kokaeva L.Yu., Khusnetdinova T.I., Berezov Yu.I., Balabko P.N., Elanskii S.N. Zashchita 
kartofelya, 2017, 2: 8-11 (in Russ.). 

32. Pavlovskaya N.E., Solokhina I.Yu., Lushnikov A.V. Biologiya v sel'skom khozyaistve, 2015, 4: 7-
11 (in Russ.).  

33. Schmidt P.A., Bálint M., Greshake B., Bandow C., Römbke J., Schmitt I. Illumina metabar-
coding of a soil fungal community. Soil Biology and Biochemistry, 2013, 65: 128-132 (doi: 
10.1016/j.soilbio.2013.05.014). 

34. Motooka D., Fujimoto K., Tanaka R., Yaguchi T., Gotoh K., Maeda Y., Furuta Y., Kuraka-
wa T., Goto N., Yasunaga T., Narazaki M., Kumanogoh A., Horii T., Iida T., Takeda K., 
Nakamura S. Fungal ITS1 deep-sequencing strategies to reconstruct the composition of a 26-
species community and evaluation of the gut mycobiota of healthy Japanese individuals. Fron-
tiers in Mycrobiology, 2017, 8: 238 (doi: 10.3389/fmicb.2017.00238). 

35. Usyk M., Zolnik C.P., Patel H., Levi M.H., Burk R.D. Novel ITS1 fungal primers for charac-
terization of the mycobiome. mSphere, 2017, 2(6): e00488-17 (doi: 10.1128/mSphere.00488-17). 

36. White T.J., Bruns T., Lee S., Taylor J. Amplification and direct sequencing of fungal ribosomal 
RNA genes for phylogenetics. In: PCR Protocols: Aguide to methods and applications. M.A. Innis, 
D.H. Gelfand, J.J. Sninsky, T.J. White (eds.). San Diego, Academic Press, 1990: 315-322 (doi: 
10.1016/b978-0-12-372180-8.50042-1). 

37. Blaalid R., Kumar S., Nilsson R.H., Abarenkov K., Kirk P.M., Kauserud H. ITS1 versus ITS2 
as DNA metabarcodes for fungi. Molecular Ecology Resources, 2013, 13(2): 218-224 (doi: 
10.1111/1755-0998.12065). 

38. Seifert K.A. Progress towards DNA barcoding of fungi. Molecular Ecology Resources, 2009, 
9(s1): 83-89 (doi: 10.1111/j.1755-0998.2009.02635.x). 

39. Caporaso J.G, Kuczynski J., Stombaugh J., Bittinger K., Bushman F.D., Costello E.K.,  
Fierer N., Peсa A.G., Goodrich J.K., Gordon J.I., Huttley G.A., Kelley S.T., Knights D., 

Koenig J.E., Ley R.E., Lozupone C.A., McDonald D., Muegge B.D., Pirrung M., Reeder J., 
Sevinsky J.R., Turnbaugh P.J., Walters W.A., Widmann J., Yatsunenko T., Zaneveld J., 
Knight R. QIIME allows analysis of high-throughput community sequencing data. Nature 
Methods, 2010, 7(5): 335-336 (doi: 10.1038/nmeth.f.303). 

40. Gweon H.S., Oliver A., Taylor J., Booth T., Gibbs M., Read D.S., Schonrogge K. PIPITS: an 
automated pipeline for analyses of fungal internal transcribed spacer sequences from the Illumina 
sequencing platform. Methods in Ecology and Evolution, 2015, 6(8): 973-980 (doi: 10.1111/2041-
210X.12399). 

41. Hammer Ø., Harper D.A.T., Ryan P.D. PAST: Paleontological statistics software package for 
education and data analysis. Palaeontologia Electronica, 2001, 4(1): 9. 

42. Altschul S.F., Gish W., Miller W., Myers E.W., Lipman D.J. Basic local alignment search tool. 
Journal of Molecular Biology, 1990, 215(3): 403-410 (doi: 10.1016/S0022-2836(05)80360-2). 

43. Halwachs B., Madhusudhan N., Krause R., Nilsson R.H., Moissl-Eichinger C., Högenauer C., 
Thallinger G.G., Gorkiewicz G. Critical issues in mycobiota analysis. Frontiers in Mycrobiology, 
2017, 8: 180 (doi: 10.3389/fmicb.2017.00180). 


