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Abstract: Early blight, caused by fungi of the genus Alternaria, is one of the most de-
structive diseases affecting tomato plants, leading to a decrease in yield and commercial
value. Studies so far on Alternaria spp. affecting tomato in Kazakhstan have been limited
to morphological identification or molecular analysis, without an in-depth phylogenetic
study and pathogenicity assessment. In this study, between 2023 and 2024, 61 isolates
were obtained from tomato leaves with early blight symptoms and identified, based on
conidial morphology and DNA sequencing, as A. tenuissima (54%) and A. alternata (46%).
The pathogenicity assessment showed that the disease index for A. tenuissima was 21.7–53.3,
while it was 41.7–60.0 for A. alternata, indicating greater aggressiveness of the latter species.
The disease index varied by region, with the highest average value recorded for A. alter-
nata from Almaty (55.7%), while 38.2% and 36.2% for A. tenuissima were recorded from
Pavlodar and Akmola, respectively. Both species showed notable intraspecific variation in
pathogenicity. To our knowledge, this is the first reported case of A. tenuissima detection as
the causative agent of early blight in tomato plants in Kazakhstan. The results of this study
may help facilitate the development of effective disease management strategies.

Keywords: Alternaria spp.; tomato; morphology; pathogenicity; disease

1. Introduction
Tomato (Solanum lycopersicum L.) is the second most important vegetable crop world-

wide, with an annual production of more than 192.3 million metric tons over an area of
5.4 million hectares. The leading tomato-producing countries are China, India, and Turkey,
which play key roles in the global agricultural sector and account for a significant share
of the global market [1]. Tomato fruits are a source of vitamins A and C, folic acid, and
the antioxidant lycopene, which helps reduce the risk of cancer and cardiovascular dis-
eases [2]. The concentration of lycopene in tomato fruits varies depending on the variety
and ranges from 0.9 to 4.2 mg per 100 g. In processed products such as tomato sauce
and ketchup, the lycopene content is significantly higher, reaching 33–68 mg per 100 g [3].
Thus, tomatoes can be consumed fresh, processed, or canned. In Kazakhstan, tomatoes are
the second-largest vegetable crop, with an annual production volume of approximately
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792 thousand tons on an area of 28.8 thousand hectares; however, the average tomato yield
is only 27.4 tons/ha (2023), which is 50% lower than the global average [1].

Tomato production is limited by the effects of various diseases, including those caused
by fungi. Significant crop losses are caused by diseases such as late blight, caused by
Phytophthora infestans [4], fusarium wilt (Fusarium oxysporium) [5], early blight (Alternaria
linariae and A. alternata) [6], and septoria leaf spot (Septoria lycopersici) [7]. Among the
fungal diseases affecting tomato plants, the most dangerous in terms of reducing the
yield and commercial value of products is early blight caused by the fungus Alternaria.
In some cases, yield losses caused by early blight can reach 79% [6]. Early blight caused
by Alternaria spp. is characterized by necrotic leaf spots with concentric rings, which can
lead to defoliation and reduced yield [8,9]. Tomato fruits at all stages of ripeness remain
susceptible to infection, which typically manifest as dark, sunken lesions. On the stems,
necrotic lesions are often elongated or striated and may form concentric rings in some
cases [10].

The genus Alternaria comprises endophytic, saprophytic, and pathogenic species
commonly found in the air, soil, plant debris, and food products. Pathogenic species
are capable of long-term survival as mycelium or conidia on plant residues and as latent
infections in seeds. Colonization of host plant tissues is often facilitated by mechanical
injury or physiological weakening [11]. Infection is initiated through the secretion of
various enzymes and secondary metabolites by the fungal pathogen, which contribute
to the degradation of host cell structures and facilitate tissue penetration prior to active
colonization [6].

Alternaria species produce approximately 70 mycotoxins [12–14]. The most extensively
studied secondary metabolites produced by Alternaria species include alternariol (AOH),
alternariol monomethyl ether (AME), altertoxins I and II (AT-I, AT-II), and tenuazonic
acid (TeA) [10]. Some metabolites are species-specific, whereas others are synthesized by
multiple species [15]. For example, Alternaria porri produces tentoxin, whereas A. tomatophila
and A. solani produce altersolanol A, AT-I, and macrosporin. Alternaria alternata is known
to produce TeA, AOH, and AME, also species-specific mycotoxins, and ALT, all of which
are considered major food contaminants [10,16].

These secondary metabolites have genotoxic, mutagenic, carcinogenic, and cytotoxic
properties and pose risks to human and animal health [17,18]. Early blight causes the
greatest damage in areas with high temperatures alternating with heavy rainfall and high
humidity. However, they can also occur in semi-arid climates [19].

Currently, the taxonomy of the genus Alternaria is still under discussion and revi-
sion. According to Simmons, Alternaria tomatophila is the most common and widespread
pathogen causing early blight of tomato [20]. In 2014, Woudenberg et al. grouped isolates
from Solanaceae, Cucurbitaceae, and Scrophulariaceae, all belonging to large-spore Alternaria
species, into a new species designated A. lineariae [21]. This revision established a distinc-
tion between large- and small-spore forms (A. alternata and A. arborescens) isolated from
Solanaceae. Morphological, molecular, and chemotaxonomic approaches have been used to
differentiate the species [6].

Among the large-spored species, A. linariae (syn. A. tomatophila), A. solani, A. alternar-
iacida, A. blumeae, A. crassa, A. grandis, and A. protenta are the primary causal agents of
tomato early blight [22]. Among the small-spored species, the most important are A. alter-
nata and A. tenuissima [19,23–25].

Traditionally, the identification of Alternaria spp. has been based on morphological
characteristics [20,26], making it difficult to distinguish species, as many share similar
morphological characteristics [21,27]. For precise identification, a combination of morpho-
logical features and molecular methods is required. In the morphological description of
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Alternaria spp., the following features are taxonomically important: the size and shape of
the conidia and, in some cases, the size and shape of the conidiophores. Also important
is the sporulation habitus—the general type of sporulation—which includes the presence
of spore chains, their length, the nature of branching, the size of the spore “bushes”, and
their density [8]. Molecular methods for identifying Alternaria are based on the use of
specific primers to amplify conserved genetic regions. One of the most common genetic
markers is the internal transcribed spacer (ITS) region, which is used as a standard barcode
to identify fungi [28]. However, to improve the accuracy of genetic analysis, additional
genes, such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), RNA polymerase II
(rpb2), elongation factor 1-alpha (tef1), histone (H3), and Alternaria allergen gene (Alt a 1),
are often sequenced [29–31].

Information on the population structure of Alternaria species that cause early blight
in tomato is critical to better understand the distribution and importance of the different
species and to develop effective management strategies to control this disease [6,19]. Key
strategies for managing early blight in tomato include culture practice, fungicide appli-
cation, and the use of resistant cultivars. Fungicide treatments remain the most widely
used approach to reduce crop losses [6]. However, the timing of application in relation
to environmental conditions and disease development is critical for achieving effective
control [32]. In addition, the visual assessment of symptoms does not always facilitate an
accurate identification of the causal species, such as distinguishing between lesions caused
by A. linariae, A. solani, or other Alternaria spp. Therefore, further information on pathogen
biology and disease aetiology is necessary for the development of reliable management
strategies [19].

To our knowledge, studies on Alternaria species, which cause early blight in tomatoes
in Kazakhstan, have so far been limited to either identification by morphological charac-
teristics or molecular analysis, without in-depth phylogenetic studies and pathogenicity
assessments [33,34]. However, morphological identification alone can be inaccurate, and the
lack of data on the pathogenicity of isolates prevents an objective assessment of the threat
these isolates pose to agricultural production. Therefore, we conducted a comprehensive
study of Alternaria spp., integrating morphological and molecular identification with phy-
logenetic analysis alongside an assessment of the pathogenicity of the isolates on tomato.

2. Materials and Methods
2.1. Sample Collection and Fungal Isolation

Tomato leaves with typical early blight symptoms, characterized by brown necrotic
leaf spots with concentric rings, were collected at the end of the 2023–2024 growing season
from three regions in Kazakhstan (Figure 1).

Figure 1. Early blight symptoms on tomato plants: (a) typical early blight symptoms on tomato
leaves; (b) lesions on senescing foliage during the late growth stage.

Samples were collected from five points in each field (Table 1). Symptomatic leaves
were placed in individual bags and transported to the Laboratory of Biotechnology and
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Plant Breeding. Between 2 and 5 symptomatic leaves were collected per field, resulting in a
total of 70 samples from the three regions.

Table 1. Numbers of Alternaria isolates collected from diseased tomato leaves collected in three
regions of Kazakhstan.

Region
Number of Alternaria Isolates

A. alternata A. tenuissima

Akmola 5(2) * 9(3)
Pavlodar 0(0) 3(2)
Almaty 23(9) 21(11)
Total 28(11) 33(16)
Ratio 46% 54%

* The numbers in parentheses represent the number of corresponding Alternaria isolates used for pathogenicity tests.

To isolate the fungus, 1 cm × 1 cm pieces of affected tissue were treated with
70% ethanol for 1 min, washed three times with sterile distilled water, and placed on
potato–carrot agar (PCA) (20 g potato, 20 g carrot, 20 g agar, and 1000 mL sterile distilled
water). Subsequently, 100 mg/L ampicillin (Sigma-Aldrich, St. Louis, MO, USA) was
added, and the tissues were incubated at 25 ◦C under natural light until sporulation oc-
curred. Mycelial fragments were extracted from growing colonies under a stereomicroscope
and transferred to fresh PCA nutrient medium in Petri dishes and incubated at 23 ◦C for
5 days. A pure culture of the fungus was obtained by transferring individual spores to a
nutrient medium potato dextrose agar (PDA, Difco, Detroit, MI, USA) with subsequent
cultivation at 23 ◦C. After sufficient growth, the pure culture was stored at 4 ◦C.

2.2. Morphological Characterization

PDA nutrient medium was used to study culture characteristics such as the colour,
size, and texture of colonies. Mycelial disks of 5 mm diameter were cut from the edges
of growing colonies of a 5-day culture, placed on nutrient medium in Petri dishes, and
incubated in the dark at 25 ◦C, and the characteristics were assessed after 7 days. To study
the morphological characteristics, the mycelium was transferred to PCA and incubated
at 22 ◦C under fluorescent lamps with a photoperiod of 8 h of light and 16 h of darkness.
After 7 days, the morphology of conidia (colour, shape, length, and width of the body and
the number of septa of 50 randomly selected conidia of each isolate) and the nature of
sporulation were assessed using a Zeiss Axio Scope A1 microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany) with a magnification of 400×. Samples were identified based on
morphological characteristics according to previously published recommendations [20,31].

2.3. DNA Extraction and PCR Amplification

A total of 61 isolates of Alternaria were selected for molecular identification. The
total genomic DNA of the isolates was isolated from pure cultures grown on PDA in the
dark for 7 days at 22–23 ◦C. Mycelia of each isolate were collected using a sterile scalpel
by scraping from the medium and were transferred to microtubes. DNA was extracted
using the CTAB method [35]. The DNA pellet was dissolved in 100 µL TE buffer (10 mM
Tris-HCl pH 8.0, 0.1 mM EDTA). The quality and quantity of isolated DNA were assessed
using a NanoDrop1000 spectrophotometer (Thermo Scientific, Wilmington, NC, USA).
The ITS1 and ITS4 primers were used to amplify the ITS region of nuclear ribosomal
DNA, including the 5.8S rDNA gene [36]. The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene region was amplified using primers gpd1/gpd2 [37]. The histone 3 (H3)
gene region was amplified using primers H3-1a and H3-1b [38]. PCR was carried out in
a volume of 25 µL containing 1 µL DNA (5 ng), 2.5 µL PCR buffer (10×), 2 µL MgCl2
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(25 mM), 2 µL of each forward and reverse primer (10 pmol) (Table 1), 0.25 µL Dream
Taq polymerase, 1.5 µL dNTPs (10 mM), and deionized water. The same reaction mixture
without template DNA was used as a negative control. Amplification was conducted under
the following cycling conditions: pre-denaturation at 95 ◦C for 5 min, followed by 35 cycles
of denaturation at 95 ◦C for 30 s, annealing at 55–58 ◦C for 30 sec, and extension at 72 ◦C for
1 min. Final elongation was performed at 72 ◦C for 7 min in a SimpliAmp Thermal Cycler
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The PCR products were visualized on
a 1% agarose gel in 1× TBE buffer supplemented with ethidium bromide and irradiated
with ultraviolet light. A 1000 bp DNA Ladder (Fermentas) was used as a molecular
weight marker. The electrophoresis results were documented using a GelDoc XR system
(Bio-Rad, Hercules, CA, USA). PCR products were purified using alkaline phosphatase Sap
and exonuclease ExoI (Thermo Fisher Scientific). The reaction was carried out in a 20 µL
volume containing 1× Sap buffer, 10 µL PCR product, 3 units ExoI, and 1 unit Sap at 37 ◦C
for 30 min, followed by enzyme inactivation at 75 ◦C for 15 min. DNA sequencing was
performed using an ABI PRISM® BigDye™ Terminator v.3.1 reagent kit. The sequencing
products were analysed using an Applied Biosystems 3730 DNA Analyser (Thermo Fisher
Scientific, Foster City, CA, USA).

2.4. Pathogenicity Tests

The pathogenicity test was performed using separated compound leaves of 45-day-old
tomato plants of the “Surprise” variety. Pathogenicity tests were conducted by individually
inoculating leaves with 27 isolates, including 11 A. alternata and 16 A. tenuissima isolates
(Table 1, Supplementary Table S1). These isolates were selected to represent the species
composition of populations from the three studied regions. To determine the pathogenicity
of Alternaria isolates, identified isolates were incubated on PCA for 7–10 days at 25 ◦C.
Colonies on the PCA plates were covered with sterile distilled water and 0.01% Tween-80
to disperse the spores. The surface of the colonies was carefully scraped off, and the
suspension was collected. After filtration, the spore suspension was adjusted to a con-
centration of 106 conidia/mL using a haemocytometer. For inoculation, the apical leaves
were pre-disinfected in a 1% sodium hypochlorite (NaOCl) solution for 1 min, washed
with sterile distilled water (1 min), and dried on sterile filter paper in a laminar flow
hood. Two small punctures were made in each leaf. One leaf was placed in a Petri dish
and housed in a plastic box (18 × 13 × 4 cm; length × width × height). Sterile moist
filter paper was placed at the bottom of the box to maintain high humidity. Twenty mi-
crolitres of the spore suspension was applied to the upper surface of each leaflet (two spots
per leaflet). The control group was inoculated with sterile distilled water. Three repli-
cates were performed for each isolate, with 30 leaves per replicate. The plastic boxes
were sealed to maintain high humidity and incubated at 25 ◦C, 90% relative humidity,
and a photoperiod of 12 h light/12 h dark. After 14 days, the diameters of the lesions on
the inoculated leaves were measured. Disease severity (DS) was scored using a 4-point
scale [39]: 1 = no lesions, 2 = lesions < 1 mm in diameter, 3 = lesions 1–5 mm in diameter,
and 4 = lesions > 5 mm in diameter. The disease index (DI) was calculated using the formula
DI = [100 × ∑ (n × corresponding DS)]/(N × 4), where n is the number of infected leaflets
corresponding to each disease rating and N is the total number of leaflets [40]. To confirm
Koch’s postulates, fungi were re-isolated from the inoculated leaflets and identified based
on their morphological features.

2.5. Phylogenetic Analysis

Nucleotide sequences of the analysed samples were collected and edited using Seq-
Man [41]. A sequence similarity search was performed using the BLAST algorithm in the
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National Center for Biotechnology Information (NCBI) database (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) (accessed on 7 April 2025). The nucleotide sequences of the ITS, GAPDH,
and H3 loci were aligned using ClustalW, concatenated, and used to construct a combined
phylogenetic tree. The ends of the alignment were trimmed to avoid regions with missing
data. The Kimura 2-parameter model with gamma-distributed rate variation (K2 + G) was
used for ITS and GAPDH phylogenetic inference. The Tamura–Nei model with gamma
distributed rate variation (TN93 + G) was used for ITS and H3. Phylogenetic analysis was
performed using the Maximum Likelihood (ML) method with 1000 bootstrap replicates in
MEGA 6 (version 6.06; http://www.megasoftware.net/ (accessed on 7 April 2025)) [42].

2.6. Data Analyses

Data were analysed using Python 3.11. The Pandas library (v2.2.1) was used for data
processing and calculation of descriptive statistics. Visualizations, including boxplots, were
generated using Matplotlib (v3.8.4) and Seaborn (v0.13.2). Pathogenicity was assessed at
three levels: individual isolates, fungal species, and regions. For isolate-level analysis,
mean values were calculated from three biological replicates per isolate. No pooling
was performed between isolates at this level. For species- and region-level comparisons,
disease incidence and disease index (DI) values were pooled by fungal species and by
region, respectively, and reported as mean ± standard deviation (SD). To assess the effect
of fungal species (A. alternata and A. tenuissima) on disease incidence (%), a one-way
ANOVA was performed using the StatsModels package. Levene’s test (scipy.stats v1.13.0)
was used to evaluate the homogeneity of variances. Since variances between isolates
were not homogeneous, Dunnett’s T3 test (via scikit_posthocs) was applied for multiple
comparisons of disease incidence between isolates. For the comparison of DI (%) between
species, the one-way ANOVA revealed statistically significant differences. To support this
result, the Least Significant Difference (LSD) test was additionally performed. To evaluate
differences in the DI and disease incidence among fungal isolates within each species, the
Kruskal–Wallis H-test was applied separately for A. alternata and A. tenuissima. For visual
grouping of isolates by aggressiveness, descriptive statistics were calculated, and isolates
were classified into three groups (a: high, b: moderate, and c: low) based on the quartiles
of the mean DI values. Boxplots were used to visualize the distribution of the DI by species
and region. All statistical tests were two-sided, and results were considered statistically
significant at p ≤ 0.05.

3. Results
3.1. Morphological Identification of Alternaria Species Associated with Early Blight on Tomato

Between 2023 and 2024, 61 isolates were obtained from tomato leaves with early
blight symptoms. Based on the conidial morphology and sporulation patterns, the isolated
fungi were tentatively classified as A. tenuissima (54%) and A. alternata (46%). Colonies of
33 isolates identified as A. tenuissima on PDA medium were grey to light brown, with dense
aerial mycelia and a thin white border (Figure 2). The conidia formed simple long chains
consisting of 7–14 conidia with one or two lateral branches on the PCA. The conidiophores
were short, 14.7–64.9 µm long and 3.2–6.3 µm wide, and arose singly. The conidia were
ovoid or inversely club-shaped and 17.7–47.8 × 8.2–9.6 µm in size. The conidia contained
3 to 7 transverse septa and 0–2 longitudinal septa. The colony colour of the 28 isolates
identified as A. alternata ranged from dark grey to almost dark olive with 3–4 concentric
rings. The colonies were dense with distinct white margins. The conidiophores on PCA
were solitary, straight, or curved and 18.2–59.6 µm × 3.3–7.2 µm in size. The conidia formed
branching chains, were ovoid to ellipsoidal, brown in colour, and 20.6–42.8 × 7.8–8.6 µm in
size. The conidia had 3–7 transverse and 0–4 longitudinal septa.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.megasoftware.net/
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Figure 2. Morphological features of Alternaria species isolated from tomato: (a,b) colony morphol-
ogy of A. tennuissima and A. altrernata isolates on potato dextrose agar (PDA) plates, respectively;
(c,d) sporulation patterns of A. tennuissima and A. altrernata isolates on potato carrot agar (PCA)
plates, respectively; (e,f) conidia of A. tennuissima and A. altrernata isolates on PCA plates, respectively.
Red arrows indicate characteristic differences in sporulation patterns (c,d) and conidial morphology
between the two species (e,f).

3.2. DNA Sequencing and Phylogenetic Analysis

The PCR amplification of 61 Alternaria isolates with universal primers ITS1 and ITS4
yielded a 570 bp fragment that showed 100% homology to the sequences of A. alternata
(GenBank Accession No. KP124298, KP124299) and A. tenuissima (AF347032). The am-
plification with primers gpd1 and gpd2 yielded 620 bp products that showed more than
99% homology with the sequences of A. alternata (GenBank Accession No. KP124155,
KP124156) and A. tenuissima (AY278809). The PCR amplifications with primers H3-1a and
H3-1b yielded about 546 bp fragment for 33 Alternaria isolates, showing over 99% identity
to those of A. tenuissima (GenBank Accession No. MN505806, MN505803); 28 isolates
(440 bp) were over 99% identity to those of A. alternata (GenBank Accession No. MN505801,
MN506040). The resulting sequences of Alternaria isolates were deposited in GenBank
(Supplementary Table S1).

The phylogenetic analysis based on concatenated ITS and GAPDH sequences indi-
cated a clear separation of small- and large-spore Alternaria species. In turn, 27 of the
studied isolates were grouped with the reference strains, A. alternata, A. arborescens, and
A. tenuissima, with a high degree of support (bootstrap = 99%), confirming that they be-
longed to this phylogenetic lineage. A clear phylogenetic separation was also indicated
between A. alternata and A. longipes, supported by a bootstrap value of 87%, indicating the
evolutionary isolation of these species (Figure 3).
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Figure 3. Phylogenetic tree reconstructed by the Maximum Likelihood method based on combined
rDNA internal transcribed spacer (ITS) and GAPDH sequence Alternaria isolates using MEGA 6 with
1000 bootstrap replications. Bootstrap values ≥ 70% were considered as significant and are indicated
in the phylogenetic trees.

The phylogenetic analysis based on concatenated ITS and H3 sequences of 27 isolates
of A. alternata and A. tenuissima, along with reference sequences from the NCBI database,
allowed us to clearly distinguish between the two main clades. The upper clade included
all isolates identified as A. tenuissima, forming a well-supported monophyletic lineage
(bootstrap = 100%), which reflects their close genetic relationship. In contrast, the lower
part of the tree contained A. alternata isolates, distributed across several subclades. This
structure was strongly supported by a bootstrap value of 100%. In addition, the reference
isolates A. brassicicola and A. solani formed a distinct clade, highlighting the evolutionary
isolation of these large-spored species (Figure 4).
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Figure 4. Phylogenetic tree reconstructed by the Maximum Likelihood method based on combined
rDNA internal transcribed spacer (ITS) and H3 sequences Alternaria isolates using MEGA 6 with
1000 bootstrap replications. Bootstrap values ≥ 70% were considered as significant and are indicated
in the phylogenetic trees.

3.3. Pathogenicity Analysis

When tomato leaves were inoculated with a spore suspension of 27 Alternaria isolates,
the first symptom of the disease appeared as brown necroses after 3 days. Isolates of
A. alternata were characterized by the development of a typical yellow halo that enlarged
as the lesions grew, eventually covering most of the inoculated leaf area, with the two in-
oculation points merging into a single lesion. In contrast, A. tenuissima isolates produced
localized lesions confined to the inoculated areas. After 14 days, the spots became dark
brown, oval, or round and ranged in size from 1 to 9 mm. Control samples inoculated with
sterile distilled water did not show any symptoms of the disease (Figure 5).

Figure 5. Pathogenicity of the isolates of A. tenuissima and A. alternata on the detached leaves
of tomato: (a,d) inoculated with sterile water (control); (b,e) inoculated with A. tenuissima;
(c,f) inoculated with A. alternata, 14 days after inoculation. Scale bars: 1 cm.
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The pathogens were re-isolated from symptomatic plant tissues, and their morpho-
logical features matched those of the original isolate, which was consistent with Koch’s
postulates. To identify species-level differences in aggressiveness, a one-way ANOVA was
performed to compare disease incidence (%) between the two fungal species (Alternaria
alternata and A. tenuissima) and among individual isolates. Levene’s test indicated unequal
variances between isolates, which necessitated the use of Dunnett’s T3 post hoc test for
pairwise comparisons. However, this test did not reveal any significant differences between
the individual isolates. Additionally, the comparison of disease incidence between the
two species did not show a significant difference (p = 0.0879), which may suggest a similar
infection frequency range under standardized inoculation conditions.

In contrast, a comparison of the DI (%) between species revealed a statistically signifi-
cant difference (p < 0.001). A. alternata exhibited consistently higher DI values with lower
variance, indicating stronger and more stable aggressiveness. A. tenuissima, on the other
hand, demonstrated a wide range of DI values, which may reflect high intraspecific vari-
ability due to genetic differences among isolates, environmental sensitivity, or differences
in virulence mechanisms.

To further assess intraspecific variability among isolates, Kruskal–Wallis H-tests were
performed separately for A. alternata and A. tenuissima. For A. tenuissima, significant differ-
ences were observed among isolates in both disease incidence (H = 44.06, p = 1.08 × 10−4)
and the DI (H = 43.43, p = 1.35 × 10−4). A. alternata also exhibited significant intraspecific
variability regarding disease incidence (H = 26.38, p = 3.26 × 10−3) and the DI (H = 26.98,
p = 2.62 × 10−3), although the variation was less pronounced compared to A. tenuissima.
Thus, in addition to species-level differences, the data support a substantial influence of
individual isolate characteristics on pathogenicity. To simplify the interpretation of isolate
variability, descriptive statistics of the DI were calculated, and all isolates were grouped into
three aggressiveness categories: “a” (top 25% by DI, high aggressiveness), “b” (middle 50%,
moderate aggressiveness), and “c” (bottom 25%, low aggressiveness). Most A. alternata
isolates fell into group “a”, confirming their consistently high pathogenicity. A. tenuis-
sima isolates were distributed across all three groups, supporting the greater intraspecific
variation revealed by the Kruskal–Wallis tests (Supplementary Table S2).

The mean DI values also support species-level differences. For A. tenuissima, disease
incidence ranged from 50% to 100% (81.3 ± 13.5), and the DI ranged from 21.7 to 53.3
(39.2 ± 8.6). For A. alternata, disease incidence ranged from 73.3% to 100% (87.4 ± 7.2), and
the DI from 41.7 to 60.0 (54.4 ± 4.4). These results highlight the higher and more stable
aggressiveness of A. alternata isolates.

Additionally, geographic variation in pathogenicity was evaluated based on the origin
of the isolates. Samples were originally collected from three regions: Akmola, Pavlodar,
and Almaty. A. alternata was isolated only from Akmola and Almaty and was not detected
in Pavlodar (ND). Isolates of A. alternata originating from Almaty exhibited the highest
DI values (55.7 ± 3.9), suggesting the presence of more aggressive isolates in that region.
A. tenuissima was isolated from all three regions. Among its isolates, the highest mean DI
was observed for those from Almaty (40.1 ± 8.6), while lower values were recorded for
isolates from Akmola (36.2 ± 9.2) and Pavlodar (38.2 ± 8.0). These findings may indicate a
potential influence of regional environmental conditions on the pathogenic behaviour of
the fungal isolates (Table 2).

To visually assess the variability of the data, a boxplot was constructed (Figure 6). The
distribution of DI by species (Figure 6a) demonstrated that A. alternata isolates displayed
higher and more consistent DI values. In the region-based boxplot (Figure 6b), the highest
and most stable pathogenicity was observed in A. alternata isolates originating from Almaty,
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whereas A. tenuissima isolates from Pavlodar and Akmola exhibited considerable within-
group variability.

Table 2. Disease incidence and disease index of Alternaria isolates by region of origin.

Region
Disease Incidence (%) Disease Index (%)

A. alternata A. tenuissima A. alternata A. tenuissima

Akmola 91.7 ± 8.1 * 84.8 ± 9.2 48.2 ± 2.3 36.2 ± 9.2
Pavlodar ND 75.0 ± 19.9 ND 38.2 ± 8.0
Almaty 86.4 ± 7.3 81.5 ± 13.4 55.7 ± 3.9 40.1 ± 8.6

* Data are presented as mean ± SD. ND: pathogen not detected in the samples collected from this region.

Figure 6. Comparison of disease index for Alternaria species: (a) disease index for A. tenuissima and
A. alternata; (b) disease index for A. tenuissima and A. alternata across different regions.

Overall, the results suggest that pathogenicity is influenced not only by species iden-
tity but also by isolate-specific traits and region of origin, highlighting the need for a
multilayered assessment of the pathogen.

4. Discussion
This study presents the first data on Alternaria species associated with early blight of

tomato in Kazakhstan based on morphological and molecular methods. The pathogenic-
ity of the isolates was confirmed, and their taxonomic affiliations were clarified using
phylogenetic analysis.

Existing data from Kazakhstan indicate that the main causative agent of early blight in
tomatoes is A. alternata [33,34]. However, our study, based on morphological and molecular
identification using three pairs of primers, showed that of 61 Alternaria isolates, 33 belonged
to the species A. tenuissima and 28 belonged to A. alternata. These results are consistent
with previous studies confirming that A. tenuissima and A. alternata are the pathogens that
cause early blight of tomato in Iran [43]. To our knowledge, this is the first reported case
of A. tenuissima causing early blight on tomato in Kazakhstan. Other species of the genus
Alternaria (A. linariae, A. solani, A. arborescens, and A. grandis) that have been reported to
cause early blight of tomato in other countries have not been detected in Kazakhstan.

This disease affects various crops worldwide, indicating a wide range of potential
hosts for the pathogen. Early blight caused by species of Alternaria has been reported
in tomato [43], potato [19,44], eggplant [45], wheat [46], pistachio [39], and onion [47].
Alternaria pathogens cause significant crop losses and contaminate produce with myco-
toxins, posing a threat to food safety [11]. Understanding the species composition of the
pathogen allows the development of effective plant protection strategies, as different species
of Alternaria differ in their aggressiveness and ability to synthesize mycotoxins [48–51]
(Supplementary Table S3).
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The morphologically studied fungal species demonstrated distinct differences.
A. tenuissima colonies were grey or light brown in colour, had dense aerial mycelium,
and had a thin white border along the edge. A. alternata colonies varied in colour from dark
grey to almost dark olive, with three to four distinct, concentric rings. A. tenuissima coni-
dia formed predominantly simple, elongated chains, whereas A. alternata had branching
conidia. Our results are consistent with those of previous studies [20,52].

The identification of Alternaria species based primarily on morphological characteris-
tics is often difficult [53]. The wide range of hosts and significant morphological diversity
of the representatives of this genus complicate species classification. Under such conditions,
molecular methods provide reliable and objective criteria for species differentiation [30].
Molecular analysis allowed us to successfully identify the Alternaria species and confirm
their identification based on morphological features. Furthermore, the amplification of the
ITS and GAPDH genes yielded fragments of 570 and 620 bp, respectively. The amplification
of the H3 gene yielded fragments of 546 (for 33 isolates) and 440 bp (for 28 isolates).

A comparison of the obtained sequences with those in the GenBank database allowed
us to identify the isolates as A. alternata and A. tenuissima. Our results are in line with
similar studies in which several Alternaria species and closely related fungi were identified
based on the GAPDH sequences, H3 gene sequences, and ITS region sequences [54–56].

The taxonomy of A. alternata remains contentious. Based on a multigene phylogenetic
analysis covering 35 morphological species described by Simmons (2007), this species
was classified as a single species (A. alternata), as molecular data do not allow a reliable
distinction between these taxa [20,31]. This approach, however, has caused confusion in
subsequent taxonomic studies, especially when attempting to classify new isolates from
different hosts [57]. The morphological boundaries of A. alternata remain poorly defined,
and the question of the precise classification of representatives of this species remains open,
requiring further research [58]. Phylogenetic analysis and accurate species identification
present significant challenges for small-spore Alternaria species [46].

In the current study, the construction of a Maximum Likelihood tree based on ITS and
GAPDH sequences did not allow for the effective differentiation of species within the small-
spored Alternaria group, which is consistent with previous studies indicating the insufficient
discriminatory power of this region in identifying closely related taxa [31,59]. In contrast, in
the study by Rotondo et al. [60], representatives of A. arborescens formed a separate cluster.
However, isolates belonging to A. alternata and A. tenuissima did not show a clear distinction,
confirming their high degree of genetic similarity [50]. Similarly, Armitage et al. (2015) also
reported that A. arborescens and A. gaisen formed distinct clades, whereas A. tenuissima,
A. alternata, and A. mali isolates were grouped into a single phylogenetic lineage [53].
Despite the lack of clear phylogenetic divergence between A. alternata and A. tenuissima
based on ITS and GAPDH gene sequences, the isolates show consistent morphological
differences. Although the sporulation phenotype does not accurately reflect evolutionary
relationships, it remains important for the classification of subgroups [58].

The phylogenetic analysis based on concatenated ITS and H3 gene sequences, sup-
ported by a bootstrap value of 100%, demonstrated a clear phylogenetic distinction between
A. alternata and A. tenuissima. Similarly, in the study by Kang et al. [61], the use of ITS and
H3 genes allowed for the separation of A. arborescens, A. infectoria, and A. tenuissima, which
were also distinguishable morphologically.

These findings are further supported by the study of Shi et al. [54], who reported the
detection of leaf spot caused by Alternaria species on Chinese cabbage. Our results are
consistent with other studies that characterized Alternaria species [40,52,62].

The main objective of this study was to identify Alternaria species causing early blight
of tomato in Kazakhstan and to evaluate the pathogenicity of the isolates for the subsequent
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development of effective disease control strategies, since these species exhibit different
sensitivity to certain fungicides. The ANOVA results (p < 0.001) showed a significant
difference between pathogen type and the DI. In general, A. alternata isolates were more
aggressive than A. tenuissima isolates. However, in strawberries [39], A. tenuissima demon-
strated a higher DI compared to A. alternata (20.2 ± 7.9 and 17.6 ± 11.6, respectively). These
differences may be due to genetic variability within species, the influence of environmental
conditions, and differences in resistance mechanisms among crops [59].

Our findings regarding intraspecific variation in pathogenicity are consistent with
previous studies on other Alternaria species. For example, a study by Zhao et al. (2023)
found that although all tested strains of A. melongenicola, A. solani, and A. yichangensis caused
100% disease incidence under controlled conditions, the disease index varied markedly
among strains—from highly virulent ones such as A. solani YZU 151049 (62.5%) to weakly
virulent or asymptomatic strains such as A. argyroxiphii (YZU 211300) and A. blumeae
(YZU 171159) [22]. These findings underscore the importance of strain-level assessment
when evaluating pathogenic potential, aligning with the significant intraspecific variation
observed in both A. alternata and A. tenuissima isolates in our study.

The highest DI values observed for isolates originating from the Almaty region may
be due to more favourable climatic conditions for pathogen development in that area. In
particular, this region has a higher annual precipitation (400–600 mm) compared to the drier
Akmola and Pavlodar regions (approximately 250–350 mm). The average air temperature
during the growing season in the Almaty region is approximately 21 ◦C, whereas in
Akmola and Pavlodar, it is 17 ◦C and 19 ◦C, respectively [63]. Humidity and temperature
are key factors for conidial germination and infection of plants by Alternaria spp. [60,61].
The present findings suggest that both pathogen species and the region of isolate origin
can substantially affect the aggressiveness of the isolates observed in this study. Isolates
of A. alternata from Almaty showed the highest pathogenicity and may be of particular
epidemiological relevance, requiring priority consideration in plant protection strategies.

In summary, our study provided novel insights into the species composition of Al-
ternaria associated with early blight in tomato plants in Kazakhstan. By identifying the
dominant species and clarifying their pathogenicity and phylogenetic relationships, our
findings contribute to a better understanding of disease dynamics and support the devel-
opment of effective management strategies.

5. Conclusions
This study established that A. alternata and A. tenuissima are the main causative agents

of early blight on tomato in Kazakhstan, emphasizing their key role in tomato pathogenesis.
Molecular identification showed that of the 61 isolates, 33 were A. tenuissima and 28 were
A. alternata. However, A. tenuissima has not been registered as a tomato pathogen in
Kazakhstan. The revealed higher DI of A. alternata (41.7–60.0%) compared to A. tenuissima
(21.7–53.3%) indicates its higher aggressiveness. Considerable intraspecific variation in
pathogenicity was observed in both species. Based on disease index values, isolates were
grouped into three aggressiveness levels. A. alternata collected from the Almaty region
showed the highest average DI (55.7%), whereas A. tenuissima from Pavlodar and Akmola
had moderately lower DI values (38.2 and 36.2%, respectively). A. alternata was not isolated
from any samples collected in the Pavlodar region. These results emphasize the need for
further research aimed at screening tomato varieties in Kazakhstan for resistance to early
blight caused by A. alternata and A. tenuissima, assessing their sensitivity to the fungicides
used, and studying the spectrum of toxins produced by these pathogens. Further studies
of these aspects will allow the development of more effective strategies for monitoring and
combating early blight in tomato, which in turn will help reduce crop losses.
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