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Abstract

Seed borne diseases caused by fungal pathogens are one of the most important threats that reduce the quantity and qual-
ity of cumin production every year all over the world. Hence, the first step in this research was to identify the seed-borne
fungi obtained from seeds of native populations of Iranian cumin (Cuminum cyminum L.), their effect on germination and
vigor indices, the location of fungi in seeds and their transmission into seedlings. Based on morphological and molecular
characters, the fungi were identified as Alternaria alternata, A. burnsii, Fusarium oxysporum and F. solani. Most of the
identified isolates were present in the seed coat, while a few isolates of A. alternata was located in embryos. The results
revealed that a negative correlation were found between incidences of naturally fungi infected seed, germination, and vigor
indices. The pathogenicity test revealed that 20% of the isolates were non-pathogenic and other isolates were pathogenic
or weakly pathogenic. In addition, the percentage seed transmission of fungal phytopathogens to cumin seedlings revealed
that A. alternata was the more frequently isolated (67.27%) followed by F. oxysporum (52.80%), A. burnsii (32.74%) and F.
solani (20.01%). Then, we investigated correlation among the activities of cell wall degrading enzymes (CWDEs) produced
by fungal isolates and variation in pathogenicity and aggressiveness in vivo. Different levels of pathogenicity and aggres-
siveness were observed for various isolates of Fusarium and Alternaria species. Analysis of CWDE:s activities, including
cellulase, xylanase, pectinase and lipase showed that cellulase and lipase activities were more important than xylanase and
pectinase activities for the pathogenicity of isolates. Therefore, these findings suggested that activity levels of cellulase and
lipase are correlated with variation in pathogenicity and aggressiveness of seed-borne fungal isolates on seedling. This is
the first report on isolation and identification of seed-borne fungi infection of cumin, together with investigating associa-
tion between pathogenesis and CWDEs production by isolates isolated from seeds of Iranian cumin native populations. It is
also the first time that the location of fungi in seeds and its seed-transmitted into cumin seedlings have been identified and
evaluated, respectively.

Keywords Aggressiveness - Cell wall degrading enzymes - Cumin - Location - Pathogenicity - Seed-borne - Seed-
transmitted

Introduction Syria and Turkey contributing up to 85% of world produc-

tion. Cumin is cultivated on about 18,000 thousand hectares

Cumin (Cuminum cyminum L.), is an important seed spice
crop with medicinal properties and is believed to be a native
of the Mediterranean and Near Eastern regions. In 2019,
world production of cumin was about 700,000 thousand
tons and the major producing countries include: India, Iran,
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with a production of 9512 thousand ton in Iran. Khorassan-
Razavi province is one of the most important producer of
cumin, accounting for about 55% of Iranian cumin produc-
tion with cultivated area of 10,694 thousand hectares and
production of 5281 thousand ton (Ghasemi et al. 2019).
Cumin production and growth is seriously affected by vari-
ous stress factors including diseases like Alternaria blight
and vascular wilt which are devastating diseases that occur
in major cumin growing areas of the world. Alternaria alter-
nata and A. burnsii are the causal agents of Alternaria blight
of cumin, which after flowering stage affects cumin plant
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and causes complete failure of the cumin crop. Fusarium
vascular wilt is caused by several species of Fusarium, but
mainly by Fusarium oxysporum f. sp. cumini and F. solani,
and results in yield losses of up to 80% (Sharma et al. 2013).
Fusarium species are distributed via seeds and soil, while
Alternaria sp. is seed-borne and seed-transmitted pathogen.

Seed health plays an important role in increasing the
quantity and quality of cumin yield. Seed health refers spe-
cifically to the severity and incidence of pathogens in seed
and seeds play a vital role in carrying pathogens. Fungal
pathogens are one of the most important living factors affect-
ing seed health that may be internally, externally seed-borne
and also associated with seeds. Seed-borne fungal patho-
gens have some deleterious effects on seed such as reducing
seed viability, seed necrosis, seed rot, rotting, reduction or
elimination of vigor and germination capacity, variation in
plant morphology, wilting and blight of seedlings (Singh
etal. 2011).

So far, the presence of different species of Alternaria
and Fusarium associated with cumin have been identified
in world which including Alternaria alternata, A. tenuis, A.
infectoria, A. raphani, Fusarium oxysporum, F. solani, F.
acuminatum, F. avenaceum, F. equiseti and F. sambucinum
(Ozer and Bayraktar 2015; Sharma et al. 2013; Beygtash
2013; Ramchandra and Bhatt 2012; Mohammadi and Nooras
2009).

Plant cell wall as the first layer of plant defense is one
of the barriers that pathogens need to overcome in order
to colonize the host and spread disease. Fungal pathogens
directly with short infection-hyphae (for Fusarium spp.) and
appressoria-like structures (for Alternaria spp.) penetrate
cell walls or can enter through natural openings and wounds
(Boedo et al. 2007).

The ability to instead of produce various cell wall degrad-
ing enzymes (CWDEs), as the major type of pathogenicity
factors, is necessary for fungal pathogens to penetrate into
plant cell wall (Khaledi and Hassani 2018). Aggressiveness
is an important factor of pathogenic adaptability since it
indicates the potential ability of pathogens to cause epidem-
ics and induce the disease in a smaller scale of time to the
host plants (Lannou 2012). The production of extracellular
enzymes is one of the mechanisms for pathogenicity and
aggressiveness of Fusarium and Alternaria species, which
enable to penetrate and invade into the host plant seedlings
and to cause wilt and blight disease symptoms (Cho et al.
2009).

According to reports by other researchers, Fusarium and
Alternaria species are associated with cumin seeds which
reduce germination and vigor indices of seedlings (Fatima
and Khot 2015; Suthar et al. 2014; Kumar 2005). Crop rota-
tion, planting uninfected and healthy seeds, and chemical
and biological control as management strategies have been
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used to cumin biological control have been used for the man-
agement of cumin diseases (Sharma et al. 2013).

Despite the economic importance of diseases in cumin
production, little information is available about the seed-
borne fungi which cause yield losses in Iranian cumin native
populations. On the other hand, our knowledge on CWDEs
produced by seed-borne fungi of cumin and their associa-
tion with pathogenicity and aggressiveness are very limited.
Therefore, the main objectives of this study were to identify
and determine: (i) the frequency of seed-borne fungal spe-
cies isolated from cumin seeds, (ii) the effect of seed-borne
fungi on germination and vigor indices, (iii) the location of
fungi in seeds and its transmission into seedlings, (iv) ana-
lyze pathogenicity, aggressiveness and to evaluate produc-
tion of enzyme activities of fungal isolates and to identify
possible correlation.

Materials and methods
Sample collection

We have randomly sampled the cumin fields with the highest
area under cultivation in different regions including Mash-
had, Quchan and Fariman (belonging to Khorassan-Razavi
province) after harvest in 2019-2020. The sampling was
done according to the International Seed Testing Associa-
tion guidelines (ISTA 2013). The seed samples were packed
in a paper envelope and stored in a freezer at the Seed and
Plant Certification and Registration Institute (SPCRI) in Iran
until used for subsequent studies.

Isolation of fungi

The agar plate method was used to detect seed-borne fungi
associated with cumin seeds. The seeds were surface-ster-
ilized in 1% sodium hypochlorite solution for one minute
and rinsed with sterile distilled water. Seeds were plated in
petri dishes containing potato dextrose agar (PDA) amended
with 25 mg L~! streptomycin sulphate. Petri dishes were
incubated for 10 days at 25 + 1 °C under alternating cycles
of 12 h light and darkness.

Morphological identification of fungi

The different fungal colonies on the PDA retrieved from the
seeds were identified to the genus level using a stereomicro-
scope. Emerged fungi were isolated and purified using the sin-
gle spore technique and/or the hyphal tip method. Fungal cul-
tures identified as Alternaria sp. was cultured on potato carrot
agar (PCA) and cultures identified as Fusarium sp. transferred
onto carnation leaf agar (CLA). Identification of fungi was
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carried out by using standard keys as described by Simmons
(2007), and Leslie and Summerell (2006).

Molecular identification of isolated fungi

To confirm the morphological identification of the isolated
fungi at the species level, conventional polymerase chain reac-
tion (PCR) was performed using specific primers (Table 1).
The DNA extraction was performed by DNA extraction kit
(Genomic DNA isolation kit IV; DENA Zist Asia, Iran)
according to the manufacturer’s instructions. For each reac-
tion, 3 pl (50 ng pL™!) of template DNA was mixed with 12.5
pL of Master Mix (Pishgam, Iran), 1 pL of 2.5 pM of ach
species-specific primers each forward and reverse primers and
7.5 pL of sterile water.

The PCR cycle consisted of an initial denaturation at 95 °C
for 10 min and then 40 cycles of denaturation (95 °C for 40 s),
annealing (at specific annealing temperatures and times listed
in Table 1), extension (72 °C for 60 s) and a final extension
at 72 °C for 10 min. Amplification products were separated
by electrophoresis (80-90 V, 60 mA, 100 W, 30 min) in 1.5%
agarose gels in 1 TAE buffer and visualized by SYBR Green
staining on a UV gel documentation system.

Data analysis
According to the results of morphological and molecular anal-

ysis, the isolation frequency (Fr), relative density (RD) and
incidence (In) of fungi were recorded and calculated as follow:

Fr = 2 % 100[%],
N

RD = 2 x 100[%],
Ni
n

In = X x 100[%],

n Tn [0]

where ns is the number of samples in which a fungus
occurred, N is the total number of samples, ni is the number

of isolates of a given fungal species, Ni is the total number
of fungal isolates obtained, n is the number of infected seeds,
Tn is the total number of seeds.

Standard germination test

Seed germination tests were performed in accordance with
the International Seed Testing Association (ISTA 2013)
rules by following a modified between paper method. After
a 14 day incubation period, analysis was done for the ger-
mination percentage, normal and abnormal (deformed and
diseased) seedlings, shoot and root lengths, fresh and dry
weight were determined (by placing them in the oven for
24 h at 75 °C). Also, seedling length vigor index (SLVI) and
seedling weight vigor index (SWVI) relations were deter-
mined by the following equations;

SLVI = (mean of shoot length + mean of root length)

X percentage of seed germination,

SWVI = dry weight seedling X percentage of seed germination.

Plant materials

Iranian cumin native population obtained from the Seed
and Plant Improvement Institute of Karaj, Iran, was used
for pathogenicity tests. Surface-sterilized seeds were sown
in each of the prepared pots and grown in a greenhouse
(25 +3 °C; 16/8 h light/dark photoperiod). The soil used in
this experiment was a combination of peat moss, vermiculite
and perlite at the ratio of 2: 1: 1 (v/v/v). For sterilization, the
soil was autoclaved at 121 °C for a minimum of 30 min at
100 kPa (15 psi) on 2 successive days.

Inoculum preparation
The fungal inoculum was produced in spezieller nidhrst-

offarmer agar (SNA) medium for Fusarium isolates and
PCA medium for Alternaria isolates using the methods

Table 1 Primer sequences,

. - Species Primer  Sequences (5'-3") Product PCR conditions
product sizes and gnnealmg size (bp)  (anneal/extend)
temperatures and time used for
PCR identification of seed- Alternaria alternata~ AaF GTGCCTTCCCCCAAGGTCTCCG 184 65°C/30 s
borne fungal pathogens AaR  CGGAAACGAGGTGGTTCAGGTC

A. burnsii ABF TGCAATCAGCGTCAGTAACAAAT 330 59°C/30s
ABR ATGGATGCTAGACCTTTGCTGAT

Fusarium oxysporum  FOF1 ACATACCACTTGTTGCCTCG 340 58 °C/30 s
FORI1 CGCCAATCAATTTGAGGAACG

F. solani Fs4F ATCGGCCACGTCGACTCT 658 58 °C/60 s
Fs4R GGCGTCTGTTGATTGTTAGC
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described by Khaledi et al. (2017) and Koch et al. (2013),
respectively. Conidial suspensions were diluted with
sterile distilled water to a final concentration of 1x 103
conidia mL~! containing 0.05% (v/v) Tween 20.

Pathogenicity test

To confirm Koch’s postulates, isolates were subjected to
pathogenicity test on cumin under controlled conditions.
Inoculation was carried out by 10 mL of spore suspen-
sion (1 x 10° conidia mL~") amended with Tween 20 was
sprayed onto the leaves of cumin seedlings (Pryor and Gil-
bertson 2002). Cumin seedlings inoculated with the iso-
lates of Fusarium and Alternaria species were grown for
40 and 15 days, respectively. Control plants were treated
only with sterile distilled water. Symptoms of like Alter-
naria blight and Fusarium wilt were evaluated on seed-
lings after 10 days of incubation. Diseases severities were
rated based on a five-point and six-point scale as described
by Gour and Agrawal (1988) and Pryor and Gilbertson
(2002), respectively. Finally, the percent disease index was
calculated by the following formula:

Disease index =

>(Number of diseased plants at all levels) X (The value of relevant level)

were purified and morphological and molecular identifica-
tion was done as described above.

Enzymatic activities analysis of pathogenicity
factors

Activity of several CWDE:s (including cellulase, xylanase,
pectinase and lipase) were evaluated in this study within
7 days in vitro. Fungal cultures were prepared for each
fungal isolate in basic culture media of cellulase, xyla-
nase, pectinase and lipase activities as described by Khal-
edi and Hassani (2018), and Ortega et al. (2013). Then,
cellulase, xylanase, pectinase and lipase activities were
investigated using the method of Wood and Bhat (1988),
Khanna and Gauri (1993), Colowich (1995), Ortega et al.
(2013), respectively.

The absorbance of cellulase and xylanase activities
were spectrophotometrically measured at 550 nm and
540 nm, respectively, and also the amount of reduc-
ing sugar released was calculated from the standard
curve of glucose. One unit of cellulase and/or xylanase
activity was defined as the amount of the enzyme that
catalyzed 1.0 p mol of glucose and/or xylose per min-

% 100.

(Total number of investigated plants) X (Highest disease level)

Assessment of aggressiveness

The aggressiveness of each isolate on seedlings was deter-
mined using the method described by Hassani et al. (2019)
and Khaledi et al. (2017) based on determining hours post
inoculation (hpi) for the appearance of symptoms, such as
discoloration, chlorosis and necrosis.

Histopathological and seed-transmitted tests

The location of identified isolates in cumin seed was stud-
ied by employing the component plating technique (Maden
et al. 1975). Naturally infected cumin seed samples were
used for the study.

A seed-transmitted test was carried out using the
method described by Mangwende et al. (2018). After sur-
face sterilization, twenty cumin seeds were sown singly
in a greenhouse (25 +3 °C; 16/8 h light/dark photoperiod,
with humidity of 75-85%). Disease severity and index
values were calculated as mentioned above. Isolations
of the causal organism were made showing symptoms of
the disease and plated in petri dishes containing PDA and
incubated at conditions mentioned above. Isolated fungi
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ute during the hydrolysis reaction. The absorbance of
pectinase activity was measured spectrophotometrically
at 540 nm and standard curve was drawn based on the
absorbance in different concentrations (ug mL™') of
D-galacturonic acid. Then, unit of pectinase activity
was defined as the amount of enzyme that released 1
p mol of galacturonic acid per minute according to the
standard curve. Lipase hydrolytic activity was meas-
ured spectrophotometrically at 440 nm with p-nitrophe-
nyl palmitate (p-NPP) and one unit of lipase activity
was defined as the amount of enzyme that releases 1 p
mol of p-NPP per minute under the above mentioned
reaction conditions.

Statistical analysis

All experiments were set up in a completely randomized
design with four replicates and conducted twice. The data
were analyzed by one-way analysis of variance (ANOVA)
and comparison of means was carried out using the least
significant difference (LSD) at the level of P <0.05. Statis-
tical analysis was performed using SAS software (version
9.2; SAS Institute, Cary, NC, USA).



Indian Phytopathology (2021) 74:659-668

663

Results

Morphological and molecular identification
of isolated fungi

In this study, a total of 45 fungal isolates were recovered
from cumin fields in different regions of Mashhad, Quchan
and Fariman. Morphological observations showed that all
isolates were classified into two genera, including of Alfer-
naria and Fusarium. Then, based on morphological and
molecular criteria using the identification keys and species-
specific PCR assay, a total of four fungal species were iso-
lated including Alternaria alternata, A. burnsii, Fusarium
oxysporum and F. solani. The morphological identifications
were confirmed by PCR amplification of DNA isolates using
specific primers (Table 1). F. oxysporum identification was
confirmed by using the primer specific to Fusarium oxyspo-
rum f. sp. cumini described by Leslie and Summerell (2006),
and according to the protocol of Bayraktar and Dolar (2011).

Distribution, frequency and density of isolates

Fungi-infected seeds were observed in all studied seed
samples. Among different cumin samples of Iranian cumin
native populations in the investigated regions, Mashhad
farms showed the highest distribution of fungal isolates. F.
oxysporum f. sp. cumini associated with infected seeds was
detected in all sampling regions except sample in Fariman
region. Alternaria spp. was detected from some fields in

Table 2 Relative density, isolation frequency and incidence of fungi
isolated from cumin seeds collected from cumin fields in different
regions (Mashhad, Quchan and Fariman) of Iran

Fungi species Relative Frequency (%) Incidence (%)
density (%)

Alternaria alternata  77.8 100 11.7

A. burnsii 8.9 333 1.3

Fusarium oxysporum 11.1 66.7 1.7

F. solani 333 22 0.3

Mashhad region. Alternaria spp. was detected form some
fields in Quchan and Fariman regions. Among the identified
species, A. alternata was the most frequent followed by F.
oxysporum, F. solani and A. burnsii (Tables 2, 3).

In our study, the highest and lowest incidences of fungi-
infected seeds were observed in samples from Mashhad and
Fariman regions, respectively. The results showed that A.
alternata was the predominant species with the highest inci-
dence and relative density of 11.7 and 77.8%, respectively
(Table 2). Cumin seeds of Mashhad cumin native population
had the highest average infected by fungi while the Fariman
cumin native population had the lowest average infected by
fungi (Tables 3, 5).

Germination and vigor indices of cumin seeds

The results of seed germination tests as affected by natural
fungal infection are presented in Table 3. The seed germina-
tion percentage ranged from 35.50% to 81.75 in all samples.
Standard germination results showed that the percentage of
disease seedlings was less than 7.5%; moreover, the per-
cent of deformed seedlings was less than 4% for all samples.
The SLVI and SWVI of the seedlings varied from 863.54
to 4657.71 and from 0.71 to 10.16, respectively. Sample
ZM110 (belonging to Mashhad region) showed the lowest
vigor indices. The shoot and root lengths of the seedlings
varied from 8.37 to 24.57 cm and from 15.95 to 32.40 cm,
respectively. The fresh and dry weights of the seedlings var-
ied from 0.19 to 0.44 g and from 0.02 to 0.12 g, respectively.
The lowest seed germination, shoot and root lengths, fresh
and dry weights were observed on sample ZM110 (Table 3).

Location of fungi in seeds and seed-transmitted
of fungi pathogens

The location of fungi in the seed are presented in Table 4.
All identified isolates were located in seed coats. Only A.
alternata was recorded in embryos of seeds (Table 4). Sow-
ing naturally infected seeds showed that not all fungal iso-
lates isolated from seeds are transmission into seedlings. Iso-
lation from tissue infected and morphological and molecular

Table 3 Means comparison of germination and vigor indices as affected by natural fungal infection in cumin seeds

Sample code  Sample sitte NFI  GP (%) DS (%) SD (%) SL (cm) RL (cm) FW(g) DW (g SLVI SWVI
ZM110 Mashhad 41 3550c 75a 4a 8.37c 1595¢ 0.19¢ 0.02¢ 862.30 ¢ 0.71 ¢
7G206 Quchan 3 66.50b 4b 05b 18.67b 2572b 0.36b 0.09b 2950.35b  6.08b
ZF309 Fariman 1 81.75a 05c¢ 0b 24.57 a 3240 a 0.44 a 0.12a 4661.72 a 10.19 a
LSD (0.05) - 7.32 3.02 1.66 1.64 2.78 0.02 0.01 - -

Different letters indicate significant differences among treatments based on LSD test at P <0.05

NFI number of fungal isolates, DS deformed seedling, SD seedling disease, GP germination percent, SL shoot length, RL root length, FW fresh
weight, DW dry weight, SLVI seedling length vigor index, SWVI seedling weight vigor index
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Table 4 Location of fungal isolates in different seed parts of natural
infected cumin and the percentage seed transmission of fungi patho-
gens to cumin seedlings

Seed transmission of
pathogen in seedling

Fungi species Seed component®

Seed coat Embryo (%)
Alternaria alternata  +(33) +(2) 67.27+2.37a
A. burnsii +(4) - 32.74+0.71 ¢
Fusarium oxysporum  +(5) - 52.80+1.06 b
F. solani +(1) - 20.01+1.13d
LSD (0.05) 4.50

Average + standard error, Different letters indicate significant differ-
ences among treatments based on LSD test at P <0.05

a4+ Presence of pathogen (number of isolates identified); — absence of
pathogen

identification showed that transmission of A. alternata
(67.27%), A. burnsii (32.74%), F. oxysporum (52.80%)
and F. solani (20.01%) were found to be the pathogens and
thereby fulfilling Koch’s postulates (Table 4).

Pathogenicity test

A comparison of the data obtained from pathogenicity of
fungal isolates isolated in cumin seeds revealed that signifi-
cant differences occurred the pathogenicity of the different
isolates. The pathogenicity test revealed that twenty-seven
of the thirty-five isolates of A. alternata and four of the five
isolates of F. oxysporum f. sp. cumini were found to be path-
ogenic or weakly pathogenic and the others were non-patho-
genic. All identified isolates of F. solani and A. burnsii were
found to be pathogenic or weakly pathogenic. Significant
differences in disease index were observed among isolates
(any species or genus) tested. The AA14 isolate (belonging
to A. alternata) caused the highest pathogenicity on seed-
lings. The pathogenicity test showed that the disease index
of pathogenic and weakly pathogenic isolates for A. alter-
nata ranged from 9.51 +0.14 to 85.12 +0.86, for A. burnsii
from 16.59 +0.21 to 23.62 +0.64, for F. oxysporum f. sp.
cumini from 21.65+0.43 to 53.22+1.03 and for F. solani
of 12.74+0.71 (Table 5).

Aggressiveness assay

The results of aggressiveness of Alternaria isolates on seed-
lings showed that the highest and lowest aggressiveness
belonged to the AA14 (120 hpi) and AA18 (240 hpi) isolate,
respectively. In overall, the isolate AA14 which showed the
highest averages of disease index on seedlings, had also the
highest level of aggressiveness (Table 5). Infection assays
on seedlings revealed various levels of aggressiveness for
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fungal isolates. In addition, aggressiveness variation among
isolates of Fusarium showed that that the highest and lowest
aggressiveness belonged to the FO4 (186 hpi) and FS1 (228
hpi) isolate, respectively (Table 5).

Analysis of CWDEs activity

Analysis of CWDEs showed that not all isolates tested were
capable of producing cellulase, xylanase, pectinase and
lipase, as the main hydrolytic enzymes involved in patho-
genicity of isolates pathogenic or weakly pathogenic. These
results suggested that all isolates pathogenic or weakly
pathogenic were capable of producing cellulase and lipase
(Table 5). Investigating the activities of CWDEs showed
that different isolates tested had various CWDE:s activity.
Level of CWDEs activity among the tested isolates varied
from 154.50 to 1068.25 ug mL~" for cellulase, 158.50 to
1374.25 ug mL~! for xylanase, 1651 to 2886 ug mL™~! for
pectinase, and 21.06 to 30.58 ug mL™"! for lipase (Table 5).
The isolate AA14 isolate had maximum of CWDE:s activ-
ity in vitro compared to other isolates tested. The lowest
levels of xylanase and pectinase activities were observed
for the AA34 isolate (belonging to A. alternata). The lowest
cellulase and lipase activity belonged to the AA18 isolate.
Among all CWDEs testes, the highest activity levels were
observed for pectinase, followed by xylanase, cellulase and
lipase (Table 5).

The AA14 and AA18 isolates, which showed the highest
and lowest levels of CWDEs activity had considerably the
highest and lowest levels of pathogenicity and aggressive-
ness in bioassays on seedling, respectively (Table 5). Iso-
lates non-pathogenic only produced low levels of pectinase
and xylanase compared to isolates pathogenic or weakly
(Table 5). Analysis of CWDEs showed that cellulase and
lipase play an important role in pathogenicity by degrading
the plant cell wall.

Discussion

In this study, a total of 45 fungal isolates obtained from
different regions of Iran cumin fields with the highest area
under cultivation were identified using molecular and mor-
phological characters. This is the first report on identifica-
tion of seed-borne fungal species in native Iranian cumin
cultivar. In addition, the relationship among pathogenicity,
aggressiveness, and activity of CWDEs produced by seed-
borne fungi of cumin seeds were evaluated and compared.
Furthermore, the location of fungi in seeds, its seed trans-
mission into seedlings and pathogenicity were determined.
We evaluated the effect of seed-borne fungi on germination
and vigor indices of cumin seeds.
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Table 5 Pathogenicity and aggressiveness of seed-borne fungal isolates on cumin seedling and the highest level of activity of cell wall degrading
enzymes produced by them in vitro

Isolate code  Isolated Pathogenicity (DI)  Aggressive- Enzyme activity (ug mL™!)

sample site ness (hpi) - -

Cellulase Xylanase Pectinase Lipase

AAl M 74.77+0.58 ¢ 144 935.50+0.65¢ 1246.75+1.03¢  2757.00+1.15¢ 29.53+0.01 ¢
AA2 M 65.90+1.19¢ 162 882.50+1.26 f 1198.75+0.25e  2699.75+1.11¢g 28.93+0.01 f
AA3 M 0.00£0.00t - 0.00+0.00 z 271.00+£0.71y 1754.00+1.96 y 0.00+0.00 z
AA4 M 0.00£0.00t - 0.00+0.00 z 272.75+£0.63 y 1754.50+£1.55y 0.00+0.00 z
AAS M 67.91+0.95d 156 892.50+1.32¢ 1199.75+1.11e  2704.75+0.63 f 28.97+0.01f
AA6 M 79.61+0.95b 138 981.50+0.65b 1293.00+1.41b  2789.00+0.41b 29.76+£0.07b
AA7 M 36.91+0.75k 204 442.50+1.04 p 749.75+2.75 m 224725+1.440 24.37+0.04 m
AAS M 2429+141n 210 325.00+£0.41t 635.25+1.03 g 2136.25+0.75 s 23.07+0.01r
AA9 M 0.00+0.00 t - 0.00+0.00 z 270.50+0.87 y 1754.75+1.70y 0.00+0.00 z
AA10 M 27.85+0.36 m 210 343.50+0.65 s 649.00+0.58 p 2146.00+0.71 r 23.33+0.01p
AAll M 0.00+0.00 t - 0.00+0.00 z 273.00+1.22y 1755.50+2.06 y 0.00+0.00 z
AA12 M 44.80+0.94 j 198 521.25+0.480 827.50+£0.501 2326.75+1.75n 25.10+0.021
AA13 M 55.70+0.60 f 180 654.00+0.41j 970.50+1.19h 2463.50+0.65 i 26.18+0.02j
AAl4 M 85.12+0.86 a 120 1068.25+0.48a  1374.25+0.48a  2886.00+0.58 a 30.58+0.02a
AAI1S M 65.04+0.74 ¢ 162 862.00+2.38 h 1168.00+2.38 g 2667.00+2.35h 28.60+0.08 g
AAl6 M 0.00+0.00 t - 0.00+0.00 z 271.50+1.26y 1753.50+2.06 y 0.00+0.00 z
AA17 M 12.29+0.03 r 228 155.25+1.03 x 45775+1.25 w 1958.50+1.66 w  21.40+0.02 x
AA18 M 9.51+0.14 s 240 141.75+131y 429.50+0.64 x 1929.75+1.38 x 21.06+0.01y
AA19 M 0.00+0.00 t - 0.00+0.00 z 271.50+1.00 y 1752.00+1.58 y 0.00+0.00 z
AA20 M 0.00+0.00 t - 0.00+0.00 z 272775+131y 1754.25+0.75 y 0.00+0.00 z
AA21 M 17.60+0.57 p 222 294.50+1.19u 598.25+1.11t 2078.00+1.29 v 22.75+0.04 u
AA22 M 27.01+0.68 m 210 343.00+0091 s 647.00+0.71 p 2142.75+0.85 23.37+£0.02 p
AA23 M 33.75+0.94 1 204 394.75+2.02qr  699.25+1.250 2199.75+1.10q 23.83+0.050
AA24 M 51.63+0.57 h 186 647.50+1.66 k 955.50+1.26 i 2449.50+1.19jk  26.43+0.051i
AA25 F 56.30+1.08 f 180 659.00+2.12 i 969.00+1.47 h 2465.25+0.25i 26.60+0.03 h
AA26 M 14.98+0.13 q 222 181.25+1.65w 490.50+1.32 v 1987.25+0.85w  21.91+0.01 w
AA27 Q 73.72+0.53 ¢ 144 926.25+0.95d 123525+1.31d  2738.25+1.25e 29.15+0.06 ¢
AA28 M 74.70+0.73 ¢ 144 935.00+0.41 ¢ 124475+1.84c  2742.775+1.44d 29.34+0.06d
AA29 M 44.90+0.12 198 524.75+0.25n 831.00+1.29 k 2331.25+1.18m  25.17+0.101
AA30 M 46.84+0.74 i 192 551.00+1.83 m 859.00+1.35] 2359.75+1.111 25.70+0.01 k
AA31 M 53.73+0.53 g 186 646.75+0.75 k 954.75+0.63 i 2448.00+1.78 k 26.59+0.03 h
AA32 M 52.53+0.45 gh 186 637.50+1.661 956.75+0.48 i 2448.25+0.25k 26.40+0.011
AA33 M 65.49+0.61 e 162 865.50+1.04 g 1175.75+1.11f  2668.50+1.44 h 28.57+0.04 g
AA34 M 0.00+0.00 t - 0.00+0.00 z 158.50+1.85 z 1651.00+1.82 z 0.00+0.00 z
AA35 Q 33.44+0.531 204 392.75+0.48 r 702.75+1.65n 2199.50+1.65 q 23.99+0.04 n
ABI1 M 20.77+0.68 o 216 295.75+0.85u 602.00+1.22 s 2098.75+0.25u 22.92+0.06 st
AB2 M 23.63+0.64 n 210 327.75+1.11t 634.25+0.85q 2128.25+0.48t 23.26+0.04 q
AB3 M 16.59+0.21 pq 222 270.75+1.55v 577.00+0.91 u 2077.25+0.85 v 22.54+0.02v
AB4 M 20.60+0.55 0 216 295.25+0.62u 601.25+0.85 tu 2095.00+1.63 u 22.86+0.01t
FO1 M 33.80+0.951 204 396.50+1.19q 705.25+0.85n 2202.25+2.53 p 24.03+0.03 n
FO2 M 0.00+0.00 t - 0.00+0.00 z 272.00+1.58 y 1753.00+2.48 y 0.00+0.00 z
FO3 Q 21.65+043 0 216 326.00+0.71't 618.00+1.22r 2127.75+2.04 t 22.99+0.03 rs
FO4 M 53.22+1.03 gh 186 646.25+1.97 k 953.50+1.04 i 2450.75+0.75 ] 26.48+0.011
FO5 M 33.70+0.991 204 393.50+096qr  703.75+0.63 n 2200.50+0.29 p 23.98+0.02n
FS1 M 12.22+0.04 r 228 154.50+1.19 x 457.75+0.63 w 1986.25+0.85w  21.45+0.01 x
LSD (0.05) 1.81 - 3.04 3.39 3.85 0.09

M Mashhad, F Fariman, Q Quchan, DI disease index, ipi hours post inoculation

Average + standard error, Different letters indicate significant differences among treatments based on LSD test at P <0.05
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Based on morphological observations and molecular
analyses, all isolates belonging to four species were isolated
from cumin seed samples. Thirty-five isolates were identi-
fied as isolates of A. alternata, 5 isolates as F. oxysporum
f. sp. cumini, 4 isolates as A. burnsii and one isolate as F.
solani. Ozer and Bayraktar (2015) observed that the main
species associated with cumin production of Turkey are
A. alternata, A. infectoria, A. burnsii, F. oxysporum f.sp.
cumini, F. solani, F. avenaceum, F. equiseti, F. acuminatum,
and F. sambucinum, which is supported by our results. Simi-
lar results of morphological and molecular identification of
fungal species were in accordance with the reports of Khare
et al. (2014), Beygtash (2013), and Kumar (2005). So far,
F. solani, F. oxysporum f. sp. cumini and A. burnsii from
Khorassan-Razavi and Fars provinces have been reported
on cumin in Iran.

This diversity of seed-borne fungi may be attributed
to cultures of the sensitive Iranian cumin native popula-
tion, varying environmental conditions, crop rotation with
sensitive crops and also not seed disinfection with fungi-
cide cause the high incidences of fungi-infected seeds in
the Mashhad region of Iran. This finding is in accordance
with the finding of Beygtash (2013), who reported that the
frequency and relative density of fungal infection on Ira-
nian cumin native populations highly varied from region
to region. Results similar to our findings were previously
reported in Turkey (Ozer and Bayraktar 2015), and India
(Khare et al. 2014).

Overall, all of samples were found to be affected by nat-
ural fungal infection in cumin seeds. Our results showed
that the highest incidence of natural fungal infection was
observed in Mashhad region, followed by Quchan and Fari-
man regions. Beygtash (2013) reported that Khorassan-
Razavi province, where Mashhad region is located had the
highest percentage of infected samples which is in accord-
ance with our data.

In this study, 15% incidences of natural fungal infec-
tion were recorded in different regions of Iran cumin fields
with the highest area under cultivation. The current study
revealed that A. alternata and F. oxysporum were the most
frequent species (100 and 66.7%, respectively), with high
(11.7%) and moderate incidence (1.7%), and with relative
densities of 77.8 and 11.1%, respectively, on cumin seeds
(Table 2). On the basis of these results, the A. alternata and
F. graminearum were the two main species associated with
cumin seeds in Iran as previously demonstrated by Beygtash
(2013). Results similar to our findings were obtained in India
(Singh et al. 2016; Fatima and Khot 2015; Sharma et al.
2013; Kumar 2005), Turkey (Ozer and Bayraktar 2015) and
Egypt (Hashem et al. 2010). To our knowledge, A. alter-
nata and F. oxysporum f. sp. cumini were found as the main
limiting factor in cumin cultivation of Iran, especially in the
Khorassan-Razavi province.

@ Springer

The results showed that growth indicators used in this
research (shoot and root lengths, fresh and dry weights)
decreased with increased natural fungal infection in cumin
seeds. Similar results were obtained by Suthar et al. (2014),
who observed reduced germination and vigor indices of
seedlings of cumin associated with infection by F. equiseti.
The number of abnormal (deformed and diseased) seed-
lings increased significantly in samples that contained more
infected seeds. Similar results were reported by Mangwende
et al. (2018), who observed that a positive correlation was
found between the incidence of A. alternata and the percent-
age of abnormal seedlings. Hashem et al. (2010) reported
that germination and vigor indices were decreased due to
increased fungi-infected seeds, which is supported by our
results. Similarly, Kumar (2005) reported that the percent-
age germination of cumin seeds infected by fungi decreased
with germination and vigor indices. Also, Fatima and Khot
(2015) showed that the fungi associated with cumin seeds
significantly affected seed germination and seedling growth,
which is in accordance with our observation.

This is the first time the location of fungi pathogens in
cumin seeds has been identified. All isolates examined in
this study were observed in the seed coat. However, we
observed that among the species of fungi detected in cumin
seeds, A. alternata in the embryo of seeds. The appearance
of disease symptoms on cumin seedlings and its re-isolation
from diseased plants showed that the 77.14% of A. alternata
isolates, 80% of F. oxysporum isolates; and also all A. burn-
sii and F. solani isolates to be pathogenic and proved seed-
transmitted into seedlings. Previous studies have shown that
the location and transmission of fungi pathogens in naturally
infected black cumin (Elwakil and Ghoneem 1999), wheat
(Hassani et al. 2019), coriander (Mangwende et al. 2018),
sorghum and foxtail millet seeds (Yago et al. 2011).

Our results suggest that these pathogens affect the seed-
lings and cause a decline in growth indicators. The results
of our research about the pathogenicity of Alternaria and
Fusarium isolates on cumin showed that 79.49% and 83.33%
of the isolates were pathogenic and non-pathogenic, respec-
tively, and differences in pathogenicity were found. These
findings were in accordance with the results reported by
Sharma et al. (2013) and Hashem et al. (2010). Thirty-
six (about 80%) of 45 isolates were pathogenic or weakly
pathogenic in cumin. The fungal isolates recovered from
cumin seeds revealed differences in their pathogenicity. The
results showed that isolate AA14 of A. alternata caused the
highest disease progress with an average disease index of
85.12+0.86 and also the earliest time of disease symptom
after inoculation 120 hpi. In our investigations, the aggres-
siveness of the fungal isolates varied as much among genus
and species and also within a species as among species.
This is in accordance with the results obtained by Hassani
et al. (2019), and Khaledi et al. (2017). Overall, significant
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differences in pathogenicity were observed among the seed-
borne fungal isolates, which is evidence of differences in
aggressiveness.

Alternaria spp. and Fusarium spp. as necrotrophic path-
ogens utilize a variety of pathogenicity factors especially
production of extracellular enzymes throughout the infection
process (Khaledi et al. 2017; Cho et al. 2009). The secreted
cellulase and lipase produced by Fusarium species is one
of important of pathogenicity factors (Khaledi et al. 2017).
Comparing CWDE:s activities, pathogenicity and aggres-
siveness of the isolates showed that pectinase and xylanase
had no effect on pathogenicity compared to cellulase and
lipase. Isolates pathogenic or weakly pathogenic produced
considerably higher levels of cellulase, xylanase, pectinase
and lipase compared to isolates non-pathogenic. Fungal iso-
lates without the ability of producing cellulase and lipase
were unable to cause severe disease in cumin seedlings,
but same isolates produced pectinase and xylanase. Sim-
ilar results were reported by Hubballi et al. (2011), who
reported that non-pathogenic isolates produced pectinolytic
enzymes (macerating enzymes, pectin methyl esterase and
endo polygalacturonase).

According to the results reported by other researchers on
different phytopathogens strong association has been found
between pathogenicity and amount of extracellular CWDEs
activities of isolates (Khaledi et al. 2017; Ortega et al. 2013),
as observed in this study. Maximum activities of CWDEs
studied were observed for the isolate AA14 of A. alternata,
which showed highest levels of pathogenicity and aggres-
siveness, which is parallel to other reports (Hassani et al.
2019; Khaledi et al. 2017). Therefore, we found a correlation
among both pathogenicity and aggressiveness on seedlings
and CWDE:s produced by fungal isolates in vitro. These find-
ings were in accordance with the results obtained by Hassani
et al. (2019) and Khaledi et al. (2017).

In summary, this study indicates that seed-borne fungi
caused a reduction in germination, seedling vigor and qual-
ity seed. The use of healthy seeds helps to maintain the value
traits of Iranian cumin native populations and to protect the
cumin from seed-borne fungal infection. Knowledge about
seed-borne fungi of cumin and effect it’s on germination and
vigor indices could be useful for choosing effective disease
management strategies to reduce destructive effects of dis-
ease transmitted to seedlings and increase the production
and quality of cumin seeds. Moreover, pathogenicity and
factors affecting it could be useful for plant breeders in the
screening of cumin native populations in the discovery of
resistance sources for biotic stresses.
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