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Abstract
Fungi inflict a great deal of damage to crops in fields and in storage facilities, causing issues such as leaf spot, wilt, rust, 
dieback and rot, as well as releasing mycotoxins that taint vegetation. In the current study, 25 de novo fungal isolates were 
taken from infected plant tissue (leaf, root and fruit), at pre- and post-harvest stages. Isolates were identified using molecular 
markers; 8 genera and 15 species were determined. The most common species was Penicillium spp. (40%), Aspergillus spp. 
(20%), Fusarium spp. (16%) and Alternaria alternata species (8%). The remaining 16% was comprised of various types of 
fungi, including Geotrichum candidum, Neofusicoccum parvum, Rhizopus stolonifera and Mucor fragilis. Many of these 
genera are known to cause significant crop damage and are notorious mycotoxin producers. An evaluation of the optimal 
growth temperature revealed the ideal temperatures were 30 °C for 56% of isolates, 25 °C for 28% of isolates and 20 °C for 
16% of isolates. An assessment of water activity showed that 60% of isolates belonged to Penicillium and Aspergillus spp. 
and were mesophilic and xerophilic. Another 28% of isolates were Fusarium spp., Geotrichum candidum, Neofusicoccum 
parvum and Mucor fragilis, and hydrophilic. The remaining 12%, representing Alternaria alternata and Rhizopus stolonifera, 
were mesophilic. The current study provides accurate eco-physiological response data and molecular information for each 
isolate. The findings can assist the development of novel approaches to control the expansion of invasive fungal infections 
and minimise their deleterious consequences.
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1  Introduction

The climactic conditions and diverse geological features of 
the Kingdom of Saudi Arabia (KSA) support a diverse range 
of plant life forms [40]. The nation is home to around 2,300 
plant species, belonging to 142 families [12, 19].

The Al-Baha province in southwestern KSA has six major 
cities: Al-Baha, Alaqiq, Almandaq, Almikhwah, Baljurashi 
and Qilwah. The capital of this territory is Al-Baha [11]. The 
region has a diverse ecological topology, with forests, moun-
tains, ravines and areas of abundant vegetation. Al-Baha has 

more than 320 species of flora, comprising members of 228 
genera and 75 families. Among these are many fruits, veg-
etables, grains and plants with medicinal applications [10]. 
The region has a long tradition of farming, of both native 
and introduced crops [19]. Consequently, the presence (or 
otherwise) of fungi in Al-Baha is an important issue.

Worldwide, fungi routinely induce catastrophic lev-
els of disease in vegetation during growth and in storage. 
The world’s annual maize harvest, for instance, is some-
times halved as a result of fungal infection [23]. In addi-
tion, fungal organisms taint plants with mycotoxins, which 
can harm both animals and humans. Such harm is widely 
acknowledged. The International Agency for Research has 
highlighted the tumorigenic potential of mycotoxins [37], 
and the Food and Agriculture Organization has estimated 
that approximately half of all crops worldwide are tainted 
with mycotoxins in a typical year [23].
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More than 400 mycotoxins are currently known. These 
include aflatoxins, ochratoxins, trichothecenes and fumoni-
sins [48]. The extent of damage caused by mycotoxins varies 
by their type: Aspergillus, Penicillium and Fusarium spp. 
are recognised as causing very extensive harm to the quality 
and yield of crops, and have been classified among the five 
most hazardous species in terms of mycotoxin production.

Dates are a major crop in KSA. The country has approxi-
mately 28 million palm trees, which annually produce about 
14% of the world’s dates. Research has found that between 
2.7 and 33% of KSA-grown dates are lost or contaminated 
as a result of fungal infection [22, 52]. Some Saudi date 
crops have been contaminated with mycotoxin arising from 
Fusarium spp. [7, 8]. Crops imported into KSA have also 
been found to carry mycotoxins and/or have been affected 
by fungi. Aspergillus niger, A. flavus, Colletotrichum musae 
and Pencillium species are toxicogenic species that have 
been identified in imported vegetation [1, 3].

Several nations are considering the banning of various 
pesticides and fungicides from their markets [21]. This is 
frequently due to the association of such substances with 
adverse effects on humans and animals, and their deleteri-
ous effects upon advantageous, insects and fungi. Thus, the 
hunt is now on for alternative approaches that can eliminate 
or restrict the effects of harmful fungal agents [17]. Some 
nations have already sought to protect their vegetation from 
dangerous microorganisms by using more environmentally-
friendly options. For example, countries such as Indonesia, 
Canada and Sweden have deployed various plant extracts 
and biological and environmental constraints [43, 47].

Fungi are influenced by ambient conditions, which can 
support or restrict their behaviours. An ability to recog-
nise the conditions that deter problematic phytopathogens 
is indispensable to those who must protect crops during 
their growth and storage. The most influential conditions 
for fungal activity are temperature and the amount of water 
present. These factors affect the levels of growth, spore for-
mation and mycotoxin synthesis. Water and temperature also 
influence the ability of crops to fight mycotoxin and fungal 
infection [7].

The ambient temperature preferences of fungi vary by 
species and even strains within a species. For example, Hope 
et al. [27] demonstrated that the preferred temperature for 
growth of two strains from Fusarium culmorum differed by 
10°C. However, all fungi have one objective, which is to 
optimise their biological status and outcomes, for example 
through sporulation, mycelium growth and the ability to 
extract maximum benefit from the plants that they target 
[26, 36].

Water is a key determinant of the chemical and physical 
properties of crops. Its availability can also be used to control 
microbial activity. The availability of water, for example, in 
ambient air, in food or food products, is measured in units of 

water activity (aw) [16, 50]. Fungi are influenced by water 
activity, and have been classified into three groups accord-
ing to their optimal water levels. Hydrophilic fungi favour a 
level greater than 0.90 aw, whereas the mesophilic group pre-
fers water levels between 0.85 and 0.90 aw. The final group, 
xerophilic fungi, grow best between 0.65 and 0.85 aw [38].
In favourable water activity conditions, fungal spores thrive, 
reducing crop yields and contaminating plants with mycotox-
ins [32, 50].

De novo fungal species and strains are identified precisely 
using molecular techniques, which is more accurate than the 
traditional approach of classification based upon of appear-
ance [59]. Molecular identification methods include the use of 
gel electrophoresis and detecting novel sequences for BLAST 
analysis. This allows the identification of features that resem-
ble those of species sequences stored in repositories such as 
UNITE and the National Centre for Biotechnology Informa-
tion (NCBI) [49].

It is generally acknowledged that internal transcribed 
space (ITS) markers are the gold-standard indicators for the 
identification of fungi species. The ITS markers used for this 
purpose operate at the locus between small and large riboso-
mal RNA sub-units 18S, 5.8S and 28S [62]. These markers 
have the advantage of specificity,the conserved area within 
the ITS marker is almost universally seen in fungal genomes. 
Its polymerase chain reaction (PCR) fragment is within the 
range of 400–900 base pairs [13, 20]. The use of ITS1 and 
ITS4 primers to identify fungi is widespread, because there 
is substantial overlap between the 18S and 28S sub-units, and 
this is an area in which there is a great deal of heterogeneity 
among species [64].

By 2012, 175,000 lengths of ITS sequences had been linked 
to more than 15,000 species of fungi and stored in GenBank 
[56]. However, five years later the accessible data still limited, 
less than 1% of more than 5 million fungal species known to 
exist [49]. There is widespread agreement that ITS markers 
should generate a sequence homology of between 95 and 100% 
before de novo isolates be assigned to a category [35].

In this context, it should be noted that while contempo-
rary research has done much to characterise regional spe-
cies and to trace phylogenetic links with reference sequence 
isolates, it has rarely focused on the conditions required to 
promote or restrict the growth and behaviour of fungi. The 
current paper therefore seeks to fill this gap in the literature 
and to contribute to the understanding of this aspect.

2 � Materials and methods

2.1 � Sample collection sites and sampling

Samples were collected from 25 crop production and stor-
age sites in the cities of Al-Baha and Baljurashi. Al-Baha is 
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situated 2400 m above sea level, at longitudinal 41° 28′ 4 E 
and latitude 20°  0′  46  N [11]. Baljurashi (19°  51′  N, 
41° 33′ E) is 2000 m above sea level (Fig. 1). Consent for 
access was secured from all site owners. Multiple fungal 
samples were taken from the sites. The aim was to identify 
the predominant fungal pathogen at each of the 25 sites. 
Great care was taken to avoid the inadvertent inclusion of 
transient isolates, such as surface spores carried by wind 
onto soil or plant parts.

2.2 � Isolation of fungi and preparation of stock 
culture

The gathered samples were rinsed in tap water, surface 
disinfected for 2 min in 1% sodium hypochlorite solution, 
then rinsed thoroughly in distilled water. The surfaces of 
the infected tissues (leaf, root and fruit) were scraped with a 
sterilised loop, to facilitate the transfer of spores and mycelia 
to a potato dextrose agar (PDA) medium. The spores and 
mycelia were cultured in PDA for 5 days at 25 °C. After this 
period, a 0.5 mm-sized inoculum was extracted from the 
edge of the culture and transferred to a fresh plate contain-
ing PDA medium, which was then sub-cultured to attain a 

pure isolate [1, 54]. Stock cultures of the de novo isolates 
were made up and kept in the stock culture bank et al.-Baha 
University. Table 1 describes the new isolates.

2.3 � DNA extraction

Sub-culture of the colonial mycelia was carried out in potato 
dextrose broth to provide a greater yield of DNA. Tissue was 
then pulverised into a powder with a pestle and mortar using 
liquid nitrogen. A 150–200 mg sample was placed in a 2-ml 
Eppendorf tube and DNA extraction was performed using 
GeneJET Plant Genomic DNA Purification (Thermo Fisher 
Scientific®) in accordance with the manufacturer’s recom-
mendations. The DNA was stored at − 20 °C until required.

2.4 � Molecular identification and constructing 
phylogenetic tree

The 20 µl and 50 µl PCR protocols were established using 
forward (ITS1: TCC​GTA​GGT​GAA​CCT​GCG​G) and reverse 
(ITS4: TCC​TCC​GCT​TAT​TGA​TAT​GC) primers. The fol-
lowing conditions were applied: 35 cycles of initial dena-
turation, 95 °C for 3 min; denaturation, 94 °C for 1 min; 

Fig. 1   Sampling sites for the 25 novel fungal isolates, taken from infested crops at post and pre-harvest conditions in Al-Baha (17 isolates) and 
Baljurashi (8 isolates)
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annealing, 60 °C for 1 min; extension, 72 °C for 1 min; final 
extension, 72 °C for 5 min. The final product was stored at 
16 °C until required.

For the 50 µl PCR, 2.5 µl DNA, 2.5 µl of 20 µM for-
ward primer, 2.5 µl of 20-µM reverse primer, 5 µl 10× reac-
tion buffer, 1 µl dNTPs, 3 µl MgCl2 and 0.25 µl Taq DNA 
polymerase were made up to 50 µl with free DNAase and 
RNAase water. The 20 µl PCR used the same combination, 
but in modified quantities. To create a negative control, the 
DNA was substituted with free DNAase and RNAase water. 
Once the PCR cycles had concluded, 5× loading dye was 
admixed with the PCR yield.

Then, 1 mg agarose powder was made up to a solu-
tion with 100 ml 1× TAE buffer, and heated for 2 min in 
a microwave oven; 5 µl of 10-mg/ml ethidium bromide 
was admixed. The resulting material was decanted onto a 
gel tray to cool and to form a solid agarose gel. The latter 
was then added to a gel electrophoresis tank containing 1× 
TAE buffer. This was connected to 90 V power for an hour 
(Fig. 2).

The kite protocol (Qiagen QIAquick PCR Purification 
Kit) was applied to purify the amplicon products. These 
were then dispatched to an external sequencing service 

(Macrongen Inc.). Sequence dimensions and quality were 
verified using the trace information; ambiguous bases were 
discarded. With the resultant data in the FASTA format, 
species were identified using BLAST analysis on NCBI or 
UNITE [49]. Any GenBank sequences exhibiting a simi-
larity ≥ 96% were downloaded as a reference sequence for 
the phylogenetic element of the research. Table 2 provides 
details of the reference isolates [35]. Geneious Prime soft-
ware, version 2022.2 (developed by Biomatters) was used 

Table1   Details of the 25 new isolates, with code from Al-Baha University culture collection and their NCBI accession numbers

Fungal species Host Tissue part Location Code Origin NCBI accession number

1 Penicillium expansum Punica granatum Fruit Storage BHU143A Al-Baha OQ357555.1
2 Penicillium expansum Ocimum basilicum Leaf Storage BHU150 Al-Baha OQ359096.1
3 Rhizopus stolonifera Punica granatum Root Field BHU143B Al-Baha OQ371313.1
4 Penicillium glabrum Psidium guajava Fruit Storage BHU110 Al-Baha OQ357606.1
5 Penicillium glabrum Psidium guajava Fruit Storage BHU134 Al-Baha OQ359094.1
6 Alternaria alternata Punica granatum Leaf Field BHU114 Al-Baha OQ357616.1
7 Alternaria alternata Solanum lycopersicum Fruit Field BHU163 Al-Baha OQ360641.1
8 Fusarium verticillioides Psidium guajava Fruit Field BHU135 Al-Baha OQ359095.1
9 Aspergillus flavus Ficus palmata Leaf Field BHU161 Al-Baha OQ360639.1
10 Fusarium equiseti Solanum melongena Root Field BHU165 Al-Baha OQ360646.1
11 Geotrichum candidum Morus rubra Fruit Storage BHU162 Al-Baha OQ360640.1
12 Neofusicoccum parvum Persea americana Leaf Field BHU167 Al-Baha OQ360655.1
13 Mucor fragilis Phaseolus vulgaris Fruit Storage BHU170 Al-Baha OQ368728.1
14 Penicillium crustosum Daucus carota Fruit Storage BHU171 Al-Baha OQ368729.1
15 Fusarium oxysporum Allium fistulosum Fruit Field BHU164 Al-Baha OQ360645.1
16 Penicillium commune Punica granatum Fruit Storage BHU074B AL-Baha OR046062
17 Fusarium oxysporum Prunus persica Root Field BHU007 Al-Baha ON845734
18 Aspergillus niger Vitis vinifera Fruit Storage BHU012 Baljurashi OR046054
19 Penicillium glabrum Solanum melongena Fruit Storage BHU137 Baljurashi OR047862
20 Penicillium glabrum Punica granatum Fruit Storage BHU112 Baljurashi OR046540
21 Aspergillus flavus Eriobotrya japonica Fruit Storage BHU120 Baljurashi OR046564
22 Aspergillus nidulans Malus Fruit Storage BHU121 Baljurashi OR048817
23 Aspergillus flavus Prunus armeniaca Fruit Storage BHU130 Baljurashi OR047841
24 Penicillium glabrum Prunus persica Fruit Storage BHU131 Baljurashi OR047842
25 Penicillium glabrum Prunus persica Fruit Storage BHU132 Baljurashi OR047843

Fig. 2   Gel electrophoresis showing PCR products that confirm the 
isolates’ fungal identity. Based on the DNA ladder, the amplicons are 
approximately 600–750 bp in length
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to create a phylogenetic tree from the multiple sequence 
alignments generated by the package’s MUSCLE alignment 
tool, and derived from the original and reference sequences 
(Fig. 3). The Geneious tree builder algorithm was applied 
to create a phylogenetic tree founded on distance tree and 
neighbour joining. The Tamura-Nei model provided the 
genetic distance of the tree. To attain a consensus phylo-
genetic tree, analysis was carried out based on parsimony 
with a bootstrap support value set within the range 70–100%. 
To achieve best fit, the general time-reversible evolutionary 
model, including 500 bootstrap applications, was applied 
[6, 29].

The 25 new sequences identified in this research were 
placed in the NCBI GenBank. All isolates were assigned 
their own accession number (Table 1). These sequences 
were uploaded following verification of sequence quality 
and quantity, confirmation that the submission parameters 
had been met, and filing of the apposite data for the respec-
tive sequences individually.

2.5 � Evaluation of growth at three temperatures

The 25 new isolates were each grown in three ambient tem-
peratures. These were 20 °C, 25 °C and 30°C. The objec-
tive was to establish each strain’s preferred conditions. To 

begin isolation of the colony cultures and subcultures, 9-cm 
PDA Petri dishes were used, and 5-mm inoculum discs were 
placed at the centre point of fresh PDA Petri dishes. Five 
replicates for each isolate were cultured in an incubator at 
the given temperatures for 6 days. At that point, the radial 
growth dimensions as mm/day were evaluated for each sam-
ple. Figure 4 presents the growth data as a bar chart; repli-
cate variation is indicated by the error bar [26, 36].

2.6 � Growth evaluation at four points of water 
activity

Four sets of PDA media were prepared by adding a suit-
able amount of glycerol (Sigma Aldrich G9012) to create 
simulated media for four different water activities. These 
conditions were 0.995, 0.99, 0.90 and 0.85 aw. The amount 
of glycerol was added to 1 L of PDA medium as follows; 
22.08 ml for 0.995 aw, none for 0.99 aw (as supplied by PDA 
manufacturer; this was used as a control), 404.8 ml for 0.90 
aw and 625.6 ml for 85 aw.

Testing was conducted with an AQUALAB water activ-
ity meter. The media were poured into 9 cm petri dishes and 
inculcated with a 5 mm disc of fresh growth culture. Five 
replicates for each water activity were made for each of the 
25 isolates. Each isolate was incubated at its optimal growth 

Table 2   The NCBI GenBank reference sequences information

Fungal species Host Code Origin NCBI accession number

1 Penicillium expansum Malus domestica P36 Qatar—Doha KJ933300.1
2 Penicillium expansum Pyrus communis YC-IK11 China—Beijing MK850332.1
3 Penicillium expansum Vitis vinifera PUCV1024 Chile—Quillota MT218335.1
4 Rhizopus stolonifera Pyrus communis AR7 Indonesia—Jakarta MF461026.1
5 Penicillium glabrum Allium cepa ORAM981 Turkey—Antakya MT956624.1
6 Penicillium glabrum Quercus robur 11.23 Croatia—Zagreb MW540449.1
7 Alternaria alternata Manilkara zapota F10 India—Maharashtra OL711959.1
8 Alternaria alternata Capsicum annuum BHU115 Saudi Arabia—Al-Baha ON844336.1
9 Fusarium verticillioides Annona squamosa FLZ-3 China—Liuzhou ON329035.1
10 Aspergillus flavus Rosa damascene RDE120 India—Kashmir OP225474.1
11 Fusarium equiseti Solanum lycopersicum PAK-16 Northern Pakistan MH054926.1
12 Geotrichum candidum Fragaria ananassa 20–50 USA—Florida MT353978.1
13 Neofusicoccum parvum Mangifera indica CMW28426 South Africa—Limpopo KU997426.1
14 Mucor fragilis Nicotiana tabacum 7P1 China—Guizhou MZ413231.1
15 Penicillium crustosum Juniperus communis TUEF19 Saudi Arabia—Taif HG798727.1
16 Fusarium oxysporum Solanum tuberosum AM7 Russia—Kazan MN560044.1
17 Penicillium commune Ageratina Adenophora DCS12 China—Chengdu MZ047535.1
18 Aspergillus niger Allium sativum BERG-11 Pakistan MW411863.1
19 Aspergillus flavus Sorghum bicolor Beca_60 Australia—Perth KY234272.1
20 Aspergillus nidulans Oryza sativa PANCOM1 India—Cuttack MT007526.1
21 Fusarium oxysporum Allium cepa OLAM3 Turkey—Antakya MT967273.1
22 Penicillium glabrum Punica granatum BHU068 Saudi Arabia—Al-Baha ON843628.1
23 Aspergillus flavus Lycium barbarum GFR04 China—Gansu MT447509.1
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temperature. Radial growth measurements were taken as 
described above [6, 34].

3 � Results and discussion

3.1 � Molecular identification using its genetic 
marker and phylogenetic analysis

In this study, the ITS marker was initially used to con-
firm that the samples were fungal isolates. This was done 
by inspecting the PCR products on the electrophoresis gel 
(Fig. 2). Subsequently, the amplicon sequences for each 
isolate were used for blast analysis in GenBank NCBI, to 
identify their fungal species (Table 1).

Phylogeny derived from ITS genetic markers was used 
to determine the genotypes of 48 isolates. Of these, 25 
were de novo and 23 were reference strains. The reference 
strains represented organisms from a spectrum of hosts and 
geographic locations (Tables 1 and 2). The topology of the 
Geneious phylogenetic tree, which was constructed using 

the neighbour-joining tree builder algorithm, revealed the 
hierarchical distribution of the 48 isolates that were being 
investigated. This ranged from 3 nodes to 2 clades to 2 major 
groups to 2 minor groups, 2 primary subgroups and 3 sec-
ondary subgroups (Fig. 3).

Nodes 1, 2 and 3 showed bootstrap support value (BSV) 
affinity of 99–100%. Both the first and third nodes were 
monophyletic groups, with the first node being representa-
tive of two taxa, BHU143B and AR7, which are members 
of the species Rhizopus stolonifera. The third node had two 
taxa, BHU170 and 7P1, belonging to the species Mucor fra-
gilis. The second node encompassed the majority of taxa 
(44/48) and was distributed across two clades, A and B. In 
turn, A and B comprised 2 and 42 taxa, respectively. The 
majority of taxa represented monophyletic groups (i.e. they 
shared a common ancestor). Just 11 taxa were polyphyletic 
(i.e., had no common ancestor).

The first clade, A, comprised two taxa members of the 
Geotrichum candidum species. In contrast, the second clade, 
B, was composed of two major groups (B1 and B2). The 
group B1 had four taxa belonging to the Alternaria alternata 

Fig. 3   Neighbour-joining con-
sensus tree using ITS genetic 
markers. An abbreviation of 
each species’ name is in brack-
ets, followed by the isolate’s 
code
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species. The second major group, B2, had the largest number 
of taxa (38 out of 48).

These were further divided into two minor groups, B2.1 
and B2.2. The minor group, B2.1, included 8 taxa repre-
senting the three species of the genus Fusarium at BSV 
98–100%.

The other minor group, B2.2, was divided into two pri-
mary subgroups (B2.2.1 and B2.2.2). The first primary 
subgroup, B2.2.1, generated three secondary subgroups 
(B2.2.1.1, B2.2.1.2 and B2.2.1.3). The second primary sub-
group, B2.2.2, included two taxa belonging to the species 
Neofusicoccum parvum.

The first secondary subgroup (B2.2.1.1) had two taxa 
belonging to Aspergillus niger. The second secondary sub-
group (B2.2.1.2) has 18 taxa, with 7 out of 18 being mono-
phyletic and the remaining 11 taxa were polyphyletic. The 
third secondary subgroup (B2.2.1.3) included eight taxa 
belonging to Aspergillus nidulans and Aspergillus flavus 
species at BSV 73–100% (Fig. 3).

The 15 species and 8 genera were described according 
to the molecular features and phylogenetic relationships 
identified through use of the ITS genetic markers (Fig. 3). 
Although ITS indicators have greatly enhanced scholars’ 
ability to distinguish between isolates from different spe-
cies, this process may be less effective for differentiating 
isolates from closely related species. In the present study, 

most groups, (i.e. 1, 3, A and B1) revealed isolates from 
different species. Less genetic variation was seen within 
groups B2.1 and B2.2.1.3, which contained a number of 
strains from single species, namely Fusarium verticillioides, 
Fusarium equiseti, Fusarium oxysporum, Aspergillus niger 
and Aspergillus flavus.

These findings reflect the previously expressed view that 
the ITS markers are better for interspecies differentiation 
than they are for intraspecies differentiation. Several scholars 
have considered this issue with regard to the species Fusar-
ium and Penicillium [39, 41, 42, 57]. However, for some 
species, such as Alternaria and Aspergillus, ITS markers 
offer a precise distinction both between and within species 
[5, 14, 25, 63].

3.2 � Optimal temperature for growth of new isolates

The 25 new isolates were representative of 15 species and 
8 genera. All were incubated for six days, and their growth 
activity in three ambient temperatures (20 °C, 25 °C and 
30 °C) was quantified. The radial growth was measured for 
each of the five replicates, to create an error bar chart (Fig. 4 
and Table 3).

Each of the new strains was allocated to one of three 
groups according to their optimal temperature as measured 
via growth outcomes. The first group comprised species 
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Fig. 4   The growth rates of the new 25 isolates originated from Al-
Baha and Baljurashi cities were measured at variable temperatures 
20 °C, 25 °C and 30 °C. Five replicates of each sample were exposed 

to the different temperature and their radial growth was measured. 
The error bar was initiated for the mean growth of five replicates
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isolates that grew optimally at 20 °C, which included Alter-
naria alternata (BHU114), Aspergillus flavus (BHU161), 
Mucor fragilis (BHU170) and Penicillium crustosum 
(BHU171). The second group of isolates grew optimally at 
25 °C and included Penicillium expansum (BHU150), Peni-
cillium glabrum (BHU132 and BHU137), Rhizopus stoloni-
fer (BHU143B), Fusarium equiseti (BHU165), Neofusicoc-
cum parvum (BHU167) and Aspergillus niger (BHU012). 
The third group had 14 isolates, which grew optimally at 
30 °C. These included Penicillium expansum (BHU143A), 
Penicillium glabrum (BHU110, BHU112, BHU131 and 
BHU134), Alternaria alternata (BHU163), Fusarium 
verticillioides (BHU135), Aspergillus flavus two strains 
(BHU120 and BHU130), Geotrichum candidum (BHU162), 
Fusarium oxysporum (BHU007 and BHU164), Penicillium 

commune (BHU074B) and Aspergillus nidulans (BHU121). 
Figure 4 and Table 3 give further details.

It is notable that for 14 of the 25 isolates, the tempera-
ture of 30 °C provided optimal growth conditions, while 
seven others flourished at 25 °C, and only four grew best at 
20 °C (Fig. 4 and Table 3). Variation between growth rates 
appeared most extreme between species, and less diverse 
within species. The fact that 14 isolates favoured the higher 
temperature of 30 °C was unsurprising, since this replicates 
the temperature commonly found in their original geographi-
cal habitat.

Fungi can grow in wide range of temperatures, mostly 
between 15 and 42 °C, but most strains favour a tempera-
ture between 20 and 30 °C. Optimal growth temperature is 
largely influenced by the dominant temperature in the fun-
gus’s original geographical location [33, 46]. For example, 
fungal strains in Saudi Arabia prefer a growth temperature 
range between 25 and 30 °C, which is a moderate to high 
temperature. In Europe, fungi thrive in temperatures that fall 
between cool and moderate levels [7]

Several researchers have indicated that the temperature 
range of 30–35 °C is favoured by Aspergillus species (e.g. 
A. flavus and A. niger) [5, 25]. Meanwhile, 25 °C has been 
found to be the ideal temperature for the species P. camem-
berti and P. roqueforti [15, 59]. In Europe, temperatures 
generally range between 15 and 25 °C (i.e. cool to moderate) 
and are preferred by isolates belonging to the Fusarium spe-
cies within several European habitats [27, 53].

3.3 � Optimal water activity for growth

The 25 new isolates were also assessed for their growth 
response at four water activity points, which were 0.995, 
0.99, 0.90 and 0.85 aw, as well as at their optimal tempera-
tures over 6 days of incubation (Fig. 5 and Table 3).

In the current study, 10 strains of Penicillium spp. showed 
optimal growth at 0.85 aw. These were Penicillium expan-
sum species (BHU143A and BHU150), Penicillium glabrum 
species (BHU110, BHU112, BHU131, BHU132, BHU134 
and BHU137), Penicillium crustosum species (BHU171) and 
Penicillium commune (BHU074B). Additionally, five strains 
of Aspergillus spp. also showed optimal growth at 0.85 aw; 
these were Aspergillus flavus species (BHU120, BHU130 
and BHU161), Aspergillus niger species (BHU012) and 
Aspergillus nidulans species (BHU121). Two strains of 
Alternaria alternata (BHU114 and BHU163) and one strain 
of Rhizopus stolonifer (BHU143B) grew best at 0.90 aw. 
Meanwhile, four isolates of Fusarium spp., Fusarium ver-
ticillioides (BHU135), Fusarium equiseti (BHU165) and 
Fusarium oxysporum (BHU007 and BHU164), achieved 
their highest growth rates at 0.995 aw. One strain of Neo-
fusicoccum parvum (BHU167), one strain of Mucor fra-
gilis (BHU170) and one strain of Geotrichum candidum 

Table 3   The optimal temperature and water activity of each isolate 
collected in this study

a Optimal temperature (Topt)
b Optimal water activity (awopt)

N awopt
b/

growth rate 
(mm)

Topt
a (°C)/

growth rate 
(mm)

Isolate code Fungal species

1 0.8513.9 3010.4 BHU143A Penicillium expansum
2 0.8510.7 2510 BHU150 Penicillium expansum
3 0.9012.8 2512 BHU143B Rhizopus stolonifera
4 0.8512.7 3011.2 BHU110 Penicillium glabrum
5 0.8512 3012.3 BHU134 Penicillium glabrum
6 0.9013.3 2012.6 BHU114 Alternaria alternata
7 0.9012.1 3011.5 BHU163 Alternaria alternata
8 0.99512.6 3012 BHU135 Fusarium verticil-

lioides
9 0.9011.8 2011.1 BHU161 Aspergillus flavus
10 0.99512 2511.3 BHU165 Fusarium equiseti
11 0.99513.5 3010.2 BHU162 Geotrichum candi-

dum
12 0.99512.8 2510 BHU167 Neofusicoccum 

parvum
13 0.99513.6 208.8 BHU170 Mucor fragilis
14 0.8513.3 2012.5 BHU171 Penicillium crusto-

sum
15 0.99513.5 3012.8 BHU164 Fusarium oxysporum
16 0.8513.4 2513 BHU012 Aspergillus niger
17 0.8514.2 2513.1 BHU137 Penicillium glabrum
18 0.8513.3 3012.6 BHU074B Penicillium commune
19 0.8514 3012.9 BHU112 Penicillium glabrum
20 0.8514 3012.9 BHU120 Aspergillus flavus
21 0.8513.7 3012.5 BHU121 Aspergillus nidulans
22 0.8513.5 3012.5 BHU130 Aspergillus flavus
23 0.8514.1 3013 BHU131 Penicillium glabrum
24 0.8514.1 2513.1 BHU132 Penicillium glabrum
25 0.99513.8 3013.1 BHU007 Fusarium oxysporum
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(BHU162) grew best at 0.995 aw. Further details are in 
Fig. 5 and Table 3.

The growth attainment across all strains indicates sub-
stantial variability among isolates from different genera, yet 
low variability among isolates of the same or related species. 
In general, a water activity level between 0.90 and 0.99 aw 
seems to suit most strains, whereas 0.85 aw dramatically 
restricts growth in some hydrophilic species. For exam-
ple, the isolates of Fusarium, Neofusicoccum, Mucor and 
Geotrichum genera were classified as hydrophilic because 
they grew best at the highest level of moisture, at 0.995aw. 
This finding agreed with several other published works that 
have found the optimal water activity for growth ranges is 
between 0.99 and 0.95 aw for hydrophilic fungi, such as 
Fusarium and Geotrichum [4, 45, 61]. In contrast, the iso-
lates belonging to Rhizopus and Alternaria genera were clas-
sified as mesophilic because they thrived at a median level 
of moisture, around 0.90 aw. Rhizopus stolonifera and Alter-
naria alternata grew optimally at moderate temperatures 
and a range of water activity levels from 0.90 aw upwards 
[51, 66].

Interestingly, most isolates belonging to the Penicillium 
and Aspergillus genera, were able to grow at all levels of 
water activity tested, and they seemed to adapt to low levels 
of moisture (0.85–0.90 aw). Thus, they can be classified as 
being between xerophilic and mesophilic. Aspergillus flavus 
and Penicillium spp. could grow between 0.85 and 0.90 aw 
at above 15 °C [2, 24]. The highest extent of water activ-
ity had a negative impact on radial growth of Aspergillus 
flavu and Penicillium spp., which have been recognised as 
xerophilic [60]

These findings are compatible with those of other stud-
ies. For example, Fusarium, Trichoderma, Neofusicoc-
cum, Mucor and Geotrichum species have elsewhere been 
described as hydrophilic [6, 31, 31, 38]. In other studies, 
Rhizopus and Alternaria species have been classified as mes-
ophilic species [44, 55]. Elsewhere, Penicillium and Asper-
gillus species have been considered xerophilic [44, 55].

4 � Conclusions and future perspectives

The Penicillium and Aspergillus species accounted for more 
than half of the 25 strains isolated from various locations in 
Al-Baha and Baljurashi in the current study. Over quarter 
of those isolates belonged to the Fusarium species, while 
the remaining isolates corresponded to Alternaria alternata, 
Geotrichum candidum, Neofusicoccum parvum, Rhizopus 
stolonifera and Mucor fragilis.

The present study notes that Penicillium and Aspergillus 
are the species most frequently implicated in harming fruit 
and vegetable crops in storage conditions. Meanwhile, Alter-
naria alternata and Fusarium spp. were found in more than 
half of the pathogenic field-harvested samples.

The phylogenetic tree, based on ITS markers, has allo-
cated the new isolates to their correct species groups and 
confirmed their species identification, based on similarity 
to GenBank reference data. The species recognised as most 
commonly producing mycotoxigenic effects are Penicillium, 
Fusarium, Alternaria and Aspergillus [18, 58].

The present study has shown how ambient conditions, 
(e.g. temperature and water availability), can affect the 
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Fig. 5   Growth rates of the new 25 isolates from Al-Baha and 
Baljurashi, measured at variable water activities 0.995, 0.99, 0.90 and 
0.85 aw. Five replicates of each sample were exposed to the different 

water activities and their radial growth was measured. The error bar 
was initiated for the mean growth of five replicates
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biological activities and virulence of fungi. The growth 
measured in this investigation is the bedrock for sporula-
tion and mycotoxin production, which in turn correlate with 
fungal pathogenic activity such as dispersal, colonisation 
and contamination.

Most of the tested isolates (14 out of 25), favoured a tem-
perature of 30 °C for growth, whereas seven of the remain-
ing isolates showed a preference for 25 °C and four iso-
lates grew best at 20 °C. In terms of water activity’s effects 
on growth, 15 out of 25 isolates belonged to Penicillium 
and Aspergillus, and these grew at all water activity lev-
els. However, their highest growth rates were achieved in 
conditions with low to medium levels of moisture. Three 
isolates belong to Rhizopus stolonifera and Alternaria alter-
nata species, grew optimally at moderate levels of moisture, 
while seven isolates belonging to Fusarium, Neofusicoccum, 
Mucor and Geotrichum genera preferred high level of mois-
ture for growth.

Table 3 presents integrated data concerning the optimal 
growth conditions for each of new isolate. This data can con-
tribute to the creation of strategies to mitigate the detrimen-
tal consequences of fungal invasion of crops before and after 
harvest. It will also be useful in the construction of strate-
gies to prevent the spread of fungal infestation across sites 
[9]. Future studies might helpfully focus on identification of 
the type and level of mycotoxins produced by the dominant 
mycotoxigenic species in this work, namely Penicillium, 
Aspergillus and Fusarium spp. In addition, scholars might 
extend the work presented here in the context of exploring or 
developing biological controls and plant extracts to replace 
fungicides.
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