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Abstract 
Major pathogens causing fruit rots of apple in shelf life in Hangzhou, a city in 
east China, were identified by rDNA-ITS analysis. Their pathogenicities and 
stress tolerances were compared as well. Combining with disease symptoms, 
colonial phenotypes and mycelial microscopic morphology, the fungi were 
determined as Penicillium expansum, Botrytis cinerea, Botryosphaeria do-
thidea, Diaporthe phaseolorum, Alternaria alternata and Fusarium acumina-
tum, respectively. Among them, B. cinerea and B. dothidea showed a higher 
pathogenicity; B. cinerea and D. phaseolorum were hardly affected by the 
temperature at a range of 15˚C and 25˚C; B. cinerea has the highest resistant 
to Thiabendazole and D. phaseolorum displayed the strongest resistance to 
Imazalil; and P. expansum was most sensitive to ultraviolet light radiation. 
The results provide some useful information that helps to combine conven-
tional and alternative control strategies to minimize apple postharvest losses 
in shelf life. 
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1. Introduction 

Apple (Malus pumila) is a kind of popular edible fruit with a moderate content 
of dietary fiber and many healthy nutritions including various vitamins and 
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minerals. Apples are commonly eaten fresh, consumed in juice or as an impor-
tant ingredient in many desserts. In 2017, the apple production of China was 
41.39 million tonnes accounting for 49.79% of the world total  
(http://www.fao.org/faostat/en/#data/QC). To furnish the market all along the 
year, it has been necessary to develop strategies to enlarge the storage period and 
shelf life. The cold storage and fungicide treatment are the most effective me-
thods for long term purpose [1]. However, the apples with higher commercial 
value are susceptible to infection by pathogenic fungi in ambient temperature 
during fruit shipping or shelf life, which causes rotting and makes fruit lost their 
commodity attributes including discoloration, production of off-flavor, deteri-
oration in nutritional quality, reduction in pulp quality and mycotoxin conta-
mination. To minimize latent infection and decay incidence in shelf life, storing 
fruit in polyethylene bags, coating with wax, lowering storage temperature, and 
treating with fungicide have been reported [2] [3]. 

However, mounting concerns of consumers and sellers about chemical resi-
dues in food and energy consumption have driven the search for more precise 
management strategies that are effective, convenient and energy-efficient. It is 
essential to explicitly understand the local popular pathogenic fungi in a partic-
ular geographical area or particular environmental conditions. Due to climate 
and soil conditions, the Zhejiang province region is not suitable for apple 
growth. Most of the apple products come from other domestic producing areas 
such as the Bohai Gulf region, the Loess Plateau region, the Ancient Yellow Riv-
er Course Basin region, the Northeast and Northwest Cool Region and the 
Southeast Plateau Temperate region [4]. Because fresh fruit is mainly stored in 
the producing area, microbial wastage in the course of transit or in shelf life has 
been the main concern in the Zhejiang area. As the capital of Zhejiang province 
and the south-central portion of the Yangtze River Delta, Hangzhou possesses a 
huge consumer market of fresh apple fruit and sustained consumption growth 
potential. Therefore, postharvest diseases of apples in Hangzhou local market 
are representative. Identification of distinguishing causal pathogens will proba-
bly help to accurately formulate more effective integrated strategies for control-
ling the postharvest diseases of apples in shelf life and minimizing economic 
damage. In the present study, the major pathogenic fungi of apples during shelf 
life in Hangzhou were collected and identified by phenotypic and molecular bi-
ological analyses. The pathogenicity and sensitivities on temperature, fungicides 
and ultraviolet-light exposure of fungi were also determined.  

2. Materials and Methods 
2.1. Fungal Isolation and Identification 

Naturally infected apples (Malus domestica Borkh. cv. Red Fuji) most with 
changed color, musty-smelling, watery internal tissues were collected from a to-
tal of 10 supermarkets which respectively located in Jianggan district, Xihu dis-
trict, Gongshu district, Yuhang district, Xiaoshan district of Hangzhou city. The 
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apple with apparent disease was cleansed with 70% ethanol and removed the 
peel. The pulp at the advancing edges of the lesion was diced (about 0.2 cm × 0.2 
cm × 0.2 cm) by a sterilized scalpel and placed on potato dextrose agar (PDA) 
plates. After 5 days of culturing at 25˚C in a BGZ Series II constant temperature 
incubator (Boxun, China), a mycelial agar (0.5 cm diameter) obtained from the 
growing edge of a colony was subcultured on PDA medium. Repeat this step un-
til the specific colonial phenotype was stable. The images of fungal colonies and 
infected apples were photographed using an EOS 60D digital camera (Canon, 
Japan). The images of fungal mycelia or conidia of isolated were captured by a 
microscope with a DS-Fi1 digital microscope camera head (Nikon, Japan). 

The fungal DNA was extracted using a DNeasy Plant Mini Kit (Qiagen, Ger-
many) according to the product description. The internal transcribed spacer re-
gion of ribosomal DNA (rDNA-ITS) was amplified using a PrimeSTAR HS 
DNA Polymerase (Takara, Japan) and a pair of universal primers ITS4 and ITS5 
in an S1000 thermal cycler (Bio-Rad, USA) [5]. The amplified products were 
analyzed by 1% agarose gel electrophoresis, purified utilizing a High Pure PCR 
Product Purification Kit (Roche, Switzerland) and sequenced using a service 
from Invitrogen of Thermo Fisher Scientific (USA). The sequencing results of 
rDNA-ITS were analyzed by Nucleotide BLAST of Web Basic Local Alignment 
Search Tool  
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=Blas
tSearch&LINK_LOC=blasthome). 

2.2. Evaluating Fungal Pathogenicity 

Apples (Malus domestica Borkh. Cv. Red Fuji) with almost equal size, similar 
maturity and without mechanical injury were obtained from the local market. 
The fruit were disinfected by sodium hypochlorite (2%) for 2 min, cleansed by 
water twice and air-dried at room temperature in a fume hood. Each apple fruit 
was punctured using a sterilized borer at its equatorial region. Then, a mycelial 
agar (0.5 cm diameter), which was obtained from the edge of the colony cultured 
for 5 days at 25˚C, was put on the wound. All apples were stored at 25˚C in plas-
tic crates with plastic film to keep an 80% humidity. The disease incidence was 
evaluated and lesion diameter was measured using the decussation method every 
two days. There were 10 apples for each pathogen with three replicates. The ex-
periment was conducted twice. 

2.3. Sensitivity Tests to Temperature, Fungicides and  
Ultraviolet-Light Radiation 

A mycelial agar disc (0.5 cm diameter) as described above was placed on the 
center of a petri dish (9 cm) containing 25 mL PDA. The plates were cultured 
under a stationary state at 25˚C or 15˚C for 8 days in a constant temperature 
incubator. The colonial diameters were determined daily by the decussation 
method. Briefly, the longitude diameter and latitude diameter of each colony 
were measured respectively using a millimeter scale ruler. Then, the diameter 
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mean was used to evaluate the mycelial expansion capability of each fungus. 
There were 6 plates for each temperature and each pathogen with three repli-
cates. The experiment was conducted twice. 

A mycelial agar disc (0.5 cm diameter) as described above was placed on the 
center of a petri dish (9 cm) containing 25 mL PDA with 0, 0.5, 1.0, 2.0 or 4.0 
mg/L Imazalil (Sigma, USA), as well as 0, 25, 50, 100, or 200 mg/L Thiabenda-
zole (Sigma, USA). The plates were cultured under a stationary state at 25˚C for 
5 days in a constant temperature incubator. The minimal lethal concentration of 
Imazalil or Thiabendazole for different pathogens was evaluated by mycelial 
growth status. There were 6 plates for each fungicide treatment and each patho-
gen with three replicates. The experiment was conducted twice. 

A mycelial agar disc (0.5 cm diameter) as described above was placed on the 
center of a petri dish (9 cm) containing 25 mL PDA. The plates were exposed to 
an ultraviolet lamp (wave: 253.7 nm; power: 20 W; intensity: 30 μW/cm2) with a 
distance of 70 cm for 0 to 300 min. After that, they were cultured at 25˚C for 5 
days in a constant temperature incubator. The mycelial growth rate was used to 
estimate the sensitivity of pathogen to ultraviolet-light radiation. If the growth 
rate of pathogen exposed to radiation was reduced and the colonial diameter was 
higher than 80% of control, the irradiation intensity of ultraviolet was consi-
dered as effective. If the colonial diameter was less than 80% of control, the ir-
radiation intensity of ultraviolet was considered as significantly effective. There 
were 6 plates for each ultraviolet irradiation intensity and each pathogen with 
three replicates. The experiment was conducted twice. 

2.4. Statistical Analysis 

Data were pooled across independent repeat experiments and were performed 
by Statistical Product and Serviced Solutions (SPSS, USA). Analysis of variance 
(ANOVA) was used to compare more than two means. Mean separations were 
analyzed using Duncan’s multiple range test. Differences at p < 0.05 were consi-
dered to be significant. 

3. Results 
3.1. Identification of Pathogens by Mycological Characteristics 

and Molecular Data 

According to the observation of the phenotypes of infected apples, a total of 13 
apples almost covering all the notably disease symptoms were finally used for 
pathogen isolation. The 15 pathogen candidates were isolated, maintained on the 
PDA plates, and reinoculated on the apples (Figure 1). Among them, nine can-
didates were highly pathogenic to apples. After amplification using ITS4 and 
ITS5 universal primer pairs, rDNA-ITS fragment about 500 - 600 bp for each 
pathogen was obtained, sequenced and mega blasted (Figure S1). The 
rDNA-ITS sequences of six isolated pathogens numbered as P1 to P6 were well 
matched to those of six pathogenic fungi, and at least 97% identity was shared 
for each pathogen (Table 1). The detailed sequence information of each fungal  
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Figure 1. The phenotypes of isolated pathogens. (a) and (b) The surfaces and cross sec-
tions of apple fruit inoculated by indicated pathogens after 6 days of inoculation at 25˚C; 
(c) The colonial morphologies of isolated pathogens; (d) Microscopic observation of iso-
lated pathogens. 

 
Table 1. Sequencing and matching results using ITS universal primers of isolated patho-
gens. 

NO. 
ITS length 

(bp) 
Accession 

Query cover 
(%) 

Score 
Identities 

(%) 
Gaps Species 

P1 602 KX243329.1 100 1040 97 2 Penicillium expansum 

P2 564 MH871883.1 98 937 96 4 Botrytis cinerea 

P3 566 MH715249.1 98 976 97 2 Botryosphaeria dothidea 

P4 584 AF001026.2 92 968 98 0 Diaporthe phaseolorum 

P5 565 MK078593.1 100 1011 98 0 Alternaria alternata 

P6 577 MK050649.1 99 983 97 3 Fusarium acuminatum 

 
rDNA-ITS was represented by Table S1. Morphological data also provided solid 
evidence to confirm the genetic backgrounds of isolated pathogens, such as the 
spherical or elliptical conidia with a dull green color for P1, a collapsed and wa-
ter-soaked appearance on apple for P2, the cankers of white rot on apple for P3, 
white, immersed, branched, septate mycelium for P4, hyaline obpyriform or el-
lipsoid conidia with a short conical beak at the tip for P5, and pink or reddish 
colonies for P6. Combining with disease symptoms, colonial phenotypes and 
mycelial microscopic morphology, P1 to P6 were identified as Penicillium ex-
pansum, Botrytis cinerea, Botryosphaeria dothidea, Diaporthe phaseolorum, Al-
ternaria alternata, Fusarium acuminatum in order (Figure 1). Besides, an iso-
lated fungus numbered as P7 was noticed for fast growth and lower pathogenic-
ity to apple fruit. Basing on morphological and genetic analysis, it was identified 
as Trichoderma harzianum which was an important biocontrol agent against 
various fungal phytopathogens (Figure S2). 
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3.2. Comparision of Pathogenicity in Vivo 

Through the artificial infection test, the six fungi were highly pathogenic to ap-
ples, and disease incidence of apples after needle puncturing inoculation of them 
achieved 100% within 48 h. Through analysis of lesion expansion, P2, P3 and P4 
have similar and fastest growth rates among six pathogens, followed by P1. 
Through observing the cross section of inoculated apples, P3 and P4 showed 
higher pathogenicity than P2. The growth rates of P5 and P6 were the lowest, and 
there were no significant differences between them (Figure 2). In vitro, patho-
gens according to decreasing growth rates were in turn as follows: P3, P2, P4, P1, 
P5 and P6 (Figure 3). The sequence was approximately the same as that in vivo. 

3.3. Sensitivity Comparison of Pathogens to Temperature, 
UV-Light Irradiation and Fungicide 

To determine the effect of temperature on fungal development, the isolated pa-
thogens were cultured at 25˚C and 15˚C which simulate ambient temperatures 
or that in and air-cooled fresh-keeping cabinet. The results indicated that lower 
temperature could significantly inhibit the growth of P1, P3, P4 and P5. Com-
paring with those at 25˚C, the growth rates of P3 and P5 declined even more 
than 50% at 15˚C. However, the growth of P2 and P4 was hardly affected by the 
temperature at a range of 25˚C and 15˚C (Figure 3). 

Imazalil (one of the group of imidazoles) and Thiabendazole (belong to the 
chemical class of benzimidazoles) are two typical fungicides that were generally 
applied to control postharvest pathogens. The fungitoxic action of Thiabenda-
zole was binding with microtubules in the cell wall, while Imazalil affected fun-
gal ergosterol biosynthesis and the cellular permeability barrier. In this study, 
resistances of the isolated pathogen to two fungicides were assessed. Various  
 

 
Figure 2. The lesion diameters of isolated pathogens in apple fruit during 12 days of sto-
rage at 25˚C. Bars represent the standard deviation of the means of three independent 
experiments. Lower case letters indicated significant differences at P < 0.05 at each time 
point. P1: Penicillium expansum; P2: Botrytis cinerea; P3: Botryosphaeria dothidea; P4: 
Diaporthe phaseolorum; P5: Alternaria alternata; P6: Fusarium acuminatum. 
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Figure 3. The effects of temperature on the mycelial growth of isolated pathogens. 
 
sensitivities of different pathogens against fungicides were observed. Pathogens 
according to reducing susceptibility to Imazalil were in turn as follows: P3, P2, 
P6, P5, P4 and P1. All the isolated pathogens could be killed by Imazalil with a 
concentration of 4.0 mg/L except P3. Pathogens according to reducing suscepti-
bility to Thiabendazole were in turn as follows: P2, P5, P3, P6, P4 and P1. All the 
isolated pathogens could be killed by Thiabendazole with a concentration of 200 
mg/L except P2 (Table 2). 

The effect of UV-light irradiation on the development of isolated pathogens 
was investigated. The results indicated the growth of all pathogens could be de-
layed with UV-light irradiation time increasing. However, the resistances of iso-
lated pathogens to UV-light were different from each other. For example, 
UV-light irradiation with doses of 2.5 × 105 μW·s/cm2 can significantly retard 
the development of P1; Nevertheless, it did not affect the growth of P2 until ir-
radiation doses reached 4.0 × 105 μW·s/cm2. Also, effective doses of UV-light ir-
radiation for P3 and P5 were nearly identical. Pathogens according to reducing 
susceptibility to UV-light irradiation were in turn as follows: P1, P4, P6, P3, P5 
and P2 (Table 3). 

4. Discussion 

Due to microbiological spoilage, fruit and vegetables exhibit huge postharvest  
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Table 2. The sensitive detection of isolated pathogens on Imazalil and thiabendazole. 

Pathogens 
Imazalil (mg/L)  Thiabendazole (mg/L) 

0 0.5 1.0 2.0 4.0  0 25 50 100 200 

Penicillium expansum ○ ○ ● ● ●  ○ ○ ● ● ● 

Botrytis cinerea ○ ○ ○ ○ ●  ○ ○ ○ ○ ○ 

Botryosphaeria dothidea ○ ○ ○ ○ ○  ○ ○ ● ● ● 

Diaporthe phaseolorum ○ ○ ● ● ●  ○ ○ ● ● ● 

Alternaria alternata ○ ○ ○ ● ●  ○ ○ ○ ○ ● 

Fusarium acuminatum ○ ○ ○ ○ ●  ○ ○ ● ● ● 

The “●” indicates “lethal” and the “○” indicates “non-lethal”. 

 
Table 3. The insensitive detection of isolated pathogens on ultraviolet light radiation. 

Pathogens 
UV intensity (1 × 105 μW·s/cm2) 

0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

Penicillium expansum ○ ○ ● ● ● ● ● ● ● ● 

Botrytis cinerea ○ ○ ○ ○ ○ ○ ○ ● ● ● 

Botryosphaeria dothidea ○ ○ ○ ○ ○ ● ● ● ● ● 

Diaporthe phaseolorum ○ ○ ○ ● ● ● ● ● ● ● 

Alternaria alternata ○ ○ ○ ○ ○ ● ● ● ● ● 

Fusarium acuminatum ○ ○ ○ ○ ● ● ● ● ● ● 

The “●” indicates “significantly effective”; the “●” indicates “effective”; and the “○” indicates “noneffective”. 

 
losses even to the extent of 35% during the various stage of storage, transporta-
tion, and marketing. Especially, the physiological and biochemical attributes of 
fresh products will distinctly change, and susceptibility against postharvest mi-
crobes will significantly increase at the retailer’s market shelf after a long term of 
cold storage. The application of synthetic fungicides is an effective approach to 
postharvest disease management. However, the fungicide with a high dose could 
promote the development of resistant pathogens, and the residues have an ad-
verse effect on public health and the environment. To meet safe, power-saving 
and environmental-protection requirements, developing more scientific, rea-
sonable and efficient control measures is necessary and encouraged. The funda-
mental premise of research efforts is precisely understanding the major diseases 
and their characteristics in local markets. Then, synthetic chemical fungicides 
with a lower toxicity, potent disinfectants, elicitors that can induce host resis-
tance, microbial antagonists, some chemical alternatives generally regarded as 
safe substances, antifungal edible coating, low temperature or controlled atmos-
phere can be efficiently applied in an independent or integrated way [1] [6] [7] 
[8]. 

In the present study, six causal agents of postharvest apple fruit diseases were 
isolated and identified. Among them, P. expansum, a psychrophilic blue mold, is 
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one of the most important and damaging postharvest pathogens. It can infect a 
wide range of fruit and vegetables, particularly pome fruit and derived products. 
Fruit infected by P. expansum has a musty smell and light-brown (or 
dark-brown) lesions containing white mycelium and blue spore masses. P. ex-
pansum also produces many kinds of secondary metabolites including citrinin, 
patulin, terretonin, conidial pigments, loline, etc. [9]. Patulin is a highly toxic 
mycotoxin and may result in nephrotoxicity, neurotoxicity, hepatotoxicity, tera-
togenicity, genotoxicity and mutagenicity in the human body [10]. Massive re-
search efforts on the genome, transcriptome, and metabolites analysis have pro-
vided important information relevant to understanding the molecular basis of 
patulin biosynthesis [11] [12]. 

Grey mold, incited by Botrytis cinerea, is named for its plentiful grey, 
branching tree-like conidia. Botrytis cinerea is thermophilic, hygrophilous and 
fast-growing. It could colonize the injury, stem end or calyx end of the fruit and 
vegetables, and spread to the entire host. The infected hosts have a collapsed and 
water-soaked appearance. As a necrotrophic fungus, it can lead to significant 
economic losses due to a broad host range such as grape, strawberry, apple, kiwi, 
tomato, bulb crops and many others [13] [14]. Integrated management of grey 
mold has been reviewed by Romanazzi et al. [15]. 

Botryosphaeria dothidea is a destructive pathogen and the causal agent of 
cankers on a wide variety of plant hosts. B. dothidea infection is a significant 
threat to the fruit and vegetable industry worldwide, particularly in East Asia 
[16]. It can cause white or ring rot of apple fruit in most of the commercial cul-
tivars. The symptom exhibits slightly sunken lesions with alternating tan and 
light brown colors [17]. Reduced lenticels and microcracks and increased cuti-
cular wax thickness can lower the susceptibility of apple to B. dothidea [18]. Pa-
thogenesis-related protein-4 was involved in the defense responses of apple 
against B. dothidea through both jasmonate (JA) and salicylic acid (SA) signal-
ing pathway [19]. B. dothidea is also sensitive to benomyl, keresoxim-methyl, 
trifloxystrobin, and tebuconazole [20] [21]. 

Diaporthe phaseolorum belonging to the sub-class Hymenoascomycetidae of 
the class Ascomycetes is responsible for many plant disease symptoms such as 
stem, twig and branch cankers, seed decay, shoot necrosis, pod blight fruit and 
root rot [22]. It can pose a great risk due to its wide distribution, high pathoge-
nicity and virulence. Two phytotoxic metabolites of 5-deoxybostrycoidin and 
fusaristatin A produced by D. phaseolorum SKS019 exhibit cytotoxicity or 
growth inhibitory activity to human cell lines in vitro [23]. Glycine soja, Eu-
phorbia neriifolia, Vitis vinifera, Actinidia chinensis, Jatropha curcas have been 
reported as its hosts in China [24] [25]. 

Alternaria alternata is an opportunistic and saprophytic pathogen that can 
produce many mycotoxins including alternariol, alternariol monomethyl ether, 
altertoxins, altenuene, L-tenuazonic acid [26]. It can also induce asthma, upper 
respiratory tract infections and keratitis in humans [27] [28]. For postharvest 
fruit, black rot or black spot caused by A. alternata has been reported in many 
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hosts such as citrus, tomato, peach, jujube, kiwifruit [29] [30] [31]. The charac-
teristics of A. alternata conidia were pale brown to olive brown, obclavate to el-
lipsoid in shape, and with a short beak at the tip. These conidia can be produced 
in lesions from ten days after the symptoms appearing, and this production 
process can last about forty days [32]. Many measures have been developed to 
control this pathogen; however, the disease can hardly be completely eradicated 
due to wide distribution, efficient conidial production, rapidly spreading. 

The genus Fusarium contains numerous species of economic importance due 
to their ability to cause plant diseases and to produce mycotoxins such as fumo-
nisins, trichothecenes and zearalenone [33]. Among them, Fusarium acumina-
tum without microconidia can form a whitish-pink and partly carmine aerial 
mycelium, and produce dark red pigmentation in the medium [34]. The pheno-
type of P6 isolate was consistent with the typical colony morphology of F. acu-
minatum. Many reports have indicated that F. acuminatum can cause tomato, 
Vaccinium corymbosum, Ginseng, Kiwifruit, potato plant or fruit rot [35] [36] 
[37] [38] [39]. Apple fruit rot caused by F. acuminatum was identified in the 
present study. 

In addition, the genus Trichoderma is widely distributed in decaying wood 
and vegetable matter due to a close symbiotic association with plants. Most of 
the strains are rarely cause diseases in living plants. Among different species, T. 
harzianum is recognized for its antagonist ability against various fungal patho-
gens, and largely exploited in disease control [40]. The key biocontrol genes of T. 
harzianum, such as tris5, ThpG1, Th-Chit, erg1, thkel1 and qid74, are related to 
stress resistance, cell wall damaging, mycelial development, and parasitic activity 
[41] [42]. In the present study, T. harzianum was also found in lesions of apple 
fruit affected by other pathogenic fungi. That indicated that T. harzianum has a 
potential to be as a biocontrol agent in postharvest apple storage. 

The identified pathogens can attack apples with different infection mechan-
isms. Meanwhile, different pathogens with various attributes have reacted diffe-
rently to the same management program. For example, in this study, P. expan-
sum is most susceptible to fungicide, Botrytis cinerea has the highest resistance 
to UV-light radiation, and Botryosphaeria dothidea is most sensitive to temper-
ature. Therefore, using stand-alone treatment cannot provide the efficacy, con-
sistency, safety and energy efficiency required for commercial situations. Under-
standing the clear genetic background and biological characteristics of patho-
gens will encourage to develop integrated postharvest control measures with 
more scrutiny, elaborate design and technological innovation. 

5. Conclusion 

In conclusion, six major pathogens causing fruit rots of apple in shelf life in 
Hangzhou local markets and a potential biocontrol agent were identified in this 
study. Among them, B. cinerea and B. dothidea showed a higher pathogenicity. 
B. cinerea and D. phaseolorum were insensitive to the temperature at a range of 
15˚C and 25˚C. B. cinerea and D. phaseolorum exhibited a higher resistance to 
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Thiabendazole and Imazalil respectively. Penicillium expansum was most sensi-
tive to ultraviolet light radiation. The results provide some useful information 
which helps to combine conventional and alternative control strategies to mi-
nimize apple postharvest losses in shelf life. 
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Appendix 

 
Figure S1. The rDNA-ITS molecular characters of isolated pathogens. (a) The amplified 
products using ITS universal primers; (b) The genome DNA of isolated pathogens. P1: 
Penicillium expansum; P2: Botrytis cinerea; P3: Botryosphaeria dothidea; P4: Diaporthe 
phaseolorum; P5: Alternaria alternata; P6: Fusarium acuminatum. 
 

 
Figure S2. The phenotype and rDNA-ITS molecular character of Trichoderma harzia-
num. (a) and (b) The symptom of T. harzianum on surface or cross-section of apple fruit 
with lower pathogenicity after 12 days of inoculation; (c) The mycelia and sporangia of T. 
harzianum; (d) The colony of T. harzianum; (e) The amplified ITS product using univer-
sal primers. 
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Table S1. The ITS sequences of identified pathogens. 

Pathogen ITS sequences 

P1 

CTGATCCGAGGTCACCTGGATAAAATTTGGGTTGATCGGCAAGCGCCGGCCGGGCCTACAGAGCGGGTGACAAAGCCCC
ATACGCTCGAGGACCGGACGCGGTGCCGCCGCTGCCTTTCGGGCCCGTCCCCCGGAATCGGAGGACGGGGCCCAACAC
ACAAGCCGGGCTTGAGGGCAGCAATGACGCTCGGACAGGCATGCCCCCCGGAATACCAGGGGGCGCAATGTGCGTTCA
AAGACTCGATGATTCACTGAATTTGCAATTCACATTACGTATCGCATTTCGCTGCGTTCTTCATCGATGCCGGAACCAAG
AGATCCGTTGTTGAAAGTTTTAAATAATTTATATTTTCACTCAGACGACAATCTTCAGGCAGAGTTCGGGGGTGTCTTCG
GCGGGCGCGGGCCCGGGGGCGTGAGCCCCCCGGCGGCCAGTTAAGGCGGGCCCGCCGAAGCAACGAGGTAAATAAACA
CGGGTGGGAGGTTGGACCCAAAGGGCCCTCACTCGGTAATGATCCT 

P2 

CTGATCCGAGGTCACCATAGAAAAATTTGGGTTTTGGCAGAAGCACACCGAGAACCTGTAACGAGAGATATTACTACGT
TCAGGACCCAGCGGCGCCGCCACTGATTTTAGAGCCTGCCATTACTGACATAGACTCAATACCAAGCTAAGCTTGAGGG
TTGAAATGACGCTCGAACAGGCATGCCCCCCGGAATACCAAGGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTG
AATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGT
TTTAACTATTATATAGTACTCAGACGACATTAATAAAAAGAGTTTTGGTATTCTCTGGCGAGCATACAAGGCCCGGAGGC
AGCTCGCCAAAGCAACAAAGTAATAATACACAAGGGTGGGAGGTCTACCCTTTCGGGCATGAACT 

P3 

CCTACCTGATCCGAGGTCACCTTGGAGAAAAGTTCAGAAGGTTCGTCCGGCGGGCGACGCCCTGCGCTCCGAAGCGAGA
TGTATGTTCTACTACGCTTGAGGCAAGACGCCACCGCCGAGGTCTTTGAGGCGCGCCCGCAAAGGACGGTGCCCAATAC
CAAGCAGAGCTTGAGGGTTGTAATGACGCTCGAACAGGCATGCCCTTCGGAATACCAAAGGGCGCAATGTGCGTTCAAA
GATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGA
GATCCGTTGTTGAAAGTTTTAGTTTATTAAATGTTTTTCAGACTGCATCGTTTACTGACTGGAGTTTGATGGTCCTCTGGC
GGGCGCTGGCCACCCCCCCGG 

P4 

CTGATCCGAGGTCAATTTTCAGAAGTTGGGGGTTTAACGGCAGGGCACCGCCAGGGCCTTCCAGAGCGAGGGTTTAACT
ACTGCGCTCGGGGTCCTGGCGAGCTCGCCAATGAATTTCAGGGCCTGCATCCCGCGAGAGACGCAGTGCCCCAACACCA
AGCCAGGCTTGAGGGTTGAAATGACGCTCGAACAGGCATGCCCTCCGGAATACCAGAGGGCGCAATGTGCGTTCAAAG
ATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAG
ATCCGTTGTTGAAAGTTTTGATTCATTTATGTTTATTTCTCAGAGTTTCAGTATAAAAACAAGAGTTAACTTGGCCGCCG
GCGGGCTGCTCCCCGTCTCCGGGGGGCCCCCAGGGGGGCCGGCCTGCGCCGAGGCAACAGTAAGGTATAAGTTCACAA
AGGGTTTCTGGGTGCGCCTGGGGCGCGTTCCAGCAA 

P5 

CCTACTGGATCCGAGGTCAAAGTTGAAAAAAAGGCTTAATGGATGCTAGACCTTTGCTGATAGAGAGTGCGACTTGTGC
TGCGCTCCGAAACCAGTAGGCCGGCTGCCAATTACTTTAAGGCGAGTCTCCAGCAAAGCTAGAGACAAGACGCCCAACA
CCAAGCAAAGCTTGAGGGTACAAATGACGCTCGAACAGGCATGCCCTTTGGAATACCAAAGGGCGCAATGTGCGTTCAA
AGATTCGATGATTCACTGAATTCTGCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAG
AGATCCGTTGTTGAAAGTTGTAATTATTAATTTGTTACTGACGCTGATTGCAATTACAAAAGGTTTATGTTTGTCCTAGT
GGTGGGCGAACCCACCAAGGAAACAAGAAGTACGCAAAAGACAAGGGTGAATAATTCAGCAAGGCTGTAACCCCGAGA
GGTTCCAGCCCGCCTTCATATTTGTGTA 

P6 

CTGATCCGAGGTCACATTCAGAAGTTGGGGTTTTACGGCATGGCCGCGCCGCGTTCCAGTTGCGAGGTGTTAGCTACTA
CGCAATGGAGGCTGCAGCGAGACCGCCAATGTATTTCGGGGGCGGCACCGCCCAGAAGGGCAGAGCCGATCCCCAACA
CCAAACCCGGGGGCTTGAGGGTTGAAATGACGCTCGAACAGGCATGCCCGCCGGAATACCAGCGGGCGCAATGTGCGT
TCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTTGCTGCGTTCTTCATCGATGCCAGAAC
CAAGAGATCCGTTGTTGAAAGTTTTGATTTATTTGTTTGTTTTACTCAGAAGTTACAATAAGAAACATTAGAGTTTGGGT
CCTCTGGCGGGCCGTCCCGTTTTACGGGGCGCGGGCTGATCCGCCGAGGCAACATTAAGGTATGTTCACAGGGGTTTGG
GAGTTGTAAACTCGGTAATG 

P7 

TTTGATATGCTTAAGTTCAGGGGGTATTCTACCTGATCCGAGGTCACATTTTCAGAAGTTGGGTGTTTAACGGCTGTGGA
CGCGCCGCGCTCCCGATGCGAGTGTGCAAACTACTGCGCAGGAGAGGCTGCGGCGAGACCGCCACTGTATTTCGGAGAC
GGCCACCGCCAAGGCAGGGCCGATCCCCAACGCCGACCCCCCGGAGGGGTTCGAGGGTTGAAATGACGCTCGGACAGG
CATGCCCGCCAGAATACTGGCGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTT
ATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTTGATTCATTTTCGAAACGCC
TACGAGAGGCGCCGAGAAGGCTCAGATTATAAAAAAAACCCGCGAGGGGGTATACAATAAGAGTTTTGGTTGGTCCTCC
GGCGGGCGCCTTGGTCCGGGGCTGCGACGCACCCGGGGCAGAGATCCCGCCGAGGCAACAGTTTGGTAACGTTCACATT
GGGTTTGGGAGTTGTAAACTCGGTAATGATCCCTCCGCTGGTTCACCAACGGAGACCTTGTTA 

P1: Penicillium expansum; P2: Botrytis cinerea; P3: Botryosphaeria dothidea; P4: Diaporthe phaseolorum; P5: Alternaria alternata; P6: Fusarium acumina-
tum. P7: Trichoderma harzianum. 
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