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A B S T R A C T   

Rhizopus stolonifer is one of the main pathogens in postharvest storage logistics of more than 100 
kinds of fruit, such as strawberries, tomatoes and melons. In this paper, the research on the 
morphology and detection, pathogenicity and infection mechanism of Rhizopus stolonifer was 
reviewed. The control methods of Rhizopus stolonifer in recent years was summarized from three 
dimensions of physics, chemistry and biology, including the nanomaterials, biological metabo
lites, light control bacteria, etc. Future direction of postharvest Rhizopus stolonifer infection 
control was analyzed from two aspects of pathogenic mechanism research and new composite 
technology. The information provided in this review will help researchers and technicians to 
deepen their understanding of the pathogenicity of Rhizopus stolonifer, and develop more effective 
control methods in the future.   

1. Introduction 

Globally, 20 %–25 % of fruits and vegetables are lost in the postharvest supply chain due to fungal pathogens every year. Rhizopus 
stolonifer, belongs to Zygomycetes, Mucorales, Mucoraceae, Rhizopus and R. stolonifer, is one of the most common and fastest-growing 
species in zygomycetes [1]. The spores of Rhizopus stolonifer widely exist everywhere, can be spread by airflow and grow rapidly in 
humid environments, resulting in the decay of many fruits such as Allium, Ananas, Cucurbia, Fragaria, Lycopersicon, Solanum and so on 
[2]. Among them, strawberry due to fungal invasion, mainly Rhizopus stolonifer, its postharvest loss can be as high as 50 % [3]. In 
addition, tomatoes are also highly susceptible to fungal infection, with retail losses of tomato fruits in the Greater New York market of 
9500 tons per year, and in Mexico, one of the world’s leading tomato producers, 80 percent of total pre-packaged and bulk tomato fruit 
losses are caused by Alternaria rot and Rhizopus rot [ [4–6]]. Sweet potato, a vital root crop in various countries and regions worldwide, 
soft rot caused by Rhizopus stolonifer has caused serious losses in the world. In the southeastern United States, soft rot is typically the 
most serious postharvest disease of sweet potatoes, and in China, annual sweet potato yield loss due to fungal infections is estimated to 
be approximately 20–40 %, with Rhizopus stolonifer being one of the most destructive fungi [7,8]. Therefore, Rhizopus stolonifer is 
considered to be one of the most destructive fungi during storage of various valuable horticultural commodities [9]. However, there 
were no comprehensive presentations of the pathogenicity of Rhizopus stolonifer, as well as the control strategies in postharvest fruit 

* Corresponding author 
** Corresponding author 

E-mail addresses: sunfei31@zju.edu.cn (F. Sun), skyfmr@163.com (M. Fu).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e29522 
Received 18 February 2024; Received in revised form 9 April 2024; Accepted 9 April 2024   

mailto:sunfei31@zju.edu.cn
mailto:skyfmr@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e29522
https://doi.org/10.1016/j.heliyon.2024.e29522
https://doi.org/10.1016/j.heliyon.2024.e29522
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e29522

2

yet. This article provides a detailed review of the pathogenicity and infection mechanism of Rhizopus stolonifer in fruit during post
harvest storage. Most importantly, this article briefly summarized the control methods to alleviate Rhizopus stolonifer infection and 
fruit damage. 

2. Pathogenicity of Rhizopus stolonifer 

2.1. Morphology and detection of Rhizopus stolonifer 

As shown in Fig. 1, Rhizopus stolonifer is composed of branched, non-septate white hyphae with a length of 900–2700 μm and a 
diameter of 22–32 μm. The sporangium is spherical, initially white, and then black. There are many spores, most of which are 90–120 
μm long. There are thousands of spherical sporangium spores in the sporangia. The sporangium spores are light to dark brown, smooth 
and simple wall, without septum. Most of the sporangium spores are easily dispersed in the air and fall on decaying fruit to germinate 
into new mycelium [10]. 

Scanning electron microscopy (SEM) is a reliable method for the identification of Rhizopus stolonifer, which can observe the 
different shapes and surface ornamentation of fungal spores as well as the mycelial morphology. As shown in Fig. 2, the spores of 
Rhizopus stolonifer are in various forms (spherical, ellipsoidal and angular). The ornamentation on the surface is continuous and 
obvious ridges along the spores, and uniform and regular long tubes of mycelium with smooth outer surfaces [1,11]. In addition, Sun 
et al. [12] used the hyperspectral imaging system to obtain the hyperspectral images of Rhizopus stolonifer growing on potato dextrose 
agar (PDA) medium. As shown in Fig. 3A, the growth rate of Rhizopus stolonifer was rapid, reaching almost full at 24 h and completely 
full at 36 h and 48 h. The spectral changes (Fig. 3B) were consistent with the changes of fungal growth. The spectral response values 
changed rapidly from 12 to 24 h and 24–36 h during the growth stage, and the fungal species were distinguished by principal 
component analysis (PCA) and partial least squares discrimination analysis (PLS-DA). The method showed a high accuracy rate of 97.5 
%, demonstrating the applicability of hyperspectral imaging technology for identifying Rhizopus stolonifer. For the commercial eval
uation of Rhizopus soft rot, the ideal method for detecting fruit infection should be reliable, affordable and fast. Spore detection is 
primarily carried out by the process of isolation in PDA medium on a plate. However, Hahn et al. [13] found that the spectral detection 
method can be used for efficient detection. Through discriminant analysis of spectral data, the conidia of Rhizopus stolonifer can be 
detected. The spectral detection can be completed in a relatively short period of time, which makes up for the lack of conventional 
laboratory techniques that require one day to detect the conidia of Rhizopus stolonifer, and is sensitive and rapid, with a success rate of 
78 %. However, the wide application of hyperspectral imaging is limited due to drawbacks such as high cost, time-consuming 
operation, and complex processing. Zhu et al. [14] used hyperspectral transformation of RGB images to detect Rhizopus stolonifer 
infection in apples, and converted the response of RGB images into pseudo reflectance spectra, which combined with machine learning 
method to achieve accurate detection of fungal infection. In addition, Liao et al. [15] used Raman spectroscopy and cascade forest to 

Fig. 1. Morphological characteristics of Rhizopus stolonifer (A: Mycelial growth on PDA after 48 h incubation, B: Sporangium and sporangiophore, C: 
Columella, D: Sporangiospores, E: Rhizoids and stolons) [10]. 
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determine the damage degree of Rhizopus stolonifer on apples and combined different modeling methods with various pretreatment and 
dimensionality reduction methods to construct models, and the accuracy of the determinations were all over 90 %, which provided a 
new, rapid and accurate identification method for postharvest fungal hazards of agricultural products. 

2.2. Pathogenicity of Rhizopus stolonifer on hosts 

Rhizopus stolonifer has high activity, wide range of existence and strong aggressiveness. It can infect a wide variety of hosts, 
including cherry tomato [16], strawberry [17], grape [18], peach [19], sweet cheery [20], sweet potato [11] and other fruits and 
vegetables. Rhizopus stolonifer is a saprophytic fungus that can survive in a wide range of temperature and humidity, with an optimum 
temperature of 25 ◦C [21]. The fruit diseases usually caused by Rhizopus stolonifer are known as soft rot, black mold and Rhizopus rot. 
When the fruit is infected, the infection area is first soaked, and then becomes soft and rotten. The initial symptoms appear approx
imately one day after infection under appropriate temperature and humidity. Rapidly growing and abundant mycelium are observed 
on the surface of the fruit and cover the affected part by producing clusters of fibrous gray sporangia. The infected tissue is eventually 
decomposed into water-like decay, and its longitudinal section becomes very soft and slowly decays. And after about 2–3 days, the 
infected fruit may release juice with fermented or acidic odor [10]. The hosts of Rhizopus stolonifer and main symptoms are summarized 
in Table 1. 

Fig. 2. Morphology of spores and hyphae under SEM (A, B:30 KV 2000x, C:5000x, D:10000x, E:100 μm) [1,11].  

Fig. 3. Spectral characteristics of Rhizopus stolonifer (A: Typical hyperspectral RGB images, B: Average original spectra) [12].  
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2.3. Infection mechanism of Rhizopus stolonifer 

Infection mechanism of Rhizopus stolonifer on fruit is demonstrated in Fig. 4. The spores and mycelia of Rhizopus stolonifer typically 
invade and spread rapidly through the wound of the fruit when the temperature is higher than 5 ◦C, and the infection symptoms appear 
after 24 h–48 h. Rhizopus stolonifer spores release several amino acids, enzymes and other proteins during germination, and these 
enzymes include polygalacturonase and pectin methylesterase. Rhizopus stolonifer spores use polygalacturonase and pectin methyl
esterase produced during germination to invade host injured tissues, rapidly digest host cell wall components, cause tissue cell 

Table 1 
Hosts of Rhizopus stolonifer and the main symptoms.  

Hosts Pictures Symptoms References 

Squash (Cucurbita moschata) – The lesion began with water-soaked, rapidly softened, and then the area 
gradually expanded 

[22] 

Papaya (Carica papaya L.) – The edge of the water-immersed lesion spread irregularly. At the later 
stage, the lesions increased, white hyphae grew, the color darkened, the 
fruit collapsed, and sometimes the smell was unpleasant 

[23] 

Citrus fruit – The lesion was water-immersed and rapidly softened [24] 
Sweet potato (Dioscorea esculenta 

(Lour.) Burkill) 
Softened and watery decayed of the whole root [25] 

Tomato (Solanum lycopersicum L.) Wound tissue softened, skin broke and fluid was constantly exuded [26] 

Cherry tomato (Lycopersicon 
esculentum var. cerasiforme A. 
Gray) 

The infection site was first water-soaked and then softened. The mycelium 
did not grow out from the infection, and the infected tissue was finally 
decomposed in a water-decayed manner 

[18] 

Loquat (Eriobotrya japonica) – Irregular dark brown water immersion damage [27] 
Pear (Pyrus serntina) The infection site was first water-soaked, and then quickly softened and 

decayed. White hyphae grew from the infection site and covered the 
infection site by producing gray sporangia 

[10] 

Jackfruit (Artocarpus 
heterophyllus) 

The fruit was black, rotten, shrunk, and sometimes dried [28] 

Grape (Vitis vinifera L.) – The juice of the infection site exuded and quickly decayed [29] 
Strawberry (Fragaria × ananassa 

Duch.) 
Tissue severely decayed; juice released [30]  
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electrolyte extravasation, and decay [31]. The germination of spores requires certain nutrients. Rhizopus stolonifer cannot germinate 
when it lacks certain nutrients in the spore suspension, which may be due to the fact that spores contain insufficient endogenous carbon 
to germinate. Whereas, when sufficient exogenous carbon and nitrogen are available, the spores will germinate to produce infectious 
mycelia after 3–5 h. At present, it is generally believed that Rhizopus stolonifer can only penetrate the host tissue through fresh wounds, 
minimally invasive wounds and mechanical damage caused during harvesting and processing. However, it has also been reported that 
Rhizopus stolonifer successfully infected tomato and peach fruits without surface damage. Baggio et al. [32] found that when spores 
germinate in external nutrient supply, Rhizopus stolonifer can directly infect fruits without wounds. The incidence of uninjured fruits 
inoculated with Rhizopus stolonifer in nutrient solution is as high as that of fruits inoculated directly after injury. In addition, re
searchers have found that adding peach juice to the spore suspension of Rhizopus stolonifer could promote pathogen growth and 
nectarine infection. This indicates that the juice released from the wound can make the spores of Rhizopus stolonifer germinate, and 
then produce pectin esterase to destroy the fruit tissue. 

Usually, when the temperature is higher than 5 ◦C, Rhizopus stolonifer can penetrate the healthy fruit placed next to the diseased 
fruit through its stolons. Baggio et al. [33] studied the spatiotemporal analyses of Rhizopus rot progress in peach fruit inoculated with 
Rhizopus stolonifer. It was found that the peach fruits inoculated with Rhizopus stolonifer spore suspension were infected, and almost all 
the surrounding uninoculated fruits were gradually infected. Furthermore, the rate of disease infection increased over time, which may 
be related to the shortening of the incubation period of the disease, which may be the result of the efficiency of pathogen infection and 
colonization, or may be related to maturity. As the fruit matures, its nutrient contents increase, but it also becomes more susceptible to 
pathogen infection and colonization. Petrasch et al. [34] investigated the ability of Rhizopus stolonifer to infect mature and immature 
tomatoes, and confirmed that Rhizopus stolonifer could not infect immature fruits and required the host tissue to undergo a specific 
maturation process to cause disease. In addition, the infection ability of Rhizopus stolonifer may also be related to the fruit harvest 
season. It is reported that strawberry harvested in late season is more susceptible to Rhizopus stolonifer infection than early season 
strawberry, indicating that late season fruit may be more susceptible to pathogen infection. 

Fig. 4. Probable infection mechanism of Rhizopus stolonifer on fruit.  
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3. Control strategies of Rhizopus stolonifer 

3.1. Physical control 

Physical control methods are commonly as fungistatic compositions used for fungal inhibition in food with low energy con
sumption, high efficiency and no secondary pollution. Physical control methods include low temperature storage, irradiation treat
ment, heat treatment, ozone treatment, ultrasonic treatment, microwave treatment, etc. The inhibition effects of some physical control 
methods on Rhizopus stolonifer are summarized in Table 2. 

Physical control methods are one-time sterilization, which have strong effect on pathogens and will not produce resistance. During 
the treatment process, no chemical substances are added, which has no side effect on the environment, and the sterilization conditions 
are easy to control, the operation is simple, and the influence of the external environment is small. However, the control strength of the 
physical control methods is limited and does not have universal applicability. It needs to be combined with other technologies to 
achieve better control effect on Rhizopus stolonifer. It has been reported that the use of 0.6 kGy gamma-ray irradiation can reduce the 
occurrence of sweet potato Rhizopus soft rot, and the effect is significantly enhanced after combined treatment with 10 mg L− 1 sodium 
dichlorocyanisourate [25]. However, irradiation has not been used on a large scale in the production process because of its high cost 
and the fact that many consumers do not accept irradiated products, even though irradiation has the advantages of significant 
fungicidal effect, no contamination, no residues, etc. In addition, Zhao et al. [40] found that the infection rate of Rhizopus stolonifer was 
46 % after heat treatment at 38 ◦C for 24 h and storage for 7 days. However, heat treatment combined with Pichia guilliermondii could 

Table 2 
Inhibitory effect of physical methods to control Rhizopus stolonifer.  

Physical control 
method 

Treatment Effect Feature References 

Low-temperature 
storage 

Stored at-1 ◦C, 0 ◦C, 3 ◦C for 3 
weeks 

The viability of ’non-dormant’ spores 
decreased rapidly at − 1 ◦C and 0 ◦C, and 
decreased significantly at 3 ◦C 

It can inhibit the physiological 
metabolism of fruit, delay senescence, 
and reduce disease by inhibiting the 
growth of pathogenic fungi. It is easy 
to operate but not enough to control 

[35] 

The fruits were stored at 35 ◦C for 
1h and then cooled at 2 ± 0.5 ◦C 
and 85 %–95 % relative humidity 

The decay rate of fruits was reduced by 
15 %, and the severity was reduced by 
29 % 

[36] 

Irradiation treatment UV irradiation at a wavelength of 
360 nm for 6 min 

It inhibited mycelial growth, reduced 
fruit infection rate and maintained fruit 
quality 

It can inhibit its physiological 
metabolic activities, reduce the 
production of ethylene, and eliminate 
pathogenic microorganisms in fruits 
and vegetables. The sterilization effect 
is remarkable and the dose can be 
adjusted 

[37] 

UV-C (3.6 kJ m− 2) irradiation at a 
wavelength of 254 nm for 5 min 

The treated tomato had resistance to 
polygalacturonase secreted by Rhizopus 
stolonifer, delayed tomato senescence 
and reduced the incidence of soft rot 

[38] 

LED irradiation at a wavelength of 
405 nm, light intensity was 2.68 ±
0.5 mW cm− 2 

The antifungal effect on Rhizopus 
stolonifer after 12 days of illumination 
was 3.4 log CFU g− 1 

[39] 

Gamma irradiation (0.6 kGy) +
sodium dichloroisocyanurate (10 
mg L− 1) 

It inhibited the spore germination of 
Rhizopus stolonifer and reduced the 
incidence of Rhizopus soft rot of sweet 
potato 

[25] 

Heat treatment 38 ◦C for 24 h It significantly inhibited mycelium 
growth and spore germination of 
Rhizopus stolstonifer, and thus prevented 
postharvest fungal rot of cherry tomato 

It is economical, efficient and 
convenient to use heat to kill or inhibit 
pathogenic microorganisms on fruit 
and vegetables. However, when 
pathogen contamination occurs after 
heating, heat treatment has little effect 

[40] 

55 ◦C hot water treatment +
ultrasonic (500 W, 10 min) 

It inhibited mycelial growth, induced 
intracellular and protein leakage, 
changed the ultrastructure and mycelial 
morphology of Rhizopus stolonifer, and 
reduced the degree of Rhizopus soft rot 
of sweet potato 

[41] 

Ozone treatment The supply rate was 8 mg min− 1, 
the air flow rate was 500 mL min− 1 

Ozone treatment for 20 min can induce 
phytoalexins, significantly inhibit fungal 
decay caused by Rhizopus stolonifer, and 
reduce the microbial community on the 
berry surface 

Ozone can oxidize microbial cells and 
cause their death. Membrane 
components are the main targets of 
ozone, and they will be decomposed 
into oxygen after use, which is 
pollution-free 

[42] 

Ultrasonic treatment Ultrasound (500 W, 55 ◦C, 10 min) 
+ acidic electrolyzed water 
(available chlorine concentration 
50 mg L− 1) 

Significantly inhibited spore 
germination and germ tube elongation of 
Rhizopus stolonifer 

This method is simple, safe and 
efficient to destroy the cell wall, cell 
membrane and DNA of microorganism 

[11] 

Microwave 
treatment 

Microwave (0.45 kW, 2 min) +
Cryptococcus laurentii (1 × 108 

CFU mL− 1) 

The growth of Rhizopus stolonifer was 
inhibited, and the fruit decay rate was 
reduced by 71.3 % compared with the 
control 

It has a certain fungicidal effect by 
producing heat to reduce the 
physiological and biochemical effects 
of the fruit. Its energy consumption is 
low and the operation is simple 

[43]  
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reduce the infection rate to 8 %. Most physical control methods require complex equipment, high investment and footprint, and some 
methods can negatively affect the sensory quality of the fruit, which severely limits their promotion and application in the industry. 

3.2. Chemical control 

Chemical control methods have wide range of effects and obvious effects, which are commonly used fruit postharvest management 
strategy. Chemical control methods include fungicides, calcium chloride, salicylic acid, peracetic acid, nanomaterials, etc. The inhi
bition effects of some chemical control methods on Rhizopus stolonifer are listed in Table 3. 

Chemical control methods are effective, low-cost, and easy to implement, which has led to their widespread use in postharvest 
preservation of fruits and vegetables. But the use of chemicals such as fungicides has been controversial [57]. The use of chemical 
control methods may lead to the residue of some chemical substances, which poses a certain threat to human health and the envi
ronment. Meanwhile, excessive use of chemical fungicides may make pathogens resistant, which is one of the reasons why consumers 
are difficult to accept [58]. Several chemical control methods require coating. Certain fruit and vegetables with rough surfaces hinder 
the formation of a consistent and durable film by some reagents, thus hastening the spoilage process. Therefore, it is necessary to find a 
safer and more effective alternative method to control the infection of Rhizopus stolonifer in postharvest fruits. 

Table 3 
Inhibitory effect of chemical control methods on Rhizopus stolonifer.  

Chemical 
control method 

Treatment Effect Feature References 

Fungicide Botran 75WP (1.2 g L− 1) 
impregnation 30 s 

Compared with the control, the incidence of 
sweet potato Rhizopus soft rot can be 
reduced by 43.3 % 

It has wide sterilization range, quick 
effect and cost saving, but it is easy to 
make pathogenic fungi produce drug 
resistance 

[44] 

Available chlorine atmosphere (20 
mg L− 1) 

It can inhibit the growth of Rhizopus 
stolonifer and reduce the incidence of 
strawberry Rhizopus soft rot 

[45] 

Free chlorine (30 mg L− 1) Killed the spores of Rhizopus stolonifer and 
reduced the rot rate of tomato by 50 % 

[46] 

Boscalid + Pyraclostrobin (9.1, 
18.1, 36.3, and 72.5 oz per 100 gal 
of water, Pristine 38WG) 

It can significantly inhibit the Rhizopus soft 
rot of sweet potato and reduce the rot rate by 
more than 85 % 

[47] 

Calcium 
chloride 
(CaCl2) 

CaCl2 (2 % w/v) + Yeast 
antagonists (Candida guilliermondii, 
Pichia membranefaciens, 5 × 108 

CFU mL− 1) 

The spore germination rate and germ tube 
length were reduced, the growth of Rhizopus 
stolonifer was completely inhibited, and the 
incidence of peach Rhizopus soft rot was 
reduced 

Inhibition of fungal pathogens by direct 
inhibition of spore germination and 
growth is non-toxic, harmless, safe and 
long-lasting 

[48] 

CaCl2 (20 g L− 1) + lemongrass oil 
(1.5 mL L− 1) 

The growth of Rhizopus stolonifer was 
inhibited, and the incidence and severity of 
fruit were reduced by 80 % and 82 %, 
respectively 

[49] 

CaCl2 (2 %) The colony diameter was 8.5, and the 
inhibition rate was 90.44 % 

[50] 

Salicylic acid 
(SA) 

SA (100 μg mL− 1) + Rhodotorula 
glutinis (1 × 108 CFU mL− 1) 

It significantly inhibited the incidence and 
lesion diameter of strawberry Rhizopus soft 
rot, inhibited spore germination and induced 
host defense enzymes 

As a signal transduction molecule, can 
activate defense mechanisms when 
attacked by pathogens, which is 
economical and efficient 

[51] 

SA (MIC: 0.33 g L− 1) + thymol 
(MIC: 0.17 g L− 1) 

It destroyed the cell membrane of Rhizopus 
stolonifer, released nucleic acid and protein, 
caused mitochondrial dysfunction, and 
increased the activity of tomato defense 
enzymes 

[52] 

SA (2 mM) + chitosan (0.5 %) +
methyl jasmonate (0.01 mM) 

The mycelial growth and spore germination 
of Rhizopus stolonifer were completely 
inhibited, and the morphology of mycelia 
and spores was destroyed 

[53] 

Peroxyacetic 
acid (PAA) 

PAA (250 mg L− 1) The incidence of soft rot of sweet cherries, 
apricots, peaches and nectarines caused by 
Rhizopus stolonifer was reduced, and the 
treatment effect was related to the soaking 
time 

Its decomposition products are acetic 
acid, water and oxygen, which are 
harmless to the environment 

[54] 

Nanomaterial CuO nanomaterial (50 mg L− 1) Reduced the severity of sweet potato 
Rhizopus soft rot and plaque diameter 

It is a non-antibiotic fungicide with high 
thermal stability, biodegradability and 
non-toxicity 

[55] 

ZnO nanoparticles (300 mg L − 1) It showed antifungal activity against 
Rhizopus stolonifer and inhibited the 
occurrence of Rhizopus soft rot of sweet 
potato 

[56]  
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3.3. Biological control 

3.3.1. Natural extracts 
Attention is increasingly focused on the use of natural extracts to control postharvest decay in fruits and vegetables. Chitosan and 

Tea polyphenols have been reported more frequently. 
Chitosan is a deacetylated derivative of chitin with positive charge, which gives it unique physiological and biological properties 

for fighting against fungi, bacteria and viruses [59]. Different molecular weights of chitosan have different effects on Rhizopus sto
lonifer. Low molecular weight chitosan had a certain inhibitory effect on mycelial growth, medium molecular weight chitosan had a 
major effect on the release of protein, which increased, while high molecular weight chitosan had an effect on spore morphology and 
germination [60,61]. In addition, studies have found that chitosan can affect the membrane permeability of Rhizopus stolonifer, 
resulting in an increase in extracellular pH and inhibition of H+-ATPase activity [62,63]. Chitosan, however, has limitations such as 
poor solubility in water, solubility in acetic acid, as well as inadequate stability and mechanical properties, which restrict its com
mercial applications [64,65]. 

Tea polyphenols are a complex of phenolic compounds in tea, which have antioxidant, fungicidal and antiviral effects, and are 
widely used in food and pharmaceutical industries. Yang and Jiang [66] found that tea polyphenols can interfere with the synthesis of 
the cell wall of Rhizopus stolonifer, destroy the plasma membrane, cause the lysis of mycelia and spores, inhibit the growth of mycelia 
and the germination of spores in a dose-dependent manner, and control the soft rot of nectarine fruit by inducing antifungal activity 
and defense enzyme activity. 

3.3.2. Plant volatile compounds (VOCs) 
Plant essential oil are natural and volatile aromatic compounds, which is a secondary metabolite obtained from different plant 

organs. Due to their biological properties, especially antifungal properties, there is potential to preserve products as an alternative to 
many traditional antifungal agents. Oliveira et al. [67] used several essential oils combined with hydroxymethyl cellulose to control 
Rhizopus stolonifer in strawberry. Among them, 125 μL L− 1 Lippia sidoides essential oil can completely inhibit the mycelial growth of 
Rhizopus stolonifer, resulting in morphological degradation, severe damage to plasma membrane and intracellular components, 
manifested as blurred intracellular organelles and loss of cytoskeleton, indicating that it has high antifungal activity in a 
dose-dependent manner. Phyo et al. [68] found that thymol and cinnamaldehyde have a synergistic effect. 2MIC (minimum inhibitory 

Table 4 
Inhibitory effect of plant volatile compounds on Rhizopus stolonifer.  

Name Concentration Main chemical components Effect References 

Clove essential oil 
(Syzygium 
aromaticum (L.) 
Merr. & Perr.) 

200 μL mL− 1, 
complete 
suppression 

Eugenol (79.4 %), Eugenylacetate (9.2 %), 
Isocaryophyllene (7 %) 

Significantly inhibited the mycelial growth 
and spore germination of Rhizopus stolonifer in 
a dose-dependent manner 

[69] 

Origanum vulgare L. 
essential oil 

MIC:10 μL mL− 1 Carvacrol (66.01 %), Linalool (5.17 %), 
Thymol (3.51 %), ο-cymene (3.03 %), 
γ-terpinen (2.54 %), Borneol (2.53 %) 

It inhibited spore germination, caused 
morphological changes of spores and 
mycelium, and significantly reduced the 
infection rate of fruit 

[18] 

Mentha spicata L. 
essential oil 

MIC:5 μL mL− 1 

MFC: 10 μL mL− 1 
Carvone (61.71 %), Limonene (20.22 %), 1,8- 
cineole (5 %), Sabinene (2.28 %), Cis- 
dihydrocarvone (1.63 %), α-thujene (1.4 %) 

95 % of spore germination was inhibited and 
effectively reduced the severity and incidence 
of Rhizopus stolonifer infection 

[70] 

Fennel essential oil 
(Foeniculum vulgare 
Mill.) 

800 μL mL− 1, 
complete 
suppression 

Anethole (75.15 %), Fenchone (9.37 %) The growth and spore germination of Rhizopus 
stolonifer were inhibited in a dose-dependent 
manner 

[71] 

Eucalyptus staigeriana F. 
Muell. ex Bailey 
essential oil 

1.5 μL mL− 1 Limonene (14.93 %), α-thujene (11.22 %), 
Geraniol (8.34 %) 

It acted on the cell wall and cell membrane, 
changing the structure of mycelium, causing 
the mycelium to dehydration and rupture 

[72] 

Citrus sinensis (lima 
orange) essential 
oil 

100 μL mL− 1 Limonene (95.2 %) Inhibition of mycelial growth of Rhizopus 
stolonifer in a dose-dependent manner 

[73] 

Satureja richingeri 
essential oil 

500 μL L− 1 Carvacrol (87.0 %), G-terpinene (4.7 %), P- 
cymene (1.7 %), Linalool (1.4 %), Limonene 
(1.2 %), B-bisabolene (1.2 %), Terpinen-4-ol 
(1.0 %) 

It had a significant inhibitory effect on spore 
germination and mycelial growth of Rhizopus 
stolonifer, and mycelium was more sensitive 
than spores 

[74] 

Cymbopogon citratus 
(Dc. Ex Nees) 
essential oil 

MIC: 5 μL mL− 1 Monoterpenes geranial (β-citral isomer) (29.2 
%), Neral (α-citral isomer) (27.0 %) 

It inhibited spore germination and mycelial 
growth by affecting the integrity of the spore 
plasma membrane 

[75] 

Rosmarinus officinalis L. 
essential oil 

1000 μL L− 1 Camphor (15.1 %), Verbenone (14.3 %), 
α-pinene (13.6 %), 1,8-cineole (11.8 %) 

It showed 100 % antifungal activity against 
Rhizopus stolonifer and reduced fruit decay 
rate 

[76] 

Sweet basil essential oil 30 μL 400 mL− 1 air 
space 

Linalool (55.78 %), Eugenol (12.15 %), 1,8- 
Cineol (10.26 %), Methyl eugenol (3.79 %) 

It showed antifungal activity against Rhizopus 
stolonifer 

[77] 

Geranium essential oil 0.12 % (v/w) D-limonene (45.10 %), β-pinene (20.50 %), 
γ-terpinene (10.59 %) 

It inhibited the growth of Rhizopus stolonifer 
and reduced the incidence of papaya decay by 
40 % 

[78]  
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Table 5 
Inhibitory effects of microorganisms and their secondary secretions on Rhizopus stolonifer.  

Name Source Concentration Effect References 

Pichia 
guilliermondii 

China Center of Industrial Culture 
Collection (CICC No. 32333) 

1 × 108 CFU 
mL− 1 

The incidence of peach can be reduced by more than 50 % by activating the activities of defense-related enzymes, 
destroying the formation of cell wall structure, increasing energy supply, activating energy metabolism and improving 
disease resistance 

[19] 

Debaryomyce 
hansenii 

China Typical Culture Collection (CCTCC 
M 2021610 Y3) 

1x108 cells 
mL− 1 

The spore germination rate and germ tube length of Rhizopus stolonifer were reduced, and the activity of related defense 
enzymes in fruits was induced 

[82] 

Cryptococcus 
laurentii 

Pear 1 × 108 CFU 
mL− 1 

The spore germination was inhibited, and the natural decay rate was reduced by 70 % [83] 

Bacillus cereus 
AR156 

College of Plant Protection, Nanjing 
Agricultural University, China 

1 × 108 CFU 
mL− 1 

It can reduce the incidence and lesion diameter by 38.6 % and 21.0 % respectively after two days of inoculation, and 
enhance the antioxidant activity of peach by initiating defense response 

[84] 

Bacillomycin D Bacillus subtilis fmbj, (CGMCC No.0943) 50 mg L− 1 It inhibited mycelial growth and spore germination, destroyed spore plasma membrane structure and enhanced fruit 
resistance 

[16] 

Fengycin Bacillus subtilis fmbj, (CGMCC No.0943) 50 μg mL− 1 Inhibition of mycelial growth and spore germination, resulting in protein and nucleic acid leakage, and low 
concentration induced apoptosis, high concentration induced cell necrosis 

[85] 

Iturin A Bacillus amyloliquefaciens LZ-5 512 μg mL− 1 It inhibited mycelial growth and spore germination, destroyed cell integrity, improved fruit resistance, and reduced the 
incidence of soft rot 

[86] 

Bacteriocin LF-1 Lactobacillus plantarum 20 % The spore germination of Rhizopus stolonifer was significantly inhibited. Compared with the control, the spore 
germination rate was reduced by 64.7 %, and the decay rate of strawberry was reduced 

[87]  
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concentration) thymol-cinnamaldehyde can completely inhibit the germination of Rhizopus stolonifer spores, change the cell mem
brane permeability, destroy the cell structure, inhibit the growth of mycelium, and thus play an antifungal role. The inhibitory effects 
of other plant volatiles on Rhizopus stolonifer are shown in Table 4. 

Plant essential oils have the advantages of green, pollution-free and high safety, but the process of extraction is complicated, and 
some of them are expensive and difficult to be applied in large quantities. In addition, the antifungal components of some plant 
essential oils are unknown, most of which are still in the laboratory research stage and cannot be applied in practice. 

3.3.3. Microorganisms and their secondary secretions 
Microbial control methods refer to that microorganisms inhibit or kill pathogenic fungi by producing some active substances or 

competing with pathogenic fungi for nutrients. This kind of method has the advantages of not polluting the environment and not 
producing drug resistance, and has become a research hotspot in recent years. Zhang et al. [79] found that the volatile organic 
compounds produced by Bacillus siamensis G-3 had a significant control effect of 89.4 % on the postharvest diseases of raspberries 
caused by Rhizopus stolonifer. Pichia Caribbica can compete with Rhizopus stolonifer for space and nutrition, and induce the activities of 
defense-related enzymes such as peroxidase (POD), catalase (CAT) and phenylalanine ammonia lyase (PAL) in peach to enhance 
resistance [80]. In addition, Bonaterra et al. [81] found that Pantoea agglomerans EPS125 significantly reduced the incidence and lesion 
diameter of soft rot in peach, nectarine, apricot and other fruits by direct interaction with Rhizopus stolonifer cells. At the medium 
concentration, the strain EPS125 was highly effective in controlling Rhizopus stolonifer, and the control efficiency of soft rot caused by 
Rhizopus stolonifer was between 49 % and 61 %. The inhibitory effects of other microorganisms and their secondary secretions on 
Rhizopus stolonifer are shown in Table 5. 

Microbial control, while promising, is not without its limitations in practical applications. The antifungal effect of microorganisms 
is contingent upon their growth state, leading to variability in efficacy. Furthermore, there exist challenges related to biosafety 
concerns and the requirement for commercial registration. These factors collectively hinder the large-scale utilization of microbial 
control methods in real-world production settings. 

4. Conclusion and prospect 

Fungal diseases caused by Rhizopus stolonifer have posed a serious threat to the postharvest storage of fruit worldwide. For fungal 
diseases, most of them still rely on chemical fungicides. However, chemical fungicides can cause environmental pollution, chemical 
residues, and drug resistance of pathogens, they pose a serious threat to humans and the environment. Therefore, people have 
gradually shifted their attention to safe and pollution-free biological control. Although there are many studies on essential oils and 
microbial antagonists used to control Rhizopus stolonifer, most of them are difficult to put into practical application due to insufficient 
control effect, high cost and immature technology. 

In the future, the research on Rhizopus stolonifer and its prevention and control technology also needs to pay attention to the 
following aspects: (1) Multidimensional research on enzymatic, metabolic and infection mechanisms of Rhizopus stolonifer to provide a 
theoretical basis for further exploration and instructions for prevention and control strategies; (2) On the basis of effective in vivo and in 
vitro experiments, new natural antifungal products that can be used for commercial are developed; (3) Explore the mechanism of action 
of various control strategies on Rhizopus stolonifer, and provide guidance for its future application as a safe control technology; (4) In 
view of the different stages of Rhizopus stolonifer infection, natural antifungal agents were combined with other technologies to develop 
antifungal methods that can be applied to actual production and achieve commercial scale. 
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[63] A. Hernández-Lauzardo, J. Vega-Pérez, M. Valle, N. Sánchez, A. Peña, G. Guerra-Sanchez, Changes in the functionality of plasma membrane of Rhizopus 
stolonifer by addition of chitosan, J. Phytopathol. 159 (2011) 563–568, https://doi.org/10.1111/j.1439-0434.2011.01802.x. 

[64] M. Ma, M. Gu, S. Zhang, Y. Yuan, Effect of tea polyphenols on chitosan packaging for food preservation: physicochemical properties, bioactivity, and nutrition, 
Int. J. Biol. Macromol. 259 (2024) 129267, https://doi.org/10.1016/j.ijbiomac.2024.129267. 

[65] R. Saberi Riseh, M. Vatankhah, M. Hassanisaadi, J.F. Kennedy, Chitosan-based nanocomposites as coatings and packaging materials for the postharvest 
improvement of agricultural product: a review, Carbohydr. Polym. 309 (2023) 120666, https://doi.org/10.1016/j.carbpol.2023.120666. 

[66] X. Yang, X. Jiang, Antifungal activity and mechanism of tea polyphenols against Rhizopus stolonifer, Biotechnol. Lett. 37 (2015) 1463–1472, https://doi.org/ 
10.1007/s10529-015-1820-6. 

[67] J. Oliveira, M.C.M. Parisi, J.S. Baggio, P.P.M. Silva, B. Paviani, M.H.F. Spoto, E.M. Gloria, Control of Rhizopus stolonifer in strawberries by the combination of 
essential oil with carboxymethylcellulose, Int. J. Food Microbiol. 292 (2019) 150–158, https://doi.org/10.1016/j.ijfoodmicro.2018.12.014. 

[68] H.M. Phyo, J. Ju, Q.A. Al-Maqtari, W. Yao, Evaluation of the synergistic antifungal effects of thymol and cinnamaldehyde combination and its mechanism of 
action against Rhizopus stolonifer in vitro and in vivo, Biocatal. Agric. Biotechnol. 49 (2023) 102658, https://doi.org/10.1016/j.bcab.2023.102658. 

Q. Liu et al.                                                                                                                                                                                                             

https://doi.org/10.3389/fpls.2019.00223
https://doi.org/10.3389/fpls.2019.00223
https://doi.org/10.1016/S0007-1536(80)80012-X
https://doi.org/10.1016/S0007-1536(80)80012-X
https://doi.org/10.21273/HORTTECH.15.1.0153
https://doi.org/10.17660/ActaHortic.2010.877.225
https://doi.org/10.1016/j.cropro.2003.10.007
https://doi.org/10.1016/j.cropro.2003.10.007
https://doi.org/10.1016/j.foodchem.2021.130566
https://doi.org/10.1016/j.ijfoodmicro.2009.11.002
https://doi.org/10.1016/j.lwt.2021.111797
https://doi.org/10.1006/pmpp.1996.0032
https://doi.org/10.1007/s00217-004-0902-9
https://doi.org/10.1094/PDIS-01-16-0051-RE
https://doi.org/10.1080/07060660609507330
https://doi.org/10.1094/PDIS.2001.85.8.885
https://doi.org/10.1094/PHP-2009-0206-01-RS
https://doi.org/10.1046/j.1365-3059.2002.00711.x
https://doi.org/10.1016/j.scienta.2015.11.013
https://doi.org/10.1016/j.scienta.2015.11.013
http://refhub.elsevier.com/S2405-8440(24)05553-1/sref50
http://refhub.elsevier.com/S2405-8440(24)05553-1/sref50
https://doi.org/10.1016/j.foodchem.2010.03.013
https://doi.org/10.1016/j.foodchem.2019.01.099
https://doi.org/10.1016/j.foodchem.2019.01.099
https://doi.org/10.1007/s10068-018-0305-5
https://doi.org/10.1016/j.postharvbio.2004.02.011
https://doi.org/10.3390/nano11102572
https://doi.org/10.2478/fhort-2019-0025
https://doi.org/10.1016/j.scienta.2015.10.046
https://doi.org/10.1016/j.postharvbio.2019.111070
https://doi.org/10.1111/j.1365-2672.2007.03567.x
https://doi.org/10.1016/j.pestbp.2008.09.001
https://doi.org/10.1016/j.pestbp.2008.09.001
https://doi.org/10.1016/j.carbpol.2007.12.020
https://doi.org/10.1016/j.carbpol.2007.12.020
https://doi.org/10.1016/j.pestbp.2010.03.008
https://doi.org/10.1016/j.pestbp.2010.03.008
https://doi.org/10.1111/j.1439-0434.2011.01802.x
https://doi.org/10.1016/j.ijbiomac.2024.129267
https://doi.org/10.1016/j.carbpol.2023.120666
https://doi.org/10.1007/s10529-015-1820-6
https://doi.org/10.1007/s10529-015-1820-6
https://doi.org/10.1016/j.ijfoodmicro.2018.12.014
https://doi.org/10.1016/j.bcab.2023.102658


Heliyon 10 (2024) e29522

13

[69] M.L. Sameza, L.C. Nguemnang Mabou, S.N. Tchameni, M.A. Boat Bedine, F. Tchoumbougnang, P.M. Jazet Dongmo, F. Boyom Fekam, Evaluation of clove 
essential oil as a mycobiocide against Rhizopus stolonifer and Fusarium solani, tuber rot causing fungi in yam (Dioscorea rotundata poir.), J. Phytopathol. 164 
(2016) 433–440, https://doi.org/10.1111/jph.12468. 

[70] J. Oliveira Filho, G. Silva, M. Egea, H. Azeredo, M. Ferreira, Essential oils as natural fungicides to control Rhizopus stolonifer-induced spoiled of strawberries, 
Biointerface Res. Appl. Chem. 11 (2021) 13244–13251, https://doi.org/10.33263/BRIAC115.1324413251. 

[71] S. Mohammadi, H. Aroiee, M.H. Aminifard, A. Tehranifar, V. Jahanbakhsh, Effect of fungicidal essential oils against Botrytis cinerea and Rhizopus stolonifer rot 
fungus in vitro conditions, Arch. Phytopathol. Plant Protect. 47 (2014) 1603–1610, https://doi.org/10.1080/03235408.2013.853456. 
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