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Citrus black rot disease being caused by Alternaria citri is a major disease of citrus plants with 30–35%
economic loss annually. Fungicides had not been effective in the control of this disease during last few
decades. In the present study, antifungal role of green synthesized zinc oxide (ZnO) and copper oxide
(CuO) nanoparticles (NPs) were studied against Alternaria citri. Alternaria citri was isolated from disease
fruits samples and was identified by staining with lacto phenol cotton blue. Furthermore, CuO and ZnO
NPs were synthesized by utilizing the lemon peels extract as the reducing and capping agent.
Nanoparticles were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM)
techniques. From the XRD data, the calculated size of CuO NPs was to be 18 nm and ZnO NPs
was16.8 nm using Scherrer equation. The SEM analyses revealed the surface morphology of all the metal
oxide NPs synthesized were rounded, elongated and or spherical in the shape. The zone of inhibition was
observed to be 50 ± 0.5 mm by CuO NPs, followed by 51.5 ± 0.5 mm by ZnO NPs and maximum zone of
antifungal inhibition was observed to be 53 ± 0.6 mm by mix metal oxide NPs. The results of minimum
inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of the synthesized
nanoparticles showed that at the certain concentrations (80 mg ml�1), these NPs were capable of inhibit-
ing the fungal growth, whereas above that specified concentrations (100 mg ml�1), NPs completely inhib-
ited the fungal growth. Based on these findings, the green synthesized NPs can be used as alternative to
fungicide in order to control the citrus black rot disease.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The production and development of nanomaterial by using cop-
per, zinc, titanium, gold, magnesium, silver whose size ranges from
1 to 100 nm is known as nanotechnology (Hasan, 2015). Nanopar-
ticles are smaller than objects, but larger than atoms (Guisbiers
et al., 2012). Nanoparticles are now being used in daily life require-
ment like in cosmetics, garment and different industries. Different
methods are used for their synthesis involving biological, physical
or chemical methods (Hasan, 2015). These NPs are used in different
biological applications like treating diseases, preventing wound
infection and having antimicrobial activities because of their smal-
ler size (Duran et al., 2016).

Citrus Black rot is a major disease of citrus plant caused by a
fungal plant pathogen Alternaria citri. It forms black hyphae on
the surface of the plant and decline in citrus production. The dis-
ease prevails throughout the world leading to severe internal
damage to citrus fruit and economic losses. In Pakistan, this dis-
ease accounts for 30–35% economic loss annually (Anwaar
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et al., 2020). This is a disease of sweet oranges (Citrus sinensis)
that occurs after harvesting the fruit. This disease prevails in
extreme weather conditions like hot, dry summer, cool and moist
winters. Citrus black rot begins as a core rot where pathogen col-
onizes the columella of the fruit. Citrus black rot disease may be
caused by more than one morphological species of Alternaria,
including species other than Alternaria citri (Mojerlou and
Safaie, 2012). Initial route of the infection is only limited to the
internal tissues. This results in the internal decay which causes
the fruit to ripe prematurely. Citrus production decline is a global
problem and is usually associated with poorly aerated soils.
Leaves of the affected citrus trees may show symptoms related
to zinc deficiency by the accumulation of zinc in bark and outer
xylem of the trunk.

In a ten year survey of citrus associated diseases from several
countries of the Mediterranean basin, high diseases pressure has
been detected in all areas forcing citrus growers for adaptation
of fungicidal spray programs. Chemical control leads to hazardous
consequences for human and environmental health and, further,
the widespread resistance phenomena limitize continuous appli-
cations of fungicides (Vitale et al., 2021). Thus, there is a need
to hunt for new antifungal agents to control disease (Yang
et al., 2019). Nanotechnology is an emerging technology with
the potential application in plant protection. The use of NPs sug-
gests a new promising approach to control fungal infections in
plants. These little particles of matter possess unique antifungal
properties and may be used as an alternative to fungicides (De
la Rosa-García et al., 2018). Fungal infections in citrus can be con-
trolled using alternative techniques. The combination therapy of
Ag NPs along with fungicidal compound like epoxiconazole
against Setosphaeria turcica fungi showed some promising results,
indicating possible synergistic effect of NPs along with drugs
(Huang et al., 2020). But no data is available to indicate
antimicrobial efficacy of two or more metal oxide NPs and their
combined effect against pathogenic fungi. Green synthesis of
NPs is a cheap, eco-friendly method and requires no toxic
chemicals with little or no side effects (Iravani et al., 2014). In
present decade efforts have been diverted to develop potent,
effective and multi-functional nano-materials. Combined NPs
have been utilized for the development of pesticide exhibiting
improved biological potential and better environmental safety
(Alghuthaymi et al., 2021). Therefore, present study was aimed
to green synthesize ZnO and CuO NPs in order to study their anti-
fungal properties against citrus black rot causing Alternaria citri,
alone and in combination. Findings of the study may lead to
development of an alternative effective method to control
phytopathogenic fungi as compared to harmful fungicides.
2. Material and methods

2.1. Sample collection

About 100 samples with visible symptoms of citrus black rot
disease were collected from orchards of District Haripur, Khyber
Pakhtunkhwa, Pakistan in sterile polyethylene bags and stored till
further use.
2.2. Preparation of media

Potato dextrose agar media (CM0139; Oxoid) was prepared
according to manufacture recommendations. In brief, 39 g of
potato dextrose agar was suspended in one liter distilled water.
Media was then autoclaved at 121 �C for 15 min to sterilize. It
was cooled to 45–50 �C and then poured in sterile plates in uniform
manner and allowed to solidify.
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2.3. Isolation of fungus

Samples were washed with distilled water and dried under
shade at the room temperature. The borderline between the
healthy and infected tissues of the surface fruit were cut with
the help of a sterile razor blade. The cut portions were disinfected
with 70% ethanol for 2 min. The infected part showing lesions were
placed in potato dextrose agar containing streptomycin
(100 mg ml�1) to prevent the growth of bacteria. The inoculum
was incubated at room temperature (28�C) for 5 days (Parey
et al., 2013).

2.4. Identification of fungus

A drop of lacto-phenol cotton blue was placed in the middle of
clean glass slide. Few mycelia were placed on glass slide using
inoculating wire loop. Teasing was done to separate the mycelium
in order to get a homogenous mixture covered with coverslip and
allowed to stay for few min. The presence of thread like hyphae,
microconidia and club shaped black or brown spores were
observed under the microscope.

2.5. Green synthesis of nanoparticles

2.5.1. Copper oxide nanoparticles synthesis
Copper oxide nanoparticles were produced by following the

green synthesis technique. Copper sulphate pentahydrate (CuSO4-
�5H2O) was utilized to form the CuO NPs by utilizing the lemon
peels extract. Lemons were collected from the local market of Har-
ipur and peels were separated. Peels were washed three times with
the distilled water (dH2O) and kept for shade drying at room tem-
perature for seven days. Dried peels were pulverized to fine pow-
der using a sterilized mixer grinder and stored in air tight bottles.

200 ml distilled water was measured and placed in a conical
flask and 10 g of copper sulphate pentahydrate was weighed and
added to the heating distilled water. 15 g of prepared lemon peel
extract was added drop wise to the CuSO4 solution and change in
color from blue to dark brown was noted. The prepared NPs solu-
tion was cooled and filtered using Whatman filter paper No 1. Fil-
tered concentrated NPs solution was placed for drying in china
dish in hot air-oven for 1 hr. Later the NPs were scratched from
the surface of the china dish and grinded. Copper oxide NPs pow-
der was dissolved in distilled water (dH2O) to prepare different
concentrations of CuO NPs for further use.

2.5.2. Zinc oxide nanoparticles synthesis
For preparation of ZnO NPs 10 g of zinc chloride was dissolved

to 200 ml of hot distilled water. Then 15 g of the prepared lemon
peel extract was drop wise added to the solution. The whole mix-
ture was boiled for half hour and change in color was noted from
rust to light brown. The prepared NPs solution was then placed
for cooling. Later, the concentrated solution of the NPs was dried
in china dish in hot air oven at 80�C for 1 hr. After drying, the
NPs were scratched from the surface of china dish and grinded.
Further, the grinded ZnO NPs powder was weighed to prepare dif-
ferent concentrations in distilled water for further use.

2.6. Characterization of nanoparticles

The green synthesized ZnO and CuO NPs were characterized for
their crystalline structure and morphology through XRD (X’pert
PRO of PANalytical company), and SEM (JOEL-JSM-6490LATM SEM)
respectively. XRD carried out diffraction analysis at a wavelength
(k) of 1.5418 Å within a 2h range of 10-80�. The morphology of
the synthesized NPs was performed using SEM with a counting



Fig. 1. Scanning electron microscopy (SEM) analysis of zinc oxide nanoparticles
reveals nanoparticles size and shape.
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rate of 2838 cps by SEM operating at 20 kV (Jamdagni et al., 2018;
Geetha et al., 2016).

2.7. Antifungal activity of nanoparticles

About 39 g of potato dextrose agar (PDA) was measured and
added to 100 ml distilled water and dissolved by proper stirring.
After autoclaving, the media plates were placed for solidification
for about 20–25 min. Wells were prepared in the solidified media
using sterilized cork borer (8 mm). The wells were properly sealed
with 20 ml of media (that was placed in water bath to prevent from
the solidification). After sealing the wells, the plates were then
again placed to solidify for 10 min. Plates were then inoculated
with 50 ml of fungal culture. Next, about 100 ml of NPs prepared
in different concentration in distilled water were poured in the
wells. The plates were then placed as such for about 40–45 min
so that the NPs get disperse in the media properly. After 40–
45 min, the plates were then placed in the incubator for 5 days
at 28�C. After 5 days, the plates were observed for the antifungal
activity. The zones of inhibition were measured and recorded with
respect to the type and concentration of the NPs with the help of
scale to mm accuracy.

2.8. Minimum inhibitory concentration determination of nanoparticles

About 1.3 g of nutrient broth were measured and added to the
conical flask that contained 100 ml of the distilled water. The nutri-
ent broth was subjected to autoclaving at 121�C for 20 min at 15 psi.
After autoclaving, the nutrient broth was placed to cool down.
After cooling, approximately 9 ml nutrient broth was taken from
the flask and poured into the falcon tubes/screw-capped glass
tubes. About 1 ml of the respective fungal strain was taken and
added into this 9 ml broth along with different concentration of
NPs in each tube. This tube was incubated in the shaker incubator
for 24 h. After 24 h of incubation, the samples were observed visu-
ally. On the basis of visual observation, the MIC was determined at
a certain concentration.

2.9. Evaluation of synergistic effect of mix metal oxide nanoparticles

The mix NPs were prepared after the drying of both the CuO and
ZnO NPs. Dried powder of CuO NPs and ZnO NPs was weighed in
equal amount and dissolved in distilled water to check their
synergistic effect against Alternaria citri. The fractional inhibitory
concentration (FIC) index was evaluated with modification
(Dzotam et al., 2015). FIC value for each NP was calculated from
MIC of NP showing no visible growth when used in combination.

FIC (CuO) = MIC of CuO in combination / MIC of CuO alone
FIC (ZnO) = MIC of ZnO in combination / MIC of ZnO alone
Synergistic effect 0.5 � R FIC
Indifferent effect 0.5 < R FIC � 0.4
Antagonism effect R FIC > 4

2.10. Minimum fungicidal concentration determination of
nanoparticles

About 39 g of PDA was measured and added to the conical flask
that contained 100 ml of the distilled water. The agar was then
autoclaved at 121�C for 20 min at 15 psi. After autoclaving, media
was placed at the room temperature for 10 min. Later, pouring of
media was done in the sterilized Petri-plates. The plates were then
let to solidify for about 20 min. After solidification, inoculating loop
was dipped into the glass tubes to determine MFC and the sample
was inoculated on the agar plates. The inoculated plates were incu-
bated at 28�C. The plates were then observed for minimum as well
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as no visible growth. The selected concentrations with negative
growth were declared as MFC.
2.11. Statistical analysis

Experiments were conducted in triplicate and average with
standard deviation was calculated. Analysis of variance (ANOVA)
was performed to test statistical significance of results between
the groups. Graph Prism 9.1 version was used to perform ANOVA.
3. Results

3.1. Scanning electron microscopy analysis of zinc oxide nanoparticles

Surface morphology of the ZnO NPs was elucidated by using
SEM (Fig. 1). Scanning electron microscopy images showed various
morphological appearance of the ZnO NPs. Majority of the NPs
were spherical in shape and some were elongated in shape. Some
variations were noticed in the NPs size. The size of ZnO NPs ranged
from 14.57 nm to the 49.88 nm and the mean size of the NPs were
estimated to be 33.92 nm (Fig. 1).
3.2. Scanning electron microscopy analysis of copper oxide
nanoparticles

The size and shape of the obtained CuO NPs were studied using
SEM technique (Fig. 2). The NPs have good homogeneity, spherical
in shape and appropriate separation. A homogenous distribution of
particles gives us better knowledge on the particle size and
approximately particle size. The size of the CuO NPs ranged from
18.18 nm to 43.37 nm with the mean size of the CuO NPs about
25 nm (Fig. 2).
3.3. X-Ray diffraction analysis of copper oxide nanoparticles

The XRD peaks of CuO NPs being synthesized by using lemon
peel extract as a reducing agent has been described in Fig. 3. The
resulting spectrum of CuO NPs appeared at 2-theta degree range
of 36�, 45�, 65�and 77� for the respective indices of 11, 200, 220
and 311. These peaks can be characterized according to crystalline
structures corresponding to the synthesis of pure CuO NPs. The
crystalline nature of CuO NPs can be determined by observing
the narrow sharp peaks. These peaks thus imply the high purity
of synthesized CuO NPs that is achieved by following the green
synthesis technique. The crystal size affects the broadening of
peaks. The calculated average crystallite size by Scherrer equation
(D = kkbcosh) was 18 nm for CuO NPs. It was thus clear that the



Fig. 2. Scanning electron microscopy (SEM) analysis of copper oxide nanoparti-
clesreveals nanoparticles size and shape.

Fig. 3. X-ray diffraction (XRD) analysis of copper oxide nanoparticles.
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pure CuO NPs have been synthesized by using copper sulfate as a
precursor (Fig. 3).
3.4. X-ray diffraction analysis of zinc oxide nanoparticles

The XRD peaks of ZnO NPs synthesized using lemon peel extract
for reducing zinc chloride have been shown in Fig. 4. The character-
istic peaks of ZnO NPs were observed at 2-theta range of 37�C, 45�C,
65�C, 77�C and 83�C for the respective indices of 111, 200, 220, 311
and 22 respectively. The presence of sharp peaks has indicated that
the ZnO NPs synthesized were highly pure and free from contam-
ination. The narrowing of XRD peak was thought to be affected by
the crystal size. The average crystallite size calculated by Scherrer
equation (D = kkbcosh) was 16.8 nm. It was observed that pure ZnO
NPs have been synthesized via using zinc chloride as a precursor
(Fig. 4).
Fig. 4. X-ray diffraction (XRD) analysis of zinc oxide nanoparticles.
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3.5. Microscopy of fungal culture

The obtained fungus (Alternaria citri) appeared in the form of
thread like hyphae with microconidia and club shaped black or
brown spores. The spores were present singly or in the form of long
chains (Fig. 5).

3.6. Evaluation of antifungal activity of nanoparticles

3.6.1. Antifungal activity of zinc oxide nanoparticles
Antifungal activity of ZnO NPs synthesized by using lemon peel

extract against Alternaria citri showed variable level of susceptibil-
ity at the various concentrations. Different concentrations of ZnO
NPs were prepared ranging from 10 mg ml�1 to 100 mg ml�1 to
assess the effectiveness of ZnO NPs against the selected Alternaria
citri fungal strain (Fig. 6). At a concentration of 10 mg ml�1 a zone
of inhibition with 21.5 ± 0.5 mm diameter was observed. At
20 mg ml�1 and 30 mg ml�1, the zone of inhibition was found to
be 25 ± 0.5 mm and 26.5 ± 0.28 mm, respectively. A dose depen-
dent response was found in the zone of the inhibition by increasing
NPs concentration (Fig. 7). At various concentrations ranging from
40 mg ml�1 to 90 mg ml�1 different zone diameters ranging from
33.5 ± 0.05 mm to 46.5 ± 1.0 mm were documented. Highest zone
of inhibition was recorded as 51.5 ± 0.5 mm at a concentration of
100 mg ml�1.

3.6.2. Antifungal activity of copper oxide nanoparticles
Antifungal activity of green synthesized CuO NPs also exhibited

varied level of antifungal activity against Alternaria citri (Fig. 8). At
different concentrations ranging from 10 mg ml�1 to 100 mg ml�1

zones of clearance of varied diameter ranging from 18.5 ± 1 mm to
50 ± 0.5 mm were observed. Results indicated a dose dependent
response that is by increasing the concentration of NPs the fungi-
cidal effect was also enhanced (Fig. 9).

3.6.3. Antifungal activity of mix metal oxide nanoparticles
The combined effect of the mix nanoparticles including both

CuO and ZnO NPs was also determined against pathogenic fungi
(Alternaria citri). Mix NPs were processed in the form of different
dilutions ranging from 10 mg ml�1 to 100 mg ml�1 (Fig. 10). Zones
of clearance of varied diameters ranging from 25 ± 0.2 mm to
53 ± 0.6 mm were observed at different concentrations of NPs
(Fig. 11).
Fig. 5. Microscopic analysis of Alternaria citri showing typical hyphae of fungi.



Fig. 6. Inhibition zone (mm) recorded for antifungal effect of zinc oxide nanopar-
ticles (n = 10).

Fig. 8. Inhibition zone (mm) recorded for antifungal effect of copper oxide
nanoparticles (n = 10).
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3.7. Minimum inhibitory concentration and minimum fungicidal
concentration determination of metal oxide nanoparticles

Following the MIC, MFC experiment, the synthesized CuO, ZnO
and mix metal NPs exhibited the variable range of fungal growth
inhibition. The MIC in case of CuO NPs synthesized by using lemon
peel extract was 90 mg ml�1, while the MFC value of CuO NPs for
Alternaria citri was 100 mg ml�1 (Fig. 12). The MIC and MFC of ZnO
NPs was also assessed by following the standard procedure. The
MIC determined for Alternaria citri in case of ZnO NPs based on
the use of lemon peel extract was 80 mg ml�1 whereas the MFC
value was 100 mg ml�1 (Fig. 12). The MIC and MFC was also
Fig. 7. Antifungal activity of zinc oxide nan
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assessed for the mix metal oxide NPs constituted on both CuO
and ZnO NPs. Concerning the mix NPs the MIC and MFC was tested
for Alternaria citri. TheMIC value for Alternaria citriwas 90mgml�1,
while the MFC value was 100 mg ml�1 (Fig. 12).

3.8. Evaluation of synergistic antifungal effect of nanoparticles

In order to find the combined antifungal effect of the synthe-
sized NPs against Alternaria citri, fractional inhibitory concentra-
tion (FIC) was determined. The degree of combined effect of
mixed NPs showed synergistic effect (

P
FIC = 0.3) of both NPs

when used in combination against the pathogenic fungi.
oparticles showing zones of inhibition.



Fig. 9. Antifungal activity of copper oxide nanoparticles showing zones of inhibition.

Fig. 10. Combined antifungal effects (Zones of clearance in mm) of zinc oxide and
copper oxide nanoparticles on fungal growth.

Fig. 11. Synergistic antifungal effects of zinc oxide and copper oxide nanoparticles
20–100 mg ml�1 concentrations respectively.
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4. Discussion

Citrus black rot is major fungal disease of sweet oranges (Citrus
sinensis) that affect the fruit even after post harvesting, leading to
devastating impact on the overall production of oranges. Alternaria
citri being prime etiological of the disease have been reported to
develop fungicide resistance in last decade (Yang et al., 2019).
Hence there is a need to use alternative techniques to control fun-
gal infections. Nanoparticles can be used as an alternative to con-
trol phytopathogens in comparison to fungicides. Zinc oxide
nanoparticles have wider applications and generally recognized
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as safe material by the US Food and Drug Administration (FDA,
2015) and ZnO NPs have increased applications in day-to-day lives
including cosmetics ointments and food packaging etc. (Espitia
et al., 2012; Marcous et al., 2017a; Marcous et al., 2017b). Zinc
oxide has excellent photocatalytic activity and hence many appli-
cations (Rokhsat and Akhavan, 2016). Copper nanoparticles have
received more attention in recent years as they are much cheaper
than that of silver or gold nanoparticles thus their antifungal appli-
cations can be utilized in agriculture (Cao et al., 2014). Present
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investigation revealed that green synthesis of CuO and ZnO NPs is
very simple, safe and economic. Based on XRD analysis, the calcu-
lated sizes of ZnO and CuO NPs were 18 nm and 16.8 nm, respec-
tively. These findings are supported by Sardella et al. (2017), who
reported chemically synthesized ZnO NPs in size < 50 nm with
antifungal activity against Alternaria alternata at 6 mM concentra-
tion in sweet oranges. Similarly, Youssef et al. (2017) reported
antifungal effects of chemically synthesized Cu NPs having size of
45–48 nm against related fungi Fusarium solani in citrus fruit.
Fungal surface is negatively charged at biological pH as a result
of carboxyl and phosphate groups arrangements on the cell walls.
Hence, positive charged ZnO NPs can make close physical interac-
tion with fungi cells and can result in cell membrane damage and
interaction with internal organelles (Espitia et al., 2012). Concern-
ing the antifungal effect of the CuO, ZnO and mix metal oxide NPs,
the combined / synergistic NPs including both CuO and ZnO NPs
showed best antifungal activity of 53 ± 0.6 mm at 100 mg ml�1

as compared to ZnO (51.5 ± 0.5 mm) and CuO (50 ± 0.5 mm) NPs
alone. The results of MIC / MFC of the synthesized NPs showed that
these NPs were found to be capable of inhibiting the fungal growth
(80 mg ml�1), whereas above that specified concentration NPs
completely stop the fungal growth (100 mg ml�1). A similar study
was conducted by Al-Dhabaan et al. (2017) where Cu, ZnO NPs and
copper nanocomposites were evaluated against phytopathogenic
fungi; Alternaria alternata, Rhizoctonia solani and Botrytis cinerea
to determine synergistic effects. The results demonstrated that
nanocomposite exhibited higher activity at a concentration of
90 mg ml�1. Similarly antifungal activities of bimetallic blends at
concentrations of 30, 60, 90 mg ml�1 were effective to control
growth of Rhizoctonia solani. Similarly, they demonstrated effective
control of cotton seedling damping-off under greenhouse
conditions (Abd-Elsalam et al., 2018). There are tremendous
opportunities for application of green synthesized inorganic
metal / metal oxide NPs in agriculture, particularly for the control-
ling and managing plant diseases caused by fungal pathogens. The
nanomaterials should be tested for biocompatibility and toxic
effects on non-target organisms for their proper applications
(Saratale et al., 2018).

5. Conclusion

Citrus black rot disease, being one of major post-harvest disease
of sweet oranges, has drastic impact on overall production of citrus
fruit world-wide. Fungicidal resistance by the pathogen of this dis-
ease urges to find new possible alternative treatment. Nanoparti-
94
cles were reported to have good antifungal effect since long time.
But chemical synthesis of metal oxide nanoparticles poses number
of issues including production of toxic chemical gases during syn-
thesis. Green synthesis of zinc and copper oxide nanoparticles
using lemon peel extract has shown remarkable antifungal effect
against Alternaria citri causing citrus black rot disease. The applica-
tion of this environment friendly procedure of green synthesized
metal oxide nanoparticles may help to reduce fungal infection in
sweet oranges and improve the socioeconomic status of farmers
as well.
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