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Abstract

Pakistan's economy greatly benefits from citrus production since these fruits are sold and consumed all over the
world. Although citrus fruits are easy to cultivate, they are susceptible to diseases caused by bacteria, viruses, and
fungi. These challenges, as well as difficulties in obtaining the proper nutrients, might negatively impact fruit yields
and quality. Citrus canker is another complicated problem caused by the germ Xanthomonas axonopodis. This
germ affects many types of citrus fruits all over the world. This study looked closely at how citrus canker affects the
leaves and the quality of the fruit in places like Sargodha, Bhalwal, Kotmomin, and Silanwali, which are big areas for
growing citrus in the Sargodha district. What we found was that plants without the disease had more chlorophyll
in their leaves compared to the sick plants. Also, the healthy plants had better amounts of important minerals

like calcium, magnesium, potassium, and phosphorus in their fruits. But the fruits with the disease had too much
sodium, and the iron levels were a bit different. The fruits with the disease also didn't have as much of something
that protects them called antioxidants, which made them more likely to get sick. This study helps us understand
how citrus canker affects plants and fruit, so we can think of ways to deal with it.
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Introduction
Citrus species are fruit trees that have a significant eco-
nomic impact on the world and have been tamed and
grown for many years [1], and are distributed in world-
wide in temperate and tropical regions, mainly on the
continents of Southern Africa and Australia. A total of
1,943.7 thousand t of citrus fruits are produced in Paki-
stan over an area of 183.8 thousand hectares, with 94,806
t exported (Kinnow and others) to various countries [2].
Citrus fruit production is limited by a number of vari-
ables, including the prevalence of diseases brought on by
bacterial, viral, fungal, and nematode pathogens. Citrus
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nematode, citrus gummosis, citrus canker, citrus green-
ing, and citrus tristeza virus are among the prevalent dis-
eases that harm citrus fruits in Pakistan. Citrus canker
is one of these that is common and has a negative effect
on plant growth and fruit quality in all citrus-growing
regions of the world [3]. The causative agent of this dis-
ease is Xanthomonas axonopodis [4]. Although reports of
citrus canker were first made in Punjab, Pakistan, the dis-
ease has now spread across the entire country. Unfortu-
nately, all cultivars, including grapefruit, sweet oranges,
lemons, limes, rootstocks, and their hybrids, are suscep-
tible to this disease [5].

The canker-causing gram-negative bacterium only has
one polar flagellum. It can withstand temperatures as
high as 35-39 °C and grows aerobically in the 28-30 °C
temperature range [6]. The surge in canker incidences
in Brazil and other countries has been linked to insect-
induced injuries that create new entry points for the
pathogen, leading to merging lesions [5, 7]. The bacteria
can also enter plants through stomata or wounds, includ-
ing those caused by leaf miners on citrus leaves. Once
within the plant, they proliferate and manifest as observ-
able symptoms called necrotic patches. These lesion areas
serve as a potent source of infection, facilitating further
bacterial growth and increasing the risk of disease out-
breaks in other parts of the plant or nearby plants [8].
This highlights how crucial it is to manage insect popu-
lations and stop lesions in order to successfully stop the
spread of citrus canker.

Citrus canker manifests in various symptoms, such as
pustules and necrotic lesions characterized by erupting
corky tissues, surrounded by oily or water-soaked mar-
gins, and accompanied by a yellow halo. The severity of
the disease leads to defoliation, dieback, premature fruit
drop, and the development of blemished fruit [9]. Fruit
lesions are especially important commercially since they
make the fruit unfit for the fresh market, which drives
down prices significantly. Developing disease-free stock,
using copper sprays, and reducing pathogen spread
through leaf miners or wind are examples of integrated
control strategies for citrus canker [7, 10].

Citrus canker is known for its ease of transmission
and its ability to spread rapidly. The primary mode of
transmission is through water, especially wind-driven
rain, which carries bacterial cells from infected plants
to neighbouring healthy ones [11]. In addition, human
action like handling or pruning contaminated plant
material can spread the pathogens, as can contaminate
tools, equipment and irrigation water [12]. The global
movement of citrus plants and fruit has played a signifi-
cant role in the spread of citrus canker to new regions,
highlighting the importance of strict biosecurity mea-
sures and quarantines to prevent its introduction into
disease-free areas [13]. Physiological characteristics of

Page 2 of 13

various citrus plants were analyzed, and results showed
that citrus plants contain more chlorophyll as melatonin
concentration increases [14].

Citrus canker is a formidable bacterial disease that
poses a significant threat to Pakistan’s citrus plantations,
causing economic losses due to reduced fruit quality and
quantity. Despite on-going global efforts to control the
disease, there is limited comprehensive literature on its
impact on various citrus attributes. The effects of cit-
rus canker on the morpho-physiological and biochemi-
cal characteristics of kinnow mandarin were thoroughly
examined in this study. The study’s findings will offer
valuable insights for urgent disease management strat-
egies to safeguard the citrus industry and ensure food
security.

Materials and methods

Study area description

Sargodha is known as the “California of Pakistan” for
quality citrus production. The city has a harsh climate
with scorching summers and freezing winters. The
economy of Sargodha is based on agriculture and vari-
ous industries. Four tehsils were selected for the samples
collection and at each tehsil five different sub sites were
explored.

Sampling tehsils

A systematic approach was used to collect samples in
District Sargodha’s four Tehsils: Silanwali, Bhalwaal,
Kotmomin, and Sargodha. Each Tehsil provided five
designated sub sites (Site A to E) for a total of 20 loca-
tions. Within each site, ten Kinnow plants aged 10 to
15 yrs were selected, half healthy; half infected; marked
for subsequent sampling. Each plant yielded samples of
twenty leaves and twenty fruits, serving as an individual
replication. Harvesting occurred at commercial maturity,
enabling a comprehensive assessment of plant attributes.

Total antioxidant capacity (umol /100 g) determination

A 0.1 ml sample solution containing a reducing spe-
cies (in water, methanol, ethanol, dimethyl sulfoxide,
or hexane) was combined with 1 ml reagent solution in
an Eppendorf tube (0.6 M sulfuric acid, 28 mM sodium
phosphate, and 4 mM ammonium molyb-date). The tubes
were sealed and placed in a thermal block for ninety min-
utes at 95 °C. The samples’ absorbance was measured at
695 nm against a blank after they had cooled to room
temperature. A standard blank solution was prepared as
follows: 1 ml of reagent solution with an appropriate vol-
ume of a solvent that was similar to the one used for the
sample. It was then incubated in the same manner as the
other samples. For materials with unknown composition,
lipid-soluble and water-soluble antioxidant abilities were
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determined using the a-tocopherol and ascorbic acid
equivalents.

The acid-base digestion technique was used to calcu-
late the amount of crude fibers [15]. Three grams of the
oven-dried sample were taken, the fat was removed from
the Soxhlet apparatus, and the sample was digested in
distinct solutions of 1.25% H,SO, and NaOH. Following
filtration, the material underwent three rounds of wash-
ing with distilled water. The leftover material was then
transferred to a china dish, and the crude fibers were
measured after the dish was baked for 24 h at 105 °C. The
amount of crude fibers in the sample explained the devia-
tion in weights.

Weightofovendriedsample

Crudefiber (%) = x 100

Weightoffreshsample

Mineral Assessment (mg/kg)

After being baked, the fruit samples were ground into a
fine powder and put through a wet digesting procedure.
After adding 10 ml of HNO3 to each 0.5 g sample in a
digestion flask, the samples were kept there for the entire
night. Following that, 5 ml of perchloric acid were added
to the sample and the digestion process was conducted
on a hot plate. The procedure was repeated until the
sample solution was clear. After that, 50 ml of the final
solution; which was subsequently submitted for analy-
sis, was created by adding up to 100 ml of distilled water.

Table 1 Determination of biochemical property in healthy and
diseased fruits

Parameters Tehsil Healthy Diseased Mean
TAA Bhal- 1, 5260+29.56d 770.5+84.34C
(umol /100 g) wal  015.0+3527a
Kot- 1, 633.5+40.00c 844.1+77.30B
mo-  054.8+55.67a
min
Sar- 1, 839.8+2061b 9223+31.12A
god- 004.8+23.05a
ha
Silan- 1, 435.7+3231d 761.7+£109.89 C
wali  087.8+11.74a
Mean 1, 608.7£37.45B
0406+1792 A
CFC Bhal- 6.95+0.111 558+0.122  627+0.240 A
wal
Kot- 6.53+0.120 5.60+0.122 6.06+£0.175 A
mo-
min
Sar-  6.87%0214 551+0.220 6.19+£0.269 A
god-
ha
Silan- 6.71+0.154 5.74+0.050 6.23+0.178 A
wali
Mean 6.76+0.080A 5.61+0.068B
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Then standard solutions were created, and the digested
samples were ready for elemental analysis using those
standards. The produced sample solution was fed into
the atomic absorption spectrophotometer for elemental
analysis. For each metal, a standard curve was created by
running samples of known strength. The elemental com-
position of the samples was calculated using the stan-
dard curves created for each metal using the procedure
[15]. Standard approaches were used to estimate Cal-
cium (Ca), Magnesium (Mg), Phosphorus (P), Iron (Fe),
Sodium (Na), and Potassium (K). The given formula was
used to make 1000 ppm concentration stock solutions for
each metal.

Molecularweightofsalt

B Molecularweightofmineral

For the production of the standard curve, X grams of salt
were dissolved in 100 ml distilled H,O to produce a 1000
ppm solution, which was then diluted to a 100-ppm solu-
tion. A diluted solution of 1 ppm to 10 ppm was used to
standardize the equipment.

Statistical analysis

Utilizing SPSS 20, the data was submitted to a Two-way
Analysis of Variance (Completely Randomized Design,
2 variables) in order to determine the significance of the
differences between means and interactions. For signifi-
cant factors, Tukey HSD all-pairwise comparisons were
used to compare means at the 5% level of significance.
Microsoft Excel 2010 was used to prepare the graphs.

Results

Assessment of physiological attributes in diseased and
healthy plants

Estimating the impact of Citrus canker on biochemical
properties of citrus

The biochemical properties of both healthy and diseased
fruits were determined, and the results show that the
highest level of CFC was found in the Bhalwal region for
healthy fruits and the highest level in Silanwali for dis-
eased fruits (Table 1). The results reveal a strong statis-
tical significance in total antioxidant activity concerning
the interplay between disease factors and the geographi-
cal administrative divisions known as “tehsils” Further-
more, an evident interaction between tehsil-specific
attributes and disease conditions has been established,
showcasing a substantial impact on total antioxidant
activity. For instance, at Bhalwal, TAA in healthy fruits
was 1015.0 umol/100 g, while in diseased fruits; it was
526.0 pmol/100 g. Fruits that were affected had TAA
values that were around 50 times greater than those of
healthy fruits. Tehsil analysis also revealed notable varia-
tions in TAA values at the tehsil level.
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Mineral contents comparison in bacterial affected and
healthy fruits

There is a statistically significant association between cal-
cium levels and disease conditions, as well as potassium
and iron levels. In the context of interactions between
tehsil attributes and disease conditions, calcium, iron,
and potassium exhibit a remarkably robust statistical sig-
nificance (p<0.01). Delving into the interaction dynamics
between tehsil aspects and disease conditions, calcium
retains its significance; iron retains its high level of statis-
tical significance, while potassium’s impact becomes sta-
tistically non-significant (Table 2).

Results illustrates that calcium concentration was the
highest in healthy fruits compared to diseased fruits
across all tehsils, with significant differences between the
two conditions (Fig. 1A). Furthermore, for both healthy
and diseased fruits, the highest calcium levels were found
in Tehsil Bhalwal, while the lowest levels were found in

Table 2 Evaluation of calcium, iron and potassium in healthy/

diseased fruits

Param- Tehsil Healthy Diseased Mean
eters
Calcium Bhal- 187.76+836a  143.96+2.10b 165.86+8.36 A
(mg/kg) wal
Kot- 135.00+220b  10580+3.51d 120.40+5.24B
mo-
min
Sar-  185.36+5.90a 146.03+2.690 165.70+723 A
god-
ha
Silan-  119.50+2.83¢ 100.53+1.96d 110.01+3.55C
wali
Mean 15691+736A 124.08+497B
Iron (mg/ Bhal- 1.12+0.068ef  0.90+0.076f 1.01+0.060 C
kg) wal
Kot-  1.60+0.047d 1.28+0.057e 1.44+0.064B
mo-
min
Sar-  2.72+0.093a 1.86+0.095¢ 229+0.157 A
god-
ha
Silan-  2.57+0.109a 2.21+0.089b 2.39+0.090 A
wali
Mean 2.00+0.158 A 1.56+0.122B
Potassium Bhal- 2, 1, 1,
(mg/kg) wal  01134+5798 94486+5331 978.10+3875A
Kot- 1, 1, 1,
mo-  663.34+5506  601.33+£53.81 632.34+37.74C
min
Sar- 1, 1, 1,
god- 83534£30.54 730.11+£5269 782.72+33.64B
ha
Silan- 1, 1, 1,
wali  36254+46.22  286.16+67.29 324.35+40.53D
Mean 1, 1,
71814+£59.27 A 640.61+60.69B
NS = (P>0.05)
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Tehsil Silanwali. Tehsils Kotmomin and Silanwali showed
the least fluctuation in calcium concentration among
healthy fruits, unlike other tehsils.

Results confirmed Bhalwal as the site where the high-
est calcium value was documented for healthy fruits and
Silanwali as the site with the lowest, both for healthy and
diseased fruits. On the other hand tehsil Sargodha had
the highest calcium value for diseased fruits. The mean
value of calcium in healthy fruits significantly differed
from the accumulative mean of diseased fruits, with teh-
sils Bhalwal and Sargodha having the highest mean val-
ues, and tehsil Silanwali having the lowest mean value
(Table 2).

Graphical data depicted that iron concentration was
the highest in healthy fruits compared to diseased
fruits across all tehsils, showing a substantial difference
between the two conditions. The highest iron concentra-
tion was measured in Tehsil Sargodha, while the lowest
iron concentration was found in Tehsil Bhalwal (Fig. 1B).
Phosphorus concentration was higher in healthy fruits
compared to infectious fruits in all tehsils, with a slight
difference between the two. Tehsil Sargodha displayed
the maximum phosphorus value, while tehsil Bhalwal
displayed the lowest, showing fluctuations mainly in teh-
sil Bhalwal (Fig. 1C), while the Sodium concentration
was high at Kotmomin Tehsil in healthy fruits (Fig. 1D).
Tehsil Sargodha had the highest iron concentration for
healthy fruits, according to the results, whereas Tehsil
Silanwali had the highest concentration for unhealthy
fruits. On the other hand, the lowest iron concentration
was found in tehsil Bhalwal in both healthy and diseased
fruits (Table 2).

Significant differences in potassium levels between
tehsils were displayed graphically. In tehsils Sargodha
and Kotmomin, both healthy and diseased fruits had
moderate potassium levels; tehsil Bhalwal had the high-
est amounts, and tehsil Silanwali had the lowest. Overall,
potassium concentration was slightly higher in healthy
fruits compared to diseased fruits across all tehsils
(Fig. 2A). The concentration of magnesium was slightly
higher in healthy fruits compared to diseased fruits in all
tehsils (Fig. 2B).

The potassium interaction table between diseased
fruits and tehsils showed that the mean potassium value
in healthy fruits was different from the mean value of
all the tehsils for diseased fruits. The highest potassium
concentration in both healthy and diseased fruits was
present at tehsil Bhalwal and the lowest in tehsil Silan-
wali. Tehsil Bhalwal's mean value had a significant dif-
ference from the other three tehsils (Table 2). Similarly,
the interactions between tehsil-specific attributes and
disease factors yield consistently high levels of statisti-
cal significance for magnesium, sodium, and phospho-
rus. However, focusing on the interplay between tehsil
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Fig. 1 (A-D): Box plot for Ca, Fe, P and Na conc. in healthy and diseased fruits of studied tehsils

characteristics and disease conditions, sodium remains interaction between the two variables was extremely sig-
highly significant, whereas phosphorus and magnesium nificant (Table 4). Furthermore, it was found that tehsil
show statistical non-significance interaction (Table 3). Bhalwal exhibited the highest magnesium concentration

The results of the analysis of variance (mean squares) for both healthy and diseased fruits, while tehsil Kotmo-
for the TAA and crude Fiber content indicate that the min demonstrated the lowest concentration for healthy
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fruits. Tehsil Silanwali had the lowest magnesium con-
centration, comparable to healthy fruits, whereas Teh-
sil Bhalwal had the highest magnesium concentration
in relation to diseased fruits. It was discovered that the
mean magnesium value of all the tehsils for unhealthy
fruits was much different from the mean value of mag-
nesium in healthy fruits. The mean value for both healthy
and diseased fruits was highest in tehsil Bhalwal out of all
tehsils, while it was lowest in tehsil Kotmomin. The mean
value for Tehsil Bhalwal differed significantly from that of
all other tehsils (Table 5).

Across all tehsils, graphical data shows that the con-
centration of sodium was higher in diseased fruits than
in healthy fruits. Tehsil Silanwali was linked to the low-
est sodium content, and Tehsil Kotmomin was linked to
the highest. Fluctuations were prominent in sodium con-
centration in diseased fruits of tehsil Silanwali (Fig. 3A).
In the context of mineral composition, elements such as
calcium (Ca), magnesium (Mg), phosphorus (P), potas-
sium (K), and iron (Fe) exhibited elevated concentrations
across all healthy samples from the studied sites (Fig. 3B).

Across the investigated sites, it was shown that samples
classified as diseased had higher quantities of sodium
(Na), indicating a discernible difference. Furthermore, a
consistent trend resembling the aforementioned obser-
vations was also noted within the studied sites of tehsil
Silanwali and tehsil Sargodha (Fig. 4A and B). This con-
formity in results further supports the validity and signif-
icance of the identified patterns across multiple locations
of district Sargodha. In summary, the results indicate
a strong association between the health status of the

samples and the recorded parameters, with higher lev-
els of TAA, CFC, and select mineral compositions being
linked to healthy samples. This information provides
valuable insights into the potential factors influencing
the health of the studied sites within the aforementioned
regions (Fig. 5A and E).

Comparison of sub-sites in each studied tehsil with respect
to Chlorophyll a and b, na, Fe and crude fiber content
Graphical data for the sub-sites at different tehsils show
that the highest concentrations of sodium as present at
sub-site D at Bhalwal tehsil in diseased fruits while the
highest concentration of chlorophyll b was recorded at
sub-site A at Bhalwal tehsil in healthy fruits (Fig. 6A).
The highest concentration of sodium as present at sub-
site C at Sargodha tehsil in healthy fruits while the high-
est concentration of CFC was recorded at sub-site A at
Sargodha tehsil (Fig. 6B). The highest concentration of
sodium as present at sub-site D at Kotmomin tehsil in
diseased fruits while the highest concentration of CFC
was recorded at sub-site A at Kotmomin tehsil (Fig. 6C).
The highest contents of sodium were recorded at sub-site
A at Silanwali tehsil in diseased fruits while the highest
concentration of CFC was recorded at sub-site C at Silan-
wali tehsil (Fig. 6D).

Discussion

Citrus canker is a major issue in citrus cultivation
because it damages leaves, fruits, and twigs and lowers
the general health of the plants. Our research aligns with
Stall et al’s findings, showing that citrus canker impacts
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Table 3 Evaluation of magnesium, sodium and phosphorus in
healthy/diseased fruits
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Table 5 Analysis of variance (mean squares) table regarding
evaluated minerals

Param- Tehsil Healthy Diseased Mean
eters
Magne- Bhal- 171.28+16.97 139.10+6.17 155.194+10.06 A
sium (mg/ wal
kg) Kot-  12437+458  106.12+479  11525+4368B
mo-
min
Sar-  146.89+1039 11592+639  13140+7.73B
god-
ha
Silan- 131.65+4.56 102.15+£3.19  116.90+5578B
wali
Mean 143.55+633 A 115.82+4.098B
Sodium Bhal- 13.03+035g 18.93+£0.54e 15.98+1.03C
(mg/kg) wal
Kot- 2442+0.57c 31.17+092a 2780+124 A
mo-
min
Sar-  27.42+067b 2877+064b  28.09+049 A
god-
ha
Silan- 16.41+0.76f 2140+067d  1890+0.96B
wali
Mean 20.32+1.36B 2507+120A
Phospho- Bhal- 261.02+11.31 21140+04.28 23621+10.04C
rus (mg/  wal
kg) Kot-  328.00+1650 29539+18.13 311.70+12.77B
mo-
min
Sar-  41337+0845 37249+1583 39293+10.86 A
god-
ha
Silan- 362.52+05.84  305.54+09.38 334.03+10.83B
wali
Mean 34123+1371A 296.20+14.448
NS = (P>0.05)

Table 4 Analysis of variance (mean squares) table for crude fiber
content and TAA

Source of variation  Degrees of Mean squares

freedom Crude fiber TAA

content

Disease 1 13.3749%* 1865087.0**
Tehsil 3 00763 56025.0%*
Disease*Tehsil 3 0.1416M 102595.0%*
Error 32 0.1105 5596
Total 39

NS=Non-significant (P>0.05); * = Significant (P<0.05); ** = Highly significant
(P<0.01)

multiple parameters [16]. Our research clearly shows
that citrus canker lowers fruit harvests by decreasing tree
vigour and productivity. Fruits from canker-affected trees
may experience up to a 30% decrease in fresh market
pack out rates.

Source of Degrees of Mean squares

variation freedom  Calcium Iron (mg/ Potassium
(mg/kg) kg) (mg/kg)

Disease 1 10774.5%* 1.94437**  60100.0*

Tehsil 3 8704.7%* 446710%  760571.0%*

Disease*Tehsil 3 306.7* 0.20813** 943

Error 32 90.9 0.03339 14,064

Total 39

Source of Degrees of Mean squares

variation freedom Magnesium Sodium Phospho-
(mg/kg) (mg/kg) rus (mg/

kg)

Disease 1 7684.26%* 225492*%  20270.3**

Tehsil 3 3418.10** 382.304**  41993.2**

Disease*Tehsil 3 102.83% 14084*  2793N

Error 32 343.72 2.182 7444

Total 39

NS=Non-significant (P>0.05); * = Significant (P<0.05); ** = Highly significant
(P<0.01)

Photosynthetic pigments assessment

Chlorophyll a and b levels in Citrus reticulata leaves
from different tehsils in Sargodha district were higher in
healthy leaves compared to Xanthomonas infected leaves,
attributed to citrus canker infection. Variations in chlo-
rophyll contents among healthy leaves across tehsils may
be influenced by farmed regions, growth conditions, soil
type, seasonal fluctuations, cultivars, and storage condi-
tions. Bacterial infected leaves exhibited significantly
reduced chlorophyll concentration compared to healthy
leaves. Citrus canker-affected leaves and branches also
showed signs of yellowing and chlorosis. Previous stud-
ies also reported a substantial decrease in chlorophyll
concentration due to citrus canker infection and viral ill-
nesses like Chilli veinal mottle virus [17]. Reduced chlo-
rophyll content leading to chlorosis is a common sign in
various plant diseases.

Distinct variation in the concentration of chlorophyll
between citrus canker-infected and healthy leaves, which
have been caused by bacterial infections and leaf miner
attacks, was noticed. In a study on citrus it was also
found a link between short-duration, high-intensity rain-
storms and disease increase. The decreased chlorophyll
a concentration in Citrus reticulata leaves (0.59 mg/g),
differing from our observations for non-diseased leaves,
which may be due to genetic variability, leaf age, photo-
period, and soil texture [14, 18, 19].

Chlorophyll a content was measured in NML and ML.
In Sargodha, TTS, and Vehari, NML showed 1.56, 1.75,
and 1.33 mg/g FW, while ML exhibited 1.04, 1.07, and
0.8 mg/g FW, respectively [20]. In Tehsil Silanwali, Kotm-
omin, Bhalwal, and Sargodha, NML recorded 3.05, 4.11,
4.18, and 4.29 mg/g, and ML showed 2.30, 3.07, 3.56, and
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3.09 mg/g, respectively. The decreased chlorophyll-a con-
centration was measured in diseased leaves due to leaf
miner attack and CC infections. The values in our study
were higher, possibly due to genetic diversity, leaf age,
foliar micronutrient administration (Zn, Cu, and B), pho-
toperiod, or soil texture [20].

Our findings were slightly higher than those of [21],
possibly due to an increased ratio between chlorophyll a
and b with higher light intensity. Shading did not affect
the anatomical characteristics of Ponkan mandarin
plants [22], but chlorophyll levels differed in sun and
shade leaves.

Assessment of antioxidant activity and crude fiber content
DPPH (1, 1-diphenyle-1-2-picrylhydrazyl) inhibition was
used to assess antioxidant activity in relation to seasonal

fluctuations (spring, summer, and autumn flushes). This
assessment was performed on two distinct groups: NML
(with inhibition percentages of 27.66%, 32.27%, and
45.23% for the respective flushes) and ML (with inhi-
bition percentages of 18.12%, 18.07%, and 32.40% for
the corresponding flushes), as detailed in the work by
[20]. Investigations on diseased and non-diseased fruits
revealed a consistent pattern, with healthy fruits show-
ing higher antioxidant activity than their diseased coun-
terparts [20]. This disparity can be attributed to potential
infections and disease manifestations. The primary factor
influencing the reduced antioxidant activity in diseased
fruits appears to be associated with the onset of citrus
canker (CC) infection. This phenomenon can be attrib-
uted to the degradation of chlorophyll in CC-affected
plants, leading to a decline in photosynthetic activity.
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This deterioration of antioxidant activity could poten-
tially be attributed to the oxidative deprivation of vital
bioactive components such as vitamin C, carotenoids,
and phenolic compounds.

The flavedo area of Citrus sinensis had a significant
amount of crude fiber (13.43% + 0.03%) [23]. These
results suggest that the differences in crude fiber con-
tent between healthy and ill apples are not as great as
previously thought. These variations may be explained
by variations in the nutritional makeup of the nutrients.
Furthermore, our research reveals slight variations in
crude fiber content between diseased and non-diseased
fruits, with the former exhibiting relatively lower values.
These observed distinctions between leaves of diseased
and non-diseased plants may be attributed to factors
such as leaf miner infestations and CC infections.

Determination of minerals

The elemental profile of Citrus reticulata from four teh-
sils in District Sargodha demonstrated the significance of
potassium (K) for photosynthesis, protein synthesis, and
the synthesis of carbohydrates, fruiting, and the general
health of plants. A deficiency in K can slow down photo-
synthesis and lead to disease problems, while an imbal-
ance with nitrogen (N) can cause protein build-up and
fruit-related issues. Potassium also plays a vital role in
various bodily processes, acting as an electrolyte for car-
diac function, digestion, and muscular contraction [24,
25].

The study’s observations on potassium concentration
in Citrus reticulata fruits differ from the values reported
by [26], where our findings were lower for both healthy
and diseased fruits. Citrus nutritional content can vary
due to factors such as farmed regions, soil type, cultivars,
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and storage conditions [27]. Potassium concentration
was higher in healthy fruits compared to diseased fruits,
possibly influenced by infection. Potassium plays a cru-
cial role in various cell processes, affecting stomata func-
tion, photosynthesis, and plant turgor [28]. Fertilizer use

and soil composition may be the cause of variations in
potassium concentration between tehsils.

In plants, photosynthesis and chlorophyll depend
on magnesium (Mg). It is difficult to identify mag-
nesium shortage in the early stages of growth. There
are differences between the results of our magnesium
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concentration test and earlier research [29]. The concen-
tration of magnesium was measured in diseased fruits122
mg/kg [26]. Healthy fruits exhibited higher magnesium
levels than diseased ones, potentially influenced by infec-
tions. Differences in the mineral composition of the soil
could be the cause of variations in the concentration of
magnesium in different tehsils [26, 29].

The study found the highest phosphorus concentration
in citrus pulp, with a small amount also present in fruit
skin. Our results related to phosphorus levels were higher
than those reported by [30], who found 12 mg/100 g in
oranges, 8 mg/100 g in grapefruit, and 16.2 mg/100 g in
lemon. However, our findings differed from [26], who
reported 181 mg/kg. The variation in phosphorus con-
tent in Citrus reticulata fruit could be attributed to soil
composition and fertilizer application across different
tehsils. Calcium levels were also higher in our study com-
pared to [26], with higher concentrations in non-diseased
fruits, possibly influenced by soil composition and fertil-
izer usage. Calcium contents were the highest in healthy
fruits compared to diseased ones, and differences in
calcium content among tehsils may be due to soil com-
position and genetic variability. Sodium concentrations
showed discrepancies with [26], with lower values in
healthy fruits and potential links to soil composition and
fertilizer use. Overall, the variations observed may be
influenced by infection [26, 30].

Iron is crucial for human health as it forms a part of
hemoglobin, facilitating oxygen transport to body tissues.
Citrus juices have relatively low iron content, but supple-
mentation in drinks can aid iron deficiency. The iron con-
centrations were slightly higher in our results than [26],
who reported 0.98 mg/kg. Variations in iron content may
be attributed to soil composition, climate changes, and
fertilizer usage. Overall, healthy fruits exhibited lower
sodium contents than diseased ones, possibly influenced
by infection. Differences in sodium content across tehsils
may be related to soil mineral concentrations and fertil-
izer application [26].

Conclusion

Citrus canker continues to be a significant challenge for
citrus industries worldwide. Its rapid spread, destructive
impact, and economic repercussions make it a constant
concern for citrus growers, researchers, and policymak-
ers alike. Implementing stringent biosecurity measures,
conducting thorough research, and fostering interna-
tional collaboration are essential to mitigating the threat
of citrus canker and safeguarding the health and prosper-
ity of the global citrus industry.

Recommendations
To manage citrus canker effectively, enforce strict quar-
antine measures, regularly inspect and monitor orchards,
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remove infected trees, and promote disease-resistant
citrus varieties. Implement proper sanitation practices
and educate farmers and workers about canker manage-
ment. Utilize copper-bactericides in high-risk areas, limit
movement of infected material, and collaborate with
agricultural authorities for an efficient management plan,
while supporting sustainable research solutions for long-
term control.

(HS-healthy samples, DS- disease samples) (T;- Tehsil
Kotmomin, T ,- Tehsil Silanwali).
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