Journal of Applied Biology & Biotechnology Vol. 14(6), pp. 73-83, November-December, 2026
Available online at http://www.jabonline.in

DOI: 10.7324/jabb.2026.305832

CrossMark

< clickfor updates

Evaluation of variation in physical and physio-biochemical parameters

of Citrus limon “Assam lemon” fruits at different stages of development

and storage

Raja Ahmed', Suraiya Akhtar', Ankur Das!', Khaleda Begum!, Dikshita Saikia?, Sarat Saikia®, Sofia Banu'*

'Department of Bioengineering and Technology, Gauhati University, Guwahati, India.
?Department of Plant Pathology, Punjab Agricultural University, Ludhiana, India.
SHorticulture Research Station, Assam Agricultural University, Kahikuchi, India.

ARTICLE INFO

ABSTRACT

Article history:

Received on: 06/01/2026
Accepted on: 07/05/2026
Available Online: 25/09/2026

Key words:

Citrus limon “Assam lemon”,
physio-biochemical properties, fruit
developmental stages, citric acid,
pectin content, pectin purity, degree of
pectin esterification

Assam lemon is a distinct cultivar of Citrus limon grown primarily in Northeast India. The current study, along
with physical parameters, delves into physio-biochemical changes of Assam lemon fruit (ALF) peel (PL) and pulp
(PP). PL samples were analyzed from 7 days after fruiting (DAF) to 150 DAF, whereas PP and juice samples were
evaluated from 30 to 150 DAF. The study further examines changes in these traits during postharvest storage for
7 to 28 days under room temperature (RT) and cold temperature (CT) storage conditions. The study's key findings
on ALF composition revealed that at 150 DAF, the fruits had the highest pH (3.12 + 0.12), % juice content (% JC)
(52.16% =+ 0.92%), citric acid (0.24 + 0.02 g/ml), total sugar (227.16 + 4.19 pg/ml), reducing sugar (29.76 + 1.43
pg/ml), and carotenoid content (2.81 £ 0.15 mg/g). During storage, these parameters peaked at 28 days after storage
(DAS) (except % JC and citric acid), particularly in samples stored at RT. Further, pectin content (PC) in both PL
and PP was highest at 60 DAF and 7 DAS and lowest at 150 DAF and 28 DAS. However, pectin purity peaked
during 7 and 150 DAF in the PL and 150 DAF in the PP at different stages of fruit development. Also, pectin purity
peaked at 7 DAS in PL and PP during RT and CT storage. Also, PP of fruit had more PC than PL throughout the
developmental stages. In addition, the degree of pectin esterification was highest at 30 DAF and 7 DAS in the PL
and PP and lowest at 150 DAF and 28 DAS. Despite a few physio-biochemical concentrations showing variations at
different developmental stages, most physio-biochemical concentrations peaked at 150 DAF, 7 DAS, and 28 DAS.
These insights into the physio-biochemical changes during development and storage advance our understanding of
ALF's growth and post-harvest physiology, offering valuable information to the food and pharmaceutical industries
for better fruit selection and handling.

1. INTRODUCTION

responsible for the changes in physio-biochemical and storage life

Citrus limon (L.) Osbeck is an evergreen species under the Rutaceae
family with more than 30 different types of lemons existing throughout
the world, some of which are indigenous to certain specific regions
[1,2]. Citrus limon “Assam lemon” (AL) as such is an important and
indigenous cultivar of Assam [3,4]. AL is locally known as ‘Kaji
Nemu’ in Assam and is widely used as a table fruit due to its seedless
character [5]. AL has a distinct aroma, flavor, and fruit characteristics
that distinguish it from the other lemon cultivars [6,7].

AL is abundant in several vital physio-biochemical substances, which
are beneficial to human health and aid in the prevention of a variety
of diseases [5,8]. The physiological and biological changes that take
place during fruit growth, development, and maturity are largely
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of fruits [9]. It was reported that AL fruits are typically sold in the
markets for 45 to 60 days after fruit setting (DAF). Picking fruit at
the wrong stage is known to lower nutritional and flavor quality [10].

As physio-biochemical concentration fluctuates at different stages of
fruit development (DSFD), the food and pharmaceutical industries
choose fruits from different stages depending on the need [11].
Though few studies on AL physio-biochemical analysis at DSFD
have been reported, a lack of in-depth analysis from its immature (7
DAF) to its fully mature stage (150 DAF) was observed. In addition,
physio-biochemical differentiation in peel (PL) and pulp (PP) in fruits
of AL at DSFD was found to be lacking. Furthermore, no reports
were found on parameters related to pectin purity and the degree of
pectin esterification in AL fruit PL and PP, which is a crucial factor for
selection in various food and pharmaceutical industries. In the current
study, these knowledge gaps on physio-biochemical variation analysis
for harvesting and selection of quality fruits were addressed.

© 2026 Raja Ahmed et al. This is an open access article distributed under the terms of the Creative Commons Attribution License -NonCommercial-ShareAlike

Unported License (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Storage temperature is a critical factor in postharvest handling and
storage, as it directly affects the physio-biochemical processes in fruits
[12]. Improper storage conditions also lead to weight loss, textural
changes, color deterioration, etc., resulting in reduced market value
and consumer acceptance of AL [13]. Therefore, studying how varying
storage temperatures affect AL fruit is essential for identifying optimal
storage conditions [14].

This study endeavors to gain more insights into physical and physio-
biochemical variations in both PL and PP of Assam lemon fruit (ALF)
during DSFD, along with storage at room temperature (SRT) and cold
temperatures (SCT). This research will be valuable for determining
optimal harvest times, methods for prolonging shelf life, and
maintaining fruit quality. By exploring these, valuable insights can be
obtained for enhancing postharvest practices, storage techniques, and
decision-making for producers, distributors, and consumers.

2. MATERIALS AND METHODS

2.1. Plant Materials

For the present study, 48 ALF were collected from trees located at
Assam Agricultural University-Horticulture Research Station (AAU-
HRS), Kahikuchi (Latitude - 26.107098, Longitude- 91.610368).
Before the fruit set, 96 developing flowers were tagged, and 3 fruits
per stage/condition were collected at different DAF set, including 7,
15, 30, 45, 60, 90, 120, and 150 DAF (Fig. 1) for physical and physio-
biochemical investigation.

For the postharvest study, ALF were harvested at 150 DAF and (SRT;
27°C + 2°C) and (SCT; 4°C) for a duration of 28 days. The stored
samples were analyzed at specific intervals, namely at 7 days after
storage (DAS), 15, 21, and 28 DAS.

2.2. Physical Characteristics Analysis

The different physical characteristics of ALF were studied including
fruit weight (g), fruit length (cm), fruit breadth (cm), fruit color,
specific gravity, PL weight (g), PP weight (g), fruit PP ratio, rind
thickness of PL (mm), flavedo thickness of PL (mm), albedo thickness
of PL (mm), pith diameter of fruit (mm), and pith to albedo length
(LPA) (mm). During this investigation, the fruit weight, PL weight,
and PP weight were measured using an electronic balance. Further,

7DAF 15 DAF 30 DAF 45 DAF 60 DAF 90 DAF 120 DAF 150 DAF
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Figure 1. ALFs at different stages of their development (scale bar-0.75 cm).

fruit length, fruit breadth, specific gravity, fruit rind thickness of PL,
flavedo thickness of PL, albedo thickness of PL, and LPA were studied
using a digital vernier caliper, additionally with the specific gravity,
which was calculated as weight per unit volume of ALF.

2.3. Physio-Biochemical Analysis

The different fruit quality parameters of DSFD were investigated
including pH, % juice content (% JC), total soluble solids (TSS)
(°Brix), citric acid (g/ml), ascorbic acid (mg/ml), TSS/titratable
acidity (TA), total sugar (TS) (ug/ml), reducing sugar (RS) (ng/ml),
carotenoid concentration (mg/g), chlorophyll content (pg/g), pectin
content (PC) (PL and PP), equivalent weight (EW) content (PL and
PP), methoxyl content (MeOC) (PL and PP), anhydrouronic acid
(AUA) content (PL and PP), and degree of esterification (DE) content
(PL and PP). The physio-biochemical analyses were performed
according to our previously published protocols [15]. The units for
the biochemical parameters in this study were selected in accordance
with the analytical methods used, aligning with commonly accepted
reporting standards in biochemical and food analysis studies.

2.4. Estimation of Soil Nutrient

Samples of soil were collected at DSFD from AAU-HRS, Kahikuchi
was examined using kits for testing soil (K054 - 1KT and K095L -
1KT, Himedia) to evaluate the amount of micro nutrients (Cu, Zn, B,
Mn, Fe, and Mo) and macro nutrients (pH, OC, PO*, K, NH-N, and
NO,-N) present in the soil from the site of sample collection. As these
kit-based methods yield results in value ranges, they are considered
semi-quantitative and indicative, providing approximate rather than
precise measurements of soil nutrient concentrations.

2.5. Statistical Analysis

For statistical analysis, numerical data were generated from
morphological characters and physio-biochemical attributes assessed
during the present investigation. The data were analyzed separately
for two experimental sets: fruit developmental stages (7-150 DAF)
and storage conditions (SRT- 7 DAS- 28 DAS, SCT- 7 DAS- 28 DAS)

The results are expressed as mean + standard error (SE) of three
biological replicates. Analysis of variance followed by post hoc
Duncan’s Multiple Range Test (DMRT) was performed using
SPSS version 26 to determine significant differences among the
morphological and physio-biochemical parameters.

3. RESULTS

3.1. Physical Character Analysis

The study of AL physical parameters disclosed that the weight, length,
and breadth of the ALF increased progressively from 7 DAF to its
maximal value at 150 DAF (Table S1). The specific gravity of the ALF
decreased from 7 DAF (1.57 = 0.13) to 90 DAF (0.97 + 0.01), after
which it rose to 150 DAF (1.06 + 0.02). The ALF was initially seen to
be green in color till 60 DAF, after which it appears greenish yellow
at 90 DAF, and then yellow throughout the 120 and 150 DAF periods
(Fig. 2). Likewise, the weight of PL and PP increases from 30 DAF
(35.51 £2.04 g, 22.41 +£ 0.91 g) to its maximal value (60.10 + 2.86
g, 119.01 + 1.86 g) at 150 DAF. Fruit's rind thickness increases from
30 DAF (5.2 + 0.28 mm), reaches its maximum value at 60 DAF (7
+ 0.29 mm), and then it decreases from 90 DAF (5 £ 0.16 mm) to its
minimal value at 150 DAF (4 + 0.22 mm). It was also noted that the
albedo thickness increased from 30 DAF (3.57 = 0.21 mm) to achieve
its maximum value at 60 DAF (6 + 0.22 mm) and then decreases from
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Figure 2. Change in colour of AL at various developmental stages.
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Figure 3. Cross section of ALF.

90 DAF (4.27 £ 0.05 mm) to its lowest value at 150 DAF (3.57 £ 0.13
mm), whereas the flavedo thickness decreases from 30 DAF (1.63 +
0.13 mm) to its minimum value at 150 DAF (0.43 = 0.09 mm). In
addition, LPA of the ALF increases from 30 DAF (17.92 + 0.26 mm)
to its maximal value at 150 DAF (27.98 + 1.3 mm) (Fig. 3, Table S1).

In addition, there have been observed alterations in the physical
attributes of ALF at SRT and SCT between 7th and 28th DAS (Fig.
4, Table S1). Moreover, it came into observation that the fruit weight
decreases from 7 DAS (SRT=174.28+4.2 g, SCT=178.98+1.6 g) to
28 DAS (SRT=161.92+3.23 g, SCT=176.21 £ 5 g) during both SRT
and SCT. Likewise, weight of the PL and PP decreased from 7 DAS
(PL-SRT=59.28+ 1.3 g, SCT=59.78 £ 0.2 g and PP - SRT = 115
+2.86 g, SCT=119.2 + 1.3 g) to 28 DAS (PL — SRT = 58.78 = 0.29
g, SCT =159.06 + 2.3 g and PP — SRT = 105.8 + 1.3 g, SCT = 117.15
+ 2.6 g) at both SRT and SCT. The specific gravity also decreased
from 7 DAS (SRT =1.03 £ 0.01, SCT =1.06 £ 0.01) to 28 DAS (SRT
=0.96 £ 0.01, SCT = 1.03 £ 0.01) at both storage conditions. It was
also noted that length, breadth, pith diameter, albedo, flavedo, and rind
thickness decreased gradually from 7 DAS to their lowest value at
28 DAS during SRT and SCT (Fig. 4, Table S1). Further, at SRT, the

15 DAS 21 DAS 28 DAS

48

Storage at Room Temperature (SRT)

7 DAS 15 DAS 21 DAS 28 DAS

Storage at Cold Temperature (SCT)

Figure 4. Fruit morphology of ALFs at different storage temperatures (scale
bar-2 cm).

ALF appeared to be yellow in color till 15 DAS, after which, the color
changed to pale yellow till 28 DAS, whereas there was no change
in color (yellow) in ALF stored at SCT. In addition, the LPA of the
ALF decreased from 7 DAS (SRT = 27.02 £+ 0.69 mm, SCT = 27.6 +
0.56 mm) to 28 DAS (SRT = 22.66 + 0.53 mm, SCT = 26.37 + 0.25
mm). However, the alterations in the physical attributes of AL were
observed to be more prominent at SRT than SCT (Fig. 4, Table S1).

3.2. Physio-Biochemical Analysis

3.2.1.pH

At DSFD, the pH was observed to be lowest at 30 DAF (2.12 £+ 0.04)
and then increased to its maximum at 150 DAF (3.12 + 0.12). During
post-harvest storage (PHS), the pH increases from 7 DAS (SRT =3.45
+ 0.02, SCT = 3.31 + 0.06) to 28 DAS (SRT = 4.46 + 0.21, SCT =
3.97 £ 0.03). Notably, the pH increase was more pronounced at SRT
compared to SCT (Table S2, Fig. 5).

3.2.2. % Juice content

At DSFD, the % JC was observed to be lowest at 30 DAF (12.16% =+
0.16%) and steadily increased to its highest value at 150 DAF (52.16%
+0.92%). During PHS, % JC decreased from 7 DAS (SRT=51.12% +
1.55%, SCT = 52.02% =+ 0.72%) to 28 DAS (SRT = 48.42% + 0.82%,
SCT = 51.02% =+ 0.04%) in both SRT and SCT. However, a decrease
in % JC was more pronounced at SRT compared to SCT (Table S2,
Fig. 5).

3.2.3. Total soluble solids

At DSFD, the TSS of AL juice was observed to be highest at 30 DAF
(6.90 £ 0.16 °Brix) and steadily decreased to its lowest value at 150
DAF (5.60 + 0.2 °Brix). Further, during PHS, the TSS remained
unchanged from 7 DAS (SRT = 5.70 + 0.08 °Brix, SCT =5.60 + 0.16
°Brix) to 15 DAS (SRT =5.70 £ 0.16 °Brix, SCT = 5.60 = 0.08 °Brix),
and then gradually increased from 21 DAS (SRT = 5.80 + 0.16 °Brix,
SCT =5.70 + 0.08 °Brix) to 28 DAS (SRT = 5.90 £+ 0.16 °Brix, SCT =
5.80 £ 0.08 °Brix) in both SRT and SCT. Also, the TSS rise was more
at SRT compared to SCT (Table S2, Fig. 5).
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Figure 5. Biochemical characteristics of ALF juice at DSFD (30-150 DAF) and storage (SRT- 7 DAS- 28 DAS,
SCT- 7 DAS- 28 DAS) (a: pH, b: TSS, c: % JC, d: citric acid, e: ascorbic acid, f: TSS/TA, and g: TS and RS).
Numerical data represent mean values (column bars) with SE of n = 3 biological replicates (three fruits total per
stage/condition) represented as vertical lines on the column bars. Different letters on top of the bars represent
significant differences between samples at the subset for alpha = 0.05, based on DMRT.

3.2.4. Citric acid content (CAC)

At DSFD, the CAC in AL juice was observed to be lowest at 30 DAF
(0.06 £ 0.01 g/ml), and then increases to its maximum value at 150
DAF (0.24 + 0.02 g/ml). Again, in PHS, CAC decreased from 7 DAS
(SRT =0.21 £ 0.03 g/ml, SCT = 0.22 + 0.01 g/ml) to 28 DAS (SRT
=0.07 £ 0.01 g/ml, SCT = 0.12 + 0.01 g/ml), both at SRT and SCT.
However, the CAC decrease was significantly pronounced at SRT
compared to SCT (Table S2, Fig. 5).

3.2.5. Ascorbic acid content (AAC)

At DSFD, the AAC was highest at 30 DAF (0.26 + 0.02 mg/ml) and
steadily decreased to its lowest at 150 DAF (0.08 + 0.02 mg/ml). In
addition, during PHS, AAC decreased from 7 DAS (SRT=0.06 +0.01
mg/ml, SCT =0.07 £ 0.01 mg/ml) to 28 DAS (SRT =0.02 £ 0.01 mg/
ml, SCT = 0.04 = 0.01 mg/ml) in both SRT and SCT. However, the
AAC decrease was significantly more pronounced at SRT compared
to SCT (Table S2, Fig. 5).
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3.2.6. Total soluble solids/titratable acidity

At DSFD, the TSS/TA was observed to be highest at 30 DAF (5.75
+ 0.21) and subsequently decreased to its lowest at 150 DAF (1.17 +
0.06). Further, during PHS, the TSS/TA increases from 7 DAS (SRT =
2.71+0.02, SCT =2.54+0.03) to 28 DAS (SRT=8.43 £0.07, SCT =
4.83 £0.05) in both SRT and SCT. Notably, the TSS/TA increase was
significantly greater at SRT than SCT (Table S2, Fig. 5).

3.2.7. Total sugar and reducing sugar

At DSFD, the TS concentration in fruit juice of AL was lowest at
30 DAF (164.92 + 2.98 ng/ml) and subsequently increased to its
maximum value at 150 DAF (227.16 + 4.19 pg/ml). In addition,
the RS concentration was lowest at 30 DAF (16.19 + 1.49 pg/ml),
gradually increased, and reached its maximum at 150 DAF (29.76 +
1.43 pg/ml). Further, during PHS, in both SRT and SCT, increase in

77

TS and RS content was noted from 7 DAS (TS: SRT = 228.18 +2.44
pg/ml, SCT = 227.92 + 0.98 pg/ml; RS: SRT =30.17 + 0.82 pg/ml,
SCT =29.98 + 0.85 pg/ml) to 28 DAS (TS: SRT =234.42 + 1.44 pg/
ml, SCT =231.17 £ 0.67 ug/ml; RS: SRT = 34.08 £ 1.34 pg/ml, SCT
=30.98 £ 0.82 pg/ml). However, the increase in both the TS and RS
content was noticeably greater at SRT than at SCT (Table S2, Fig. 5).

3.2.8. Carotenoid content (CC)

At DSFD, the CC was observed to be peaked at 150 DAF (2.81 +
0.15 mg/g) after gradually increasing from its lowest point at 7 DAF
(2.25 = 0.01 mg/g). Further, during PHS, the CC increases from 7
DAS (SRT = 2.83 + 0.02 mg/g, SCT = 2.82 + 0.01 mg/g) to 28 DAS
(SRT =2.95 £+ 0.01 mg/g, SCT = 2.92 + 0.01 mg/g) in both SRT and
SCT. However, the CC rise was significantly more at SRT compared
to SCT (Table S3, Fig. 6).

Carotenoid Content

dva .l
4dvasi
4va o€
4va sy
4va 09
4va 06

4dvaozi

L (3]

(ug/g)

Chlorophyll Content
w

N

-

o

~
=4
>
-

dvasi
dvao¢
dva sy
4va 09
dva oe
dva ozl

- Chlorophyll
a

Sampling Stages

dva osi

Sampling Stages

Chlorophyll
b - Chlorophyll

4va ost
sva .l s
svasi s
sva iz Lis
sva 8z LS
sva.l 1os
svasi 10s
sva iz 10s
sva 8z 10s

sva .l s
svasl s
sva iz s
Sva 8z LS

sva.l 1os
svasl 10s
sva iz 10s
Sva 8z 10s

Total

Figure 6. Biochemical characteristics of ALF PL at DSFD (7-150 DAF) and storage (SRT- 7 DAS- 28 DAS,
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column bars. Different letters on top of the bars represent significant differences between samples at the subset

for alpha = 0.05, based on DMRT.
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3.2.9. Chlorophyll content

At DSFD, Chl a, Chl b, and total Chl of fruit PL of AL were observed
to be highest at 7 DAF (1.26 £ 0.08, 2.72 £ 0.19, 3.98 £ 0.21 pg/g) and
then rapidly decreased until it reached its lowest level at 150 DAF (0.21
+0.03,0.98£0.11, 1.19£0.14 pg/g). Further, during PHS, Chl a, Chl b,
and total Chl significantly reduced from 7 DAS (SRT=0.18 £ 0.01, 0.85
+0.02, 1.03 £0.01; SCT=0.19 £ 0.01, 0.91 £ 0.02, 1.10 £ 0.01 ug/g)
to 28 DAS (SRT =0.07 = 0.01, 0.41 = 0.01, 0.48 £ 0.01; SCT=0.11 +
0.01, 0.74 £ 0.01, 0.85 + 0.02 pg/g). However, Chl a, Chl b, and total
Chl decreased more rapidly at SRT compared to SCT (Table S3, Fig. 6).

3.2.10. Pectin content

At DSFD, the PC at PL was gradually increased from its lowest
concentration at 7 DAF (0.42% + 0.05%) and reached its peak value at
60 DAF (2.77% + 0.23%), and then decreased from 90 DAF (2.44%
+ 0.21%) till 150 DAF (0.89% + 0.04%). In addition, at DSFD, the
PC at PP gradually increases from 30 DAF (2.17% + 0.17%) to reach
its peak value at 60 DAF (5.26% + 0.26%), and then decreases from

90 DAF (3.06% + 0.23%), reaching its lowest value (1.17% = 0.07%)
at 150 DAF. Again, during the PHS, PC in both PL and PP of the
ALF decreases from 7 DAS (SRT = 0.85% + 0.01%, 1.08% =+ 0.02%;
SCT = 0.87% =+ 0.03%, 1.12% = 0.02%) reaching the lowest value
at 28 DAS (SRT = 0.51% = 0.02%, 0.81% = 0.02%; SCT = 0.72% +
0.02%, 0.95% £ 0.02%) in both SRT and SCT. However, SRT showed
a greater decrease in PC than SCT (Table S4, Fig. 7).

3.2.11. Equivalent weight

At DSFD, the EW of PL gradually rises from 7 DAF (3.49% = 0.27%),
reaches its peak value (8.73% = 0.58%) at 60 DAF, and then decreases
from 90 DAF (6.85% + 0.54%) until it reaches its lowest value (2.69%
+ 0.31%) at 150 DAF. In addition, at DSFD, the EW of PP gradually
increased from 30 DAF (2.73% + 0.35%) to reach its peak value
(4.79% + 0.73%) at 60 DAF, and then gradually decreased from 90
DAF (3.49% + 0.42%) until it reached its lowest value (1.12% + 0.2%)
at 150 DAF. Furthermore, during PHS, EW in both PL and PP of ALF
increased from 7 DAS (SRT= 2.69% + 0.02%, 1.14% + 0.01%; SCT
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Figure 7. Chemical characterization of pectin obtained from ALF at DSFD

(7-150 DAF) and storage (SRT- 7 DAS- 28 DAS, SCT- 7 DAS- 28 DAS) (a: PC,

b: EW, ¢: MeOC, d: AUA, and e: DE). Numerical data represent mean values (column bars) with SE of n = 3 biological replicates (three fruits total per stage/
condition) represented as vertical lines on the column bars. Different letters on top of the bars represent significant differences between samples at the subset for

alpha = 0.05

, based on DMRT.
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=2.71% £ 0.03%, 1.13% + 0.02%) and reaches its peak value at 28
DAS (SRT =2.81% + 0.05%, 1.21% = 0.02%; SCT = 2.77% + 0.02%,
1.18% 4 0.04%) at both SRT and SCT. Notably, at SRT, the EW rise
was more compared to SCT (Table S4, Fig. 7).

3.2.12. Methoxy content

At DSFD, the MeOC of PL was highest at 7 DAF (0.56% + 0.14%)
and then gradually decreased until it reached its lowest value (0.15%
+ 0.07%) at 150 DAF. In addition, at DSFD, the MeOC of PP was
observed to be highest at 30 DAF (0.39% + 0.11%) and then gradually
decreases to its lowest value (0.09% + 0.02%) at 150 DAF. In addition,
the MeOC in both PL and PP of ALF during PHS decreased from 7
DAS (SRT =0.14% + 0.02%, 0.09% + 0.02%; SCT = 0.15% =+ 0.03%,
0.09% =+ 0.03%) and reaches its lowest value at 28 DAS (SRT = 0.09%
+0.02%, 0.05% = 0.02%; SCT = 0.11% = 0.03%, 0.06% =+ 0.01%) at
both SRT and SCT. However, SRT showed a decrease in MeOC than
at SCT (Table S4, Fig. 7).

3.2.13. Anhydrouronic acid

At DSFD, the AUA of PL was observed to be highest at 7 DAF (7.93%
+ 1.16%) after which it gradually decreased to its lowest value (3.27%
+ 0.67%) at 60 DAF, and then again rises from 90 DAF (3.69% +
0.73%) till 150 DAF (7.3% + 0.53%). In addition, at DSFD, the AUA
of PP was gradually decreased from 30 DAF (8.68% + 1.37%) to reach
its lowest value (4.96% + 0.88%) at 60 DAF, and then it gradually
increased from 90 DAF (5.98% + 0.89%), reaching its highest value
(16.19% =+ 2.95%) at 150 DAF. Furthermore, at storage, the AUA
in both PL and PP of ALF decreases from 7 DAS (SRT = 7.28% =+
0.18%, 15.95% £ 0.2%; SCT = 7.29% + 0.26%, 16.09% + 0.04%) and
reaches its lowest value at 28 DAS (SRT = 6.77% £ 0.25%, 14.83% +
0.1%; SCT =6.98% £ 0.15%, 15.27% =+ 0.56%) at both SRT and SCT.
However, SRT experienced a more pronounced reduction in the AUA
content compared to SCT (Table S4, Fig. 7).

3.2.14. Degree of esterification

At DSFD, the DE of PL was gradually increased from 7 DAF (39.89%
+5.01%) and reached its peak value (44.49% + 3.3%) at 30 DAF, and
then decreased from 45 DAF (44.11% + 4.83%) until it reached its
lowest value (11.15% + 5.81%) at 150 DAF. In addition, DE of ALF
PP was highest (25.67% = 3.23%) at 30 DAF and then from 60 DAF
(24.18% + 2.92%) DE rapidly decreased until it reached its lowest
value (2.88% + 0.74%) at 150 DAF. Furthermore, during PHS, the
DE of PC in both PL and PP of ALF decreases from 7 DAS (SRT =
10.79% + 1.63%, 2.72% + 0.54%; SCT = 11.14% =+ 2.11%, 2.86%
+ 1.16%) and reaches its lowest value at 28 DAS (SRT = 7.48% +
1.78%, 1.92% =+ 0.64%; SCT = 8.9% + 2.47%, 2.22% + 0.22%) at
both SRT and SCT. Notably, SRT exhibited a greater decrease in DE
compared to SCT (Table S4, Fig. 7).

3.3. Soil Nutrient Estimation

The assessment of soil nutrients from the AL collection site during
DSFD indicated minimal variation across different collection phases.
The soil was found to be slightly alkaline (7.5) and rich in several
significant micro and macro nutrients. The findings from the current
study demonstrated that the soil contains significant amounts of iron
(> 6 ppm) and copper (0.5-2 ppm), whereas it contains comparably
small amounts of zinc (0-0.5 ppm), boron (0.1-1 ppm), manganese
(0-2 ppm), and molybdenum (0-0.1 ppm). The soil also contains a
considerable amount of organic carbon (0.300%—-0.500%), phosphate
(5673 kg/ha), and potassium (112-280 kg/ha), while ammoniacal

nitrogen (15 kg/ha) and nitrate nitrogen (4 kg/ha) are present in very
small proportions (Table S5).

4. DISCUSSION

AL is considered a health-protective fruit due to its nutritious content
and the presence of a variety of bioactive chemicals [16]. The physio-
biochemical contents, however, fluctuate significantly during DSFD
[17]. Tt was observed in the current study that the size and weight
of ALF increase as the fruit grows, attaining their maximum value
at 150 DAF, which corroborated the findings of Mukhim ez al. [17],
and Shahida ez al. [18]. The rapid cell differentiation is likely to have
resulted in faster rates of increase in size and weight during the early
stages of fruit development [19]. Again, during PHS, the size decreased
from 7 DAS to 28 DAS (Table S1), and the decrease was slighter at
SCT than SRT, which showed similarity with the results obtained by
Kashyap et al. [20]. This indicates that the fruit size and weight loss
can be significantly influenced by storage temperature. Further, it was
noted that the LPA increased and peaked at 150 DAF. However, during
storage, the LPA was greatly reduced, whereas SRT showed a higher
reduction than SCT (Table S1). LPA may have increased from 7 to 150
DAF due to its dependence on the size of ALF, which influenced it to
increase as the fruit size grew larger, but the decrease in LPA during
storage might be due to the reduction in fruit size, which was influenced
by storage temperature [17,20]. Further, the increase in fruit weight
during the DSFD is primarily due to development and maturation, such
as the buildup of water content, sugars, and other solutes at DSFD [21],
but the decrease in fruit weight during storage might be due to the loss
of water. Further, the highest specific gravity was measured at 7 DAF,
and the value decreased till 90 DAF, after which it slightly increased
at 150 DAF. However, the specific gravity of ALF decreases gradually
from 7 to 28 DAS at both SRT and SCT. The decline in specific gravity
during storage was due to the reduction in fruit size and weight, which
might have resulted from loss of water. The results from specific gravity
are similar to those reported by Mukhim et al. [17] but contrary to those
found by Shahida et al. [18]. The fruit's weight and size have the largest
impact on specific gravity change, which might be the reason behind the
results obtained in the study [22].

The AL fruit's color changes from green to yellow at 90 DAF, and
during storage, the fruit color changes from yellow to pale yellow at
21 DAS at SRT. The color change might be due to the Chl breakdown
and carotenoid buildup in the fruit skin [23]. On the other hand, the PP
to PL ratio rises from 30 DAF and reaches 150 DAF. This could be due
to the fast cell differentiation and the accumulation of water, sugar, and
other solutes in the juice sacs of PP [24]. However, the PP to PL ratio
declines during storage at both SRT and SCT, but the reduction in the
PP to PL ratio was reported to be slower at SCT than at SRT. The results
of the current investigation corroborated the findings of Citrus grandis
L. Osbeck [25] and Citrus unshiu [26]. Several studies reported that
the rind thickness grows at maturity but reduces as the fruit ripens, and
during storage [27]. Similarly, it was noted that the fruit's rind thickens
and starts increasing from 30 DAF, reaches a maximum value at 60
DAF, and then subsequently decreases from 90 DAF. In addition, the
rind thickness decreases during storage at both SRT and SCT; however,
the decrease in rind thickness was reported to be slower at SCT than
at SRT. In addition, as the fruits mature, flavedo size increases, but
albedo size significantly decreases after 60 DAF. During fruit ripening,
the albedo often thickens until the fruit reaches maturity, whereas the
flavedo progressively thickens until the fruit abscises from the tree,
which may be the reason for the current experimental results [29,30].
On the other hand, during storage, both the flavedo and albedo undergo
a size reduction. This decrease occurs in the fruit irrespective of storage
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conditions. However, the decline in both flavedo and albedo is slower at
SCT compared to SRT, which can be explained by the high rate of fruit
respiration and water loss during storage [31].

It was observed that the % JC increased progressively from 30
DAF and reached its peak at 150 DAF, which is supported by the
findings of Mukhim et al. [17]. The increase in JC might be due to
the accumulation of water and solutes in the juice vesicles [21]. Also,
fruit ages lead to an increase in JC, which might be the result of juice
formation and accumulation inside the juice sacs [32]. On the other
hand, during storage, the % JC was observed to decrease in both SRT
and SCT due to the loss of water and solutes in the juice vesicle [17].
Again, the TSS/TA content during the DSFD steadily decreases from
30 DAF and reaches its lowest value at 150 DAF. However, during
the storage, the TSS/TA rose from 7 DAS to 28 DAS at both SRT and
SCT. The rapid reduction in TSS and substantially greater rates of acid
buildup might be the cause of the decline in the TSS/TA ratio during
the DSFD, but during storage, an opposite trend was observed, leading
to an increase in the TSS/TA ratio [17,20]. Nevertheless, AAC also
gradually declines from 30 to 150 DAF, where it hits its lowest level.
Similarly, during storage, at both SRT and SCT, the AAC gradually
decreased from 7 DAS and reached its lowest value at 28 DAS. The
use of ascorbic acid in certain metabolic processes might be the cause
of the ascorbic acid's decrease during the maturation process [33].

During the study, we also observed that there is an increase in pH
with the maturity of fruits. Furthermore, during storage, the pH
levels showed an upward trend, indicating a shift toward alkalinity.
However, it was noteworthy that the inclination of pH at SRT was
more pronounced compared to SCT. In addition, it was also revealed
that the TS and RS rise during the fruit ripening and storage, which
might be a key element affecting the pH of ALF [34]. The result was
supported by the findings on Citrus sinensis L. Osbeck [35], Citrus
aurantifolia Swingle [36], Citrus reticulata Blanco [20], and other
plants. Again, during the current investigation, we observed that the
citric acid concentration of ALF increases as the fruit ripens, which
might be due to the synthesis by enzymatic activity in juice vesicles
during fruit development [17]. It was earlier reported that ALF could
remain on the plant for an extended period of time after they were
fully ripe, which may be due to an increase in citric acid concentration
[5,36]. In addition, during the current experiment, a decline in the citric
acid concentration was observed as the storage period progressed.
However, a noteworthy finding was that the decrease in CAC was
observed to be slower at SCT compared to SRT. The decline in CAC
could be due to the breakdown of citric acid in the Krebs' cycle, which
occurs during the aerobic respiration process [20].

In the present study, we investigated the changes in Chl a, Chl b, and
total Chl content during fruit growth stages. In addition, we observed
the change in Chl levels during both SRT and SCT, which has not
been reported yet. It was revealed that the concentration of Chl a, Chl
b, and total Chl decreases while the concentration of carotenoid rises
as the fruit ripens and during storage [37,38]. This might be due to the
lycopene buildup and the transformation of Chl to carotenoid during
fruit ripening [38-40].

Pectin in Citrus is an important ingredient used in different food
processing industries [41]. During the current investigation, we noticed
that PL and PP of ALF contained a significant amount of pectin, with
PP having greater PC than PL throughout the fruit development stages.
Again, it was observed that the PC in PL and PP of ALF gradually
increased and reached its peak at 60 DAF and then sharply decreased.
The activity of several pectin-degrading enzymes, including lyase,
pectin methylesterase, polygalacturonase, rhamnogalacturonase, etc.,

may be the cause of the decrease in PC [42]. In addition, at SRT and
SCT, we noticed a consistent decrease in pectin levels as the storage
duration advanced. However, the reduction in PC was notably more
pronounced at SRT compared to SCT. The degradation of pectin
during storage might be due to the activity of pectinases, pectin
methylesterase, etc., which act during the breakdown of the pectin
molecules in the cell wall of fruits [43—45]. Factors like temperature
and an increase in the activity of ethylene during storage further
accelerate this enzyme activity, which might be the reason for the
reduction in PC in ALF [46,47]. Similar results were also observed in
C. limon L. Osbeck [48] and Prunus persica L. Batsch [49].

EW of PC in PL and PP of ALF gradually increased and reached
its peak at 60 DAF, after which it rapidly decreased till 150 DAF.
However, during storage, it was observed that the EW of PL and PP
gradually increased from 7 DAS till 28 DAS at both SRT and SCT.
Again, on measuring the MeOC, we observed that the MeOC was
maximum at the initial stage, which gradually declined to its lowest
value at 150 DAF. Similarly, throughout the storage period, MeOC
gradually declined from 7 to 28 DAS, with the maximum decrease
observed in SRT compared to SCT. In addition, AUA (for the study
of purity of the PC) was steadily decreasing from the initial stage,
reaching its lowest value in 60 DAF, then continuing to increase again
from 90 DAF. This suggests that the pectin in AL attained its highest
purity during the fruit's ripening and early stages of fruit development.
On the other hand, during storage, the AUA content gradually
decreased from 7 to 28 DAS in both PL and PP of ALF, with the most
significant decrease at SRT compared to SCT. The pectinase activity
can lead to the depolymerization of pectin, reducing overall purity
[50]. Furthermore, while studying the pectin's level of esterification
to determine the concentration of methylesters, which is either high-
methoxy pectin or low-methoxy pectin depending on the extent of
esterification, it was revealed that pectin found in both AL-PL and
AL-PP was low-methoxy pectin (<50%) [51]. Similar findings have
been reported in Citrus maxima Burm Merr, Citrus jambhiri Lush,
Citrus suduchi, Citrus hystrix DC, Citrus limetta Risso, C. sinensis L.
Osbeck, C. limon L. Osbeck [52,53], and others.

Significant physio-biochemical variations were observed in both
PL and PP of the ALF during the DSFD and storage. It was also
observed that the samples at SRT exhibited a significant decline in
physio-biochemical parameters compared to samples at SCT, which
is a critical factor in maintaining the desired physio-biochemical
parameters for various applications [54]. Since each food and
pharmaceutical industry has different needs, these industries look
into different physio-biochemical factors for the selection of quality
fruits for different products to be produced [55]. These industries,
therefore, might employ the appropriate fruit stage of ALF as a
source of raw material for their products. An estimation of the
nutritional value of ALF in various stages is expected to promote
such endeavours [54]. Therefore, different harvesting and storage
times for ALF may be required based on their industry product
development requirements.

The quantity of both macronutrients and micronutrients in the soil is an
important aspect that influences a Citrus natural growth and development
and could alter not just fruit yield but also the amount of nutrients in
fruits [28,56-59]. Several studies have reported that the phosphate,
potassium, and nitrogen levels in the soil can influence the yield and size
of Citrus fruits [60]. In the current study, soil pH at the sample collection
site was about 7.5, the level of organic carbon was between 0.30% and
0.500%, and phosphate and potassium concentrations were found to
be 56 —73 and 112-280 kg/ha, respectively, which is considered to be
ideal for the normal growth of Citrus plants [61,62]. It was also noticed
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that nitrogen present (ammoniacal nitrogen and nitrate nitrogen) in the
soil is about 19 kg/ha, which is an optimal value for the growth and
development of various plant species [63]. Further, it was also observed
that the micronutrients present at the sample collection site, which
include copper (0.5-2 ppm), zinc (0-0.5 ppm), boron (0.1-1 ppm),
manganese (0-2 ppm), iron (> 6 ppm), and molybdenum (0-0.1 ppm),
are in the ideal range for Citrus growth [61,64]. Similar observations
were also noticed in C. sinensis L. Osbeck [59], Citrus nobilis Lour
[65], C. reticulata Blanco [65], C. aurantifolia Swingle [66], and
others, suggesting that normal plant growth and the development of
fruit quality and yield are significantly influenced by soil nutrient status
[59,65,66]. A relationship between soil nutrient characteristics and fruit
quality has also been reported in Xinjiang jujube [28]. Although these
soil parameters give a significant understanding of the soil condition and
its influence on the morphological and physio-biochemical variation
of AL, the values obtained were interpreted as indicative rather than
definitive measures of absolute soil nutrient concentrations, as the
results provided semi-quantitative estimates rather than highly precise
analytical measurements. The findings of this study open the door
for advanced and more precise research and their influence on Citrus
morphological and physio-biochemical variation at different stages of
fruit growth and development.

5. CONCLUSION

The current study was carried outto gaina comprehensive understanding
of physical and physio-biochemical changes during DSFD and storage
conditions. The study emphasizes how the key physio-biochemical
characteristics of AL change during fruit development and during
various conditions of storage. Most quality-related parameters,
including pH, JC, sugars, citric acid, and carotenoids, reached their
peak at full maturity (150 DAF); however, several other important
biochemical constituents attained their maximum levels at DSFD.
In addition, during storage, morphological and physio-biochemical
traits exhibited greater stability under SCT compared to SRT. These
findings provide valuable insights for optimizing harvest timing,
storage strategies, and industrial utilization, particularly in food
processing and pharmaceutical applications. This cognizance of the
dynamic morphological and physio-biochemical transformations
within fruit PL and PP throughout their development and storage is a
cornerstone for elevating agricultural practices, enhancing the quality
and safety of food products, and meeting the standards of diverse
industries, including pharmaceuticals. This understanding would
help stakeholders to make informed decisions and ultimately ensure
that consumers have access to fresh, high-quality produce while also
driving advancements in the field of agriculture and food science.
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