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Potential of X-ray imaging to detect citrus granulation in different cultivars with 
progress in harvesting time 
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Granulation, a physiological disorder of citrus is manifested by shriveled juice sacs and internal dryness. Extractable 
juice in granulated tissue is drastically reduced as a consequence of gelatinization and secondary epidermis formation. Since, 
the defect cannot be detected externally it leads to consumer dissatisfaction and poor returns to farmers. Processing industry 
also faces huge economic loss due to reduction in the juice recovery from granulated fruit. In this context, here, we studied 
the possibility of developing an image processing algorithm through MATLAB software to detect granulation with 
advancement of maturity via X-ray micrographs. Fruit of eight citrus cultivars comprising of granulation susceptible and 
tolerant varieties harvested at four different intervals were exposed to X-rays. Voltage of 46 kV and current of 6.5 mA given 
to fruit for an exposure time of 320 mAs gave the best X-ray image contrasts. The developed algorithm could effectively 
distinguish the healthy and granulated fruit with an accuracy of 90% as validated by subsequent destructive analysis when 
estimated for four different harvesting dates. The imaging technique can be employed by the processors to determine the 
severity of granulation and to sort out fruit online which will help in saving economic losses. 
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Citrus (Fam. Rutaceae) is one of the popular and 
extensively grown fruit crops in tropical and 
subtropical regions of the world. It is considered as 
the third most important fruit crop in India after 
mango and banana with a current production of 14.56 
million MT for an area of 1075 thousand ha1. It 
possesses a distinct aroma and is savoured for its taste 
and abundant amount of nutrients2,3. Granulation is an 
important physiological disorder causing havoc in the 
whole citrus industry, affecting most of the cultivars, 
resulting in huge economic loss to the farmers as well 
as the processors4. The disorder is accompanied by 
reduction in nutritive value, loss of taste, deterioration 
of several organic acids and enzymes for which the 
relevant mechanism is still obscure. Granulation 
commences at the stem end region and then gradually 
extends towards the stylar end of the citrus fruit5. It 
significantly impairs the sugar/acid balance as a 
consequence of which the fruit become 
organoleptically unacceptable. Farmers favour to 
prolong the on-tree storage of fruit for staggered 
marketing6. The disorder cannot be detected until the 

fruit are peeled or cut open. Hence, the grower is not 
able to decide the on-tree-storage of fruit for extended 
marketable period. Moreover, defective fruit may be 
passed on to the consumers leading to distrust. It also 
hampers the processing line as the yield of juice is 
significantly reduced and may be a cause of economic 
loss in business7. 

Diversified techniques are being employed by 
various researchers worldwide to detect granulation 
through non-destructive techniques such as 
hyperspectral imaging8, Visible/Near-Infrared 
Spectroscopy9,10 and Beam Scanning Reflectometer11 
to sort out the low-quality granulated citrus fruit. X-
ray imaging is also one such non-destructive 
technique that can be used to detect granulation. It is 
one of the most promising techniques to evaluate 
quality of fruit without damaging them and is 
comparatively cheaper than other major subsurface 
imaging techniques12,13. X-rays are electromagnetic 
radiations (shorter than ultraviolet and microwaves) 
with wavelength ranging between 10 and 0.01 nm. 
When X-rays are passed through an object, they 
physically interact with the object producing an X-ray 
radiograph in a 2D plane. When citrus fruit are 
exposed to radiation, X-rays pass through dense and 
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lighter areas of citrus fruit pulp to reach the X-ray-
sensitive film and deliver images/micrographs of the 
fruit. Application of X-ray on food products has been 
proven safe with respect to human safety and 
nutritional quality of irradiated food14. Scanty work is 
available for detection of granulation disorder in 
citrus using X-ray imaging technique. Considering the 
widespread nature of this disorder across citrus 
species, in this study, we investigated eight citrus 
cultivars at four different harvesting stages using  
X-ray imaging to check their susceptibility to the 
disorder and to determine the stage of onset of 
granulation in a particular cultivar. We developed an 
algorithm to avoid the subsequent labour-intensive 
destructive sampling while preventing accompanied 
losses. 
 

Materials and Methods 
 

Procurement of fruit 
Eight commonly cultivated genotypes of citrus 

(Sweet orange: ‘Itaborai’, ‘Hamlin’, ‘Mosambi’; 
Grapefruit: ‘Duncan’, ‘Marsh Seedless’; Pummelo: 
‘Pummelo Red Flesh’, ‘Pummelo White Flesh’ and 
Tangerine: ‘Dancy’) were harvested from ICAR-
Indian Agricultural Research Institute, New Delhi, 
India. Fruit were harvested from healthy trees budded 
on Jatti Khatti rootstock at four different harvesting 
dates, starting from the date at which they obtain the 
recommended Total Soluble Solids (TSS): acid ratio 
(≥ 12)15 except for grapefruit where TSS: acidity ratio 
is ≥10 followed by three harvests at an interval of 20 
days each. Thus, four harvesting stages were defined 
as; Stage I: Optimum stage of harvest; Stage II: Stage 
I + 20 days; Stage III: Stage I + 40 days; Stage IV: 
Stage I + 60 days. The fruit were exposed to 
optimized X-ray radiation and then destructive 
analysis was done by cutting the fruit transversely to 
validate the X-ray images obtained.  
 

Exposure to X-ray 
Citrus fruit were exposed to X-rays, using 

‘Heliophos D/ Klinoskop-H/Siemens Ltd, Japan  
X-ray machine at Dr. Doda’s Diagonostic and Health 

Care, Pusa Road, New Delhi. Different combinations 
of voltage, current and time in the range of 30 to 60 
kV, 4 mA to 8 mA, 100 to 400 mAs, respectively 
were used in a trial and error manner to develop good 
contrast X-ray micrographs. For each exposure, fruits 
were placed on one frame for X-ray scanning. The 
information was generated in the form of digital grey 
scale JPEG images from sensitive elements (Fig. 1 C 
and D).  
 

Detection algorithm 
The X-ray scanned images of eight citrus cultivars 

harvested at different stages were then analyzed by 
MATLAB R2017b (The Mathworks, Inc. US) and an 
algorithm was developed to differentiate healthy and 
granulated fruit. MATLAB, a proprietary multi-
paradigm programming language and numeric 
computing environment, is a useful tool for digital 
image processing since it represents images as matrices 
and allows easy matrix manipulation16. An Images 
Processing Toolbox offers a comprehensive set of 
reference-standard algorithms and workflow apps for 
digital image processing, analysis, visualization, and 
algorithm development17. The algorithm we developed 
to segregate healthy fruit from granulates ones.  
 

When the X-ray images were processed using the 
developed algorithm, it gave a clear pattern of 
differentiated areas, that defined granulated areas in 
the fruit. The processed images of healthy fruit 
showed no dots whereas granulated portion showed a 
dotted pattern. The combination of both prewitt 
operator and range filter gave differentially pooled 
values of percentage edge threshold which clearly 
classified healthy and granulated portions within the 
fruit. Subsequently, the fruit were examined for 
granulation incidence after cutting to validate the data 
obtained through non-destructive technique. On the 
X-ray radiographs, granulation was visible as dark 
regions in the fruit flesh, as the granulated region has 
comparatively lighter density than the healthy region. 
Furthermore, the rind of different citrus cultivars was 
excluded by using ENVI software (Environment for 

 
 

Fig. 1 — Healthy (A, C & E) and granulated (B, D & F) Citrus fruit. (A and B) Transversely cut opened; (C and D) X-ray image 
processed through ENVI software; and (E and F) Image processed through MATLAB software. 
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Visualizing Images) to get a uniform size image. The 
healthy tissue was easily segmented from the 
granulated tissues non-destructively by applying a 
fixed grey value threshold on the image. Furthermore, 
the total tissue (affected + healthy tissue) was 
estimated by identifying the bounding ellipse of the 
tissue, excluding the rind and albedo. The threshold 
value of the fruit was determined by using the 
following equation18: 
 

Threshold value  
No. of white pixel 
Total no. of pixel 

100 
 

Granulation index (GI) 
The method of Sharma et al19 was followed to 

determine the GI of the fruit. The fruit of each cultivar 
exposed to X-rays were hand peeled and transversely 
cut in the laboratory. The individual fingers were 
observed for portion affected by granulation to 
calculate the GI using the following formula: 
 

Granulation index destructive
Granulated portion

Total fruit 
 100 

 
Results and Discussion 
 

Exposure to X-ray 
Penetration and attenuation of X-rays depends on 

composition, density and thickness of the material20. 
Depending on the energy received by the sensor from 
X-rays, each pixel transmits a discrete value indicating 
the quantity of energy received. If the X-rays cross a 
non-dense area, the pixel receives a high quantity of 
energy, which produces a strong signal, whereas if the 
X-rays cross a dense region, the pixel receives a low 
level of energy, which is converted into a weak 
signal21. Of the different combinations of voltage, 
current and time of X-ray exposure tried, the best X-ray 
images were developed when citrus fruit were exposed 
to a voltage of 46 kV, current 6.5 mA, and an exposure 
time of 320 mAs. This X-ray condition was kept 
constant for all the cultivars studied. When the fruits 
were exposed to X-rays, the rays traversed through the 
dense and non-dense regions within the fruit before 
reaching the X-ray sensitive film to generate the 
micrographs. The X-ray upon passing through a 
healthy fruit generated a micrograph with an entire 
light region (Fig. 1C). In contrast, X-ray micrographs 
of granulated fruit (Fig. 1D) revealed discrete light 
regions (indicating healthy) and dark regions 
(indicating granulated portion). The cultivars which are 
prone to granulation displayed dark regions in the  

X-ray image in the fruit indicating the sclerification of 
juice sacs. The X-ray images of healthy and granulated 
fruits were then processed through MATLAB software 
to yield images as shown in Figs 1 E and F, 
respectively wherein the dark region depicted the 
healthy portion of fruit while the white dotted region 
signified the granulation.  
 

Fig. 2 gives the MATLAB generated images of the 
eight citrus genotypes harvested at four different stages. 
As evident, grapefruit and pummelo were less affected 
to granulation disorder even after prolonged on-tree 
storage extended upto a month. Sweet orange cultivars, 
‘Itaborai’, ‘Hamlin’ and ‘Mosambi’ and the tangerine 
(‘Dancy’) were affected by granulation when harvested 
after 40 days (stage III) from their optimum harvest 
time. Since, all cultivars were budded on the same 
rootstock and were cultivated following same 
horticultural practices, such variation in incidence of 
granulation may be due to the genetic variability. When 
we ran the algorithm, it clearly differentiated between 
different stages of granulation based on the extent of 
granulation in the fruit. The threshold value (health 
score) of <2.7 (Table 1), indicated the fruit to be healthy 
which is also evident from the micrographs. 
Furthermore, if the threshold value ranged between 2.7 
to 6.0, the particular fruit can be rated as partially 
granulated and/if the value goes beyond 6.0, then the 
fruit is considered to be highly granulated. These 
interpretations were highly correlated with the visual 
observations obtained after destructive evaluation. Sweet 
orange cultivars such as ‘Itaborai’, ‘Hamlin’, ‘Mosambi’ 
and the ‘Dancy’ tangerine showed more than 20 % 
granulation on the stage III and ≥50% on the stage IV of 
harvest. Thus, these cultivars can be considered as 
partial and fully granulated, respectively through non-
destructive X-ray imaging technique. Similar 
observations were made when the fruits were cut and 
examined. Further, few citrus genotypes such as ‘Marsh 
Seedless’ grapefruit and ‘Pummelo Red Flesh’ and 
‘Pummelo White Flesh’ showed no granulated tissue 
and were considered as least affected (tolerant) varieties 
as these recorded threshold values of <2.7, irrespective 
of the harvesting stage. Thus, the suggested algorithm 
can be effectively applied in packaging line to discard 
the granulated fruit and screen out healthy, juicy fruit for 
beverage industry. The developed algorithm could 
effectively distinguish the healthy and granulated fruit 
with an accuracy of 90% as validated by subsequent 
destructive analysis when calculated for different citrus 
cultivars at four different harvesting dates. 



INDIAN J EXP BIOL, APRIL 2022 266

Fig. 2 — Images of fruits of citrus genotypes during different harvesting intervals, processed through MATLAB software 
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Granulation index 
Table 1 summarizes the granulation index of the eight 

citrus genotypes with respect to their stage of harvest 
and their corresponding threshold values obtained 
through MATLAB R2017b software. The data clearly 
show that the citrus genotypes viz., sweet orange and 
tangerine were susceptible to granulation whereas 
pummelo and grapefruit genotypes were less affected 
(tolerant) to this malady. Cultivars ‘Itaborai’, ‘Mosambi’ 
and ‘Dancy’ showed incidence of granulation at stage II 
of harvest (i.e., 20 days later to optimum harvest date) 
whereas ‘Pummelo White Flesh’ and ‘Pummelo Red 
Flesh’ and ‘Marsh Seedless’ grapefruit were least 
affected by granulation even at the stage IV of harvest 
(i.e., 60 days later to optimum harvest date). The 
variability among the studied cultivars for degree of 
granulation might be due to genetic differences22. 
Interestingly, the literature on citrus granulation reveals 
that in general, all sweet orange cultivars are extremely 
susceptible to granulation than grapefruit and 
pummelo19,20. This confirms that non-destructive 
determination of granulation through X-ray technique is 
a promising tool to detect the disorder. Furthermore, our 
study also indicated that sweet orange cultivars such as 
‘Itaborai’, ‘Mosambi’, ‘Hamlin’ and ‘Dancy’ tangerine 
can only be stored for up to 20 days on-the-tree. In 
contrast, prolonged on-tree storage is possible for 
‘Pummelo White Flesh’ and ‘Pummelo Red Flesh’ and 
grapefruit ‘Marsh Seedless’ and ‘Duncan’ as these are 
least affected by granulation. This study has practical 
application as well because farmers prefer to harvest 
citrus fruit in a staggered manner so as to prolong their 
marketing period. Storage space constraints and lack of 
proper infrastructure further add to the woes of the 
farmer which can be overcome by delayed harvesting. 
 
Conclusion 

Granulation is an internal citrus fruit disorder that 
cannot be detected through external appearance of the 

fruit. The X-ray imaging technique used in this study 
was able to detect the incidence of granulation non-
destructively in different citrus cultivars. The best 
contrast X-ray images could be developed with a 
voltage of 46 kV, current 6.5 mA, and an exposure 
time of 320 mAs. The algorithm developed could 
successfully differentiate granulated fruit from 
healthy ones. X-ray micrographs revealed that onset 
of granulation was dependent upon the time of harvest 
and the cultivar suggesting that sweet orange and 
tangerine should be timely harvested by farmers. . 
The non-destructive prior evaluation will help to 
authentically determine the fruit quality in industries 
for the end user thus, preventing huge losses to the 
citrus processing industry. This method is fast, robust 
and has the advantage of processing large quantities 
of fruit through X-ray based systems at one time. 
Further, it can be applied to any existing inline X-ray 
radiograph equipment.  
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