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Abstract

:

Internal browning caused by prolonged cold storage poses a significant challenge to the visual appearance and flavor of Asian pears, which are economically valuable and a primary fruit exported from Korea. To address this issue, we established a cost-effective portable non-destructive piece of testing instrument using visible and near-infrared spectroscopy, focusing on the detection and discrimination of internal browning in ‘Greensis’ pears. Our investigation underscores the challenge of visually confirming browning, necessitating alternative methods for accurate assessment. Through comprehensive analysis involving three to four segments of 32 ‘Greensis’ pears, a robust calibration equation was derived. By employing partial least square regression on the absorption spectra within a 650–950 nm range, we developed a predictive model for detecting and quantifying browning. Through principal component analysis, normal pears were distinctly segregated from those exhibiting browning symptoms (discrimination accuracy of 95%). Furthermore, we established that pears with a browning index of 25 ± 2.0 are highly susceptible to browning following extended cold storage. Consequently, our proposed portable non-destructive instrument serves as a pivotal tool for farmers and fruit distributors, enabling efficient and precise selection of high-quality pears in an instance. Overall, our study introduces a practical solution to a pressing issue in the Asian pear industry.
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1. Introduction


Pears hold significant economical value as representatives of Korea. While the cultivation area of the Asian pear has decreased from its peak of 26,206 ha in 2000 to 9680 ha in 2022, the export volume has steadily increased from 15,677 tons in 2012 to 26,276 tons in 2022, making it the most exported fruit in Korea [1]. Among the Asian pear varieties in Korea, ‘Niitaka’ pears lead in exports because of their long-term storage properties and high commercial value; thus, they account for 80% of the total cultivation area for Asian pears in Korea. However, ‘Niitaka’ pears are a late-ripening cultivar with a late harvest season—from mid-October to early November—requiring considerable time before they can be exported [2,3]. Recently, the demand for early availability of high-quality Asian pears from Korean and foreign consumers has surged. In particular, Taiwan accounts for approximately 40% of the domestic exports of Asian pears; Taiwanese consumers plan to import high-quality pears by mid-September because they often gift Asian pears during the Mid-Autumn Festival.



Among the various Asian pear varieties, the ‘Greensis’ (Pyrus pyrifolia x Pyrus communis) cultivar is the most prominent variety. ‘Greensis’ is an interspecies hybrid resulting from a crossing between the ‘Whangkeumbae’ and ‘Bartlett’ cultivars. This cultivar is characterized by an average fruit weight of approximately 470 g, a sugar content of 12.4 °Bx, and a green peel with minimal russeting [4]. Notably, ‘Greensis’ exhibits resistance to pear scab, a damaging disease caused by the fungus Venturia nashicola, making it particularly suitable for organic cultivation. Consequently, producers, exporters, and distributors have expressed significant interest in boosting its production yield. Dedicated export networks for ‘Greensis’ pears have been established, facilitating exports to the United States, Hong Kong, and Vietnam. However, challenges arise from internal physiological defects, such as browning and water-soaked flesh, that become apparent during low-temperature post-harvest storage, consequently impacting profitability [5].



A prevalent consumer concern revolves around the phenomenon of internal browning in ‘Greensis’ and other Asian pears, as it profoundly affects the internal visual appearance, flavor, and texture of the fruit (yielding a spongy consistency). These apprehensions inevitably lead to economic losses. The occurrence of brown-to-dark-brown water-soaked areas within the core or flesh of Asian pears during cold storage is a common problem that is not exclusive to Korea but rather transcends to Taiwan, Japan, and China—countries renowned for their extensive cultivation of Asian pears [6,7,8,9,10,11,12].



Internal defects, such as browning or decay, are the prevalent issues encountered during the long-term storage or distribution of fruits such as pears. Nevertheless, fruits with internal physiological disorders are still sold in the market because of the inconspicuousness of the defects to the naked eye or to the current weight sorting method. These defects can only be detected by consumers after purchase, resulting in economic losses for producers, sellers, and consumers. Since not all fruits have internal defects, a non-destructive method that predicts internal browning should be developed. An inexpensive technology that accurately identifies these defects in fruits at the packaging or distribution stations after cold storage is required.



Several studies have been conducted to determine the quality and internal defects of agricultural products using non-destructive methods [13,14,15,16,17]. The non-destructive techniques utilize transmittance wavelengths ranging from 380 to 700 nm within the visible light spectrum and from 780 to 2500 nm within the near-infrared (NIR) spectrum to predict the internal characteristics of fruits, such as soluble solids concentration (SSC), acidity, and firmness [18,19]. Predictive models of internal fruit damage, especially in small fruits such as pears, apples, peaches, and oranges, are established with different data processing methods using transmittance spectral curves [20,21]. Mogollon et al. [22] referred to the 100–1100 nm semi-transmittance spectrum as early as 90 days after storage to predict the occurrence of internal browning in ‘Cripps Pink’ apples, which occurred approximately 150 days after low-temperature storage. Huang et al. [23] reported on nondestructive detection of internal defect in ‘Honeycrisp’ apples by using non-contact multichannel semi-transmittance mode for visible and near-infrared (Vis/NIR range of 550–1650 nm). They examined the effect of the orientation of three fruits on recognition and found that the model based on the average spectrum yielded better classification results. Kim et al. [24] developed principal component analysis (PCA) and partial least squares regression (PLSR) models using the NIR sorting system installed in a distribution center of agricultural products to detect internal damage in ‘Fuji’ apples. They distinguished healthy fruits from damaged fruits at the fruit sorting station with 91% accuracy using the wavelength range of 470–1150 nm. Furthermore, Vis–NIR spectroscopy was employed to detect brown cores in ‘Yali’ and ‘Xueqing’ pears (P. ussuriensis Maxim.) [25,26,27]. Cruz et al. [28] explored the possibility of predicting the presence of internal browning disorders in ‘Rocha’ pears (P. communis L.) using a single Vis–NIR spectroscopic measurement in semi-transmittance mode.



Most of the non-destructive methods described above require heavy machinery and are non-portable. In addition, these methods require a considerable time investment to yield results. To facilitate the screening of a large number of fruits for precise defect detection, developing a simple, inexpensive technology that accurately identifies the defects in fruits at the packaging or distribution stations after cold storage is crucial. Guided by these considerations, we developed a simple, rapid, inexpensive, time-saving, and portable non-destructive measurement instrument that utilizes Vis–NIR spectroscopy to predict the sugar content and occurrence of internal browning in pears. To our knowledge, no research has been published yet on the development of such a device. This study focuses on ‘Greensis’ pears, which were recently plagued by internal physiological disorders post-harvest. This study was conducted to develop a model that identifies the symptoms of post-harvest internal physiological disorders and distinguishes normal ‘Greensis’ pears from those with internal browning using a previously developed sugar meter reliant on Vis–NIR spectroscopy [29].




2. Materials and Methods


2.1. Plant Material and Treatment


The ‘Greensis’ pears used in this study were harvested at the optimal harvesting time on 15 September 2020 at the research orchard of the Pear Research Institute, National Institute of Horticultural and Herbal Science, Rural Development Administration in Naju, Jeollanam-do, Republic of Korea (35°01′27.70″ N, 126°44′53.50″ E, 6 m altitude). Ten pears were randomly selected and harvested per tree. A total of 80 pears (average weight: 460 g) with undamaged peels and flesh were collected and randomly assigned into four different groups, corresponding to the duration of cold storage. The 20 pears in each group were stored in the cold storage facility of the laboratory at 0.5 °C and 90% relative humidity for 0, 1, 3, or 6 months. The severity of the internal browning of fruit flesh (levels 0–4) was determined for the 20 pears in each storage period [11].




2.2. Designation of Browning Index Value


As it is impossible to distinguish normal pears from those with internal browning based on outer appearance, a sample (n = 32) consisting of normal pears prior to cold storage and those that developed pulp browning after 90 days of cold storage were utilized to formulate the calibration equation for internal browning. After obtaining the spectra of the sample pears, the samples were incised to visually inspect internal browning, and an index was assigned according to the degree of browning. The Browning index is predicated on the relative transmittance of light. If the transmittance value is 10, the transmittance due to browning is approximately 10. Conversely, an index of 100 indicates a light transmittance approximating 100. The browning index ranged from 0.0 to 100.0 and the samples with internal browning were assigned a browning index of 25.0 or lower, whereas the normal samples were assigned a browning index higher than 25.0. The samples with severe internal browning were assigned a browning index close to 0.0.




2.3. Spectrum Measurement


As the instrument may have different light penetration depths depending on the size and shape of the pears, the detection of partially formed browning or browning concentrated in the core (around the seeds) was limited. Therefore, the equatorial part of the fruit was divided and marked into three or four parts (sides A, B, C, and D); each part was scanned thrice (Figure 1).



Given that the temperature of the instrument or sample affects the spectrum of each wavelength band [30,31], and the laboratory temperature was maintained at 20 °C. The instrument and pear samples were stored in the laboratory until thermal equilibrium was reached.



The instrument (H-100F, Sunforest, Incheon, Republic of Korea) used in this study was a portable non-destructive sugar meter developed using Vis–NIR spectroscopy; it was employed in our previous study to determine the harvesting season of pears [29]. It consists of a compact spectrometer that detects the semi-transmittance spectrum of the light diffused from a fruit sample and a tungsten halogen lamp as the light source, and the wavelength range was 600–1100 nm (Table 1). The measured raw spectra were interpolated from 650 to 950 nm at 2 nm intervals using the instrument, and the absorbance spectra were calculated as Log (1/R), which is the logarithmic value of the reciprocal of the reflectance (R). R denotes the ratio of diffused and reflected light intensities measured from the standard reflector and the pear samples. After preprocessing the absorbance spectra obtained through the Savitzky–Golay smoothing (point 7) method, a calibration model that can determine internal browning in pears using the accumulated absorbance spectra was established.




2.4. Determination Model for Detecting Internal Browning Disorder in Pears


First, three to four parts per sample were scanned thrice (a total of 378 spectra) for calibration [31]. Afterward, the measured area was incised to determine the degree of browning, which corresponds to the browning index—a nominal scale. The browning index was utilized to devise a calibration equation for determining browning in pears; a browning index closer to 0 was assigned to pears with more severe browning, and a browning index closer to 100 was assigned to normal pears. The browning index was used as a variable for the PLSR analysis. PCA was performed by assigning “1” to samples with browning and “0” to samples without browning. Prediction accuracy was expressed as the standard error of calibration (SEC), and the results of full cross-validation were used for model verification.



For the predictive performance of the browning determination model, the standard error of prediction (SEP) and the correlation coefficient (r) were calculated using the following equation:


  SEP =       ∑   i = 1  n         y i  −  x i    − Bias    2    n − 1      



(1)






  r =     ∑   i = 1  n     x i  −  x ¯       y i  −  y ¯        n − 1    S  x      S y     



(2)






  Bias =     ∑   i = 1  n     y i  −  x i     n   



(3)






  Browning   calibration = B o + a 1 x 1 + a 2 x 2 + a 3 x 3 …   a 3 x n  



(4)




where n denotes the number of samples,    y i    denotes the prediction value,   y ¯   denotes the mean of the prediction values,    x i    denotes the measurement value,   x ¯   denotes the mean of the measurement values, and    S x       S y    denotes the standard deviation of the prediction and measurement values. In the browning calibration equation, a1~an represents regression coefficients, and x1~xn represents wavelengths.





3. Results and Discussion


3.1. Effect of Storage Period on Internal Browning Disorder Incidence


Internal browning remained undetected among the ‘Greensis’ pear specimens upon harvest. However, internal browning began to emerge after 1 month of cold storage, intensifying until 3 months of cold storage. After that point, the progression of browning plateaued. This result indicates that physiological disorders causing internal browning in pears manifest within 1 month or 30 days, and that pears initially devoid of browning can be stored for an extended period without a significant increase in internal browning (Figure 2). These results were similar to the pattern of internal browning occurrence observed in ‘Taizhong No. 2′ pears [11]. Based on these findings, a model was developed to evaluate the occurrence and severity of internal browning in pears stored for 90 days. Figure 3 shows the degree of internal browning in ‘Greensis’ pears after 6 months of storage.




3.2. PCA Results


Figure 4 shows the raw and absorbance spectra measured for 32 pears. Raw spectra were obtained by electrically converting and quantifying the intensity of light diffused and reflected from the pears, and the analog-to-digital converter (ADC) value of the size of the electrical signal was displayed for each wavelength. The absorbance spectra were calculated as Log(1/R), which is the logarithmic value of the reciprocal of R. R denotes the ratio of diffused and reflected light intensities measured from the standard reflector and the pears. It is a method for analyzing materials with low light transmittance by measuring the diffuse reflection of light [29].



The spectra were characterized because the pears with severe browning absorbed more light (720–730 nm), whereas the normal pears absorbed less light (850–950 nm). Based on the characteristics of these spectra, the difference between the normal pears and those with browning can be predicted using the 650–950 nm wavelength. PCA was performed to identify the spectral characteristics; the axis located in the direction of the largest variance was set as principal component 1 (PC1), whereas the axis of the second largest variance was set as PC2. Through PCA, the axis located in the direction with the largest variance of the input data was set as PC1, and the vertical axis with the largest variance was set as the second principal component (PC2). PCA reveals latent structures and provides insights into how the measured variables engender similarities or differences among samples [32]. In this study, PCA was used to investigate the qualitative differences between the normal pears and those with internal browning. Typically, data within the new subspace defined by the principal components are amenable to interpretation [33]. Figure 5 shows a score plot from the PCA analysis. The relative distance between the two groups centered on the origin of the data was confirmed using PC1 and PC2. The pears near the browning boundary index of 25 ± 2.0—indicative of elusive detection of browning with the naked eye—were the samples with a high possibility of browning occurrence in the future.




3.3. PLSR Analysis


The PLSR model is a multivariate analysis method widely used in various fields; it orchestrates a synthesis of factor analysis on concentration data and spectral information obtained through spectroscopic analysis to obtain a more accurate model based on correlation and regression analyses [34]. Three preprocessing methods were selected for the absorption spectra obtained using ‘Greensis’ pears. Smoothing, standard normal variate (SNV), and second derivative_Savitzky–Golay derivatives were performed to compare the performance of browning models. Non-linear iterative partial least squares, a regression analysis algorithm, was used as the browning determination model, including the correlation between the absorption spectrum and the internal browning of the fruit observed visually by incising the measured equator. Figure 6 and Table 2 show the results obtained from the PLSR-constructed model, designed to determine the occurrence and extent of internal browning in ‘Greensis’ pears. The prediction accuracy of the browning determination model was expressed as slope, SEC, and R.



As a result of applying only smoothing (Point 7) to the raw and absorption spectra, the slope was 0.95, the R was 0.95, and the SEC was 3.10 for the browning determination model. The SNV had a slope of 0.92, an R of 0.92, and an SEC of 3.92. The second derivative_Savitzky–Golay derivatives exhibited a slope of 0.95, an R of 0.96, and an SEC of 2.64. The results were congruent with the predicted values of internal physiological disorders in ‘Niitaka’ pears in a study by Ryu et al. [35], where Vis–NIR spectroscopy with a wavelength of 500–700 nm was employed. Furthermore, Han et al. [26] distinguished between normal fruits and those with browning with 95.4% accuracy using a wavelength range of 651–1252 nm. Fu et al. [25] distinguished normal ‘Xueqing’ pears from those with browning with 91.2% accuracy using a wavelength range of 400–1028 nm. Sun et al. [27] used Vis–NIR transmission spectroscopy with a 600–904 nm wavelength range to determine the SSC and identify brown cores in pears; the results showed that the accuracy of Vis–NIR spectroscopy in classifying the brown cores of ‘Yali’ pears was 98.3% (R = 0.82).





4. Conclusions


This study was conducted to update our previously developed portable non-destructive sugar meter that leverages Vis–NIR spectroscopy and has a browning prediction function. Moreover, the accuracy of this instrument in determining the symptoms of internal browning in pears was assessed.



Using the absorption spectra obtained at 650–950 nm, discrimination prediction models were developed according to distinct preprocessing steps, and their performance was compared. Using 32 ‘Greensis’ pears characterized by imperceptible visual differentiation of internal browning, a browning discrimination and prediction model was developed using PLSR. PCA results revealed a robust clustering between normal pears and those with internal browning, indicating a high possibility of internal browning detection. The three preprocessing methods—smoothing, SNV, and second derivative_Savitzky–Golay derivatives—used to compare the accuracy of the models in the 700–900 nm wavelength range showed similar prediction performance. The browning determination model developed through PLSR demonstrated a statistically significant accuracy level of 95%. Furthermore, it was determined that pears with a browning index of 25 ± 2.0—indicative of elusive browning detection with the naked eye—have a high propensity for browning after the cold storage period.



The results of this study will be beneficial to farmers, small fruit vendors, and consumers in the concurrent selection of multiple fruits. In subsequent studies, an optimal browning determination model with an improved detection rate should be developed by improving light penetration depth and using various fruit samples with varying degrees of internal browning.
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Figure 1. Measurement positions (a) and methods of measurement using the portable instrument (b). 
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Figure 2. The effect of cold storage duration on the development of internal browning in ‘Greensis’ pears in 2020. Browning disorder severity levels 0, 1, 2, 3, and 4 represent browning incidence areas of 0%, 1–25%, 26–50%, 51–75%, and >75% of the sectional flesh area, respectively. Data are the average of 20 fruits. Bars represent mean ± standard error. 
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Figure 3. Examples of flesh browning observed in ‘Greensis’ pears after 3 months of storage at 0.5 °C. 
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Figure 4. Accumulated raw spectra (a) and absorbance spectra (b) of the pears from 580–1100 nm. 
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Figure 5. Score plot for the principal component analysis results based on the near-infrared absorbance spectra of log(1/R) in the wavelength range of 700–920 nm. 
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Figure 6. Plot of the browning index (a) and actual visual browning index (b). Browning index values were calculated using the partial least squares regression model with the absorbance spectra of log(1/R) in the wavelength range of 700–920 nm. 
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Table 1. Specifications of the portable non-destructive instrument.
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	Parameter
	Specification





	Sensor type
	Enhanced CMOS Spectrometer (600–1100 nm)



	Light source
	T-Halogen Mini Lamp



	Measuring time
	2.0 s max



	Data interface
	USB 2.0 (PC)



	Operating temperature
	5 °C–35 °C



	Display
	TN LCD (45 mm × 30 mm)



	Dimension and weight (instrument only)
	110 mm × 60 mm ×169 mm (420–450 g)










 





Table 2. Regression statistics for the partial least squares regression model developed using the absorbance spectra for the visual browning in pears.
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Preprocessing

Method

	
Number of

Factors

	
Slope

(Cal/Val)

	
Calibration

	
Validation




	
R

	
SEC

	
R

	
SEP






	
Smoothing y

	
2

	
0.95/0.95

	
0.95

	
3.10

	
0.95

	
3.14




	
SNV x

	
3

	
0.92/0.92

	
0.92

	
3.81

	
0.92

	
3.92




	
2nd Derivative w

	
5
