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Abstract

:

Real-time quantitative PCR (RT-qPCR) has become a widely used method for exploring plant gene expression level. The method requires using some stably expressed genes as a reference to accurately normalize the RT-qPCR data. However, under various stresses and hormone treatments, the levels of most reference genes vary. Environmental variations also influence their expression levels. The lack of validated, stably expressed reference genes can mislead the study of gene function in pears. “Huangguan” pears have recently become the focus of research on stress resistance mechanisms, such as high resistance. Therefore, the aim of this study was to select the optimal reference genes in Huangguan pears, and we analyzed the expression of the genes EF1α, ACT, SKD1, YLS8, UBQ, GAPDH, TUB, and WDP in a series of pear leaf sets under various stresses and hormone treatments. Using different statistical algorithms, we found that under various treatments, the WDP gene had more stable expression, ACT was the most stable under MeJA treatment, YLS8 was the most valuable reference gene under ABA hormone and heat stress conditions, and GAPDH showed worst results compared to other housekeeping genes, except under heat stress. These results will supply valuable and updated information for the selection of housekeeping genes in pears under biotic and abiotic stresses in the future.
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1. Introduction


Pears are one of the most nutritious fruits in the world, providing fiber which is beneficial to human health [1]. Approximately 39 billion tons of pears are delivered across the world every year. Huangguan pear (Pyrus bretschneideri Rehd. cv. Huangguan) is a highly resistant new cultivar widely planted in northern China [2]. In nature, biotic and abiotic environmental stresses are critical factors responsible for decreasing fruit quality and yield and increasing tree losses and production costs. Attacks by pests and pathogen with a wide range of infection strategies have caused serious diseases in pears. To make matters worse, their virulence mechanisms constantly evolve to enable them to adapt to their hosts. This makes it challenging to develop effective and long-term control measures [3]. Abiotic stresses, including drought [4], cold [5], and salt [6], negatively affect, for example, the growth, development, and productivity of pears, while biotic stresses, such as pathogens [7] and insects [8], often lead to diseases and damage the crops. Pear scab disease, as a biotic stress, is a devastating disease caused by Venturia nashicola in Asian countries [9]. It often leads to enormous economic losses for the pear industry [10]. Phytohormones are key regulators of every aspect of a plant’s life cycle [11], including growth, defense, and death. Hormones such as abscisic acid (ABA) [12], ethylene (ETH) [13,14], salicylic acid (SA) [15], and methyl jasmonate (MeJA) [16] are usually associated with plants experiencing biotic and abiotic stresses. Hence, hormones are also used as experimental treatments in the research on defense-related gene expression to explore the mechanisms of metabolic regulation and plant pathogen resistance.



To explore the molecular theory of stress resistance in pears, RT-qPCR has become a powerful and widely used method for analyzing and quantifying the related gene expression levels [17]. Before normalizing the RT-qPCR data, the stability of the reference genes under study must be tested. The ideal reference gene is one that is consistently and steadily expressed in all tissues under various conditions. Commonly used reference genes in plant research are the housekeeping genes, such as ACT (actin), UBQ (ubiquitin), EF1α (elongation factor 1 alpha), and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) [18,19]. However, they have a relatively stable expression only in some conditions in plants, and no single gene is consistently expressed under all kinds of stressful conditions [20]. In previous studies on pears, reference genes PbGAPDHc1 and PbGAPDHc2 were found to be more suitable than others for Yali (Pyrus bretschneideri) pears [21]. TUB (tubulin) and WDP (WD-repeat protein) were suitable reference genes in Dangsansu (Pyrus bretschneideri) pear leaves studied under cold conditions, while UBQ was expressed stably under the stresses of heat and salinity [22]. However, to the best of our knowledge, under biotic conditions, the expression of reference genes in pears is still uncertain and no invariable internal control gene has been reported in tissue stems cultured in an MS medium. Obviously, the lack of validated stably expressed reference genes affects the judgment of the functional study of genes.



In this study, we screened and selected the commonly used housekeeping genes, including EF1α [23], ACT, SKD1 (suppressor of K+ transport growth defect) [24], YLS8 (thioredoxin-like protein) [25], UBQ [26], and GAPDH [27]. In our previous study, TUB and WDP were expressed stably in the transcriptome sequencing of Huangguan after being subjected to V. nashicola. The above-mentioned genes are often constitutively expressed and are required for basic cellular functions. We exposed Huangguan leaves to various experimental treatments; for instance, heat, cold, water deficiency, salinity, ABA, ETH, and pathogens. Considering that gene expression levels can correspondingly change under different conditions, each reference gene should be experimentally tested. This work represents the first effort for selecting optimal reference genes for pear tissue stems cultured under biotic and abiotic stresses. The accuracy of RT-qPCR results greatly improved after the selection of the validated candidate reference genes. Our aim was to find the most stable reference gene under all the above-mentioned conditions.




2. Materials and Methods


2.1. Plant Materials and Treatments


Huangguan pears were grafted on a three-year-old duli pear tree (2021 stock) cultivated in the orchard of the College of Horticulture, Shanxi Agricultural University (Jinzhong, China). The pear scab pathogen, V. nashicola, was cultivated at 22 °C in darkness in a growth chamber at the College of Horticulture at Shanxi Agricultural University. In 2022, the 3rd to 5th leaves from the one-year-old shoots were collected for further use. In the experiments, six different treatments were used: (1) foliar spray with the MeJA solution (0.1 mM); (2) foliar spray with the SA solution (0.1 mM); (3) foliar spray with the ABA solution (0.1 mM); (4) foliar spray with the ETH solution (0.1 mM); (5) smear inoculation of leaves using pear scab spore suspension (for the biotic stress treatment of leaves, the pathogen V. nashicola was washed with sterile distilled water and a spore suspension was prepared at a concentration of 1.0 × 105 CFU/mL); (6) and sterile distilled water (control). Three healthy shoots were used for replication. For each treatment, three biological replications were used. The sampled leaves were collected at 0, 12, 24, and 48 h post-treatment (hpt), instantly frozen in liquid nitrogen, and stored at −80 °C until further processing.



Abiotic stress assays were carried out with Huangguan leaves from buds regenerated in vitro. The tissue culture and the regeneration system of Huangguan were established as before [28]. One-year-old shoots were selected and cut into sections. Each section with a bud was sterilized for 90 s in 75% alcohol, followed by 8–10 min of periodic agitation in 0.1% HgCl2. After sterilization, the materials were rinsed with sterilized water three times. Disinfected sections were placed on culture media containing the complete Murashige and Skoog (MS) medium with vitamins (Coolabor, Beijing, China), 6-BA (2 mg/L), and indole butyric acid (IBA) (0.5 mg/L). After buds sprouted, tissue culture stems were transferred to new MS media. The medium plus 40% (w/v) polyethylene glycol (PEG6000) simulated water-deficit stress, while the medium plus 400 mM NaCl simulated salinity stress. The sections were placed in treatments simulating 40 °C and 4 °C hot and cold stress, respectively. The controls grew at 23 ± 2 °C under cool white fluorescent lamps, which provided light in a 16 h photoperiod of 110 μmol/m2 s. At 0, 48, and 96 hpt, the leaves of three replication shoots were collected and frozen in liquid nitrogen. A total of three biological replications were prepared for further research.




2.2. RNA Isolation and cDNA Synthesis


Total RNA was extracted from leaves using the CTAB-LiCl method [29], and the optical density (OD) was measured with a NanoDrop ND-1000 spectrophotometer using a UV spectrophotometer (Themo, USA) and gel electrophoresis. After running the RNA on an agarose gel, we used the RNA with an OD260/OD280 ratio between 1.8 and 2.0, an OD260/OD230 ratio greater than 2.0, and clear bands for 28S and 18S for cDNA synthesis. Subsequently, cDNA was synthesized following the instructions of the PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time) kit (TaKaRa, Dalian, China). The resulting cDNA was stored at −20 °C.




2.3. Verification of Candidate Reference Genes


As previously reported, 8 candidate reference genes were selected and the primers were redesigned in primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome (accessed on 6 November 2021)) as per the following criteria: primer length 17–20 bp and GC content 40–60% (Table S1). All primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Gel electrophoresis was used to confirm one PCR product per primer pair. Then, the PCR products were purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden, North Rhine-Westphalia, Germany) and linked to pMD19-T (TaKaRa) transformed in DH5α Coli. Each clone of a gene was sequenced in Sangon Company. The accuracy of the sequences of candidate reference genes as query sequences was confirmed against pear genomes using BLASTN and BLASTX in NCBI (https://www.ncbi.nlm.nih.gov/ (accessed on 6 November 2021)).




2.4. Optimization of qPCR Conditions


As demonstrated by Zhao [3], qPCR conditions, such as different annealing temperatures (56, 58, 60, and 62 °C) and different primer concentrations (250, 300, 350, and 400 mM), were optimized for each factor. In each instance, the optimal factor was the one that had the lowest Cq value. Then, we used the optimal annealing temperature and the primer concentration for each primer pair and serial dilutions of the cDNA (1:10, 1:20, 1:40, 1:80, and 1:160 dilutions) to obtain the standard cDNA concentration curve on a logarithmic scale. For each primer, we calculated the standard curve and the PCR efficiency (E, %). We plotted the averaged Cq values from three technical replicates against lg (cDNA ng/reaction), as the initial cDNA concentration could be calculated by dividing 1000 ng of RNA by 10 µL of cDNA (i.e., 100 ng/µL) and the serially diluted cDNA (1:10, 1:20, 1:40, 1:80, and 1:160 dilutions) could be 10, 5, 2.5, 1.25, and 0.625 ng/µL. The correlation coefficients (R2) and the standard curves equations of 8 candidate reference genes in pear leaves were calculated in Excel (Microsoft Office 2010). The amplification efficiencies (E) were calculated as E% = (10−1/A − 1) × 100 using the slopes of the standard curves. Only primers with an amplification efficiency near 100% and a correlation coefficient (R2) > 0.99 were used for further RT-qPCR amplification.




2.5. RT-qPCR and Data Analyses


For each qPCR reaction, we used a PCR reaction volume of 10 µL, which contained 5 µL of Green qPCR MasterMix (Biomed, China), 0.3 µL of each pair of primers, 1 µL of diluted cDNA, and 3.4 µL of ddH2O. The cycling protocol was used as follows: 2 min at 95 °C followed by 40 rounds of 15 s at an annealing temperature of 95 °C and 40 rounds of 30 s at an annealing temperature of 60 °C. To verify the specificity of primer amplification, we generated a melting curve (95 °C for 10 s, 65 °C for 60 s and, 97 °C for 1 s). To monitor possible sampling error and experimental error, we used three biological replicates, with three technical replicates for each sample. When the programs were completed, we immediately calculated background-corrected fluorescence data and quantification cycle (Cq) values using LightCycler ®96 instrument software version 1.1.0.1320.



To assess and rank the feasibility of candidate reference genes, we analyzed the Cq of RT-qPCR in the web tool RefFinder (http://blooge.cn/RefFinder/ (accessed on 6 November 2021)) using GeNorm, NormFinder, and BestKeeper [30]. The outcome values indicated the stability of the reference genes. Using GeNorm (https://seqyuan.shinyapps.io/seqyuan_prosper (accessed on 6 November 2021)) [31], we ranked candidate genes according to their expression stability by calculating the M-values. The default value of Vn/n+1 was 0.15, which was slightly adjustable. If Vn/n+1 was no greater than 0.15, the optimal number of reference genes was n, indicating that the use of n most stable candidate genes as the reference genes is adequate for ensuring the accurate normalization of RT-qPCR data and the addition of one more candidate gene will not make a significant difference. Finally, we used RefFinder to obtain a comprehensive stability ranking of all the candidate reference genes.




2.6. Validation of Housekeeping Genes


A typical event in plants under abiotic and biotic stresses is a burst of reactive oxygen species (ROS), leading to a hypersensitive response and programmed cell death [32]. Plant NADPH oxidase, well known as a respiratory burst oxidase homolog (RBOH), mainly catalyzes the production of ROS [33]. Most plants have been found to respond to hormone and abiotic stresses [34,35]. Thus, to validate the reliability of the selected reference genes, we selected and investigated the expression levels of PbRBOHC(Pbr038667.1) as an object gene under various experimental conditions. For each stress, the relatively best and worst reference genes were selected for the experimental condition comparison study. The relative expression level of each housekeeping gene was calculated using the formula   L =  2  − ∆ ∆  C q     .




2.7. Statics Analysis


We acquired raw fluorescence Cq values from qPCR experiments and analyzed them in Excel (Microsoft Office 2010). We created the figures in Origin 9.0 software. For each biological replicate of each tissue sample, we calculated the average Cq value of the three technical replicates. We calculated the coefficient of variation (CV, %) of the Cq values of each candidate gene for different samples individually and in combination. In addition, we calculated the correlation coefficients (R2) and the standard curves equations of the 8 candidate reference genes in pear leaves in Excel (Microsoft Office 2010).





3. Results


3.1. Assessment of Primer Specificity and PCR Amplification Efficiency


We selected eight common reference genes ACT, SKD1, YLS8, WDP, TUB, UBQ, GAPDH, and EF1α and then redesigned specific primers using PCR amplicons of similar lengths (Table S1). Agarose gel electrophoresis showed a single band of the expected size (Figure S1). After sequencing, we compared the candidate reference genes in NCBI and confirmed the accuracy of these sequences. The cDNA sequences with redesigned primers of the candidate reference genes were consistent with their homologous sequences in pears. Afterward, we optimized the annealing temperature, the primer concentration, and the optimal template cDNA concentration range for each gene (Table S1). The melt curves of the eight candidate reference genes showed a single peak in each case, representing the specific primers (Figure S2). Under optimal steps, cDNA templates of the same leaf at dilutions of 1:10, 1:20, 1:40, 1:80, and 1:160 were subjected to qPCR and the standard concentration curve at a logarithmic scale was obtained for each primer pair. The standard curves equations of different reference genes were successfully calculated; the correlation coefficients (R2) varied between 0.9949 and 0.9999. The amplification efficiencies (E) were calculated as E% = (10−1/A − 1) × 100 using the slopes (A) of the standard curves and maintained at 100 ± 10% (Table 1; Figure S3).




3.2. Transcript Abundance of the Eight Candidate Reference Genes in Pears under Hormone Treatments


Time–course analysis of the average quantification cycle (Cq) values for each gene under different hormone treatments at 0–48 hpt ranged from 20.12 to 28.40 (Figure 1; Table S2). The coefficients of variation (CVs, %) of the Cq values of the eight genes (Table S2) at the same time points were ranked as YLS8(1.02) < WDP(2.85) < SKD1(2.89) < TUB(3.55) < ACT(3.88) < UBQ(6.49) < EF1α(6.65) < GAPDH(7.78), indicating that YLS8 had the most stable transcript abundance under mock treatment (Table S2). Under stress caused by SA/ETH/ABA hormones, SKD1 (5.88/2.37/4.89) had the most stable transcript abundance, while GAPDH (1.80) had more stable expression than the others under MeJA hormone treatment.




3.3. Analysis of the Expression Stability of Reference Genes under Hormone Treatments


It was critical to analyze the expression stability of the candidate reference genes under different experimental conditions using statistical algorithms. We used BestKeeper, NormFinder, and GeNorm for the analysis.



3.3.1. BestKeeper Analysis


BestKeeper calculates the index value from the geometric mean of the Cq of each gene. It performs a Pearson correlation of each reference gene with the BestKeeper index to indicate the correlation of that gene with the index [36]. In BestKeeper, the smaller the values of the SD and the coefficient of variation, the higher the expression stability. In this study, if the SD of a particular gene was >1, it was excluded from the list of candidate reference genes and thus BestKeeper identified five stable reference genes among the eight under mock treatment. Only SKD1 gene had a stable expression under SA, ETH, and ABA hormone treatment, and GAPDH was the most stable reference gene under MeJA treatment (Table 2).




3.3.2. NormFinder Analysis


For each candidate gene, NormFinder can provide a stability value that is a direct measurement of expression variation [37]. The most stably expressed gene had the smallest value. Hence, ACT had the most stable expression under mock and ABA treatments. Specifically, ACT ranked among the top three stable reference genes under other hormone treatments. Under SA, MeJA, and ETH hormone treatments, WDP, TUB, and UBQ were the most stably expressed genes, respectively (Table 2).




3.3.3. GeNorm Analysis


As per GeNorm analysis, the cut-off range of stability value is less than 0.5 [38]. So, in terms of gene expression, the gene with the lowest value is considered to be the most stable reference gene and vice versa. As per GeNorm analysis, SKD1 and TUB were the most stably expressed genes under mock treatment, ACT and WDP were the most stably expressed genes under SA treatment, ACT and UBQ were the most stably expressed genes under MeJA treatment, WDP and TUB were the most stably expressed genes under ETH treatment, and YLS8 and WDP were the most stably expressed genes under ABA treatment (Table 2). Meanwhile, the number of reference genes used for qPCR analysis relied on the value of Vn/n+1 (n ≥ 2) (Figure 2). When the value of Vn/n+1 was less than 0.15, the optimal number of reference genes was n. Therefore, under mock treatment, the value of V2/3 was lower than the default threshold of 0.15. So, the use of the two most stably expressed reference genes SKD1 and TUB ensured accurate normalization of qPCR data. Adding one more reference gene did not make a significant difference. Since the value of V3/4 (0.146) under SA treatment was lower than 0.15, it was practical to use three reference genes (ACT, WDS, and TUB) in qPCR. Although the values of all Vn/n+1 were higher than the default value under MeJA, ETH, and ABA treatments, this did not indicate the number of reference genes used for normalization in RT-qPCR analysis.




3.3.4. RefFinder Analysis


Slight differences in the analysis results of the three software programs are clearly visible. The results were confirmed using the web-based tool RefFinder, which compared and re-ranked the tested reference genes on the basis of the geometric mean of the weights of the three software programs. As per the comprehensive ranking performed by RefFinder, the stability rankings of the genes under mock treatment were WDP > ACT > TUB > SKD1 > YLS8 > EF1α > UBQ > GAPDH, and the stability rankings of the genes under each hormone treatment were as follows: WDP > ACT > EF1α > TUB > SKD1 > UBQ > YLS8 > GAPDH under SA treatment; ACT > TUB > UBQ > GAPDH > YLS8 > WDP > EF1α > SKD1 under MeJA treatment; UBQ > WDP > YLS8 > TUB > ACT > SKD1 > GAPDH > EF1α under ETH treatment; and YLS8 > WDP > ACT > TUB > UBQ > SKD1 > GAPDH > EF1α under ABA treatment (Table 3). To sum up, WDP and ACT exhibited the best stability under hormone treatments for normalization in qPCR.





3.4. Transcript Abundance of the Eight Candidate Reference Genes in Pears under Abiotic and Biotic Stress Treatments


To select the best reference gene in pears under abiotic and biotic stresses, the leaves of buds were cultivated in MS media under 4 °C, 40 °C, 40% PEG-6000, and 400 mM NaCl. We examined the expression of eight reference genes under different abiotic and biotic stresses. The transcript abundance of each gene in terms of the same amount of total RNA per reaction was measured in the leaves, and the average Cq values were from 22.42 to 29.35 (Figure 3; Table S2). Lower Cq values reflected higher mRNA transcript levels, and SKD1 had the higher transcript levels among the reference genes under cold (23.42), heat (22.42), and salinity (23.76) stresses. YLS8 (25.16), UBQ (28.39), and ACT (27.6) had the lowest expression levels under cold, heat, and salinity stresses conditions, respectively. In pear leaves under water-deficit stress, TUB (25.16) had a high expression level, while ACT (27.60) had the lowest expression level. According to the coefficients of variation (CVs, %) of the Cq values, at the three time points, the eight genes were ranked as follows under various stresses: UBQ < GAPDH < EF1α < SKD1 < TUB < WDP < YLS8 < ACT under cold stress, ACT < GAPDH < UBQ < SKD1 < YLS8 < WDP < EF1α < TUB under heat stress, UBQ < GAPDH < TUB < SKD1 < EF1α < WDP < YLS8 < ACT under water-deficit stress, and GAPDH < SKD1 < ACT < WDP < TUB < YLS8 < EF1α < UBQ under salinity stress (Table S2). Accordingly, UBQ, ACT, and GAPDH were stably expressed genes used in this aspect of qPCR analysis under abiotic stress.



Next, we studied the expression stability of each candidate reference genes in Huangguan pear leaves under biotic treatment with V. nashicola, the causal agent of scab disease. Time–course analysis of the average Cq values for each gene at 0, 12, 24, and 48 hpt showed that EF1α (19.41) had the highest expression level and UBQ (27.58) had the lowest expression level among the eight candidate reference genes in leaves after infection (Figure 3). The coefficients of variation (CVs, %) of the Cq values of the eight genes across the four time points were ranked as SKD1 < YLS8 < WDP < ACT < TUB < UBQ < EF1α < GAPDH (Table S2).




3.5. Analysis of the Expression Stability of Reference Genes under Abiotic and Biotic Stress Treatment


It is critical to analyze the expression stability of the candidate reference genes under abiotic and biotic stress conditions using statistical algorithms. Under the optimized qPCR conditions, the transcript abundance of the eight candidate reference genes were quantified in leaves subjected to cold, heat, PEG, NaCl, and V. nashicola.



3.5.1. BestKeeper Analysis


According to the same standard, the transcript abundance of the eight candidate reference genes in Huangguan pear leaves under abiotic and biotic stresses were analyzed using the statistical algorithm software BestKeeper. Because the value of stably expressed genes had to be <1, many genes in analysis results would be omitted under abiotic stresses. UBQ (0.68) and GAPDH (0.71) were stable as reference genes under water-deficit stress (Table 3). YLS8 (0.87) and WDP (0.91) were stable as reference genes in leaves infected with V. nashicola (Table 4).




3.5.2. NormFinder Analysis


We used NormFinder to calculate the value of the eight reference genes according to the Cq of qPCR. In the stability ranking of Huangguan leaves under four abiotic stresses, WDP (0.71) and YLS8 (0.86) were more stable than the other genes. For each abiotic stress, GAPDH was the least stable reference gene. WDP (0.11) was the best one in cold-stressed leaves. Under heat treatment, YLS8 (0.67) was the most stable reference gene. In leaf samples subjected to PEG or NaCl, SKD1 (0.09) and TUB/WDP (0.01) were the best choices, respectively (Table 4). In leaf samples subjected to the pathogen V. nashicola, ACT (0.28) and WDP (0.31) were the top two stable reference genes.




3.5.3. GeNorm Analysis


The expression stability of the eight candidate genes was further analyzed using GeNorm software. According to GeNorm analysis, the cut-off range of the stability value is < 1.5 (Table 4) but when choosing a sample of reference genes on the basis of Vn/n+1 (Figure 4), the V of V2/3 was less than the threshold of 0.15 for all eight genes in cold, water-deficit, salinity, and pathogen-stressed leaves. So, we referred to SKD1|EF1α (0.14), YLS8|WDP (0.10), WDP|TUB (0.03), and ACT|WDP (0.30) as housekeeping genes. Although the transcript abundance of housekeeping genes maintained the GeNorm analysis condition, none of the values of Vn/n+1 under heat stress were less than 0.15, which means that we were uncertain about the number of reference genes to use in qPCR. From an economic perspective, the top two genes YLS8|WDP were acceptable reference genes.




3.5.4. RefFinder Analysis


RefFinder can provide a stability value that is a direct measurement of expression variation by comparing and re-ranking the results of three computer programs. In a comprehensive ranking, WDP was among the top three most stable reference genes under various abiotic stresses. WDP, YLS8, SKD1, and TUB were the best reference genes under cold, heat, water-deficient, and salinity stresses, respectively (Table 5). Under biotic stress inflicted by V. nashicola, the stability rankings of the genes were ACT > WDP > TUB > SKD1 > YLS8 > EF1α > UBQ > GAPDH.




3.5.5. Validation of Selected Reference Genes


To normalize the expression level of PbRBOHC, we used the most and least stably expressed reference genes under various conditions on the basis of the analysis of the statistical algorithms above. In other words, the relative expression level (Q) of PbRBOHC was calculated using the formula Q   =  2  − ∆ ∆  C t     . The genes were analyzed after mock (WDP and GAPDH), SA (WDP and GAPDH), MeJA (ACT and SKD1), ETH (UBQ and EF1α), and ABA (YLS8 and EF1α) treatment and under V. nashicola (ACT, GAPDH), cold (WDP, ACT), heat (YLS8, EF1α), water-deficit (SKD1, ACT), and salinity (TUB, UBQ) conditions. Two reference genes were used to normalize the expression level of PbRBOHC and PbRBOHC was found to be expressed differently in comparison with the two reference genes (Figure 5). For instance, compared with the stable reference gene GAPDH and the unstable reference gene WDP in the mock treatment (Figure 5A), the expression of the target gene PbRBOHC decreased and was lower. In SA treatment (Figure 5B), it was more highly expressed compared with the unstable reference gene. In some other conditions, the expression pattern of PbRBOHC was totally different. After ABA (Figure 5E) treatment, PbRBOHC remained almost unchanged when normalized with the stable reference gene YLS8. However, its expression level rose with the unstable EF1α. The target gene was highly expressed and had a time–effect expression pattern under V. nashicola (Figure 5F), cold (Figure 5G), heat (Figure 5H), water-deficit (Figure 5I), and salinity (Figure 5J) treatments when normalized with stable reference genes but hardly showed these trends when normalized with unstable ones. Further examination of the role of PbRBOHC in pear leaves revealed that its expression levels increased under V. nashicola, cold, heat, water-deficit, and salinity treatments, which is possibly related to biotic and abiotic stress causing an ROS burst.






4. Discussion


As a gene expression research tool, RT-qPCR is a convenient method of identifying gene expression and exploring the status and characteristics of plants. However, factors such as RNA quality and integrity, primer specificity, and concentration can influence the amplification efficiency and expression results of genes. To ensure equal qPCR amplification efficiency, it is necessary to optimize these factors for the relative quantification of the expression of reference and target genes [3]. In our study, we redesigned the primers of selected housekeeping genes to ensure the specificity of PCR products of less than 150 bp. A series of adjustments were made so that each candidate reference gene achieved R2 > 0.99 and E = 100 ± 10%. Normalization of the RT-qPCR data required internal control genes that display uniform expression under different conditions. Otherwise, without a suitable referent gene, the resulting Cq values of qPCR could lead to inaccurate expressions of target genes [38]. NormFinder, GeNorm, and BestKeeper, three common pieces of software, are often used to evaluate the expressed Cq values to select the best reference gene under various conditions. Although in some instances, the ranking using BestKeeper software was almost the converse of rankings performed using other software, as is the case compared to previous studies [23,39,40], RefFinder can help to comprehensively analyze the values and overall rank of the reference genes. We applied our optimized protocol to test the expression stability of a set of reference genes in the leaves of Huangguan pears. The leaves were of particular interest for studying gene expression under the different hormone treatments or environmental stresses. Different statistical algorithms of the different analysis approaches provided different validation ranks in the same treatment. Therefore, we recommend using four pieces of software to ensure that the results are convincing.



According to previous studies on the selection of plant reference genes for RT-qPCR, the expression level of a reference gene might not be constant under various stress conditions in citrus fruits [41]. For example, Xu [42] suggested that in pears subjected to abiotic stresses, ACT2/7, ubiquitin extension protein (UBI), and yellow-leaf-specific gene 8 (YLS8) were the most stable housekeeping genes among 18 selected candidate reference genes. ACT and tubulin have been widely used as reference genes in citrus fruits [43] and peach [44] under abiotic stresses. In potato, EF1α and sec3 were the most stably expressed genes under drought and osmotic stress conditions but EF1α and APRT were the most stable genes under cold stress [23]. However, in potato tubers, the most suitable reference genes were C2, sec3, and CUL3A [45]. In blueberry leaves and root, GAPDH was the worst reference gene under high alkalinity but EF1α was the best under PEG-simulated drought [46]. In our study, eight commonly used housekeeping genes were studied. We applied hormones to these genes because phytohormones are mainly related to biotic and abiotic stresses in plants. We also included various experimental stresses, which had a significant influence on the growth and quality of horticultural crops. Interestingly, we found some housekeeping genes were consistent in the three analysis programs. The results showed that ACT and WDP were relatively stable reference genes under hormones and biotic treatments. In abiotic stresses, WDP had more stable expression than ACT because ACT was ranked at the bottom for cold and water-deficit stresses. Although the ranking results were different, these differences revealed the expression levels of the invariable genes in pears under various conditions. In RefFinder analysis, the expression levels of EF1α and GAPDH were unstable under biotic and abiotic stresses. Chen [22] was the first to select WD-repeat protein (WDP) gene as a housekeeping gene from the transcriptome data [22]. It has been proved to be the most stable reference gene under cold treatment in different tissues of Dangshansu pear. After comparing 10 reference genes in pear pollen samples under ABA and abiotic stress treatments, especially high temperature and NaCl, Chen found that PbrEF1α was the most stable reference gene. After redesigning the primer and optimizing RT-qPCR, we also proved that WDP was among the top two best housekeeping genes under abiotic and biotic stresses in Huangguan, while EF1α ranked second in leaves only under cold-stress treatment in our study. This difference was in diverse organs or tissues because reference genes were unstable in different tissues.



The basic rule for a reference gene is that its expression level is insensitive to the exterior environment or any internal development changes. The Cq values of ideal reference genes among different samples were expected to be the same. However, according to our study, the Cq values varied from 19 to 30 (Figure 1 and Figure 3) and the CV of the Cq value ranged from 1.02 to 17.88 (Table S2). It was hard to tell which reference gene had constant expression under all experimental conditions in pear samples (Figure 6) because some specific housekeeping genes were regulated under various exterior treatments. For instance, salinity and ABA treatments greatly affected UBQ and EF1α depolymerization and expression, which also occurred in a study on Arabidopsis and tobacco [47]. Through the study of the PbRBOHC expression level, different reference genes were used to normalize gene expression. The expression level of the target gene was inconsistent with the above reference genes. We also found that the analysis results of the gene expression pattern changed with different reference genes. Using an unvalidated reference gene to normalize led to errors. Thus, it was necessary and significant to validate a reliable reference gene to normalize gene expression profiling under certain conditions.



In summary, in this study, we analyzed the stability of reference genes for RT-qPCR in pear leaves subjected to different hormone treatments and various biotic and abiotic stresses. WDP was suitable for gene quantification in pear under various experimental stresses, except MeJA treatment. ACT had the most stable expression under MeJA. Moreover, the best reference gene was not always the most stable one under specific conditions. More candidate reference genes should be explored with the release of the pear genome sequences and abundant transcriptome sequencing [48], such as annexin and β-tubulin. The results obtained will provide guidelines for selecting reference genes and analyzing gene expression in pears under different experimental conditions. They will also provide a reference for the analysis of other crops via suitable RT-qPCR normalization conditions in the future.




5. Conclusions


In this study, we valuated eight common candidate reference genes in pear (Pyrus bretschneideri Rehd.) leaves subjected to hormonal (SA, MeJA, ETH, and ABA), biotic (V. nashicola), and abiotic (cold, heat, water deficit, and salinity) stresses. As per the results, WDP was a relatively stable reference gene under all conditions except MeJA, while ACT had the most stable expression under MeJA. It is recommended that only EF1α and GAPDH be used as reference genes under experimental treatments.
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Figure 1. Transcript abundance of the eight reference genes in pear leaves under control conditions and when exposed to different hormones as measured using qPCR. (A) Mock, (B) SA, (C) MeJA, (D) ETH, and (E) ABA treatment. 
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Figure 2. Analysis of reference genes for qPCR normalization using GeNorm in pear leaves under control condition and different hormones. The pairwise variation (Vn/n+1) in the eight candidate reference genes under different treatments was calculated using GeNorm software, and the optimal number of reference genes was determined using the lowest number of genes with a Vn/n+1 value smaller than 0.15. 
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Figure 3. Transcript abundance of the eight reference genes of pear leaves under abiotic and biotic stresses measured using RT-qPCR. Cq values indicate the mean values of transcript abundance from three independent replicates ± standard errors (vertical bars). (A) Cold, (B) heat, (C) water deficit, (D) salinity, and (E) V. nashicola. 
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Figure 4. Analysis of reference genes for qPCR normalization using GeNorm in pear leaves under different stresses. The pairwise variation (Vn/n+1) in the eight candidate reference genes under abiotic and biotic treatments was calculated using GeNorm software, and the optimal number of reference genes was determined using the lowest number of genes with a Vn/n+1 value smaller than 0.15. 
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Figure 5. The calculated relative expression levels of PbRBOHC using the most and least stable reference genes in pear leaves under different experimental stresses. Error bars represent the SD. (A) Mock, (B) SA, (C) MeJA, (D) ETH, (E) ABA, and (F) V. nashicola treatment and (G) cold, (H) heat, (I) water-deficit, and (J) saline conditions. 
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Figure 6. RT-qPCR Cq values of the candidate reference genes in pear leaves. Candidate reference genes were analyzed in all conditions. Boxes indicate the 25th and 75th percentiles. Lines across boxes represent the median values. Circles represent the mean values, and the spot represents the outlier. Whiskers represent the maximum and minimum values. 
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Table 1. List of genes and the optimized qPCR results for eight candidate reference genes.
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	Gene
	Sequence ID
	Amplicon Length (bp)
	Annealing Tm (°C)
	R2
	Amplification Efficiency (%)





	ACT
	GU830958
	139
	60
	0.9999
	104.39



	SKD1
	XM009366023
	127
	60
	0.9992
	106.66



	YLS8
	XM009353468
	119
	60
	0.9993
	111.02



	WDP
	Pbr038544
	85
	60
	0.9995
	111.29



	TUB
	Pbr042345
	114
	60
	0.9949
	111.62



	UBQ
	Pbr008614
	88
	60
	0.9977
	108.20



	GAPDH
	Pbr036263
	118
	60
	0.9983
	111.71



	EF1α
	XM_009376302
	91
	60
	0.9993
	108.39
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Table 2. Ranking of the expression stability of the eight candidate reference genes in pears under control conditions and hormone treatments with Cq values being calculated using statistical algorithm software.
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Mock

	
SA

	
MeJA

	
ETH

	
ABA




	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value






	
Calculated in BestKeeper

	

	

	

	

	

	

	




	
YLS8

	
0.17

	
SKD1

	
0.91

	
GAPDH

	
0.36

	
SKD1

	
0.37

	
SKD1

	
0.76




	
WDP

	
0.45

	
WDP

	
1.08

	
EF1α

	
0.62

	
WDP

	
0.99

	
TUB

	
1.07




	
SKD1

	
0.51

	
YLS8

	
1.16

	
ACT

	
0.68

	
TUB

	
1.17

	
WDP

	
1.09




	
TUB

	
0.63

	
ACT

	
1.18

	
TUB

	
0.94

	
YLS8

	
1.35

	
YLS8

	
1.36




	
ACT

	
0.63

	
TUB

	
1.37

	
UBQ

	
0.95

	
UBQ

	
1.75

	
UBQ

	
1.63




	
EF1α

	
1.11

	
EF1α

	
1.54

	
WDP

	
1.08

	
ACT

	
2.00

	
ACT

	
2.00




	
UBQ

	
1.33

	
UBQ

	
1.68

	
SKD1

	
1.47

	
GAPDH

	
2.39

	
GAPDH

	
2.44




	
GAPDH

	
1.40

	
GAPDH

	
1.82

	
YLS8

	
1.50

	
EF1α

	
2.60

	
EF1α

	
2.77




	
Calculated in NormFinder




	
ACT

	
0.22

	
WDP

	
0.09

	
TUB

	
0.33

	
UBQ

	
0.28

	
ACT

	
0.48




	
WDP

	
0.27

	
ACT

	
0.16

	
ACT

	
0.35

	
YLS8

	
0.30

	
YLS8

	
0.52




	
EF1α

	
0.56

	
EF1α

	
0.43

	
UBQ

	
0.44

	
ACT

	
0.43

	
UBQ

	
0.53




	
TUB

	
0.70

	
TUB

	
0.51

	
WDP

	
1.09

	
WDP

	
0.71

	
WDP

	
0.82




	
YLS8

	
0.74

	
UBQ

	
0.68

	
YLS8

	
1.09

	
TUB

	
0.77

	
TUB

	
0.87




	
SKD1

	
0.77

	
SKD1

	
0.84

	
GAPDH

	
1.27

	
GAPDH

	
1.05

	
GAPDH

	
1.18




	
UBQ

	
0.94

	
YLS8

	
0.88

	
SKD1

	
1.37

	
SKD1

	
1.72

	
SKD1

	
1.65




	
GAPDH

	
0.96

	
GAPDH

	
0.90

	
EF1α

	
1.44

	
EF1α

	
1.94

	
EF1α

	
1.89




	
Calculated in GeNorm




	
SKD1|TUB

	
0.19

	
ACT|WDP

	
0.31

	
ACT|UBQ

	
0.69

	
WDP|TUB

	
0.40

	
YLS8|WDP

	
0.38




	
WDP

	
0.31

	
TUB

	
0.47

	
TUB

	
0.72

	
YLS8

	
0.61

	
TUB

	
0.62




	
YLS8

	
0.43

	
EF1α

	
0.56

	
YLS8

	
0.86

	
UBQ

	
0.69

	
UBQ

	
0.87




	
ACT

	
0.52

	
UBQ

	
0.63

	
SKD1

	
0.98

	
ACT

	
0.81

	
ACT

	
0.98




	
EF1α

	
0.68

	
YLS8

	
0.72

	
WDP

	
1.08

	
GAPDH

	
0.94

	
SKD1

	
1.09




	
UBQ

	
0.82

	
SKD1

	
0.78

	
GAPDH

	
1.25

	
SKD1

	
1.13

	
GAPDH

	
1.23




	
GAPDH

	
0.88

	
GAPDH

	
0.84

	
EF1α

	
1.34

	
EF1α

	
1.35

	
EF1α

	
1.42
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Table 3. Rankings of the expression stability of the eight candidate reference genes in pears under control conditions and hormone treatments, with Cq values being calculated in RefFinder.
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Mock

	
SA

	
MeJA

	
ETH

	
ABA




	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value






	
WDP

	
1.86

	
WDP

	
1.19

	
ACT

	
1.57

	
UBQ

	
2.11

	
YLS8

	
1.68




	
ACT

	
2.66

	
ACT

	
2.00

	
TUB

	
2.21

	
WDP

	
2.38

	
WDP

	
2.63




	
TUB

	
2.83

	
EF1α

	
3.83

	
UBQ

	
2.59

	
YLS8

	
2.63

	
ACT

	
2.78




	
SKD1

	
3.08

	
TUB

	
3.94

	
GAPDH

	
3.98

	
TUB

	
2.94

	
TUB

	
3.50




	
YLS8

	
3.31

	
SKD1

	
3.98

	
YLS8

	
5.03

	
ACT

	
4.05

	
UBQ

	
3.66




	
EF1α

	
4.24

	
UBQ

	
5.44

	
WDP

	
5.18

	
SKD1

	
4.30

	
SKD1

	
4.14




	
UBQ

	
7.00

	
YLS8

	
5.45

	
EF1α

	
5.66

	
GAPDH

	
6.24

	
GAPDH

	
6.48




	
GAPDH

	
8.00

	
GAPDH

	
8.00

	
SKD1

	
6.44

	
EF1α

	
8.00

	
EF1α

	
8.00
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Table 4. Ranking of the expression stability of the eight candidate reference genes in pears under different abiotic and biotic stresses, with Cq values being calculated using statistical algorithm software.
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Cold

	
Heat

	
Water Deficit

	
Salinity

	
V. nashicola




	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value






	
Calculated using BestKeeper




	
UBQ

	
1.56

	
UBQ

	
1.56

	
UBQ

	
0.68

	
SKD1

	
2.06

	
SKD1

	
0.74




	
GAPDH

	
1.95

	
GAPDH

	
1.95

	
GAPDH

	
0.71

	
GAPDH

	
2.06

	
YLS8

	
0.95




	
SKD1

	
1.97

	
SKD1

	
1.97

	
TUB

	
1.13

	
ACT

	
2.63

	
WDP

	
1.16




	
EF1α

	
2.06

	
EF1α

	
2.06

	
EF1α

	
1.30

	
TUB

	
2.97

	
ACT

	
1.33




	
TUB

	
2.30

	
TUB

	
2.30

	
SKD1

	
1.34

	
WDP

	
2.99

	
TUB

	
1.46




	
WDP

	
2.43

	
WDP

	
2.43

	
WDP

	
1.46

	
EF1α

	
3.26

	
UBQ

	
1.59




	
YLS8

	
2.68

	
YLS8

	
2.68

	
YLS8

	
1.54

	
YLS8

	
3.33

	
EF1α

	
1.80




	
ACT

	
3.14

	
ACT

	
3.14

	
ACT

	
2.03

	
UBQ

	
4.01

	
GAPDH

	
2.14




	
Calculated using NormFinder




	
WDP

	
0.11

	
YLS8

	
0.67

	
SKD1

	
0.09

	
TUB

	
0.01

	
ACT

	
0.15




	
TUB

	
0.32

	
SKD1

	
0.92

	
TUB

	
0.18

	
WDP

	
0.01

	
WDP

	
0.42




	
EF1α

	
0.47

	
UBQ

	
0.96

	
WDP

	
0.29

	
EF1α

	
0.38

	
TUB

	
0.44




	
SKD1

	
0.49

	
WDP

	
1.04

	
YLS8

	
0.47

	
YLS8

	
0.64

	
EF1α

	
0.55




	
YLS8

	
0.60

	
GAPDH

	
1.05

	
UBQ

	
0.48

	
ACT

	
0.66

	
UBQ

	
0.72




	
UBQ

	
0.98

	
ACT

	
1.36

	
EF1α

	
0.62

	
SKD1

	
1.24

	
YLS8

	
0.85




	
ACT

	
1.34

	
TUB

	
1.56

	
ACT

	
1.33

	
GAPDH

	
1.28

	
SKD1

	
1.06




	
GAPDH

	
1.63

	
EF1α

	
1.88

	
GAPDH

	
2.61

	
UBQ

	
1.63

	
GAPDH

	
1.41




	
Calculated using GeNorm




	
SKD1|EF1α

	
0.14

	
YLS8|WDP

	
0.29

	
YLS8|WDP

	
0.10

	
WDP|TUB

	
0.03

	
ACT|WDP

	
0.30




	
TUB

	
0.29

	
GAPDH

	
0.91

	
SKD1

	
0.19

	
EF1α

	
0.26

	
TUB

	
0.40




	
WDP

	
0.37

	
SKD1

	
1.00

	
TUB

	
0.32

	
YLS8

	
0.41

	
EF1α

	
0.57




	
YLS8

	
0.48

	
ACT

	
1.17

	
EF1α

	
0.44

	
ACT

	
0.60

	
UBQ

	
0.70




	
UBQ

	
0.66

	
UBQ

	
1.27

	
UBQ

	
0.61

	
SKD1

	
0.83

	
YLS8

	
0.78




	
ACT

	
0.89

	
TUB

	
1.45

	
ACT

	
0.74

	
GAPDH

	
0.95

	
SKD1

	
0.87




	
GAPDH

	
1.11

	
EF1α

	
1.63

	
GAPDH

	
1.22

	
UBQ

	
1.13

	
GAPDH

	
1.02
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Table 5. Ranking of the expression stability of the eight candidate reference genes in pears under different abiotic and biotic stresses, with Cq values being calculated in RefFinder.
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Cold

	
Heat

	
Water Deficit

	
Salinity

	
V. nashicola




	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value

	
Gene

	
Value






	
WDP

	
2.21

	
YLS8

	
1.50

	
SKD1

	
1.97

	
TUB

	
1.68

	
ACT

	
1.41




	
EF1α

	
2.45

	
SKD1

	
2.38

	
WDP

	
2.45

	
WDP

	
1.78

	
WDP

	
1.86




	
SKD1

	
2.63

	
WDP

	
3.13

	
TUB

	
2.91

	
EF1α

	
3.57

	
TUB

	
3.41




	
TUB

	
2.78

	
GAPDH

	
3.41

	
YLS8

	
3.25

	
SKD1

	
3.83

	
SKD1

	
4.30




	
UBQ

	
3.83

	
ACT

	
3.66

	
UBQ

	
3.66

	
ACT

	
4.40

	
YLS8

	
4.36




	
YLS8

	
5.44

	
UBQ

	
4.36

	
EF1α

	
4.95

	
YLS8

	
4.60

	
EF1α

	
4.60




	
GAPDH

	
5.66

	
TUB

	
7.00

	
GAPDH

	
5.66

	
GAPDH

	
5.12

	
UBQ

	
5.48




	
ACT

	
7.24

	
EF1α

	
8.00

	
ACT

	
7.24

	
UBQ

	
8.00

	
GAPDH

	
8.00
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