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Abstract: Iris domestica is a plant of the Iridaceae family and is drought-tolerant, but its drought-resistance mechanism is not yet clear. Analysing the gene expression changes of I. domestica by qRT-PCR is an important mean to understand its drought resistance characteristics. Nevertheless, a lack of reference genes greatly hinders investigation and research on the adaptation of I. domestica to drought at the molecular and genetic levels. In this study, we assessed the expression stability of 11 candidate gene in I. domestica under drought stress conditions and different tissues using geNorm, NormFinder, BestKeeper and RefFinder tools. The results showed that EF1β was the most stable reference genes under drought stress and in different tissues. To validate further the stability of the identified reference genes, the expression patterns of VP gene in I. domestica was analysed. These results will be conducive to more accurate quantification of gene expression levels in I. domestica.
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1  Introduction

Iris domestica (L.) Goldblatt et Amberley [syn. Belamcanda chinensis (L.) DC.] is a perennial herb of the Iridaceae family. Due to its strong stress tolerance (such as drought), I. domestica is a good material for studying the drought resistance mechanisms of plants [1]. The qRT-PCR technology has high specificity, strong sensitivity and good repeatability [2,3], which plays an important role in quantifying the expression of drought resistance genes in plants under drought [4]. However, no relative researches of suitable reference genes on I. domestica have been reported, which greatly limits the research on the drought resistance mechanism in I. domestica. Therefore, evaluation of the stability of candidate reference genes in I. domestica under drought and different tissues is necessary.

Stable reference genes play an important role in the accuracy and reliability of qRT-PCR analysis, especially when plants are under environment stress. Typically, the ideal reference genes for qRT-PCR are usually housekeeping genes, including β-tubulin (β-TUB), Elongation factor 1 alpha (EF1α), Elongation factor 1 beta (EF1β), Ubiquitin (UBQ), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and Actin (ACT) genes [5–8]. Nevertheless, the stability of these genes differs with tissues, developmental stages, environmental conditions and plant species [9–12]. Therefore, it is necessary to select reference genes suitable for plants. In the present study, 11 candidate reference genes were selected to perform qRT-PCR tests in I. domestica under drought and different tissues. The four tools of geNorm [13], NormFinder [14], BestKeeper [15], and RefFinder (https://github.com/fulxie/RefFinder) were applied to assess the identified reference genes and to select the most stably expressed genes. The expression levels of vacuolar proton pyrophosphatase gene (VP) from previous study were quantified to validate the chosen best-ranked reference genes. The results will contribute to provide reliable reference genes during qRT-PCR for gene expression studies in I. domestica.

2  Materials and Methods

2.1 Plant Materials and Treatment

The experiment was carried at the agricultural base of Jilin Agricultural University, China (43°48′N, 125°25′E) with an annual average temperature of 4.8°C, a maximum temperature of 39.5°C, and a minimum temperature of −39.8°C. The average annual amount of precipitation is 568.5 mm, mainly concentrated on June–August. The annual average sunshine hours are 2690 h.

Fresh dried mature seeds were collected from the Medicinal Botanical Garden of Jilin Agricultural University in October 2019, appraised by Professor Mei Han of Jilin Agricultural University. Those seeds were sprinkled on breeding trays with one seed per tray, which was placed in the greenhouse of Jilin Agricultural University. The about 5 cm height and one-year-old seedings were selected, transplanted and planted in plastic pots which had an inner diameter of 20.5 cm and a pot depth of 14.5 cm, and were put in a rain-proof shed for normal field management. The properties of all soils tested were pH 7.187 and contained 248 mg·kg−1 available nitrogen, 17 mg·kg−1 available phosphorus, and 140 mg·kg−1 available potassium.

The materials tested for this experiment were 2-year-old plants. Before drought stress, the plants were irrigated with 500 mL water every three days. Soil water content data were recorded after no irrigation with a HH2 Soil Moisture Meter (Delta-T Devices Ltd., UK). A total of 5 samples were taken, and the soil water content was 22.83% (1 d), 14.30% (13 d), 7.23% (27 d), 5.57% (42 d), and 2.13% (61 d), respectively. The rhizome samples under drought and untreated samples of the leaves, buds, roots and rhizomes of I. domestica were collected and immediately frozen in liquid nitrogen, and stored at −80°C. Among them, the rhizome samples of 1 d, 13 d, 27 d and 61 d were used for mRNA sequencing.

2.2 Total RNA Extraction and cDNA Synthesis

Total RNA was extracted with liquid nitrogen from the frozen different samples by the Plant RNA Extration Kit (Solarbio, Beijing, China). The RNA concentration and purity were assessed by nucleic acid/protein detector (Nanodrop2000, USA). A total of 1ug RNA was used to synthesize first-strand cDNA with a reverse transcription kit (TaKaRa, Dalian, China) according to the manufacturer’s instructions.

2.3 Reference Gene Selection and Primer Design

Based on the transcriptome of I. domestica under different drought conditions and the filter conditions of TPM values ≥0.2, 11 candidate reference genes were selected including Ubiquitin-protein ligase UBC9 (UBC), Tubulin alpha-5 (α-TUB), Eukaryotic translation initiation factor (eIF), Translation elongation factor EF1α (EF1α), Translation elongation factor EF1β (EF1β), Histone H3 (HIS-3), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Ubiquitin (UBQ), S-Adenosylmethionine decarboxylase (SAMDC), Phosphoglycerate kinase (PGK), and Actin (ACT). These genes are often used as housekeeping genes [5], and some are also used in the Iris family plant I. germanica and I. lactea [16,17]. The VP gene was selected as the verification gene. The primers for each gene were designed by Primer Premier 5 software, and all primers were synthesized by Sangon Biotech (Changchun, China). The PCR amplification efficiency (E) and correlation coefficient (R2) for each primer pair were calculated with a fourfold dilution series cDNA.

2.4 qRT‑PCR Analysis

The qRT-PCR was performed on the Mx3000 P instrument (Agilent, SantaClara, CA, USA) using SYBR Premix Ex TaqTM II (Tli RNaseH Plus). The 20 μL qRT-PCR reaction system contained 1 μL template, 1 μL of upstream and downstream primers (10 μM) , 7 μL RNase Free d2H2O, and 10 μL of SYBR Premix Ex TaqII (TaKaRa, Dalian, China). The PCR reaction program was as follows: 95°C/30 s and 40 cycles of 95°C/5 s, 55°C/30 s, and 72°C/30 s and then a final extension at 72°C for 10 min. Three independent replicates were used for each treatment. Relative gene expression levels were calculated using the 2−ΔΔCt method [18].

2.5 Data Analysis

The cycle threshold (Ct) value was recorded for each qRT-PCR analysis of gene expression. Box plot was drawn to visualize the reference gene expression levels and variations. Next, the four software tools of geNorm, NormFinder, BestKeeper, and RefFinder were used to assess the stability of the 11 selected reference genes. The geNorm selected the stable reference gene by calculating the M value of each reference gene and determined the number of optimal reference genes according to the Vn/Vn+1 value [19]. NormFinder calculated a stability value for each gene based on the variance analysis. The gene with the lowest value was identified as the most stably expressed gene [14]. For both algorithms, the Ct values should first be transformed by 2−ΔΔCt. The standard deviation (SD), and coefficient of variation (CV) of pairing between each gene can be calculated by BestKeeper, with smaller SD and CV values denoting better stability of the reference gene [15]. Finally, the reference genes were ranked based on the geometric mean (GM) values calculated with RefFinder.

2.6 Validation of Reference Genes

In order to verify the analysis results of the candidate genes, the expression profiles of the VP gene responding to drought were determined and normalized using the two most stable and the least stable reference genes [20]. The qRT-PCR amplification conditions were as described above. Statistical analyses were performed with the SPSS 19 (SPSS Inc., Chicago, IL, USA).

3  Results

3.1 Primer Specificity and Amplification Efficiency Verification

Fifteen genes were selected to verify the transcriptome results, and the strong positive correlation was determined between the results of RNA-seq and qRT-PCR. The correlation coefficients R2 at 13 d vs. 1 d, 27 d vs. 1 d and 61 d vs. 1 d were 0.88, 0.74, and 0.77, respectively, which meant the reliability of the transcriptome sequencing data (Figs. 1a–1c). The TPM-based clustering heatmap of the 11 genes under different drought conditions was built. The results showed that the gene with large changes expression levels were clustered together, and the rest of the genes were clustered together, which indicated that some genes exhibited relatively stable expression except EF1α and UBC, and needed a further analysis (Fig. 1d).
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Figure 1: (a–c) Correlation between RNA-seq and qRT-PCR results. X-axis denoted Log2 (the ratio of qRT-PCR) using the method 2−ΔΔCt to calculate the relative expression level. Y-axis represented the TPM values in RNA-Seq data. (d) Heatmap of 11 candidate reference genes

12 genes were selected as candidate genes including a validation gene-VP gene. Detailed information was listed in Table 1. These genes were specific as their melting curves had a single peak for selected primer pairs (Supplementary File). According to the slope of the standard curve, the amplification efficiency and R2 of the qRT-PCR assays were calculated, indicating that the amplification efficiency ranged from 96% to 103.1%, and the R2 value ranged from 0.992 to 0.999. These results indicated that all the primers of the 12 genes had high specificity and amplification efficiency and were thus suitable for further analysis.
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3.2 Expression Profiles of Reference Genes in I. domestica

qRT-PCR assays were performed with the designed specific primers for the 11 candidate reference genes using the cDNA as template for drought-treated materials and different tissues of I. domestica. Based on the Ct values obtained from qRT-PCR, a box diagram was done to reflect the differences in the expression levels of the 11 candidate genes (Fig. 2). The average Ct values of all samples varied from 17.83 to 28.21, reflecting the diversity of expression levels. The results showed that SAMDC had the smallest variation, followed by HIS-3, EF1β, and ACT, while UBC and PGK had the largest variation. Therefore, SAMDC, HIS-3, EF1β and ACT were identified as relatively stable genes in comparison to the other reference genes.
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Figure 2: Distribution of qRT-PCR Ct values for the 11 candidate reference genes across all I. domestica samples

The geNorm evaluates the stability of reference gene expression by calculating the average M values, with a low value representing high stability. For the drought treatment, EF1α and ACT were the most stably expressed genes, with an M value of 0.96, whereas UBQ was the least stably expressed gene, with an M value of 4.55 (Fig. 3a). For the different tissues, EF1β and GAPDH (M = 0.33) were the most stably expressed genes, whereas PGK (M = 6.84) was the least stably expressed gene (Fig. 3b). Overall, EF1β and ACT (M = 3.28) were the more stably expressed genes in all samples, whereas PGK (M = 21.22) was the least stably expressed gene (Fig. 3c). The geNorm was also used to calculate the paired variation value (Vn/Vn+1) to determine the optimal number of reference genes for qRT-PCR standardization [19]. Considering that values are all above 0.15, the optimal number of reference genes was not determined in I. domestica (Fig. 3d). However, 0.15 is just a theoretical value, and higher cutoff values of Vn/n+1 have been used in other reports [21,22].
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Figure 3: (a–c) The geNorm analysis of expression stability and (d) the variation values for the 11 reference genes under drought, different tissues and all samples

For the drought treatment, different tissues and all samples, NormFinder suggested that EF1β were the most expressed stably reference gene, with an stability value of 0.129, 0.235 and 0.198, respectively, whereas UBC was the least expressed stably reference gene with the value of 0.575 for drought condition, and PGK was the least expressed stably reference gene for both tissues and all samples with the value of 0.881 and 1.576, respectively (Fig. 4).
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Figure 4: Robustness of candidate genes by NormFinder analysis

As shown in Table 2, BestKeeper manifested that HIS-3 gene was identified as the most stable reference genes under drought (CV ± SD = 1.83 ± 0.46), and in all samples (CV ± SD = 3.71 ± 0.90). For the different tissues, eIF gene (CV ± SD = 2.37 ± 0.44) was the most expressed stably. The most stable reference genes produced by the above three programs are not the same, a comprehensive ranking of the reference genes was needed with RefFinder. The results showed that ACT and EF1β under drought stress, EF1β and UBC in different tissues were the most stable genes. For all samples, EF1β and ACT were the two most stable reference genes (Fig. 5).
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Figure 5: Comprehensive ranking of stability with RefFinder analysis (a, b and c). The lower the column, the more stable the gene was

3.3 Reference Gene Validation

To verify target gene expression stability of the identified reference genes, the two stable relatively reference genes and one unstable reference gene were selected to normalize gene expression of VP gene. The two more stable reference genes under drought according to RefFinder analysis were ACT and EF1β, and the most unstable was UBC, while the two more stable genes in different tissues were EF1β and UBC, and the most unstable was PGK. When the more ideal reference genes were used alone or combined as the internal reference control, the expression of VP exhibited little changes, whereas the VP gene expression showed large changes with the unstable reference gene to normalize data. Besides, the expression of VP gene was significantly higher than that of other reference genes when using UBC as a correction gene in the early stage of drought. In extreme drought (soil moisture content below 5.57%), the expression level of VP was significantly lower than other reference genes. The unstable internal reference gene had different effects on the expression of the target gene under different drought conditions. And compared with leaves, the expression level of VP gene was lower in other tissues. However, its expression level was higher, even higher than that in leaves when the unstable reference gene UBC was used (Fig. 6).

[image: images]

Figure 6: (a) Expression of VP gene with different validated reference genes for data normalization. (b) VP expression under drought condition. VP expression in different tissues. Data (means ± SD, N = 3) with different letter above bars indicated significant differences between treatments at the 5% level of probability

4  Discussion

Because qRT-PCR technology can help scientists save experimental time and improve experimental efficiency, it is widely used in various fields including basic science, biotechnology, medical research, forensic medicine, and diagnostics [4,23,24]. However, regarding the expression levels of these reference genes exist variability in different plants, tissues, developmental stages, and environmental conditions [16,25,26]. The stable internal reference gene is a reliable guarantee for accurate qRT-PCR results in plants. So far, there is no research on the systematic verification of internal reference genes for I. domestica. In this paper, we aimed to select ideal reference genes in I. domestica under drought and among tissues. A total of 11 candidate reference genes, including UBC, α-TUB, eIF, EF1α, EF1β, HIS-3, GAPDH, UBQ, SAMDC, PGK were screened, and were evaluated with geNorm, NormFinder, BestKeeper, and RefFinder. The evaluation results of different algorithms for the reference genes were inconsistent, in which the most expressed stably genes in this study included EF1α by geNorm under drought, EF1β by geNorm and NormFinder in tissues and all samples, EF1β by NormFinder under drought, HIS-3 by BestKeeper under drought and in all samples, eIF by BestKeeper in tissues. In addition, the expression level of UBC under drought fluctuated greatly, which was similar to our transcriptome results (Fig. 1d). Throughout comprehension ranking of RefFinder, the most ideal reference genes in drought, tissues and all samples were ACT, EF1β, EF1β, respectively. However, we can consider using EF1β as the internal reference gene in all samples, because ACT (2.2) and EF1β (2.3) have similar comprehensive ranking scores. EF1β gene catalyzes the extension of the amino acid chain on the ribosome in RNA transcription and regulates the synthesis of related proteins. This gene is usually used as an internal reference gene in many plants to standardize target genes under plants [27], tissues [28] and different conditions [29,30]. Nevertheless, there is also an opposite example that the expression of EF1α is the most stable and the expression of EF1β is the most unstable in the process of Phytophthora Nicotiana infection and methyl jasmonate treatment [31]. These results indicate that the stability of the same reference gene in different plants is inconsistent.

Stability of reference genes identified in this article was further validated with a target gene VP, in different drought samples and different tissues. For drought samples, regardless of whether it is normalized with one internal reference gene (ACT or EF1β) or two internal reference genes (ACT & EF1β), the expression level of VP fluctuated a little. With the aggravation of drought, the expression of VP gene changes greatly. When the unstable internal reference gene was used, the variation error of the VP gene was greater. For the tissues, the expression patterns of VP gene showed similar trends when the two most stable reference genes (EF1β & UBC) or a single gene (EF1β or UBC) was used as internal controls, while the expression level of VP was higher than that of other groups, when the most unstable gene was used as an internal reference gene. Interestingly, we also found that UBC was the most unstable reference gene under drought, but was stably expressed in different tissues similarly to the same results in other reports [16,32,33]. These results indicate that stable internal reference genes are very important for the standardization of target genes in plants. In this article, the screened internal reference genes are only suitable for gene quantitative experiments under drought stress except extreme drought stress and in different tissues.
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Table 1: Information of selected gene primers

Gene name  Gene ID Primer sequence (5’-3”) E (%) R’

UBC TRINITY_DN57660 c0 g3  F-AGGAGGTTCGTGCGTGTT 96.5 0.999
R-GGGGACCCATTATTGTTGC

a-TUB TRINITY_DN54017 cl1 g5  F-ATACACCACAGTCATCC 100.5 0.999
R-TCAAGCTAACCTTTACC

elF TRINITY DN46248 c0 gl F-AGAAGAAGGACAAGGAAC 103.1 0.999
R-GACTGATACCAGCCCAC

EFla TRINITY DN48171 ¢l g7  F-CCCATTTCTGGATTTGA 96.7 0.995
R-CCTCTTTGGCTCGTTGA

EF1p TRINITY_DN57965 c1 g6~ F-GCCTCCAGGTGCTCAAC 100.6 0.999
R-TGGCCTTTTCCTTTTCG

HIS-3 TRINITY_DN50218 ¢2 g8  F-TGGAGGGGTGAAGAAAC 101.6 0.999
R-AAAAGGCCAACCAGATAG

GAPDH TRINITY_DN58901 ¢3 g2 F-CACTCAATCACTGCCACC 98.1 0.998
R-CTTTCCCAACAGCCTTA

UBQ TRINITY_DN46952 c0 g3  F-AAGACACTCACTGGCAA 98.7 0.992
R-AGGTGCAGGGTAGACTC

SAMDC TRINITY_DN57167 c1_g2  F-TCTCGTGGCACCTTTATC 99.3 0.999
R-GCTCGGGCTTGTCTGTA

PGK TRINITY_DN56132 c0 g2  F-CACTCCTCCATCAGCAC 100.1 0.999
R-CTCCTTCTTCCCCAAAC

ACT TRINITY DN59033 c0 gl F-AGGGTTGCTCCTGTGGT 96.6 0.999
R-GGCAGTTCCGACGATGT

VP Unpublished data F-AGAGTCGTCCTGTGCCG 96.0 0.999

R-GCGAAGAGCGTCGTGAT
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Table 2: Expression stability values of reference genes calculated by BestKeeper analysis

Rank Drought Tissue All samples
Gene CV SD Gene CV SD Gene CV SD

1 HIS-3 1.83 0.46 elF 2.37 0.44 HIS-3 3.71 0.90
2 SAMDC 3.18 0.74 UBC 2.53 0.54 GAPDH 4.60 0.93
3 PGK 3.70 0.97 GAPDH 2.77 0.55 SAMDC 4.93 1.15
4 elF 4.82 1.03 EF1p 2.89 0.60 EFIp 5.37 1.17
5 ACT 4.97 1.09 UBQ 2.88 0.61 ACT 5.68 1.21
6 GAPDH 5.31 1.10 EFla 2.86 0.70 UBQ 5.75 1.25
7 EFla 4.16 1.12 HIS-3 3.27 0.76 EFlo 5.64 1.46
8 EFIp 5.18 1.16 a-TUB 3.99 0.76 elF’ 7.40 1.49
9 UBQ 6.63 1.48 ACT 4.19 0.85 UBC 7.23 1.64
10 a-TUB 6.85 1.49 SAMDC 6.47 1.50 a-TUB 8.08 1.66
11 UBC 7.71 1.82 PGK 6.72 1.53 PGK 7.86 1.91
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