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Abstract
Salvia miltiorrhiza is a widely utilized medicinal plant in China. Its roots and rhizomes are the main medicinal parts and crucial in determining the quality of
the herb. Previous studies reveal that auxin plays pivotal roles in S. miltiorrhiza root development. As the crucial early auxin-response genes, whether small
auxin-up RNA genes (SAURs) are involved in the auxin-mediated root development in S. miltiorrhiza is worthy of investigation. In this study, 55 SmSAUR
genes in S. miltiorrhiza were identified and their physical and chemical properties, gene structure, cis-acting elements, and evolutionary relationship were
analyzed. The expression levels of SmSAUR genes in different organs of S. miltiorrhiza were detected by RNA-seq combined with qRT-PCR. The root
development of S. miltiorrhiza seedlings was altered by the application of indole-3-acetic acid (IAA) and Pearson correlation coefficient analysis was
conducted to screen SmSAURs that potentially participate in this physiological process. As the results shown, the diameter of primary lateral root was
positively correlated with SmSAUR4. The secondary later root number was positively correlated with SmSAUR18 and negatively correlated with SmSAUR4.
The root length showed a positive correlation with SmSAUR28 and SmSAUR37 and a negative correlation with SmSAUR38. The root fresh biomass
exhibited a positive correlation with SmSAUR38 and a negative correlation with SmSAUR28. The SmSAURs mentioned above were probably involved in the
auxin-mediated root development in S. miltiorrhiza. Our study presents a comprehensive overview of SmSAURs and establishes the groundwork for
elucidating the molecular mechanism underlying root morphogenesis in this species.

Key Message
SmSAUR4, SmSAUR18, SmSAUR28, SmSAUR37, and SmSAUR38 were probably involved in the auxin-mediated root development in Salvia miltiorrhiza.

Introduction
Salvia miltiorrhiza is a widely recognized traditional Chinese medicine (TCM) in China. Its main bioactive compounds are hydrophilic phenolic acids and
lipophilic tanshinones (Ren, et al. 2019; Wu, et al. 2020). This herb is commonly utilized in the treatment of cardiovascular diseases (Ren, et al. 2019; Wang,
et al. 2017), hepatocirrhosis (Lin, et al. 2006), and menstrual alleviation (Lee, et al. 2020). The primary medicinal parts of S. miltiorrhiza are roots and
rhizomes, and the morphology of the roots plays a vital role in determining the yield and quality of this herb (Xie, et al. 2023). However, the molecular
mechanisms regulating root development of S. miltiorrhiza have not yet been completely elucidated. Previous studies have demonstrated that auxin, a
decisive hormone, is involved in regulating root development in S. miltiorrhiza. For instance, Zhang et al. (2023) demonstrate that applying 10 µmol·L− 1

indole-3-acetic acid (IAA) promotes root development in S. miltiorrhiza, while 20 µmol·L− 1 N-1-naphthylphthalamic acid (NPA) inhibits this biological
proces. Exogenous IAA decrease the expression level of the root growth inhibitor SmMYB52, thereby indirectly influencing the root biomass and root
length of S. miltiorrhiza (Wang, et al. 2021). Cao et al. (2021) find that treatment with 100 µmol·L− 1 IAA significantly suppresses the expression level of
SmSPL6, a promoter of root elongation in S. miltiorrhiza. In conclusion, auxin is an indispensable factor that affects root devolopment in S. miltiorrhiza,
and its precise regulatory mechanism requires to be further studied.

SAUR is a considerable gene family exclusively found in plants and is sensitively responsive to auxin (Stortenbeker and Bemer 2019). The SAUR gene
family plays an essential role in regulating plant root development (Chen, et al. 2014). In A. thaliana, AtSAUR41 promotes auxin transport in the hypocotyl,
regulates hypocotyl elongation and increases the number of lateral roots. Driven by the AtPIN2 and AtPLT2 promoters, AtSAUR41 enhance root geotropism
(Kong, et al. 2013). Overexpression of CsSAUR31 in cucumber promotes root and hypocotyl elongation (Luan, et al. 2023). OsSAUR45 inhibits the
expression of OsYUCCA and OsPIN, which affects the synthesis and transport of auxin and leads to a reduction in adventitious roots and shortening of
primary roots in Oryza sativa (Xu, et al. 2017). TaSAUR75 overexpression Triticum aestivum lines show longer root morphology in response to drought and
salt stress (Guo, et al. 2018). Nevertheless, the specific regulatory mechanisms of the SAUR gene family in the root development remains to be further
studied in S. miltiorrhiza. SAUR proteins are small proteins with a molecular weight ranging from 9 to 30 kDa that can be rapidly synthesized after exposure
to auxin. The central region of the SAUR protein typically contains a highly conserved domain consisting of approximately 60 amino acids, while the C-
terminus and N-terminus show relatively less conservation (Hu, et al. 2018; Ren and Gray 2015). However, due to functional redundancy and instability,
there are relatively few studies on SAUR genes. Single knock-outs of SAUR genes seldom produce mutant phenotypes due to functional redundancy (Sun,
et al. 2016; van Mourik, et al. 2017). Approximately 70% of SAUR genes respond to auxin in Arabidopsis thaliana, but some are not regulated by auxin (van
Mourik, et al. 2017).

In this study, we identified and comprehensively analyzed the SmSAUR gene family in S. miltiorrhiza. We investigated their physical and chemical
properties, chromosomal distribution, phylogenetic relationships, cis-acting elements, gene structure, motifs, conserved domains, as well as expression
profiles in different organs. Subsequently, the root development of S. miltiorrhiza was altered by the application of IAA and Pearson correlation coefficient
analysis was employed to sceen SmSAUR genes that potentially contribute to the root development in S. miltiorrhiza. Our study expands the understanding
of the characteristics of SmSAUR gene family in S. miltiorrhiza and provides valuable insights into revealing the roles of SmSAUR genes in regulating the
auxin-mediated root development in this medicinal plant.

Materials and methods

Plant materials and treatments
Total RNA was extracted from the roots, stems, leaves, and flowers of one-year-old S. miltiorrhiza collected from the plantation base of Yangzhou
University (32° 23' 49.99" N, 119° 26' 8.99" E). Seed germination followed the method used in previous study by Zhang et al. (2023). At the first true leaf
stage, seedlings with the same growth status were selected for further investigations. Two treatment groups were set up in this study, including 0.10



Page 3/21

µmol·L− 1 IAA-treated and control groups. The selected seedlings were randomly divided into two groups, each consisting of twelve biological replicates.
The experimental seedlings were grown hydroponically using Hoagland solution (HPHS) (Zhu, et al. 2023), with nutrient composition based on the
Hoagland solution supplemented with weakly acidic and ammonia sources. The storage solution was stored at 4°C. Then, the storage solution was diluted
20-fold before being used and its pH was adjusted to between 5.8 and 6.5 using 1 mol·L− 1 NaOH solution. The nutrient solution for hydroponic seedlings
was replaced every 3 days. After 2 months of treatment, the morphological indexes of the samples were determined, and the roots were collected for total
RNA extraction.

Identification of the SAUR gene family in S. miltiorrhiza

The gene sequences of 79 A. thaliana SAUR genes (81 AtSAUR genes, including two pseudogenes) were obtained from the A. thaliana database TAIR
(http://www.Arabidopsis.org/), and 58 O. sativa SAUR gene sequences were obtained from the National Data Center for Genome Sciences
(https://ngdc.cncb.ac.cn/) (Jain, et al. 2006). Nucleotide Blast was used with a cutoff of E-value < 1 × 10− 5 as the query sequence to search for the
SmSAUR genes in S. miltiorrhiza genome databases (Altschul, et al. 1997). This S. miltiorrhiza genome databases were obtained from the GWH database
(https://ngdc.cncb.ac.cn/gwh/Assembly/64073/show) (Pan, et al. 2023) of the China National Center for Bioinformation (https://ngdc.cncb.ac.cn/) (Lu, et
al. 2020). The methods of gene identification were referenced in the previous study (Li, et al. 2022). Briefly, the Hidden Markov Model (HMM) profiles of the
SAUR domain (PF02519) were obtained from the Pfam database (https://www.ebi.ac.uk/interpro/entry/pfam/) (Anai, et al. 1998), and the conserved
domain of candidate SmSAURs was confirmed using the NCBI database (https://www.ncbi.nlm.nih.gov/cdd/) (Wang, et al. 2023). The theoretical
isoelectric point (pI) and molecular weight (MW) of SmSAURs were analyzed using the Expasy online website (https://web.expasy.org/compute_pi/)
(Gasteiger, et al. 2005; Wilkins, et al. 1999). The subcellular localization of SmSAUR proteins was predicted using the BUSCA online website
(http://busca.biocomp.unibo.it/) (Savojardo, et al. 2018).

Phylogenetic analysis, chromosomal localization and synteny analysis
The construction of the phylogenetic tree referred to the previous method (Xu, et al. 2016), and ChiPlot (https://www.chiplot.online/tvbot.html) was used to
enhance the visual appearance of the constructed phylogenetic tree (Xie, et al. 2023). The chromosomal localization and synteny analysis of SmSAURs
were analyzed by the TBtools software (Chen, et al. 2023).

Gene structure and cis-acting elements analysis

SmSAUR proteins amino acid sequences were screened from the GWH database (https://ngdc.cncb.ac.cn/gwh/Assembly/64073/show). The motifs of
SmSAUR proteins were analyzed using the MEME online website (https://meme-suite.org/meme/tools/meme) (Bailey, et al. 2009), with 10 motifs
identified. The cis-acting elements were predicted and analyzed using the PlantCARE online tool
(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) following the method previously described by Wang et al. (2021). The gene structure and
distribution of cis-acting elements in the promoters were visualized using the GSDS online website (http://gsds.gao-lab.org/) (Hu, et al. 2014).

RNA-seq analysis
Samples of roots, stems, leaves, and flowers were collected from one-year-old S. miltiorrhiza seedlings for RNA-seq analysis, aiming to study gene
expression profiles across different organs. The root samples from the IAA-treated and control groups were also collected for RNA-seq analysis to screen
relevant functional gene. Transcriptome sequencing and analysis of the aforementioned sample batches were conducted by Majorbio company (Shanghai,
China) and visualized using the Majorbio Cloud bioinformatics platform (https://cloud.majorbio.com/page/tools/) (Ren, et al. 2022). Differential
expression of SmSAURs in diverse organs and treated groups was analyzed using the DESeq2 R package (1.10.1) (Love, et al. 2014), considering gene with
| log2

(Fold change) | ≥ 1 and the adjusted P value < 0.05, as differentially expressed.

To further verify the relationship between SmSAURs and root development in S. miltiorrhiza, we conducted a correlation analysis between the expression
levels of SmSAURs and root morphological indexes of the IAA-treated and control groups. This analysis utilized the Pearson correlation coefficient method
as described by Xiao, et al. (2023). The correlation between the calculated values was denoted by r, with a positive value indicating a positive correlation
and a negative value indicating a negative correlation. The absolute value of r reflected the strength of the correlation between the two variables. In
general, if | r | < 0.40, it suggests that the two variables have no significant correlation. When | r | ≥ 0.60 and the adjusted P value < 0.05, both variables are
considered significantly correlated.

RNA extraction, cDNA synthesis, and quantitative real-time (qRT)‑PCR analysis
Total RNA samples from different organs, as well as the IAA-treated and control groups, were extracted and reverse transcribed into cDNA using the
Vazyme Biotech (Nanjing, China) company's method (Wang, et al. 2022; Yu, et al. 2022). The genes expression levels were monitored using quantitative
real-time PCR (qRT-PCR), following the methodology described in a previous study (Lu, et al. 2020). The relative expression levels of SmSAURs were
calculated by the 2−ΔΔCt method (Livak and Schmittgen 2001), with SmActin as the internal reference gene. Gene-specific primers were designed using CE
Design v1.04 software and checked for specificity using SnapGene v4.1.9 software. Each sample hand three biological replicates (Bennett, et al. 2015).

Statistical analysis
Statistical analyses were performed to analyze gene expression and root phenotypes using IBM SPSS Statistics v26.0 software. The determination of
statistically significant differences involved one-way analysis of variance (ANOVA) followed by Duncan's multiple range test (P < 0.05), one-way analysis of
variance (ANOVA) followed by Fisher's least significant difference (LSD) test (P < 0.05), or two-tailed Student's t-tests (P < 0.01). IBM SPSS Statistics v26.0
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was also utilized to analyze the correlation between the expression levels of SmSAUR genes and the root morphological indexes of S. miltiorrhiza under
IAA treatment. The strength of the statistical correlation was assessed through bivariate correlation analysis, and for comparative purposes, followed by
two-tailed Student's t-tests (P < 0.01).

Results
Genome-wide identification and chromosomal distribution of SAUR genes in S. miltiorrhiza

A total of 55 SmSAUR gene members were identified and named SmSAUR1-SmSAUR55 according to their chromosomal location (Table 1, Table S1-S2).
Focused subsequent analysis examined the physical and chemical properties of the identified SmSAUR genes. The cDNA length of SmSAURs varied from
243 bp (SmSAUR1 and SmSAUR45) to 528 bp (SmSAUR7). The predicted MW of the SmSAUR proteins ranged from 9,126.74 Da (SmSAUR1) to 19,784.58
Da (SmSAUR7), while their theoretical pI ranged from 4.99 (SmSAUR5) to 11.07 (SmSAUR38). Subcellular localization analysis showed that 19 SmSAUR
proteins were located in the nuclear, 24 SmSAUR proteins were predicted to be in the chloroplast, 11 SmSAUR proteins were located in the mitochondrion,
and SmSAUR54 was located in the extracellular space. The results of protein hydrophilicity prediction indicated that only two SmSAUR proteins
(SmSAUR11 and SmSAUR53) were hydrophobic, while the remaining members were hydrophilic proteins.
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Table 1
Characteristics of SmSAUR genes and SmSAUR proteins in Salvia miltiorrhiza.

Gene name Gene ID Chromosome Locus CDS
Length
(bp)

Number
of aa

Theoretical
pI

Mw (Da) Subcellular
localization

Gravy

SmSAUR1 evm.model.HICASM0.1861 Chr 1 28402568–
28402810

243 80 9.45 9126.74 chloroplast -0.227

SmSAUR2 evm.model.HICASM0.2320 Chr 1 32715887–
32716110

324 107 8.88 12004.97 nucleus -0.155

SmSAUR3 evm.model.HICASM0.3206 Chr 1 41999990–
42000415

426 141 10.68 15898.87 chloroplast -0.204

SmSAUR4 evm.model.HICASM0.3700 Chr 1 47668156–
47668614

459 152 5.26 17168.34 chloroplast -0.633

SmSAUR5 evm.model.HICASM0.3702 Chr 1 47696575–
47696949

375 124 4.99 13711.53 nucleus -0.236

SmSAUR6 evm.model.HICASM0.3777 Chr 1 48614123–
48614611

489 162 5.92 17997.4 mitochondrion -0.131

SmSAUR7 evm.model.HICASM0.3856 Chr 1 49382273–
49382800

528 175 8.86 19784.58 chloroplast -0.505

SmSAUR8 evm.model.HICASM0.6011 Chr 1 69646200–
69646709

510 169 9.77 19406.3 chloroplast -0.447

SmSAUR9 evm.model.HICASM0.6012 Chr 1 69649056–
69649349

294 97 9.36 11112.73 chloroplast -0.319

SmSAUR10 evm.model.HICASM0.6013 Chr 1 69652982–
69653311

330 109 9.61 12446.1 mitochondrion -0.398

SmSAUR11 evm.model.HICASM0.6015 Chr 1 69666294–
69666623

330 109 8.49 12136.98 chloroplast 0.04

SmSAUR12 evm.model.HICASM0.6016 Chr 1 69669389–
69669700

312 103 7 11776.54 chloroplast -0.277

SmSAUR13 evm.model.HICASM0.6018 Chr 1 69681500–
69681795

312 103 6.28 11422.81 nucleus -0.319

SmSAUR14 evm.model.HICASM0.6019 Chr 1 69684559–
69684825

267 88 6.27 10090.57 chloroplast -0.208

SmSAUR15 evm.model.HICASM0.6020 Chr 1 69691882–
69692151

270 89 6.83 10163.6 chloroplast -0.254

SmSAUR16 evm.model.HICASM0.6021 Chr 1 69694065–
69694331

267 88 6.27 10105.52 mitochondrion -0.294

SmSAUR17 evm.model.HICASM0.6022 Chr 1 69700340–
69700609

270 89 6.27 10072.49 mitochondrion -0.181

SmSAUR18 evm.model.HICASM0.6024 Chr 1 69763631–
69763957

384 127 8.98 14712.01 chloroplast -0.247

SmSAUR19 evm.model.HICASM0.6025 Chr 1 69765812–
69766063

252 83 5.52 9583.92 chloroplast -0.257

SmSAUR20 evm.model.HICASM0.6026 Chr 1 69766989–
69767258

270 89 6.4 10156.59 chloroplast -0.112

SmSAUR21 evm.model.HICASM0.6027 Chr 1 69768323–
69768589

267 88 5.87 10114.55 mitochondrion -0.208

SmSAUR22 evm.model.HICASM0.6032 Chr 1 69902535–
69902801

267 88 6.82 10050.54 mitochondrion -0.183

SmSAUR23 evm.model.HICASM0.6034 Chr 1 69928469–
69928735

267 88 6.83 10046.5 mitochondrion -0.198

SmSAUR24 evm.model.HICASM0.6035 Chr 1 69931760–
69932029

270 89 6.83 10163.6 chloroplast -0.254

SmSAUR25 evm.model.HICASM0.6037 Chr 1 69976232–
69976546

315 104 7.82 11924.82 chloroplast -0.347

SmSAUR26 evm.model.HICASM0.6039 Chr 1 70017208–
70017606

399 132 9.19 14917.19 chloroplast -0.177

Chr, chromesome; CDS, coding sequence; bp, base pair; aa, amino acids; pI, isoelectric point; Mw, molecular weight; Da, Dalton.
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Gene name Gene ID Chromosome Locus CDS
Length
(bp)

Number
of aa

Theoretical
pI

Mw (Da) Subcellular
localization

Gravy

SmSAUR27 evm.model.HICASM1.5009 Chr 2 63596400–
63596828

429 142 10.06 16227.84 mitochondrion -0.334

SmSAUR28 evm.model.HICASM1.5015 Chr 2 63732051–
63732368

318 105 6.9 12058.92 chloroplast -0.39

SmSAUR29 evm.model.HICASM1.5505 Chr 2 68955041–
68955370

330 109 8.45 12995.85 nucleus -0.601

SmSAUR30 evm.model.HICASM2.1351 Chr 3 23042824–
23043052

405 134 9.66 14678.84 chloroplast -0.294

SmSAUR31 evm.model.HICASM3.97 Chr 4 868604–
869098

495 164 10.89 19024.16 nucleus -0.5

SmSAUR32 evm.model.HICASM3.2820 Chr 4 35597525–
35598022

498 165 9.65 18438.09 mitochondrion -0.398

SmSAUR33 evm.model.HICASM3.2935 Chr 4 37051300–
37051656

357 118 5.3 13210.05 nucleus -0.206

SmSAUR34 evm.model.HICASM3.2939 Chr 4 37090531–
37090996

498 165 5.5 18520.99 nucleus -0.492

SmSAUR35 evm.model.HICASM3.4371 Chr 4 52055715–
52056212

498 165 9.3 18433.28 nucleus -0.099

SmSAUR36 evm.model.HICASM3.4460 Chr 4 52984356–
52984656

366 121 9.84 14240.51 mitochondrion -0.611

SmSAUR37 evm.model.HICASM3.4501 Chr 4 53346802–
53347116

315 104 9.64 12002.68 chloroplast -0.495

SmSAUR38 evm.model.HICASM3.4569 Chr 4 53835866–
53836330

465 154 11.07 17607.71 chloroplast -0.401

SmSAUR39 evm.model.HICASM3.4793 Chr 4 55416083–
55416505

423 140 8.74 15644.22 mitochondrion -0.04

SmSAUR40 evm.model.HICASM3.4794 Chr 4 55418215–
55418637

423 140 7.69 15702.95 nucleus -0.336

SmSAUR41 evm.model.HICASM4.1150 Chr 5 11494668–
11495033

366 121 6.83 13768.96 chloroplast -0.16

SmSAUR42 evm.model.HICASM4.1195 Chr 5 12088748–
12089086

339 112 9.07 12823.73 chloroplast -0.338

SmSAUR43 evm.model.HICASM5.267 Chr 6 2265510–
2265944

435 144 8.98 16339.96 nucleus -0.439

SmSAUR44 evm.model.HICASM5.3617 Chr 6 45409751–
45410071

321 106 8.63 12456.22 nucleus -0.681

SmSAUR45 evm.model.HICASM5.3618 Chr 6 45421236–
45421402

243 80 9.34 9135.69 nucleus -0.586

SmSAUR46 evm.model.HICASM6.2154 Chr 7 20792434–
20792823

390 129 6.81 14850.74 nucleus -0.597

SmSAUR47 evm.model.HICASM7.265 Chr 8 3589444–
3589803

360 119 6.29 13511.53 chloroplast -0.407

SmSAUR48 evm.model.HICASM7.695 Chr 8 7220590–
7220940

351 116 6.82 12780.83 nucleus -0.078

SmSAUR49 evm.model.HICASM7.1146 Chr 8 11859967–
11860281

315 104 8.51 11889.73 nucleus -0.307

SmSAUR50 evm.model.HICASM7.1799 Chr 8 18500227–
18500472

246 81 9.06 9473.02 nucleus -0.347

SmSAUR51 evm.model.HICASM7.3159 Chr 8 32614058–
32614429

372 123 9.17 14287.05 chloroplast -0.088

SmSAUR52 evm.model.HICASM7.3188 Chr 8 32937744–
32938100

357 118 7.02 13610.51 nucleus -0.612

SmSAUR53 evm.model.HICASM7.3191 Chr 8 32957898–
32958266

369 122 5.3 13604 nucleus 0.234

Chr, chromesome; CDS, coding sequence; bp, base pair; aa, amino acids; pI, isoelectric point; Mw, molecular weight; Da, Dalton.
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Gene name Gene ID Chromosome Locus CDS
Length
(bp)

Number
of aa

Theoretical
pI

Mw (Da) Subcellular
localization

Gravy

SmSAUR54 evm.model.HICASM7.3595 Chr 8 38143478–
38143852

375 124 8.26 13579.82 extracellular
space

-0.007

SmSAUR55 evm.model.HICASM7.4013 Chr 8 44415884–
44416047

393 130 9.02 14332.61 nucleus -0.218

Chr, chromesome; CDS, coding sequence; bp, base pair; aa, amino acids; pI, isoelectric point; Mw, molecular weight; Da, Dalton.

Localization of SmSAURs on the chromosomes was mapped in order to further understand the characteristics of these SmSAURs. The positions of
SmSAUR genes were visualized using TBtools software (Fig. 1). The majority of members (26 SmSAURs) were located on chromosome 1, whereas
chromosome 3 and chromosome 7 had only one member. The remaining members were arranged according to the distribution of SmSAUR genes on the
chromosomes: chromosome 2 (3 SmSAURs), chromosome 4 (9 SmSAURs), chromosome 5 (2 SmSAURs), chromosome 6 (2 SmSAURs), chromosome 8 (9
SmSAURs). In addition, most SmSAURs were located in tandem clusters on chromosomes. The largest SmSAUR cluster was located on chromosome 1
and contains 19 tandem members, known as SmSAUR8-26. Two SmSAUR genes clusters were located on chromosome 4 and have two members
(SmSAUR33 and SmSAUR34, SmSAUR39 and SmSAUR40) respectively. The SmSAUR gene cluster was composed of two genes on chromosome 1
(SmSAUR4 and SmSAUR5), chromosome 2(SmSAUR4 and SmSAUR5), chromosome 6 (SmSAUR44 and SmSAUR45) and chromosome 8 (SmSAU52 and
SmSAUR53).

Phylogenetic, protein motif and conserved domain analysis of SmSAURs

To investigate the evolutionary relationships among the 55 SmSAURs, a phylogenetic tree was constructed based on the multiple alignment of the auxin-
inducible domains of S. miltiorrhiza, A. thaliana, and O. sativa, using the neighbor-joining (NJ) method. The 55 SmSAUR proteins were divided into five
groups (group Ⅰ-Ⅴ), which contained 39, 7, 4, 2, and 3 proteins, respectively. Majority of the SmSAUR proteins and their homologs in A. thaliana were
assigned to the same groups, indicating a close evolutionary relationship between SmSAUR and AtSAUR proteins (Fig. 2).

To study the phylogenetic classification and structural diversity of putative SmSAUR proteins, a phylogenetic tree based on the amino acid sequences of
SmSAUR proteins was constructed using the NJ method (Fig. 3a). In addition, the motifs in SmSAURs were analyzed using the MEME website. In total, 10
conserved motifs were identified and predicted among the 55 SmSAUR proteins, named Motif 1–10. The consensus sequences and E-value of all
sequences were displayed in Table S3. Almost all SmSAUR proteins contained conserved Motif 1, Motif 2, and Motif 3. These three motifs represented the
auxin-inducible domain and may play an essential role in the auxin signaling pathway. In addition, Motif 4 and Motif 6 usually appeared at the N-terminal,
while Motif 3 and Motif 7 appeared at the C-terminal (Fig. 3b). The results indicated that the SmSAUR family domains were highly conserved in evolution,
and closely related members of the phylogenetic tree contained the same motifs. Subsequently, the conserved domains of 55 SmSAUR proteins were
analyzed. All SmSAUR proteins have a typical auxin-inducible or auxin-inducible superfamily domain (Fig. 3c). Auxin-inducible proteins and auxin-inducible
superfamily proteins share a common ancestor in evolution, indicating that they belong to the same family. This confirms that these SmSAUR proteins are
part of the same family.

Analysis related cis-acting elements and gene structure of the SmSAURs

In order to intuitively understand the characteristics of SmSAUR genes, the phylogenetic tree of SmSAUR proteins were constructed (Fig. 4a). To
understand the potential functions of the SmSAUR genes in response to various reactions, we selected 2 kilobase promoter regions from the transcription
start sites for cis-acting elements analysis (Fig. 4b). The cis-acting elements can be categorized into three primary categories: phytohormone response,
abiotic and biological stress, as well as plant growth and development. In this study, many cis-acting elements related to phytohormone response were
identified. A total of 39 auxin response elements, 57 MeJA response elements, 75 ABA response elements, 49 GA response elements and 31 SA response
elements were identified in 55 SmSAURs. With the exception of SmSAUR25 and SmSAUR46, all promoters included phytohormone response elements. In
particular, the promoter sequences of SmSAUR10 and SmSAUR40 contained 3–4 auxin response elements, suggesting that these two genes played
important roles in the response to auxin in S. miltiorrhiza. In addition, 6 cis-acting elements related to abiotic and biological stress, as well as 3 cis-acting
elements related to plant growth and development, were also identified. With the exception of SmSAUR25 and SmSAUR46, all promoters included
phytohormone response elements. It was estimated that 33 SmSAURs were involved in plant growth and development. In conclusion, SmSAUR genes are
likely to participate in various hormonal regulations, stress responses, as well as plant growth and development.

By analyzing the exon/intron structure of SmSAUR genes, we found that all SmSAUR genes had complete open reading frame (ORF). Among them, 9
SmSAURs (SmSAUR13, SmSAUR18, SmSAUR30, SmSAUR55, SmSAUR4, SmSAUR34, SmSAUR2, SmSAUR45, and SmSAUR36) contained one intron, while
the remaining genes comprised a single exon without any introns (Fig. 4c). These results were consistent with the typical characteristics of the SAUR gene
family.

Synteny analysis of SAURs

In order to comprehend the underlying genetic mechanisms in evolution, an analysis of gene duplication events was performed on the SmSAUR gene
family in S. miltiorrhiza. Five tandem duplication events revealed the clustering of 15 SmSAUR genes: SmSAUR4/34, SmSAUR5/33, SmSAUR6/32,
SmSAUR9/25/49, SmSAUR31/38 and SmSAUR36/47/48/52 (Fig. 5a). In addition to tandem duplication events, we identified 11 pairs of segmental
duplication events using BLASTP and MCScanX methods. These findings indicated that gene duplication likely played a significant role in the generation of



Page 8/21

most SmSAUR genes, with tandem duplication events serving as the primary driving force for gene evolution. To gain a deeper understanding of the
phylogenetic mechanisms among SmSAUR genes, two comparative syntenic maps were created for S. miltiorrhiza, associating it with two representative
species: dicotyledonous (A. thaliana) and monocotyledonous (O. sativa) plants. (Fig. 5b). The results showed that there were 40 homologous gene pairs
between S. miltiorrhiza and A. thaliana, which were distributed on all chromosomes except chromosome 3. There were 12 homologous gene pairs
between S. miltiorrhiza and O. sativa, distributed on chromosomes 1, 4, 5, and 6. More gene duplication events revealed the high homology between S.
miltiorrhiza and A. thaliana.

Expression profiles of SmSAUR genes in different organs of S. miltiorrhiza

To assess the tissue-specific expression patterns of S. miltiorrhiza SAUR genes, we analyzed the transcriptome data from root, stem, leaf, and flower. After
removing low-quality reads and adapters, the sequencing of root, stem, leaf, and flower samples produced 48.03 million, 47.29 million, 49.84 million, and
44.03 million clean reads, respectively (Table S5). To verify the reliability and validity of the experiment, principal component analysis (PCA) was
performed. The results of the PCA indicated significant separation among the various treatment groups (Fig. S1a). To ensure comparability of gene
expression estimates across different experiments, we employed the most widely used gene expression normalization method. This method calculates
the transcripts per kilobase per million mapped reads (TPM) value for each gene, taking into account the effects of sequencing depth and gene length on
read counts, thereby normalizing the expression levels of all genes. The analysis results of gene expression levels displayed that the log10

(TPM+1) values of

all annotated genes were distributed between − 1.50 and 3.50 in root, stem, flower and leaf sample group, and most genes were closely clustered between
0.50 and 1.50 (Fig. S1b). A Venn diagram was generated based on the comparative results of all annotated genes in root, stem, leaf, and flower. Venn
diagram displayed the 18,039 overlapped expressed genes between root and leaf group, 18,765 overlapped expressed genes in root group and stem group,
18,136 overlapped genes in root group and flower group, 18,854 overlapped genes in leaf group and stem group, 18,400 overlapped genes in leaf group
and flower group, 18,890 overlapped genes in flower group and stem group, and 17,174 overlapped expressed genes in root, stem, leaf, and flower groups
(Fig. S1c).

The transcripts of 1 SmSAUR gene (SmSAUR35) were not detected in any of these 12 samples, indicating that SmSAUR35 was either pseudogene or had
special expression pattern that was not examined in our libraries. 54 SmSAUR genes were expressed in all 12 samples tested (FPKM > 0), and 35 genes
showed constitutive expression (FPKM > 2 in all samples). The expression profiles of SmSAURs indicated that SmSAUR13, SmSAUR31 and SmSAUR46
were highly expressed in all organs selected in this study, suggesting that these 3 genes were key functional genes (Fig. 6a). Analysis of expression
profiles revealed that 29 SmSAURs exhibited the highest expression in flowers, while 5 members, namely SmSAUR26, SmSAUR31, SmSAUR32, SmSAUR36,
and SmSAUR43, exhibited the highest expression levels in roots. SmSAURs with a close evolutionary relationship had similar expression characteristics.
For example, SmSAUR15, SmSAUR17, SmSAUR10, SmSAUR23, SmSAUR24, SmSAUR16, SmSAUR21, SmSAUR10, and SmSAUR18 all had the lowest
expression levels in the roots and the highest expression levels in the flowers. The expression levels of SmSAUR33, SmSAUR41, SmSAUR42, SmSAUR43,
and SmSAUR54, which were closely related to evolution, were the lowest in the leaves. Additionally, primer details were provided in Table S4, and qRT-PCR
was conducted to validate the expression levels of selected genes, with results consistent with the transcriptome sequencing data (Fig. 6b-i). The
expression levels of SmSAURs in the four organs were notably different, indicating that they may have multiple functions during the growth and
development of S. miltiorrhiza.

Exogenous IAA promoted the growth and root development in S. miltiorrhiza in hydroponic culture

To elucidate the relationship between SmSAUR genes and IAA, seedlings of this herb were treated with 0.10 µmol·L− 1 IAA, and the phenotypic indexes of
the IAA-treated and control groups were determined. The results indicated that IAA positively regulated the growth and root development in S. miltiorrhiza
(Fig. 7b). The IAA treatment group exhibited increased counts of primary lateral roots, secondary lateral roots, diameter of primary lateral roots, root
biomass, and fresh weight of the above-ground portion. However, there was no significant (P < 0.05) difference in plant height and leaf number between the
IAA-treated and control groups (Fig. 7b-i). Specifically, the number of primary lateral roots, number of secondary lateral roots, diameter of primary lateral
roots, root biomass, and fresh weight of the above-ground portion were 1.52-fold, 2.42-fold, 1.33-fold, 1.55-fold and 1.28-fold of that in the control group,
respectively.

Screening SmSAUR genes involved in root development of salvia miltiorrhiza was based on Pearson correlation coefficient

In order to identify auxin regulated SmSAURs that may be involved in root development, root samples of the IAA-treated and control groups were analyzed
by RNA-seq based on the experimental results of IAA promoting root development of S. miltiorrhiza. As the results shown in Table S6, there were
49.33 million raw reads and 48.84 million clean reads in the control group, and 49.78 million raw reads and 49.28 million clean reads in the IAA group. In
addition, as shown in the Venn diagram, there is 19,723 overlapped expressed genes between the two groups (Fig. 7a). The expression distribution of
genes based on TPM values, the statistical results of gene expression distribution showed that the log10

(TPM+1) values of most annotated genes were

closely clustered between 0.50 and 2.00 in both the IAA-treated and control groups (Fig. 7b). | log2
(Fold change) | ≥ 1 and P < 0.05 were used as the default

thresholds to screen the differentially expressed genes (DEGs) in the IAA group, there were 1933 differential statistics in the IAA-treated and control
groups, including 994 upregulated genes and 939 downregulated genes (Fig. 7c, Table S7). All the DEGs were approximately symmetrical in the Volcano
plot and the hierarchical clustering were presented in a heatmap according to the markedly different values of -log10

(P adjusted) and log2
(Fold Chang) (Fig. 7d).

All SmSAUR genes in the transcriptome data were screened, and the gene expression levels were visualized using a heatmap generated by TBtools
software according to the log2

(TPM+1) values. The analysis results showed that there were 27 up-regulated SmSAUR genes in the IAA group, among which

the expression levels of SmSAUR9 and SmSAUR18 increased most significantly. In addition, 20 down-regulated SmSAURs were screened in the IAA group



Page 9/21

and the most prominent ones were SmSAUR6, SmSAUR30, SmSAUR33, SmSAUR40, and SmSAUR55. But the expression levels of SmSAUR22, SmSAUR14,
SmSAUR19, SmSAUR50, SmSAUR1, SmSAUR2, SmSAUR45, and SmSAUR47 was no significant change, indicating that they were not regulated by IAA
(Fig. 8a). Besides, the expression of some of the aforementioned genes were also determined by qRT-PCR using the primers listed in Table S4, the results
were consistent with the transcriptome sequencing data (Fig. 8b).

To further clarify the role of SmSAUR genes in root development of S. miltiorrhiza, Pearson correlation coefficient analysis was used according to
transcriptome-based data. As shown in Fig. 9 and Table S8, the fresh weight of root was positively correlated with the expression level of SmSAUR38 (P < 
0.05) and showed an extremely negative correlation with SmSAUR28 (P < 0.01). There was no significant correlation between the primary lateral root
number and the expression of the SmSAUR genes. The secondary lateral root number showed an extremely positive correlation with SmSAUR18 (P < 0.01)
and a negative correlation with SmSAUR4 (P < 0.05). The diameter of the primary lateral root showed a positive association with SmSAUR4 (P < 0.05). The
last one, root length was extremely positively correlated with SmSAUR28 (P < 0.01) and positively correlated with SmSAUR37 (P < 0.05), while it was
negatively correlated with SmSAUR38 (P < 0.05). According to these results, it is speculated that several SmSAUR members may play distinct roles in
regulating auxin-mediated root development in S. miltiorrhiza.

Disscussion
The genome-wide characterization and bioinformatic analysis of SmSAURs can enhance our understanding of their regulatory roles in the growth and
development of S. miltiorrhiza. Previous studies have indicated that most plant genomes typically contain 50 to 140 members of the SAUR gene family,
and it is generally observed that SAUR genes lack introns (Zhang, et al. 2021). In this study, a total of 55 SmSAUR members were identified. Most of these
members was not contained introns and were unevenly distributed on 8 chromosomes. The theoretical pI values of SmSAURs ranged from 4.99 to 11.07.
This result was similar to the previous studies. In Pyrus bretschneideri, Benincasa hispida, and Setaria italica, theoretical pI values range from 5.10 to
10.28, from 4.60 to 10.67, and from 4.90 to 11.61, respectively (Luo, et al. 2022; Ma, et al. 2023; Wang, et al. 2022). Nearly all SmSAUR proteins exhibited
hydrophilic properties. This finding was consistent with previous findings, Wang, et, al. (2022) reveal that all the PbrSAUR proteins are hydrophilic (Wang, et
al. 2022). Replication gene pairs had the potential to facilitate the expansion of the SAUR gene family and enhanced their functional diversity. This study
revealed the occurrence of 5 tandem duplication events and 11 pairs of segmental duplication events among SmSAURs. Additionally, synteny analysis
demonstrate the presence of a significant number of SAUR homologous gene pairs in S. miltiorrhiza, A. thaliana, and O. sativa. Likewise, SAURs undergo
gene expansion events, resulting in the presence of 113, 21, and 28 gene pairs in Arachis hypogaea, P. bretschneideri, and Arachis duranensis, respectively
(Liu, et al. 2022; Wang, et al. 2022; Zhuang, et al. 2019). A total of 33 tandem duplication events and 9 segment duplication pairs were identified in SiSAURs
from S. italica, which exhibit collinearity with 4 A. thaliana genes and 18 O. sativa genes (Ma, et al. 2023).

As a class of genes that rapidly and violently respond to auxin, SAURs usually contain a variety of auxin response elements in their promoter sequences.
The promoters of AcoSAURs from Ananas comosus exhibit the presence of five key auxin-responsive elements: Dof protein binding element, AuxRE
element, ARF binding element, NDE element, and ASF-1 binding element. Among these elements, AcoSAUR9 has 10 auxin response elements (Zhang, et al.
2023). The promoters of 18 SiSAURs from S. italica were found to contain the AuxRR-core element, while the promoters of 31 SiSAURs were found to
contain the TGA-box element (Ma, et al. 2023). Luan et al (2023) found that CsSAURs contain multiple auxin response elements, including 12 TGA-
elements, 6 AuxRE elements, and 2 AuxRR-core elements in Cucumis sativus. This study also arrived at a similar conclusion. The promoter region of
ZmSAUR8 in Zea mays was found to harbor 4 ASF-1 binding elements and 1 AuxRE element, and subsequent IAA treatment resulted in a significant
upregulation of ZmSAUR8 expression (Chen, et al. 2014). In Citrullus lanatus, ClaSAUR44 contains 4 AuxRE elements and 2 NDE elements. After
application of IAA treatment, the expression of ClaSAUR44 is slightly down-regulated (Zhang, et al. 2017). Consistent with previous report, analysis of cis-
acting elements revealed the presence of auxin response elements, such as TGA-elements, AuxRE, and AuxRR-core, in a total of 29 SmSAURs. Subsequent
analysis revealed significant regulation of SmSAURs (SmSAUR10, SmSAUR11, SmSAUR23, SmSAUR32, SmSAUR40, SmSAUR48, and SmSAUR49), which
exhibited a high abundance of auxin response elements, following IAA treatment. These results indicated that SmSAURs were highly likely to possess
momentous roles in modulating the IAA response in S. miltiorrhiza.

SAURs exhibit a high degree of functional diversity in regulating plant growth and development, with their gene expression patterns closely associated with
their respective functions. For instance, AtSAUR53 is expressed in the cotyledon and upper hypocotyl of A. thaliana seedlings, and its overexpression leads
to seedlings with enlarged cotyledons and elongated hypocotyls (Kathare, et al. 2018). In O. sativa, the expression of OsSAUR56 is higher in inflorescence,
and knock-out of OsSAUR56 promotes flowering (Zhao, et al. 2023). CsSAUR31 has a high expression level in the root, and overexpression of CsSAUR31
increases the root length of Cucumis sativus (Luan, et al. 2023). In this study, the expression analysis revealed that SmSAUR31, SmSAUR26, SmSAUR32,
SmSAUR41, and SmSAUR43 all had the highest expression in the roots. Among them, the expression of SmSAUR26 and SmSAUR32 in the root is much
higher than that in other organs. These results indicate that these SmSAUR genes may be involved in the physiological process of root development in S.
miltiorrhiza.

As the early auxin-response genes, SAURs play a crucial role in auxin signal transduction. Numerous studies have demonstrated that the expression of
SAURs is induced by exogenous auxin. Liu et al. (2022) report that AhSAURs from different subfamilies exhibit distinct expression characteristics in
response to IAA. Notably, the expression levels of most members in subfamily II and subfamily III are up-regulated and peak after 30 minutes of IAA
treatment in A. hypogaea. In Medicago truncatula, MtSAUR genes containing more than two AuxRE elements display rapid responsiveness to exogenous
IAA within 5 minutes (Zhang, et al. 2021). In Malus domestica, the expressions of 42 MdSAURs is down-regulated, while 16 genes are up-regulated after
the application of 10 mmol·L− 1 IAA (Wang, et al. 2020). Similarly, in this study, the expression levels of most SmSAURs were regulated after being treated
with exogenous IAA. These results implied that these SmSAUR members may play specific roles in the IAA signaling transduction pathway. In addition,
previous investigation suggests that SAURs participate in auxin-regulated plant root development. Overexpression of AtSAUR53 in A. thaliana leads to
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elongated and curly primary roots, potentially interfering with auxin transport (Kathare, et al. 2018). The PagWOX11/12a-PagSAUR36 module positively
regulates the number and length of adventitious roots through the IAA signaling pathway in Populus (Liu, et al. 2022). The expression level of CbSAUR41 is
up-regulated and positively correlated with the formation of lateral root initiation sites and the elongation of root cells under indole-3-butyric acid (IBA)
treatment in Cinnamomum bodinieri (Xiao, et al. 2020). Consistent with these findings, our study demonstrated that S. miltiorrhiza seedlings exhibited an
increasing in root biomass, more lateral roots, and thicker root diameter following IAA treatment. Correlation analysis between genes expressions and root
morphological indexes revealed that the SmSAURs were closely associated with root development of S. miltiorrhiza, and several members of SmSAURs
were found to be significantly correlated with two or more root morphological indexes simultaneously. There was a positive correlation between the fresh
weight of the root and the expression level of SmSAUR38, while exhibited an extremely negative correlation with SmSAUR28. The number of secondary
lateral roots exhibited an extremely positive correlation with SmSAUR18 and a negative correlation with SmSAUR4. The diameter of the primary lateral root
exhibited a positive association with SmSAUR4. Lastly, the root length exhibited an extremely positive correlation with SmSAUR28 and a positive
correlation with SmSAUR37, but it showed a negative correlation with SmSAUR38. These highly correlated SmSAUR genes can be considered as primary
candidate genes regulating root development in S. miltiorrhiza.

Conclusions
The SAUR gene family plays an indispensable role in regulating diverse biological processes in plants. In this study, we identified and analyzed 55
SmSAURs. Chromosomal mapping showed that 55 SmSAUR genes were distributed on all 8 chromosomes of S. miltiorrhiza, and gene clusters were
present. Phylogenetic analysis demonstrated the clustering of SmSAURs into 5 distinct groups. Gene structure and motif analyses revealed that the
majority of SmSAURs exhibited a conventional distribution of exons and introns, along with consistent motif compositions. Synteny analysis results
demonstrated that SmSAURs and AtSAURs experienced multiple gene duplication events. Diverse cis-acting elements were identified in the promoter of
SmSAUR genes, with hormone-responsive elements accounting for a high proportion. Tissue-specific analysis revealed alterations in the expression levels
of 55 members of SmSAUR gene family across four distinct organs. Based on the RNA-seq data from S. miltiorrhiza seedlings treated with IAA, combined
with Pearson correlation coefficient analysis, we found that several root morphological indexes were correlated with the expression of SmSAURs. Namely,
the diameter of primary lateral root was positively correlated with SmSAUR4. The secondary later root number was positively correlated with SmSAUR18
and negatively correlated with SmSAUR4. The root length showed a positive correlation with SmSAUR28 and SmSAUR37 and a negative correlation with
SmSAUR38. The root fresh biomass exhibited a positive correlation with SmSAUR38 and a negative correlation with SmSAUR28. SmSAUR4, SmSAUR18,
SmSAUR28, SmSAUR37, and SmSAUR38 could be used as the potential candidates in the future study to uncover the molecular mechanism underlying the
auxin-mediated root development in S. miltiorrhiza.
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Figures

Figure 1

Chromosome mapping of the S. miltiorrhiza SAUR gene family. Chromosomal information for SmSAURgenes was obtained from the S. miltiorrhiza
genome annotation results and mapped to the corresponding chromosomes. The scale on the left is used to estimate the chromosome lengths. The blue
boxes represent the chromosomes of S. miltiorrhiza. The SmSAUR gene family members are marked in black. The chromosome number is shown on the
top of each chromosome.
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Figure 2

Phylogenetic analysis of SAURs in S. miltiorrhiza, A. thaliana, and O. sativa. Different SAURsin the three species are divided into five distinct groups, and
the branches of these groups were colored differently. Different symbols outside the branches represent different species, among which orange circles,
purple diamonds and green squares represent S. miltiorrhiza, A. thaliana, and O. sativa, respectively. Different branch lengths represent the degree of
difference among the evolution of SAURs (bar = 0.5).
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Figure 3

Phylogenetic analysis, cis-acting elements and gene structure of SmSAURs in S. miltiorrhiza. a The phylogenetic tree of SmSAUR family proteins. The
phylogenetic tree was generated using the neighbor-joining (NJ) method, and a bootstrap analysis was conducted with 1000 iterations. b Cis-elements in
promoters of SmSAURgenes. Different colored boxes represent cis-acting elements with different functions. c The gene structure of SmSAURs. Black lines,
blue-filled boxes and yellow-filled boxes indicate introns, untranslated regions (UTRs), and Exons, respectively.
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Figure 4

Phylogenetic analysis, motifs, and conserved domains of SmSAUR gene family in S. miltiorrhiza a The phylogenetic tree of SmSAUR proteins was
constructed. b Conservative motif distribution of SmSAUR proteins. Different colors boxes represent different putative motifs. c Auxin-inducible (yellow-
filled boxes) and Auxin-inducible superfamily domain (turquoise-filled boxes) of SmSAURs.
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Figure 5

Synteny analysis of SAUR genes aSynteny analysis of SmSAURs in S. miltiorrhiza. The blue circles represent the 8 chromosomes of S. miltiorrhiza. The
gray line represents all syntenic blocks in the genome of S. miltiorrhiza, and the red lines represent duplicate SmSAUR gene pairs. b-i Synteny analysis of
SAUR genes among S. miltiorrhiza, A. thaliana, and O. sativa. The chromosomes of the three species are marked with different colors. Gray lines represent
the collinear blocks within S.miltiorrhiza, A. thaliana, and O. sativa. Red lines show the orthologous relationships of SAUR genes among S. miltiorrhiza,
A.thaliana, and O. sativa.

Figure 6

The expression profiles of SmSAURsin different organs of S. miltiorrhiza. a The heatmap depicting the expression profiles of SmSAURs in different organs.
Changes in expression levels are represented with different colors, the orange indicates a higher expression level, and the blue indicates a lower
expression level. b The qRT-PCR validations of relative expression levels of eight randomly selected genes from SmSAUR gene family. The error bars
represent means ± SD (n= 3). Different lowercase letters on the bar chart indicate differences in significance tested following Duncan's one-way multiple-
range post hoc ANOVA (P< 0.05).
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Figure 7

RNA-seq analysis of the IAA-treated and control groups in S. miltiorrhiza. a The Venn diagram of DEGs in the two groups. b Expression distribution of
genes based on TPM values. c Number of DEGs in the two groups (control and IAA).  d Volcano plot of the DEGs with the cutoff (| log2

(Fold change) | ≥ 1 and
FDR < 0.05) in the two groups. The red color represents up-regulated DEGs, the blue color represents down-regulated DEGs, and the gray color represents
the non-DEGs. CK, the control group; IAA, the IAA-treated group.
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Figure 8

Effects of exogenous IAA application on growth and lateral root development of S. miltiorrhiza. a Phenotype of S. miltiorrhiza seedlings in the IAA-treated
and control groups. b-d The growth indexes in the different groups. e-i The root morphological indexes in the different groups. CK, the control group; IAA,
the IAA-treated group. The error bars represent means ± SD (n = 3). Statistically significant differences between different treated groups are calculated
based on the paired-sample t-tests: * P < 0.05; ** P< 0.01.

Figure 9

Expression patterns of SmSAURs in the IAA-treated and control groups in S. miltiorrhiza. a The heatmap depicting the expression profiles of SmSAURs.
The expression levels in different groups are represented with different colors. The orange color indicates a higher expression level, and the blue color
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indicates a lower expression level. b The qRT-PCR validations of relative expression levels of twelve randomly selected genes from SmSAUR gene family.
CK, the control group; IAA, the IAA-treated group. Different treated groups are shown by different colors. These data are normalized relative to the internal
control SmActin and is shown as the means ± SD of three independent biological repetitions. Statistically significant differences between different treated
groups are calculated based on the Student’s t-tests: * P < 0.05; ** P < 0.01.

Figure 10

Pearson correlation coefficient analysis to screen the potential SmSAUR genes being involved in root development in S. miltiorrhiza. The size of the circles
represents the degree of association between the SmSAUR genes and root development; green circles represent a negative correlation, while orange
circles represent a positive correlation. The absence of a circle indicates no correlation.
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