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Abstract
Background: Fuzi is a processed product of the lateral root of Aconitum carmichaelii Debx, a plant of the
Ranunculaceae, and has been used to treat various diseases. This study used Illumina Hiseq High-
throughput platform to sequence, assemble and annotate, screen development related genes,
transcription pathways and functional enrichment in true root, lateral roots and “bridge”, and analyzed
their correlations with the formation and development of lateral roots of A.carmichaelii, which can reveal
the process and regulation mechanism of lateral roots growth and maturation of A. carmichaelii.

Results: By sequencing, a total of 66.13Gb clean data and 28,982 unigenes with function annotation were
�nally obtained, with N50 of 1,627 bp, and 12,833 genes were assigned to 130 speci�c metabolic
pathways by Kyoto Encyclopedia of Genes and Genomes (KEGG), then 2,599 were signi�cantly
differentially expressed. The KEGG analysis of the DEGs revealed that it was mainly enriched in starch
and sucrose metabolism, ribosome, carbon metabolism, plant hormone signal transduction which play
an important role in the expansion of lateral roots. The DEGs and pathways indicated that there was little
differences between true root and “bridge”, while a big difference between them and lateral roots. The
DEGs of auxin, cytokinin and other pathways may be conducive to the formation of lateral roots, which
explained the development mechanism of lateral roots from a molecular point of view.

Conclusions: This study provides a reference for the study of cultivation and management of lateral roots
of A. carmichaelii.

Background
Aconitum carmichaelii, an important traditional Chinese medicine, belongs to Ranunculaceae, it is an
annual to perennial herb [1–2]. It has a cultivation history of nearly a thousand years in Mianyang in
Sichuan [3–5]. Its medicinal part is the true root which is called "Chuanwu" after processing for dispersing
cold and relieving pain. Lateral roots are also used as medicine and called “FuZi” [6–9]. A. carmichaelii
mainly distributed in Asia, Europe and North America and is the most widely distributed species of A.
carmichaelii in China.

Most dicotyledons have straight roots, which are composed of true roots and lateral roots, such as
Arabidopsis, Aconitum etc [10–11]. Some studies have shown that the embryo of dicotyledons �rst forms
the radicle during the development process, and only one true root is formed after the seed germination
[12–13]. The lateral roots are the main roots and nodes, which usually includes the initiation of lateral roots
occurrence, the construction of lateral roots primordium and the exposure of lateral roots [14–15]. There is
a true root and one or several lateral roots in A. carmichaelii, and FuZi is a special structure, which is
attached to the root of the plant and consists of a terminal bud, axillary bud and tuberous adventitious
roots [16]. The lateral roots are oboval, 2-4cm long, 1-1.6cm thick and dark brown in outer skin [6]. In March
of the second year, the part on the abaxial side below the �rst node of axillary bud formed the
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adventitious root primordial that is directly connected with the bud telogen cambium. At the same time,
the �rst node of axillary buds extended horizontally to form a "bridge" connecting the true root [17] (Fig. 1).

Traditional physiological development studies have shown that the lateral root of A. carmichaelii is
actually a renewal bud, mainly develop from the �rst node of the stem base of the plant, and the true root
decay in winter, then the lateral root develops into a new plant in the next year [18]. In the process of
practical cultivation, it was found that in the process of stem withering in autumn and winter, the multi
stem nodes buried under the soil can grow into lateral roots, which shows that the e�ciency of asexual
reproduction is very high [19–20].

Compared with the aboveground part, the morphological and anatomical characteristics of root are
relatively simple, and it only plays a "secondary role" in function. There are few studies on the
development process of lateral roots, especially the formation mechanism of lateral roots [21]. At present,
researches on the mechanism of lateral roots development mainly stay in Arabidopsis thaliana and some
monocotyledons such as rice and wheat [22]. As an important medicinal part of A. carmichaelii, FuZi has
little research on its development process and in�uencing factors, and its molecular biological
mechanism is even less clear. In this study, the true root-“bridge”-lateral root of A. carmichaelii were
selected to compare the transcriptome and molecular expression activities of related genes, and to reveal
the development regulation mechanism of lateral roots of A. carmichaelii.

Results
Library sequencing and assembly

A total of 66.13Gb clean data was obtained from 9 transcriptome libraries of A. carmichaeli’s true root,
lateral roots and “bridge”. There were 77,202,226 reads in true root, 70,043,540 reads in “bridge” and
73,419,580 reads in lateral roots. The Q30 of each sample was 93.21% or higher and GC content of
45.22%. A total of 28,185 Unigenes were obtained after assembly, with a total length of 42,159,509. The
N50 of Unigenes was 1,627 bp, among which 15,651 Unigenes were more than 1kb in length.

Based on the data of 9 samples, the genes whose expression threshold was greater than or equal to 0.1
were screened by union method, and compared according to the same sample mixing tank. The results
showed that 16,478 genes were expressed in true root, 16,743 in “bridge” and 17,552 in lateral root
(Fig.2). Among them, 14,915 genes were expressed in all tissues, and 1,197 genes were expressed only in
lateral roots. There are many genes that the other parts don’t have in the lateral roots, There are many
genes in the lateral roots that don’t exist in the true root and “bridge”, indicating that the lateral roots have
different growth and development mechanisms.

Functional annotation and enrichment analysis of expressed genes

To obtain a comprehensive annotation of A. carmichaeli transcriptome, 36,203 full-length transcripts was
annotated by searching against seven protein databases and a total of 28,185 transcripts were
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annotated. In addition, 8018 unannotated unigenes might represent novel A. carmichaeli genes

BLASTx similarity analysis against the Nr database demonstrated that the A. carmichaeli full-length
transcripts were similar to several plant species (Table 2). Among them, 12,477 (45.96%) transcripts
showed signi�cant homology with that of Aquilegia coerulea and 1215 (4.48%) and 724 (2.67%)
transcripts had high similarity with sequences of Macleaya cordata and Nelumbo nucifera, respectively.

Based on the results of Nr annotation, 13,932 unigenes were assigned to 44 functional groups in GO
database, and most of the unigenes showed more than one functional group, and we totally detected
107,745 hits followed by 6986 unigenes and 6977 unigenes, 8093 unigenes in the remaining three main
functional categories, i.e., ‘cellular component’, ‘ biological process’ and ‘molecular function’, respectively
(Fig.3).The dominant subgroups were ‘oxidation-reduction process’, ‘translation’ and ‘transmembrane
transport’ which were annotated genes 2770, 1465, 1103 respectively in the group of biological
processes. Among cellular component functions, 6474, 2494, 2347 annotated genes were classi�ed into
‘the integral component of membrane’, ‘nucleus’, and ‘cytosol respectively’. In the group of molecular
function, ‘ATP binding’, ‘metal ion binding’, ‘structural constituent of ribosome’ were the principal GO-terms
comprising of 3296, 1725, 1629 annotated genes respectively. These functional categories are important
activities in plants and participate in the biosynthesis of metabolites. A total of 10,735 unigenes that
annotated by the COG database were functionally classi�ed into 25 molecular families. the �ve largest
categories were “Translation, ribosomal structure and biogenesis” (1650,15.54%), “Posttranslational
modi�cation, protein turnover, chaperones” (1183,11.14%), “General function prediction only” (1
173,11.05%), “Carbohydrate transport and metabolism” (1078,10.15%) and “Energy production and
conversion” (861~8.11%). KEGG pathway enrichment analysis is helpful for functional genes
identi�cation, understanding the functions of genes in the biosynthetic pathways and annotated a total
of 12,104 unigenes and assigned them to �ve main categories and 131 biological pathways. The largest
pathway was the “Ribosome” pathways containing 1207 transcripts. Moreover, a number of transcripts
were assigned to other signi�cant pathways, such as biosynthesis of amino acids and carbon
metabolism.

Enrichment analysis of metabolic pathways of differentially expressed genes

To investigate and understand the variation of transcript abundance and expression patterns of genes,
we carried out a comparative analysis of the differential genes of true root (A), “bridge” (B), lateral root (C)
of A. carmichaelii (A vs. B, A vs. C and B vs. C) and the results were displayed in Table 3. Moreover, true
root and lateral root had the most speci�cally expressed differential genes (1468), while lateral root and
“bridge” had fewer differential genes (1248) and fewer differences between true root and “bridge”.
81genes were differentially expressed in all comparison groups, suggesting that there was a larger
biological differences between true root and lateral root of A. carmichaelii and these genes may play an
important role in the metabolism of different root of A. carmichaelii. 

To obtain insight into the functional categories of the DEGs between true root and lateral root, the GO
enrichment analysis was performed using Goatools (Fisher exact test, P-value≤0.05). a total of 646 DEGs
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were annotated into GO database, The most enriched GO category among these DEGs was ‘catalytic
activity’ (GO: 0005488 399 DEGs), followed by ‘metabolic process’ (GO:0008152, 370 DEGs), ‘cellular
process’ (GO: 0009987,334 DEGs), ‘binding’(GO: 0005488 287 DEGs). ‘cells’ (GO: 0005623, 257 DEGs),
‘cell part’ (GO:0044464, 254 DEGs). Thus, the growth and development of between true root and lateral
root in A. carmichaelii is complex and various

Through KEGG enrichment search, we found that there were 31 transcriptome differential genes between
true root and “bridge”, which were distributed in 23 metabolic pathways. These metabolic pathways can
be classi�ed into three categories, the most is metabolism, and followed by environmental signal
processing; There are 498 transcriptome differential genes between true root and lateral roots, which are
distributed in 100 metabolic pathways. These metabolic pathways can be classi�ed into �ve categories,
the most is metabolic pathway, and followed by genetic information processing. There are 331
transcriptome differential genes between “bridge” and lateral roots, which are mainly distributed in 77
metabolic pathways. These metabolic pathways can be classi�ed into four categories, the most of which
are metabolic pathway. The pathways that displayed signi�cant changes between true root and lateral
root were identi�ed using the KEGG database. A total of 12 KEGG pathways were signi�cantly enriched
(Table 4), among which the ‘Starch and sucrose metabolism’, ‘Ribosome’, ‘Carbon metabolism’,
‘Phenylpropanoid biosynthesis’, and ‘Plant hormone signal transduction’ pathways were the most highly
represented. The largest number of DEGs were in the ‘Starch and sucrose metabolism’ category
(ko00500), indicating that starch and sucrose play an important role in the growth and development of
lateral roots. The ‘plant hormone signal transduction’ pathway (ko04075) exhibited the 15 DEGs,
indicating that plant hormones play important roles in the growth and development of roots in A.
carmichaelii.

Statistics of SNPs and SSRs

Simple Sequence Repeat (SSR) and Single Nucleotide Polymorphisms (SNP) are important marker types
for screening transcriptome sequence differences among trueroot, lateral root and “bridge” of A.
carmichaeli. In this study, 3 838 SSR markers were obtained from single gene sequence structure analysis
of 9 transcriptome libraries, and most of them were single base repeats (2038 genes), and then three
base repeats (1080 genes) and two base repeats (517 genes) were followed. The results showed that
there were 676,573 SNPs in the transcriptome library of three true root samples, 661 848 SNPs in three
“bridge” samples and 673 537 SNPs in three lateral root samples.

Transcription factors TF prediction

The Unigene annotated in this study was compared with PlantTFDB (plant transcription factor database)
and AnimalTFDB (animal trnscription factor database) databases to predict the transcription factor and
the family information. A total of 1910 expressed TFs belonging to 211 TF families were identi�ed from
the transcriptome dataset (Fig.5). Among them, the most abundant TF family was The Cys2His2 (C2H2)-
type zinc-�nger protein (ZFP) family, which is one of the largest class of plant TFs and have been
extensively studied and have been shown to play important roles in plant development and
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environmental stress responses by transcriptional regulation. The expression pattern analysis of the nine
transcripts indicated that TFs regulating the growth and development of roots in A. carmichaeli displayed
high expression in true root and lateral roots. 

Discussion
Using FDR less than 0.05 and FC (fold change) greater than or equal to 2 as the standard, we found that
there were little differences between true root and “bridge” (Fig. 1), while there was a big difference
between them and lateral roots. It could be inferred that the “bridge” may be an extension of the true root
of A. carmichaelii. In the screening process of traditional quality, the evaluation criterias that “excellent
shape and high quality” are the shape of A. carmichaelii is superior to that with proper internode, less
angle, and inferior to that of the shape with irregular shape and wrinkle” and “the shape of A. carmichaelii
is proper internode, less angle, thin top” [23]. Through the analysis of transcriptome differences, we found
that the “bridge” and true root have a high similarity. But the lateral roots with renewal bud is often used
as inferior but not effectively used (Fig. 1, D). This will be a breakthrough point to inspire new quality
standards, and it needs to be further studied and veri�ed.

Among the metabolic pathways of true root and “bridge”, “carbon metabolism” (ko01200) is the most
abundant differential genes and there are three differential genes in this pathway. In the metabolic
pathway of true root and lateral roots, the most abundant differential genes are "starch and sucrose
metabolism" (ko00500). Starch is the storage form of important carbohydrate nutrients during the growth,
development and reproduction of higher plants. Generally, the accumulation of substances in the storage
organs of plants reaches its peak in autumn, and then begins to decrease in the spring of the following
year, re�ecting that it provides substances and energy for the activities of the buds on the storage organs.
Starch is the main storage substance of A. carmichaelii, but the starch accumulated in the lateral roots of
A. carmichaelii reaches the highest peak in summer [17, 24–25]. According to KEGG database,a total of 270
genes were annotated in the Starch and sucrose metabolism pathway (ko00500). These genes have the
highest expression in lateral roots, followed by bridges, and �nally roots. There are 26 DEGs between ture
root and lateral root including 18 up-regulated genes and 8 down-regulated genes, and there are 19 DEGs
between the “bridge” and lateral root including 9 up-regulated genes and 10 down-regulated genes
(Fig. 4). Compared with true root, starch synthase (EC:2.4.1.21, c432375.graph_c0) and cellulase
(EC:3.2.1.4, c423764.graph_c2, c419143.graph_c1) was up-regulated in lateral roots. And
polygalacturonase (EC: 3.2.1.1, c419754.graph_c0; c420224.graph_c0) was down regulated. Compared
with “bridge”, hexokinase (EC: 2.7.1.1, c413999.graph_c2) is up-regulated in lateral roots, and sucrose-
phosphate synthase (EC: 2.4.1.14, c434389. graph_c0) was down regulated. The reason may be that
carbohydrates provided by the ture-root for growth and development in the early stage of development,
and then these carbohydrates are converted into starch and stored in the lateral roots in large quantities,
causing the lateral roots of A. carmichaelii to expand. The arti�cial cultivation of A. carmichaelii is
imperative, and starch-related genes are arti�cially used to promote the expansion of lateral roots and
improve the quality of A. carmichaelii. In spring and summer, immature lateral roots can quickly
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accumulate large amounts of starch in the ture root to provide material and energy for later growth and
development. As a result, lateral roots are earlier independent of the ture root in terms of material and
energy supply, and then the next generation of A. carmichaelii be produced on the mature lateral root,
which further shows that the lateral roots is a very special renewal bud.

Plant root system not only plays a role in �xing plants, absorbing water and nutrition, but also has the
function of synthesizing plant hormones and essential substances [22, 26]. In the process of lateral roots
growth and development, plant hormone is one of the most popular and important factors. At present, six
kinds of plant hormones have been found to play different roles in the development of lateral roots [27],
including auxin [28–30], cytokinin(CTK) [31–34], gibberellin [35–39], Ethylene [40–42], abscisic acid(ABA) [43–44]

and brassinosteroids(BR)[45–47]. Auxin can increase the number of lateral roots and promote the
formation of lateral roots. Cytokinin and abscisic acid play a negative regulatory role in the formation of
lateral roots [48], while brassinolide positively regulates the formation of lateral roots [49], and other
hormones such as ethylene plays in a double-edged way [50–51]. Based on the comparative transcriptomic
analysis of the true root, “bridge” and lateral roots of A. carmichaelii, it was found that the regulatory
hormones related to the growth and development of lateral roots were mainly enriched in the plant
hormone signal transduction pathway (ko04075). Auxin in�ux carrier (Aux1) two-component response
regulator ARR-B and abscisic acid receptor PYR/PYL were up-regulated genes, while histidine-containing
phosphotransfer peotein (AHP) was down-regulated genes (Fig. 5).

Four sequences (c420910.graph_c0 c426192.graph_c0 c415294.graph_c0 c419888.graph_c0) were
found in AUX1 gene, where the expression of auxin in�ux carrier (c429056.graph_c0) was the highest.
During the growth and development of Arabidopsis lateral roots, Aux1 binds to and activates transport
inhibitor response 1 receptor(T1R1), leading to biquitin mediated proteolysis of Aux / IAA protein, and
auxin response factor binding to Aux1 is activated, promoting cell division and initiating the occurrence
of lateral roots [52–56]. It may be similar to the lateral roots development of A. carmichaelii. CTK is
generally considered as a negative regulator of lateral root formation. In this pathway, �ve sequences
(c422916.graph_c2; c422916.graph_c1; c436898.graph_c0.; c435355.graph_c0; c429056.graph_c0) of
the cytokinin receptor (CRE1) have been found the highest expression. CTK are bound with CRE1
receptors, after the receptors recognize the CTK, they transfer the phosphate groups through AHP. ARR
and BRR participate in competitive phosphorylation reaction, phosphorylated ARR interacts with various
effector factors and mediates the response of CTK to regulate the development of lateral roots [57–60]. In
ABA signaling pathway, a total of 8 sequences (c432849.graph_c0 c423931.graph_c0
c422059.graph_c0 c414097.graph_c0 c419860.graph_c2 c419164.graph_c0 c412687.graph_c1
c415984.graph_c0) were found on PYR / PYL receptor, of which the expression level of abscisic acid
receptor PYR/PYL c415984.graph_c0 was the highest. In this pathway, abscisic acid was mediated by
PYR / PYL receptor protein, and then activated serine/threonine-protein kinase (SnRk2) to inhibit the
development of lateral roots (Fig. 5).

Conclusion
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In this study, the regulation and molecular mechanism of plant hormones in the occurrence and
development of A. carmichaelii’s lateral roots were discussed. During the development of lateral roots,
transcriptome analysis showed that the growth and development regulating hormones of lateral roots
were mainly enriched in plant hormone signal transduction pathways, among which auxin, cytokinin,
abscisic acid and other hormones played an important role, which was similar to the regulatory
mechanism of other dicotyledonous plants such as Arabidopsis thaliana. Further studies are needed to
�nd the possible mechanisms of the lateral roots development as noted in the present study. To a certain
extent, it provided a basics for the target species with good root characteristics. Besides, the marker
candidates around genes will become one of the new research directions.

Materials And Methods
Plant materials

The plant materials of A. carmichaelii (Fig.1) with consistent genetic background and growth were
collected in Mianyang, Sichuan, China N31°53’ E104°04” in October 2020 and were randomly divided
into three groups. There wasn’t necessary to obtain permission for collecting these samples. Each plant
was divided into three different tissues (true root, “bridge”, lateral root), and each tissue obtained three
biological replicate samples. (The true roots were A1, A2 and A3; The “bridges” were B1, B2, B3; The
lateral roots were C1, C2, C3). The plant materials was identi�ed by Jihai Gao and stored at − 80 °C in the
State Bank of Chinese Drug Germplasm Resources.

Library construction and sequencing

The total RNA of each sample was extracted by Trizol Kit (Burlington Co. Canada), isolated and puri�ed
by Oligo (dT) magnetic beads. The mRNA was decomposed into short gene fragments and then reverse
transcribed into cDNA strand and nine transcriptome libraries of FuZi were established. The
concentration and insert size of the library were detected by Qubit2.0, Agilent 2100 and Q-PCR method,
respectively. Then sequencing was performed on the Illumina novaseq 6000 platform with double-ended
strategy.

High throughput sequencing, assembly and functional annotation of transcriptome

The Transcriptome Library of FuZi was sequenced by using Illumina Hiseq2500 High-throughput
sequencing platform. After intercepting the sequencing primer and �ltering the low-quality data of the raw
sequence, the clean reads were obtained. The long segment Contig was assembled by Trinity software,
and obtained the long fragment set Component (Unigene) .

Blast software was used to compare Unigene sequences with the NCBI non-redundant protein sequence
(NR), Swiss-Prot protein (Swiss-Prot), Gene Ontology (GO), Clusters of Orthologous Group (COG),
eukaryotic Orthologous Groups (KOG), eggNOG4.5, Kyoto Encyclopaedia of Genes and Genomes (KEGG)
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Gene expression and differential enrichment analysis

TransDecoder software was used to predict the coding region of Unigene and its corresponding amino
acid sequence. The SSR Analysis of Unigene with more than 1kb was performed by MISA software. STAR
software was used to compare the reads and unigene sequences of each sample, and the Single
Nucleotide Polymorphism (SNP) was identi�ed by the SNP recognition process of GATK for RNA-Seq. The
Bowtie software was used to compare the sequenced Reads with Unigene library. According to the
comparison results, the expression level was estimated combined with RSEM. FPKM value was used to
represent the expression abundance of corresponding Unigene.

Quantitative real-time PCR validation analysis

The expression levels of these transcripts were checked in true root, lateral roots and “bridge” of A.
carmichaeli by quantitative real-time PCR (qRT-PCR) in order to see if they are speci�cally up-regulated.
To verify the accuracy and reproducibility of the RNA-Seq data, and further con�rm the pattern of
differential gene expression, The quantitative reactions were performed on a BioRad CFX 1,000 Real-Time
PCR System, using SYBR® Premix Ex Taq™ (Perfect Real Time) (TaKaRa). In this study, we did some
quantitative analysis of 16 genes (Table 1) which was related to the the mechanism of rue root, lateral
roots and “bridge” development. Q-PCR was performed under the following conditions: 95 °C for 20 s;
forty cycles of 95 °C for 15 s, and 55 - 60 °C for 30 s. The relative expression of each gene was calculated
according to the comparative cycle threshold (ct) method. 

Abbreviations
A: The true roots; B:The “bridges”; C:The lateral roots;Aux1:Auxin in�ux carrier ; AHP:histidine-containing
phosphotransfer peotein; CRE:the cytokinin receptor; ABA:abscisic acid; BR:brassinosteroids; SSR:Simple
Sequence Repeat; SNP:Single Nucleotide Polymorphisms; TF:Transcription factors; qPCR:Quantitative
polymerase chain reaction; C2H2:The Cys2His2; ZFP:zinc-�nger protein.



Page 10/21

Funding

This work was supported by Sichuan Provincial Central Government Guides Local Science and
Technology Development Special Project under Grant number 2020ZYD058, Major Special Project of
National Natural Science Foundation of China under Grant number 81891010, National Natural Science
Foundation of China under Grant under Grant number 81630101 and Discipline Talents Promotion Plan
of Chengdu University of Traditional Chinese Medicine under Grant number QNXZ2018017 and
QNXZ2019001. They were not involved in any part of this study or in writing the manuscript.

Availability of data and material

Raw data for the transcriptomics experiment are available on the the BGI Database
(https://db.cngb.org/search/project/) as series CNP0001721. All data analyzed during this study are
included within this published article and any supplementary material. Raw data is available upon
request from the corresponding author. The experimental research, including the collection of plant
material, comply with the national and international guidelines.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests

References
1. Singhuber J, Zhu M, Prinz S, Kopp B. Aconitum in traditional Chinese medicine: a valuable drug or an

unpredictable risk? J Ethnopharmacol. 2009 Oct 29;126(1):18–30.

2. Zong X, Yan X, Wu JL, Liu Z, Zhou H, Li N, Liu L. Potentially Cardiotoxic Diterpenoid Alkaloids from
the Roots of Aconitum carmichaelii. J Nat Prod. 2019 Apr 26;82(4):980–989.

3. Sun H, Ni B, Zhang A, Wang M, Dong H, Wang X. Metabolomics study on Fuzi and its processed
products using ultra-performance liquid-chromatography / electrospray-ionization synapt high-
de�nition mass spectrometry coupled with pattern recognition analysis. Analyst. 2012 Jan
7;137(1):170 – 85.

4. Wei XY, ZD Qiu, JL Chen, RQ Sun, LQ Huang, CJS Lai (2019). Research Progress on the mechanism
of processing and compatibility of toxic Aconitum. Chinese Journal of traditional Chinese medicine,
44(17):3695–3704.



Page 11/21

5. Zhang L, CK Yang, QP Luo, J Liu, YP Chen, Y Chen (2020). Studies on non diterpenoid alkaloids from
aerial parts of Aconitum carmichaeli. Chinese herbal medicine, 51(3): 588.

�. Editorial board of �ora of China (2018), Chinese Academy of Sciences. Flora of China. Beijing
Science Publishers, Beijing, China

7. Hu J, T Lu, J Cai, X Gao, LF Zhang, NH Jing, TF Peng, JY Shi, SH Hao (2019). Chemical constituents
of C19 diterpenoid alkaloids from Aconitum yunnanense. Chinese Journal of traditional Chinese
medicine, 44(04):717–722.

�. He YN, Ou SP, Xiong X, Pan Y, Pei J, Xu RC, Geng FN, Han L, Zhang DK, Yang M. Stems and leaves of
Aconitum carmichaelii Debx. as potential herbal resources for treating rheumatoid arthritis: Chemical
analysis, toxicity and activity evaluation. Chin J Nat Med. 2018 Sep;16(9):644–652.

9. Luo C, Yi F, Xia Y, Huang Z, Zhou X, Jin X, Tang Y, Yi J. Comprehensive quality evaluation of the
lateral root of Aconitum carmichaelii Debx. (Fuzi): Simultaneous determination of nine alkaloids and
chemical �ngerprinting coupled with chemometric analysis. J Sep Sci. 2019 Mar;42(5):980–990.

10. Yan J, Wang B, Zhou Y. A root penetration model of Arabidopsis thaliana in phytagel medium with
different strength. J Plant Res. 2017 Sep;130(5):941–950.

11. Hetherington AJ, Dolan L. Stepwise and independent origins of roots among land plants. Nature.
2018 Sep;561(7722):235–238. Wan Y, Yokawa K, Baluška F. Arabidopsis Roots and Light: Complex
Interactions. Mol Plant. 2019 Nov 4;12(11):1428–1430.

12. Rathore KS, Sundaram S, Sunilkumar G, Campbell LM, Puckhaber L, Marcel S, Palle SR, Stipanovic
RD, Wedegaertner TC. Ultra-low gossypol cottonseed: generational stability of the seed-speci�c, RNAi-
mediated phenotype and resumption of terpenoid pro�le following seed germination. Plant
Biotechnol J. 2012 Feb;10(2):174–83.

13. Ren R, Li D, Zhen C, Chen D, Chen X. Speci�c roles of Os4BGlu10, Os6BGlu24, and Os9BGlu33 in seed
germination, root elongation, and drought tolerance in rice. Planta. 2019 Jun;249(6):1851–1861.

14. Jansen L, De Rybel B, Vassileva V, Beeckman T (2010). Root development. In: Pua EC, Davey
MR(eds).Plant Developmental Biology—Biotechnological Perspectives. Berlin, Heidelberg: Springer-
Verlag, 71 ~ 90.

15. Casimiro I, Marchant A, Bhalerao RP, Beeckman T, Dhooge S, Swarup R, Graham N, Inzé D,
SandbergG, Casero PJ (2001). Auxin transport promotes Arabidopsis lateral root initiation. Plant
Cell,13: 843 ~ 852.

1�. Tuo YQ, Mu XQ, Liang ZS. A Prelim inary Study on theBestGathering Tim e of Radixaconicum
carmichaelidebx [J]. Acta Agriculturae Boreali-occidentalis Sinica

17. Dong ZM, ZL Li (1990). Developmental anatomy of Aconitum carmichaelii. Journal of Integrative
Plant Biology, 7–12 + 87–88.

1�. Zhao F, Nie J, Chen M, Wu G. Assessment of genetic characteristics of Aconitum germplasms in
Xinjiang Province (China) by RAPD and ISSR markers. Biotechnol Biotechnol Equip. 2015 Mar
4;29(2):309–314.



Page 12/21

19. Zhu YX, Yang YX, Hu P, Zhou XJ, Zhang L, Liu Q, Xia YL. Breeding of a new aconite variety "Zhongfu
No. 4" [J]. Lishizhen Medicine and Materia Medica Research,2021,32(02):441–443.

20. Tang M, Zhao W, Xing M, Zhao J, Jiang Z, You J, Ni B, Ni Y, Liu C, Li J, Chen X. Resource allocation
strategies among vegetative growth, sexual reproduction, asexual reproduction and defense during
growing season of Aconitum kusnezo�i Reichb. Plant J. 2021 Feb;105(4):957–977.

21. Liu DT, YP Jing, DL Li, XR Yu, Z Run (2013). Research progress of plant lateral root development.
Journal of Plant Physiology, 49(11):1127–1137.

22. Xin GF, WJ Feng, XL Niu, CL Zhang, JH Ma, PY Guo (2015). Physiological mechanism of plant
hormones regulating lateral root development. Journal of Plant Physiology, 51(12):2101–2108.

23. Liu CC, Cheng ME, Peng H, Duan HY, Huang L. Identi�cation of four Aconitum species used as
"Caowu" in herbal markets by 3D reconstruction and microstructural comparison. Microsc Res Tech.
2015 May;78(5):425–32.

24. Hu QR. Development and Dynamic Changes in the Starch Distribution of the Monkshood-tuber of
Aconitum K usnezo. [J]. Journal of Northwest University,1992,22(2):203–208 + T001,T002.

25. Hao DC, Gu XJ, Xiao PG, Xu JL, Peng Y. Recent advances in the chemical and biological studies of
Aconitum pharmaceutical resources [J].Journal of Chinese Pharmaceutical Sciences,2013(3):209–
222.

2�. Su SH, Gibbs NM, Jancewicz AL, Masson PH. Molecular Mechanisms of Root Gravitropism. Curr
Biol. 2017 Sep 11;27(17):R964-R972.

27. Fukaki H, Tasaka M (2009). Hormone interactions during lateral root formation. Plant Mol Biol, 69:
437 ~ 449.

2�. Olatunji D, Geelen D, Verstraeten I. Control of Endogenous Auxin Levels in Plant Root Development.
Int J Mol Sci. 2017 Dec 1;18(12):2587.

29. Qin H, Huang R. Auxin Controlled by Ethylene Steers Root Development. Int J Mol Sci. 2018 Nov
20;19(11):3656.

30. Meier M, Liu Y, Lay-Pruitt KS, Takahashi H, von Wirén N. Auxin-mediated root branching is determined
by the form of available nitrogen. Nat Plants. 2020 Sep;6(9):1136–1145.

31. Mao C, He J, Liu L, Deng Q, Yao X, Liu C, Qiao Y, Li P, Ming F. OsNAC2 integrates auxin and cytokinin
pathways to modulate rice root development. Plant Biotechnol J. 2020 Feb;18(2):429–442.

32. Jing H, Strader LC. Interplay of Auxin and Cytokinin in Lateral Root Development. Int J Mol Sci. 2019
Jan 23;20(3):486. Wybouw B, De Rybel B. Cytokinin - A Developing Story. Trends Plant Sci. 2019
Feb;24(2):177–185.

33. Miri M, Janakirama P, Held M, Ross L, Szczyglowski K. Into the Root: How Cytokinin Controls
Rhizobial Infection. Trends Plant Sci. 2016 Mar;21(3):178–186.

34. Müller B, Sheen J. Cytokinin and auxin interaction in root stem-cell speci�cation during early
embryogenesis. Nature. 2008 Jun 19;453(7198):1094–7.



Page 13/21

35. Zi J, Mafu S, Peters RJ. To gibberellins and beyond! Surveying the evolution of (di)terpenoid
metabolism. Annu Rev Plant Biol. 2014;65:259–86.

3�. Binenbaum J, Weinstain R, Shani E. Gibberellin Localization and Transport in Plants. Trends Plant
Sci. 2018 May;23(5):410–421.

37. Yamaguchi S. Gibberellin metabolism and its regulation. Annu Rev Plant Biol. 2008;59:225–51.

3�. Barker R, Fernandez Garcia MN, Powers SJ, Vaughan S, Bennett MJ, Phillips AL, Thomas SG, Hedden
P. Mapping sites of gibberellin biosynthesis in the Arabidopsis root tip. New Phytol. 2021
Feb;229(3):1521–1534.

39. Tan H, Man C, Xie Y, Yan J, Chu J, Huang J. A Crucial Role of GA-Regulated Flavonol Biosynthesis in
Root Growth of Arabidopsis. Mol Plant. 2019 Apr 1;12(4):521–537.

40. Qin H, Wang J, Chen X, Wang F, Peng P, Zhou Y, Miao Y, Zhang Y, Gao Y, Qi Y, Zhou J, Huang R. Rice
OsDOF15 contributes to ethylene-inhibited primary root elongation under salt stress. New Phytol.
2019 Jul;223(2):798–813.

41. Liu J, Moore S, Chen C, Lindsey K. Crosstalk Complexities between Auxin, Cytokinin, and Ethylene in
Arabidopsis Root Development: From Experiments to Systems Modeling, and Back Again. Mol Plant.
2017 Dec 4;10(12):1480–1496.

42. Chen H, Ma B, Zhou Y, He SJ, Tang SY, Lu X, Xie Q, Chen SY, Zhang JS. E3 ubiquitin ligase SOR1
regulates ethylene response in rice root by modulating stability of Aux/IAA protein. Proc Natl Acad
Sci U S A. 2018 Apr 24;115(17):4513–4518.

43. Takahashi F, Suzuki T, Osakabe Y, Betsuyaku S, Kondo Y, Dohmae N, Fukuda H, Yamaguchi-
Shinozaki K, Shinozaki K. A small peptide modulates stomatal control via abscisic acid in long-
distance signalling. Nature. 2018 Apr;556(7700):235–238.

44. Xie Q, Essemine J, Pang X, Chen H, Cai W. Exogenous application of abscisic acid to shoots
promotes primary root cell division and elongation. Plant Sci. 2020 Mar;292:110385.

45. Liu J, Moore S, Chen C, Lindsey K. Crosstalk Complexities between Auxin, Cytokinin, and Ethylene in
Arabidopsis Root Development: From Experiments to Systems Modeling, and Back Again. Mol Plant.
2017 Dec 4;10(12):1480–1496.

4�. Wei Z, Li J. Brassinosteroids Regulate Root Growth, Development, and Symbiosis. Mol Plant. 2016
Jan 4;9(1):86–100.

47. Retzer K, Akhmanova M, Konstantinova N, Malínská K, Leitner J, Petrášek J, Luschnig C.
Brassinosteroid signaling delimits root gravitropism via sorting of the Arabidopsis PIN2 auxin
transporter. Nat Commun. 2019 Dec 4;10(1):5516.

4�. Aloni R, Aloni E, Langhans M, Ullrich CI (2006). Role of cytokinin and auxin in shaping root
architecture: regulating vascular differentiation, lateral root initiation, root apical dominance and root
gravitropism. Ann Bot, 97 (5): 883 ~ 893.

49. Bao F, Shen J, Brady SR, Muday GK, Asami T, Yang Z (2004). Brassinosteroids interact with auxin to
promote lateral root development in Arabidopsis. Plant Physiol, 134: 1624 ~ 1631.



Page 14/21

50. Ivanchenko MG, Napsucialy-Mendivil S, Dubrovsky JG (2010). Auxin-induced inhibition of lateral root
initiation contributes to root system shaping in Arabidopsis thaliana. Plant J, 64: 740 ~ 752.

51. Negi S, Ivanchenko MG, Muday GK (2008). Ethylene regulates lateral root formation and auxin
transport in Arabidopsis thaliana. Plant J, 55: 175 ~ 187.

52. Gray WM, Kepinski S, Rouse D, Leyser O, Estelle M (2001). Auxin regulates SCFTIR1-dependent
degradation of AUX/IAA proteins. Nature, 414: 271 ~ 276.

53. Zhang TQ, Xu ZG, Shang GD, Wang JW. A Single-Cell RNA Sequencing Pro�les the Developmental
Landscape of Arabidopsis Root. Mol Plant. 2019 May 6;12(5):648–660.

54. Petricka JJ, Winter CM, Benfey PN. Control of Arabidopsis root development. Annu Rev Plant Biol.
2012;63:563–90.

55. Péret B, De Rybel B, Casimiro I, Benková E, Swarup R, Laplaze L, Beeckman T, Bennett MJ.
Arabidopsis lateral root development: an emerging story. Trends Plant Sci. 2009 Jul;14(7):399–408.

5�. Sugimoto K, Jiao Y, Meyerowitz EM. Arabidopsis regeneration from multiple tissues occurs via a root
development pathway. Dev Cell. 2010 Mar 16;18(3):463–71.

57. To JPC, Deruère J, Maxwell BB, et al (2007). Cytokinin regulates type-A Arabidopsis response
regulator activity and protein stability via two-component phosphorelay. Plant Cell, 19 (12): 3901–
3914.

5�. Bi Y, Zhang J, Song Z, Wang Z, Qiu L, Hu J, Gong Y. Arbuscular mycorrhizal fungi alleviate root
damage stress induced by simulated coal mining subsidence ground �ssures. Sci Total Environ.
2019 Feb 20;652:398–405.

59. Bi Y, Xiao L, Sun J. An arbuscular mycorrhizal fungus ameliorates plant growth and hormones after
moderate root damage due to simulated coal mining subsidence: a microcosm study. Environ Sci
Pollut Res Int. 2019 Apr;26(11):11053–11061.

�0. Wu C, Cui K, Wang W, Li Q, Fahad S, Hu Q, Huang J, Nie L, Mohapatra PK, Peng S. Heat-Induced
Cytokinin Transportation and Degradation Are Associated with Reduced Panicle Cytokinin
Expression and Fewer Spikelets per Panicle in Rice. Front Plant Sci. 2017 Mar 17;8:371.

Tables
Table 1 Primers used in quantitative real-time PCR
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unigene ID Primer sequence(forward) 5′-3′ Primer sequence(reverse) 5′-3′

c75304.graph_c0 CCCACTTCGGAGAGAAACTATGGGC TGCGTCCTCGTTCTCGTTCTCATTC

c81496.graph_c0 CTGTTCCCAGTTCAGTGTCATGGCT TGCCAAGAGGAAGTTGACAAGGCAT

c86619.graph_c1 CCGTAATCATACCTCAACCCCGTGG TCCCGGTTTCATTGAAGGGAAGCAA

c69909.graph_c0 TCGGATGATGAGGACGAGGAAGAGA TGGCTTCCTCATCCAGATTGGCTTC

c72189.graph_c0 ATCCTCCACCTTGGGCACATCTCTA CGGGTTGTCGTTTGATTCTGCATCG

c73748.graph_c0 TGTTCGAGACGGAGGAGATCGAGAA CACTTTTTCACCTCCTCCTCGTCCC

c70275.graph_c0 AACCATGGTTTCACACCCCCAGTAC CAGTTGGGGGTTATCGAAACGACGA

c73411.graph_c0 CGGACTTGGCCCTTGGTAGAGTAAA GCCAAACCAGTGATCTCCCCTTCTT

c71781.graph_c0 GTCGGCTCCAACTATAAGTGCAGCT ACAAAGATGCACGTGTACTCGTCGT

 

Tab 2 Unigene information annotated in different databases

Anno_Database Annotated_Number Annotated_ DEGs Number

  A/B         B/C     A/C

 

COG_ 10735 29 428 610

GO_ 13932 32 518 646

KEGG_ 12104 23 355 491

KOG_ 16980 37 499 734

Pfam_ 21307 63 932 1170

Swissprot_ 18367 65 911 1136

eggNOG_ 26267 71 1067 1348

NR 27203 71 1098 1377

All_ 28185 71 1104 1384

 

Tab 3 Number of upregulated and downregulated transcripts for 

three transcriptomic comparison
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DEG_Set All_DEG up-regulated down-regulated  

A vs B 81 44 37

A vs C 1468 647 821

B vs C 1248 596 652

 

Tab 4 Signi�cantly enriched gene pathways involving differentially expressed genes (DEGs) between the
true root and lateral root

Pathway DEGs  All genes Pvalue Pathway ID

Starch and sucrose metabolism 26 270 1.31E-05 ko00500

Ribosome 22 1207 0.999996 ko03010

Carbon metabolism 21 642 0.815279 ko01200

Phenylpropanoid biosynthesis 16 126 2.36E-05 ko00940

Plant hormone signal transduction 15 178 0.003472 ko04075

Biosynthesis of amino acids 14 521 0.94521 ko01230

Amino sugar and nucleotide sugar metabolism 13 181 0.022071 ko00520

Cysteine and methionine metabolism 12 190 0.062222 ko00270

Tyrosine metabolism 11 78 0.000176 ko00350

Glycerophospholipid metabolism 11 94 0.000905 ko00564

Carbon �xation in photosynthetic organisms 11 199 0.144343 ko00710

Glycerolipid metabolism 10 88 0.001924 ko00561

 

Figures
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Figure 1

Schematic diagram of trueroot - “bridge”-lateral root of A. carmichaelii A: Trueroot B: “bridge” C: Lateral
root D: Renewal bud
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Figure 2

Venn Diagram of gene expression in different tissues A: Trueroot B: “bridge” C: Lateral root
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Figure 3

Unigene of true root and lateral root of A. carmichaelii and GO classi�cation of DEG
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Figure 4

KEGG enrichment and classi�cation of differentially expressed genes in true root and lateral root of A.
carmichaelii

Figure 5

Heat map of CRE1 B-ARR Aux1 and PYR/PYL differentially expressed genes
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Figure 6

Differentially expressed transcription factors (TFs)


