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Transcriptional analysis of the molecular response of
Arabidopsis to manganese stress and recovery

YANG Li, PENG Jiashi, TANG Ting

School of Life and Health Sciences, Hunan University of Science and Technology, Xiangtan 411100, Hunan, China

Abstract: Manganese (Mn) is an essential element for plants and plays a role in various metabolic
processes. However, excess manganese can be toxic to plants. This study aimed to analyze the
changes in various physiological activities and the transcriptome of Arabidopsis under different
treatments: 1 mmol/L MnCl, treatment for 1 day or 3 days, and 1 day of recovery on MS medium
after 3 days of MnCl, treatment. During the recovery phase, minor yellowing symptoms appeared
on the leaves of Arabidopsis, and the content of chlorophyll and carotenoid decreased significantly,
but the content of malondialdehyde and soluble sugar increased rapidly. Transcriptome sequencing
data shows that the expression patterns of differentially expressed genes exhibit three major models:
initial response model, later response model, recovery response model. Kyoto encyclopedia of
genes and genomes (KEGG) enrichment analysis identified several affected metabolic pathways,
including plant hormone signal transduction mitosolysis activates protein kinase (MAPK)
phytohormone signaling, phenylpropanoid biosynthesis, ATP binding cassette transporters (ABC
transporter), and glycosphingolipid biosynthesis. Differential expressed genes (DEGs) involved in
phenylpropanoid biosynthesis, ABC transporter, and glycosphingolipid biosynthesis, were identified.
Sixteen randomly selected DEGs were validated through qRT-PCR and showed consistent results
with RNA-seq data. Our findings suggest that the phenylpropanoid metabolic pathway is activated
to scavenge reactive oxygen species, the regulation of ABC transporter improves Mn transport, and the
adjustment of cell membrane lipid composition occurs through glycerophospholipid metabolism to
adapt to Mn stress in plants. This study provides new insights into the molecular response of plants
to Mn stress and recovery, as well as theoretical cues for cultivating Mn-resistant plant varieties.
Keywords: Arabidopsis; manganese stress; transcriptome analysis; glycerophospholipids; ABC
transporter protein
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x1 XHFASY
Table 1  Primers used in this study

Gene names Primer names Primer sequences (5'—3")
Act2 Act2F CTTGCACCAAGCAGCATGAA
Act2R CCACCGATCCAGACACTGTACTT
PLD1 PLD1-F CGGGAATAGAATCGAAGGGCTG
PLD1-R AAGGGAAGTATGTACCGGGAAC
PLA2 PLA2-F TTCCCTCAAAAAACATACCACC
PLA2-R TGCACTGTCTCCAACTCTCACA
PLA3 PLA3-F AAGTGGAAAAAGCAACCAGAGA
PLA3-R GGATAGCAAAGTTAAAGGGCAA
DGK DGK-F TGCGAAGTGGTGATTTTTGTC
DGK-R TCCTTAGCTCCCTGCGTGTAG
PLDa PLDa-F AGGAAGAGACGGTCAAAGAAAAG
PLDa-R TTAGGAAACCCACAAGAAAGATG
ABCB1 ABCB1-F CGGTCTTTAACACCACCCAAT
ABCB1-R CGCTCCTCTCACTCTCTCCAT
ABCG40 ABCG40-F GAGTGGACGGCGGTGAAGTT
ABCG40-R CTGGGACGAGGGATGAGGAA
ABCG1 ABCG1-F CGTCGTTGCTATTTTGGCTT
ABCG1-R ATCACTTCCGGTAGTTCCCC
ABCG2 ABCG2-F AGCCATCTCCTGCTGCTGTT
ABCG2-R GTATTCGTGTCGCCGTTCTT
ABCC4 ABCC4-F GTGTTCACCACCACAACCATT
ABCC4-R TATTACCATCACAACCCAGGG
CAD CAD-F TCTATGCTCAGTTCTTGGGTCG
CAD-R TTCTTTGGGGATTGGTTTTTTG
CCR CCR-F TGTCTTCCACACTGCTTCACC
CCR-R TCTACTACATCGTTTGGTCCC
CCoAMT CCoAMT-F ACACCTTGTGGTTTGGTTTTG
CCoAMT-R CTCTCCGACTTTGGTTCTGCT
FLS FLS-F GTGTCTGATTTCGCCTCCTCC
FLS-R CGCAACGGTTTGCATTTTATT
KO KO-F TCTACCCACCAGCCAATGAGG
KO-R TTTGAGGATGCGACGAAGCAT
PAL PAL-F TCAGCCACAATTAGTCCCCCAG
PAL-R AAAACGGTATTCCATTCACCTC

B, X 4 AREMFGE R EIEIAT T “Treat3” 5 HABSHE D BT M — M Sr i 5 2,
4343 M7 (principal component analysis, PCA), %5 1B Bl 45 4 W30 Ab 3R Anss , A7 VT Z2mm h S [
W ERHA 3 MM (“Control”, “Treatl”Fll SR, FEVKE BB K& FE 1) 36k 2 AN —FF
“Treat2”)[n] PC2 Jy 2 ILAE R AEH, M ‘(B 2A) 3153 T 12 MEAR R
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Figure 1 Phenotype and physiological analysis of Arabidopsis seedlings during the period of Mn stress and
recovery. A: Phenotype of seedlings grown under normal conditions for 5 days. B: Phenotype of 5-day-old
seedlings after 1 day of Mn treatment. C: Phenotype of 5-day-old seedlings after 3 days of Mn treatment. D:
Phenotype of 5-day-old seedlings at 1 day of recovery after 3 days of Mn treatment. E: The content of
chorophyll, carotenoid, MDA and soluble sugar from the Mn stress stage to the recovery stage. The letters a,
b, c, and d represent significant differences according to one-way ANOVA (P<0.05).
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Table 2  Statistics of transcriptome sequencing data

Sample Total clean Total mapping Uniquely

reads (M)

(%)

mapping (%)

BT 1 B IR ARG R A r, R DU R 305
P18 2B). S5 RR ARSI P R T
0.900, R WIFEA [FI A7 7B ARG, 339 7] F

Control 1  46.51 91.18 65.51 TIaSa M. WLAbh, WH9E TR 2R R 3Rk
Control 2 46.12 91.32 64.86 ﬁ}%ﬁ E@ﬁ}ﬁﬂ[*ﬁg(@ 20), gﬁﬁﬁ}m“control”ﬁﬂ
Control 3 47.15 90.56 64.18 “Treatl”i’élﬁﬂ—?Tij‘?% E@%%iiﬂ(slz‘ , ﬁ'ﬁ“TreatZ”ﬂl
Treatl 1 50.18 88.79 62.53 “ g — . . .
Treatl 2 4712 20 46 6256 Treat3” 878 1 AR HASE RO RN 3R, R4
Treatl 3  45.75 89.57 64.53 JiliE s AR A AR AR, T T
Trea2 | 4687 9021 6332 I R A B R SR
Treat2 2 48.02 90.87 65.18 s N
- 2.3 EFERRERASH
Treat2 3 48.17 90.75 64.90 N . _ Ja——
Treat3 1 46.79 90.13 63.04 R R Z A WA i 30 AN [ B 30 R O 52 B
Treat3 2 46.21 90.83 64.14 AR R AR, FIHT Mfuzz BPF3RAS T 12 A4
Treat3_3  48.01 89.78 62.75 kE A B R R S FRA SR Cluster (B 3). 4R
A 04r ¢ ° MControl I B Treat3 3 002 Pearls%%value
M Control_2 Treat3 2 ’
% Control 3 e
02t ° I Treatl | Treat3_1 0.95
R M Treat]_2 Treat2_3
M Treatl 3
® M Treat2 | Treatd 2 0.90
o 00f a M Treat2 2 Treat2 1
A M Treat2_3 Treatl 3
W Treat3 1 T ]72
021 o M Treat3 2 Teatl.
M Treat3_3 Treatl_1
- Control_3
o] b
0.4 ® Control_2
L L 1 1 ) COI‘ITI‘0171 0,941 :
~0300 0296 0292 0288 N & by A T M, e
PCI LELE PRI P PP S
s - . - - - - I Control 1
# s 3 s 4 g H E s ! : s M Control 2
~ I Control_3
x 1l ™ Treatl 1
5 M Treatl 2
o M Treatl 3
= 2| " Treat2_1
o M Treat2 2
i=l M Treat2 3
1t [ M Treat3 |
M Treat3 2
__ I Treat3 3
A 2 % A\ 1 B A\ 2 % \ 2 %
CO““O\ /00““0\ /CO““O\ < e‘b‘\ s eﬁ"\ 5 a’b‘\ 55 ea{l s @{L “ig efb{l’ S 630.7 X Ba{b 25 @{b g

2 HAKRESHREXMESH
Figure 2 Distribution and correlation analysis of sample data. A: Principal component analysis. B: Heat
map of Pearson correlation coefficient. C: Distribution of the gene expression.
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Figure 3 Expression patterns of manganese response genes. A: Initial response model. B: Later response

model. C: Recovery response model.
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Figure 4 The number of differentially expressed genes observed in different treatment group. A: The
number of up-regulated and down-regulated genes in the Control, Treatl, Treat2, and Treat3 group. B: Venn
diagram showing the overlapping and unique differentially expressed genes among the Control, Treatl,

Treat2, and Treat3 group.
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