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Abstract

Background Alcohol dehydrogenases (ADHSs) are the crucial enzymes that can convert ethanol into acetaldehyde.
In tobacco, members of ADH gene family are involved in various stresses tolerance reactions, lipid metabolism

and pathways related to plant development. It will be of great application significance to analyze the ADH gene fam-
ily and expression profile under various stresses in tobacco.

Results A total of 53 ADH genes were identified in tobacco (Nicotiana tabacum L.) genome and were grouped into 6
subfamilies based on phylogenetic analysis. Gene structure (exon/intron) and protein motifs were highly conserved
among the NtADH genes, especially the members within the same subfamily. A total of 5 gene pairs of tandem dupli-
cation, and 3 gene pairs of segmental duplication were identified based on the analysis of gene duplication events.
Cis-regulatory elements of the NtADH promoters participated in cell development, plant hormones, environmental
stress, and light responsiveness. The analysis of expression profile showed that NtADH genes were widely expressed
in topping stress and leaf senescence. However, the expression patterns of different members appeared to be diverse.
The gRT-PCR analysis of 13 NtADH genes displayed their differential expression pattern in response to the bacterial
pathogen Ralstonia solanacearum L. infection. Metabolomics analysis revealed that NtADH genes were primarily asso-
ciated with carbohydrate metabolism, and moreover, four NtADH genes (NtADH20/24/48/51) were notably involved

in the pathway of alpha-linolenic acid metabolism which related to the up-regulation of 9-hydroxy-12-oxo-10(E),
15(2)-octadecadienoic acid and 9-hydroxy-12-oxo-15(Z)-octadecenoic acid.

Conclusion The genome-wide identification, evolutionary analysis, expression profiling, and exploration of related
metabolites and metabolic pathways associated with NtADH genes have yielded valuable insights into the roles

of these genes in response to various stresses. Our results could provide a basis for functional analysis of NtADH gene
family under stressful conditions.
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Background

Alcohol dehydrogenase (ADH), also known as alco-
hol: NAD + oxidoreductase (EC 1.1.1.1), widely present
in various organisms. ADH functions as a zinc-bind-
ing enzyme dimer that depends on NAD (P) co-factors
to convert ethanol and acetaldehyde, and other pairs
of short linear alcohols/aldehydes [1]. Each monomer
comprises two primary structural domains: a substrate-
binding or catalytic domain that includes an N-terminal
region with irregular -sheets and a short C-terminal
region, and a coenzyme-binding domain, which has a
double p-sheet segment called the Rossmann fold [2].
The ADH gene family is a vast family that includes three
subfamilies:  short-chain  dehydrogenase/reductase
(SDR)-ADH (~250 amino acid residues), medium-chain
dehydrogenase/reductase (MDR) (~350 amino acid resi-
dues) and long-chain ADH or Iron-ADH gene super-
family (600~750 amino acid residues or about 385~900
amino acid residues) [3, 4]. Currently, the majority mem-
bers of the ADH gene family identified in plants belong
to the (MDR)-ADH subfamily, which usually have zinc
ligands in their active site [5-7].

The ADH gene family plays vital roles in plant growth
and development, as well as in responding to various
stresses such as low temperature [8], drought [9], salt
[10], mechanical damage [11], and the exogenous hor-
mone abscisic acid [12]. In Panax ginseng, the positive
response of PgADHs to abiotic stresses, including ABA,
SA, and JA treatment, suggests that PgADHs are genu-
inely involved in these hormone-related stress responses
[13]. In melon, CmADHs exhibit tissue-specific expres-
sion pattern, and play a role in response to various hor-
monal stresses [12]. Additionally, studies have shown that
ADH genes play a key role in fruit ripening and aroma
synthesis [7, 14, 15]. For example, the ADH enzyme
activity of mango was enhanced with the increase of the
ADH gene expression level at the initial stages of ripening
[16]. A positive correlation has been identified between
the expression level of PbrADH, and both the total ADH
activity and the production of volatile ester in pear [17].
The overexpression of Le-ADH?2 in mature tomato fruits
alters the balance between certain alcohols and their cor-
responding aldehydes, which contribute to the formation
of flavors, resulting in a stronger “ripe fruit” taste [18]. In
addition, members of ADH gene family play a significant
role in response to various pathogen infections. Studies
have revealed that the silencing of ADH gene leads to a
delayed hypersensitive response (HR) during non-host
pathogen infections [19]. For instance, alcohol dehydro-
genase 1 (ADH1) of barley acts as a susceptible gene (S
genes) and it is involved in regulating the susceptibil-
ity to the fungus Blumeria graminis f.sp.Hordei. [20].
Typically, S genes have been considered as a source of
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broad-spectrum and durable resistance because the sus-
ceptibility factors encoded by S genes can be triggered
during the infection process [21].

Tobacco is an important model plant. Several stud-
ies have demonstrated that the ADH family is widely
involved in plant growth and development, fruit ripen-
ing, aroma volatilization and stress response [18, 22].
Currently, there is limited study on the members of ADH
gene family in tobacco, and their exact functions remain
unclear. Therefore, it is important to analyze the ADH
gene family systematically in tobacco. The objectives of
this study are to conduct a comprehensive investigation
of ADH gene family, and investigate the expression pat-
terns of ADH family members during different maturity
stages and stress conditions by integrating tobacco tran-
scriptome data. Additionally, our study aims to examine
the changes of metabolites in the metabolic pathways
regulated by the ADH genes under conditions of hypoxia
stress and high-temperature curing. The information
obtained from this study places an important foundation
for further functional analysis on the ADH gene family
and the trait improvement in tobacco.

Results

Characterization of ADH genes in tobacco genome

A total of 53 NtADH genes were identified in tobacco
and were renamed from NtADH1 to NtADHS53 (Table 1).
Table 1 provides a detailed listing of information includ-
ing gene ID, protein length (aa), molecular weight (MW),
theoretical isoelectric point (pI), subcellular location and
gene size. The results showed that the protein lengths
varied greatly, with the longest tobacco ADH protein,
NtADH]1, comprising 1281 amino acid residues and the
shortest, NtADH37, containing only 292 amino acid resi-
dues. The relative molecular weight ranged from 138.50
kDa (NtADH1) to 31.63 kDa (NtADH37). The theoretical
isoelectric point (pI) varied from 9.36 (NtADH19) to 5.19
(NtADH38). Among them, a total of 24 NtADH proteins
(45.3%) having a pI<7 and 29 proteins (54.7%) exhib-
ited a pI>7. Analysis of the signal peptide revealed the
absence of a conventional signal peptide at the N-termi-
nal of all NtADHs. The subcellular localization prediction
of NtADHs suggests that the majority of NtADHs may
exist in the extracellular or cytoplasmic regions (Table 1),
while a certain number of NtADHs may exist at nucleus,
mitochondria or membrane bound chloroplast.

Chromosome localization and collinearity analysis

of NtADH genes

The analysis of chromosomal localization showed that
some NtADH genes could not acquire the particular loca-
tion due to the incomplete sequencing of the tobacco
genome. Among the 53 NtADH genes, a total of 26
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Table1 The information of NtADH genes in Nicotiana tabacumL
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Gene Name  Gene identifier Genomics position  Size (AA) MW (Da) Pl Subcellular location Gene size
NtADH1 Nitab4.5_0000402g0150.1  Nt13 1281 138,504.24 639  Extracellular 30,680
NtADH2 Nitab4.5_000049690010.1 Nt13 413 44,261.68 8.16  Extracellular 7716
NtADH3 Nitab4.5_0002704g0020.1  Nitab4.5_0002704 414 44,489.05 8.6 Extracellular 7979
NtADH4 Nitab4.5_0001170g0200.1 Nt17 330 35,176.67 8.17  Cyto 3291
NtADH5 Nitab4.5_0003676g0090.1  Nitab4.5_0003676 330 35,133.68 771 Cyto 3308
NtADH6 Nitab4.5_0001054g0040.1  Nitab4.5_0001054 380 41,106.62 6.15 Cyto 2075
NtADH7 Nitab4.5_0001821g0060.1 Nitab4.5_0001821 380 41,176.66 6.2 Cyto 2083
NtADH8 Nitab4.5_0000385g0080.1  Nt22 398 43,109.97 812 (Cyto 4650
NtADH9 Nitab4.5_0000262g0070.1 Nt13 387 41,305.64 89 Cyto 10,509
NtADH10 Nitab4.5_0000392g0070.1  Nt22 379 40,759.01 6.51  Cyto 4614
NtADHT1 Nitab4.5_0007869g0030.1 Nitab4.5_0007869 388 42,023.52 6.13  Cyto 3321
NtADH12 Nitab4.5_0000445g0060.1 Nt12 381 41,420.46 6.03 Cyto 3629
NtADH13 Nitab4.5_0017191g0010.1 ~ Nitab4.5_0017191 386 41,086.33 857  Cyto 5022
NtADH14 Nitab4.5_0000270g0270.1 Nt22 388 42,087.2 6.02 Cyto 3819
NtADH15 Nitab4.5_0001280g0030.1  Nitab4.5_0001280 367 40,092.67 6.16  Extracellular 1730
NtADH16 Nitab4.5_0005392g0080.1 Nitab4.5_0005392 357 38,795.64 575  Cyto 4757
NtADH17 Nitab4.5_0000103g0040.1 Nt04 349 37,307.48 9.35 Extracellular 4904
NtADH18 Nitab4.5_0002815g0020.1  Nt19 357 38,905.89 576  Cyto 4046
NtADH19 Nitab4.5_0001493g0030.1 Nitab4.5_0001493 351 37,475.64 936  Extracellular 7093
NtADH20 Nitab4.5_0000403g0140.1  Nt19 717 76,832.17 9.06  Extracellular 13,050
NtADH21 Nitab4.5_0000477g0170.1 Nt22 375 40,259.31 6.02 Cyto 4413
NtADH22 Nitab4.5_0010398g0010.1 Nitab4.5_0010398 385 4143282 6.17  Cyto 4343
NtADH23 Nitab4.5_0000402g0170.1  Nt13 360 39,178.27 621  Cyto 3290
NtADH24 Nitab4.5_0007704g0020.1 Nitab4.5_0007704 669 70,839.32 8.87 Extracellular 5179
NtADH25 Nitab4.5_0000402g0220.1  Nt13 348 37,739.56 682  Cyto 2611
NtADH26 Nitab4.5_0001539g0030.1 Nt06 383 42,029.64 565 Cyto 2971
NtADH27 Nitab4.5_0003503g0070.1 Nitab4.5_0003503 734 80,335.44 893 Extracellular 15,601
NtADH28 Nitab4.5_0001568g0140.1  Nitab4.5_0001568 327 35,210.96 7.02  Extracellular 3647
NtADH29 Nitab4.5_0001567g0060.1 Nitab4.5_0001567 311 34,436.22 702  Cyto 3785
NtADH30 Nitab4.5_0000402g0200.1  Nt13 359 38,908.95 6.59  Cyto 2460
NtADH31 Nitab4.5_0000964g0010.1 Nitab4.5_0000964 364 39,620.92 6.85 Cyto 4462
NtADH32 Nitab4.5_0001146g0200.1  Nt09 337 36,186.98 6.01  Extracellular 4140
NtADH33 Nitab4.5_0002520g0120.1  Nitab4.5_0002520 332 35,925.23 651  Cyto 3315
NtADH34 Nitab4.5_000035790320.1 Nt15 452 50,306.2 852  (Cyto 7806
NtADH35 Nitab4.5_0005099g0030.1  Nitab4.5_0005099 376 40,633.8 659  Cyto 6494
NtADH36 Nitab4.5_0004465g0020.1 Nitab4.5_0004465 349 38,405.48 851 Mitochondrial/ Nucleus 11,103
NtADH37 Nitab4.5_0000487g0060.1  Nt13 292 31,627.21 757  Cyto 1601
NtADH38 Nitab4.5_0000588g0350.1  Nt12 301 32,788.7 519  Qyto 2282
NtADH39 Nitab4.5_0007051g0020.1 Nitab4.5_0007051 315 34,694.03 645  Cyto 2690
NtADH40 Nitab4.5_0000664g0350.1  Nt19 326 36,420.33 6.11  Cyto 5682
NtADH41 Nitab4.5_0004465g0010.1 Nitab4.5_0004465 354 38,836.82 7.07 Nucleus_and_Mitochondria 3874
NtADH42 Nitab4.5_0000402g0160.1 ~ Nt13 347 38,011.76 596  Cyto 2109
NtADH43 Nitab4.5_0004465g0030.1 Nitab4.5_0004465 385 41,987.33 9.03 Nucleus_and_Mitochondria 6447
NtADH44 Nitab4.5_0003743g0020.1 Nitab4.5_0003743 385 42,036.49 9.14  Mitochondrial/Nucleus 4026
NtADH45 Nitab4.5_0003743g0010.1 Nitab4.5_0003743 342 37,65248 842  Nucleus_and_Mitochondria 4433
NtADH46 Nitab4.5_0002473g0070.1 Nitab4.5_0003743 334 36,619.74 728  Cyto 5523
NtADH47 Nitab4.5_0007732g0050.1  Nitab4.5_0007732 989 108,658.15 796  Plasma membrane 17,666
NtADH48 Nitab4.5_0007704g0010.1 Nitab4.5_0002473 347 37,134.03 936  Extracellular 6559
NtADHA49 Nitab4.5_0008803g0020.1  Nt20 395 42,419.83 921  Membrane bound Chloroplast 2443
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Table1 (continued)

Gene Name  Gene identifier Genomics position  Size (AA) MW (Da) Pl Subcellular location Gene size
NtADH50 Nitab4.5_0000203g0130.1 Nt24 379 40,351.32 703 Membrane bound Chloroplast 8143
NtADH51 Nitab4.5_0000403g0100.1 Nt19 347 37,024.89 9.05  Membrane bound Chloroplast 5385
NtADH52 Nitab4.5_000033290200.1 Nt21 377 40,725.99 9.04 Extracellular 7677
NtADH53 Nitab4.5_0003080g0140.1  Nitab4.5_0003080 535 58,283.92 932  Extracellular 9427

genes were unevenly distributed on 24 chromosomes
of tobacco, while the remaining 27 NtADH genes were
mapped to unassigned scaffolds (Fig. 1). The greatest
number of NtADH genes were observed on chromosome
13, while chromosomes 19 and 22 had 4 NtADHs each.
In contrast, chromosomes 4, 6, 9, 15, 17, 20, 21, and 24
had only one NtADH gene each. Moreover, it appears to
be no relationship between chromosome size and quan-
tity of gene that were identified. Five tandem duplication
gene clusters were identified, including four on chromo-
some 13th (NtADH23/NtADH25, NtADH23/NtADH30,
NtADH25/NtADH30, NtADHI1/NtADH42), and one on
chromosome 19th (NtADH20/NtADHS51), while three
segmental duplication gene pairs (NtADH38/NtADH34,
NtADH49/NtADHS50, NtADH8/NtADHI10) were identi-
fied in this study (Fig. 1). The result implied that N,eADH
genes underwent gene duplication or loss during the evo-
lution of tobacco genome.

A total of 5 orthologous genes were identified between
tobacco and Arabidopsis based on the interspecies syn-
tenic analysis, while there are 16 syntenic counterparts
between tobacco and tomato (Fig. 2). The genomic
regions around NtADH8/12/18/38/52 showed strong
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syntenic relationships with their counterparts in both
Arabidopsis and tomato (Additional file 1: Table S1).
Notably, good collinearity was detected among the ADH
genes of three distinct species, even after undergoing
speciation and long-term evolution, and the result sug-
gested that these genes might have originated before
solanaceae species diversification and retained conserved
functional roles.

Phylogenetics and gene structure analysis of NtADHs

To investigate the evolutionary relationship between
NtADH genes, a phylogenetic tree was constructed
(Fig. 3A). The NtADHs were divided into 6 subgroups (A
to F), with the largest members (15 members) found in
subgroups A and C. These two subgroups represented
more than 56.6% of the total N)ADH members. In con-
trast, subgroups B, D and F had only 5, 3 and 2 members,
respectively. Gene structure of NtADHs found that the
number of exons was varied from 3 (NtADH37) to 20
(NtADH47) (Fig. 3B). Similar exon—intron structural pat-
terns were observed among the NtADH members within
the same subgroup, especially the number and length
of exons. Within the 15 NtADH members clustered in

Nt19 Nt20

&——NtADH40

N©22  Nt24

Fig. 1 Chromosomal locations of NtADH genes. The scale on the left presents the length of chromosomes (Mb). Tandem duplicated gene pairs are
displayed with boxes in yellow color, segmental duplicated gene pairs are connected by red lines
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Fig. 2 Syntenic analysis of ADH genes among tobacco, Arabidopsis and tomato. The NtADH gene (NtADH8/12/18/38/52) and its orthologous
syntenic genes in Arabidopsis and tomato are linked by the red line. The syntenic ADH gene pairs located in the synteny blocks between tobacco

and tomato are linked by blue lines
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Fig. 3 Gene structure and evolution of ADH family in Nicotiana tabacum L. A Phylogenetic relationships of NtADHs. Different subgroups were
marked with different colors. B Intron—exon structure of NtADHs. Green boxes: UTR; Yellow boxes: CDS; spaces between the boxes: introns. The scale

bar of bottom demonstrates the length of exons and introns

subgroup A, 8 NtADH members were found to contain
5 exons and 4 introns. The members clustered in sub-
group B had an average of 9.4 exons, with the highest
average number of exons. Members clustered in group
D contained an average of 6 exons, with the lowest num-
ber of exons. The number of introns in groups B, D and
F is relatively conservative, while the number of introns
in groups A, C and E is quite different. It can be deduced

that the exon—intron structure of the family genes is inti-
mately linked to evolution, and the expansion of family
members is related to the insertion or deletion of introns.

Domain and motif analysis of the NtADH proteins

A total of 20 conserved motifs have been identified and
designated as motifl to motif20 (Fig. 4). The conserved
motifs presented within the same subgroup exhibited
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Fig. 4 Conserved motifs for NtADH proteins in Nicotiana tabacum L. Different motifs are showed with different colored boxes and numbers (1-20)

similar composition, indicating that the NtADH mem-
bers clustered in the same subgroup may share similar
biological functions. Most of the NtADH proteins were
found to contain approximately 10 motifs, and there was
no discernible correlation between the number of motifs
and the length of the protein. For instance, despite having
the shortest protein length, NtADH37 did not have the
lowest number of motifs. In addition, different subgroups
usually possessed specific motifs. For example, motif5
was exclusive to subgroup A while motif16 was exclusive
to subgroup B. Likewise, motifl1, motifl7, and motif18
were solely presented in subgroup E, and motifl7 and
motifl1 tended to appear in pairs.

The protein sequences of the 20 motifs were uploaded
to CDD program for domain analysis (Fig. 4, Addi-
tional file 2: Table S2). Motifl, motif6, and motif7 were
annotated as components of the GroES-like (ADH_N)
domain, motif2, motifl2, motifl4, and motif20 were
annotated as components of the zinc binding (ADH_
zinc_N) domain. In addition, motifl3, motif9, motif4d and
motif5 were annotated as components of ADH_zinc_N_2
domain, IPU_b_solenoid, TLV_coat domain, and PE fam-
ily, respectively. No annotation information was obtained
for the remaining motifs. The result indicated that all
members possessed the conserved regions of GroES-like
(ADH_N) and zinc binding (ADH_zinc_N) domains.
To further investigate the conservative domain of the
NtADH proteins, the conserved domain of (ADH_N)
and zinc binding (ADH_zinc_N) sequence logos of the
53 NtADH protein were generated by WebLogo (Fig. 5).
The analysis revealed that NtADH members possess typi-
cal characteristics of ADH conserved domains and all the

members had a Znl binding feature [GHE (X)2G (X)5G
(X)2 V] (Fig. 5A) and a NADPH binding domain element
[GXG (X)2G] (Fig. 5B). This result indicated that these
proteins are likely to be zinc-dependent ADHs [23, 24].

Phylogeny of plant ADH gene family

To explore the evolution of the ADH gene family, a total
of 84 ADH gene members from 7 species were selected
for the construction of phylogenetic tree (Fig. 6), includ-
ing melons (13), Arabidopsis thaliana (7), apricot (1),
mangos (2), tomato (7), barley (1) and tobacco (53)
(Additional file 3: Table S3a). The ADH family members
were clustered into 7 distinct subfamilies based on the
phylogenetic tree, and the ADH members of tobacco
were dispersed across 6 of these subfamilies, excluding
subfamily A (short chain ADH protein). In addition, only
NtADH members from tobacco were classified in sub-
families C, D and E. According to the phylogenetic tree,
there were 31 sister pairs of homologous proteins, among
which 4 pairs were orthologous genes and 27 pairs were
paralogous (Additional file 3: Table S3b). Specifically,
there were 21 paralogous pairs from tobacco, 2 pairs each
from tomato and melon, and 1 pair each from mango
and Arabidopsis thaliana. Previous studies have shown
that CmADHI1of melon [12], Mi-ADH of mango [16]
and Le-ADH2 of tomato [18] are involved in the biosyn-
thesis of fruit ripening and aroma volatiles, phylogenetic
analysis showed that 13 NtADH genes (NtADH33/40/29
/38/11/22/21/8/10/7/6/14/12) were grouped with these
four genes (CmADHI1, Mi-ADH1/2, Le-ADH?2) suggest-
ing that these NtADH genes may have a similar biological
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Fig. 5 Sequence logos of the conserved ADH_N and ADH_zinc_N repeats of the NtADH domain. A Sequence logo of Zn1 in ADH_N. B Sequence

logo of Rossman fold in ADH_zinc_N

function and related to the biosynthesis of fruit ripening
and aroma volatiles.

Cis-acting regulatory elements analysis of NtADH genes
The cis-elements in promoter regions play a critical role
in the initiation of gene expression. A total of 58 cis- ele-
ments were selected in the NtADHs promoter region
(Fig. 7). Among them, the light-responsive elements
were the most common in the NtADH gene promoters,
accounting for the largest proportion (42.28%), including
G-box, Box 4, GT1 motif, and TCT motif. Meanwhile,
there were many cis-regulatory elements that associ-
ated with phytohormone-responsive were also present,
such as CGTCA-motifs, TGACG-motif, and ABRE. In
addition, cis-regulatory elements that associated with
the response to external or environmental stresses were
also present, including stress response elements, ARE
(cis-acting regulatory element essential for the anaerobic
induction), MBS (MYB binding site involved in drought-
inducibility), LTR (low-temperature response elements)
and defense response elements TC-rich repeats (cis-
acting regulatory element involved in defense and stress
responsiveness). The result indicates that the expression
of these NtADH genes is likely regulated by cis-elements
associated with light-responsiveness, phytohormones,
defense signaling transduction and various stresses dur-
ing growth and development of tobacco.

Expression analysis of NtADH genes under conditions

of leaf senescence and topping stress

The FPKM values of NtADH genes at five senescence
stages of tobacco leaves were obtained from our pre-
vious transcriptome data (Additional file 5: Table S5).
Finally, the expression profiles of 53 NtADH genes
were analyzed. The results showed that the mem-
bers of NtADH genes had differential expression pat-
tern in tobacco leaves at different senescence stages
(Fig. 8A), and these 53 NtADH genes were clustered
into four groups (A~D). A total of 13 NtADH genes
were included in group B, and these genes had high
expression level at the five senescence stages of leaves,
implying that these genes could play important roles
during leaves senescence process, while 16 NtADH
genes clustered in group A showed a low or no expres-
sion during the whole senescence process. Notably, the
expression levels of NtADH?7 genes increased gradu-
ally with the increasing of maturity, whereas those
genes clustered in group D decreased in M5 stages
except NtADH49. In terms of topping stress (Fig. 8B),
the majority NtADH genes included in group B showed
high expression levels at all stages, and some genes
(NtADH41/8/10/1/45/29) had reached the peak expres-
sion level on the first and fourth days of topping,
respectively. In contrast, the genes clustered in group
A and C showed relative low expression level. These
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results indicated the functional diversity of tobacco
NtADH members.

Expression analysis of the NtADHs in response to Ralstonia
solanacearum

No obvious change was observed in the seedling at the
initial stage after infected by Ralstonia solanacearum L.
(Ras), however, the primary symptoms induced by Ras
infection appeared in the seedling at 96 h (Fig. 9). At
this stage, the seedling displayed leaf wilting and stem
necrosis, while the roots turned yellowing and necro-
sis, whereas these symptoms were not apparent at 0 h
(Fig. 9).

To further explore the possible function of the ADH
genes of tobacco, the expression patterns of NtADHs in
response to pathogen infection were analyzed (Fig. 10).
A total 13 tobacco ADH genes that clustered with
HvADHI1 in B subgroups of the phylogenetic tree (Fig. 6)
were selected for qRT-PCR analysis under Ras infection.
Most of the selected genes displayed a notable up-regu-
lated expression in response to the infection (Fig. 10).

In comparison to the initial stage (0 h), a significant up-
regulation was observed in 6 NtADH genes (NtADH14,
NtADH7, NtADH12, NtADH11, NtADH40, NtADHS) at
12 h after inoculation. Specifically, N,eADH40 exhibited a
remarkable up-regulation, surpassing a 15-fold increase,
while NtADH?7 demonstrated an astonishing up-regula-
tion of over 350-fold. While the expression of NtADH6
and NtADH29 increase significantly at 24 h after inocu-
lation. In addition, the expression of 3 genes (NtADH33,
NtADH10 and NtADH22) displayed a gradual decrease in
response to pathogen infection, followed by an increase.
The expression patterns of the tobacco ADH genes in
response to Ras infection revealed distinct variations in
both response speed and intensity among the different
genes.

NtADH related-metabolomics analysis during hypoxia

and high-temperature curing process in tobacco leaves
The ADH gene plays a crucial role in multiple meta-
bolic processes. Among the 53 NtADH genes identified
in tobacco, a total of 41 genes were annotated in the
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Fig. 7 Predicted cis-elements in NtADHs promoters. Different shapes and colors represent the different types of cis-elements. Annotations

of cis-elements were listed in Additional file 4: Table S4

KEGG database, including carbohydrate metabolism,
lipid metabolism, and the biosynthesis of other second-
ary metabolites (Fig. 11). During the hypoxia and high-
temperature curing process, a total of 1129 metabolites
were identified at four comparison pairs (Additional
file 6: Table S6). Specifically, 137 differential metabo-
lites were identified in the comparison of T1 VS T2,
and 331 differential metabolites were identified in the
comparison of T1 VS T3. In addition, 339 differential
metabolites were identified in the comparison of T1 VS
T4, and 322 differential metabolites were identified in
the comparison of T1 VS T5. KEGG metabolite analy-
sis indicated that these differential metabolites were

enriched in the pathway of alpha-linolenic acid metab-
olism (ko00592), linoleic acid metabolism (ko00591),
nucleotide metabolism (ko01232) and pyrimi-
dine metabolism (ko00240), etc. (Additional file 7:
Fig. 1 ~4). Among them, alpha-linolenic acid metabo-
lism is the pathway which belongs to lipid metabolism.
According to the database of KEGG, four N,EADH genes
(NtADH20, NtADH24, NtADH48 and NtADHS51) are
involved in the pathway of alpha-linolenic acid metabo-
lism, and the contents of 2 metabolites in this pathway,
namely 9-hydroxy-12-oxo-10(E), 15(Z)-octadecadie-
noic acid and 9-hydroxy-12-oxo-15(Z)-octadecenoic
acid were significantly up-regulated during the curing
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Fig. 8 Gene expression profile under different condition A The expression of 53 NtADHs in tobacco leaves at five senescence stages. B The
expression of 53 NtADH genes in response to topping. FPKM values for NtADH genes were transformed by log,(n+ 1)

process. Based on the qRT-PR analysis, these 4 ADH
genes (NtADH20, NtADH24, NtADH48 and NtADH51)
exhibited significant different expression level at the
initiation of the curing process (Fig. 12).

Discussion

ADH gene family members are widely distributed in
eukaryotes and prokaryotes [17, 25]. With the develop-
ment of genome sequencing technology, a series of ADH
genes or ADH-like genes have been identified in the

genomes of Poaceae, Rosaceae, Brassicaceae, Fabaceae,
and Pinaceae plants [26]. In this study, a total of 53
ADH genes identified in tobacco, including 5 long-chain
genes, 1 short gene, and the remaining 47 belonging to
the medium-chain ADH protein superfamily. This distri-
bution is consistent with the typical abundance of ADH
genes in most plant species [4]. It has been reported that
polyploidization and gene region-specific duplication
(tandem repeats and segmental repeats) are important
mechanisms for the expansion of plant gene families [27].
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Fig. 9 Disease symptoms in the cultivars Hongda at 0 h and 96 h by Ras. The basal parts of stems were magnified and shown in the circles.In 0 h
(Left), and no symptoms were apparent. In 96 h (Right), leaves were withered and the basal part of stem was severely necrosis and turned to black
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Fig. 12 Overview of the alpha-linolenic acid pathways showing the changes of metabolite contents during curing process and the expression

of NtADHs at the initial stage of curing

Phylogenetic analysis showed that certain subfamilies
only included ADH genes from tobacco, which indicated
the special characteristics of these gene clusters specific
to the tobacco. In addition, some ADH members of the
tobacco clustered with ADH genes from other species,
indicating a shared ancestry before diverging through
species differentiation. Three ADH homologous gene
clusters and three pairs of collinear gene pairs were iden-
tified, representing that duplication events were the main
source of expansion of the tobacco ADH gene family,
potentially due to the allotetraploid nature of tobacco.
Generally, the evolution of gene families largely
depends on the organization of gene structure. In
this study, significant variations were observed in the
nucleotide sequence lengths, exon/intron structure,
and protein motif composition among the 53 NtADHs.
These differences highlight the intricate nature of the
tobacco genome and the functional diversity within
the ADH gene family. According to previous study,
the typical number of introns of plant ADH genes is 9
[1]. In tobacco, only 9 NtADHs contained 9 introns (N
tADH35/36/43/44/11/12/14/21/22). The reinsertion of
introns at the specific location of their loss is consid-
ered extremely impossible. Therefore, the genes with
more complete intron are considered to reflect the
structure of ancestors more closely [1]. Moreover, a
total of 20 conserved motifs were identified in tobacco

ADH family, and the NtADH members displayed varia-
tions in the types and quantities of the motifs, irrespec-
tive of whether they belong to the same subfamily or
distinct subfamilies. However, all members exhibited
the presence of both ADH_N and ADH_zinc_N motifs,
indicating the conservation and diversity of ADH gene
family in tobacco. In addition, ADH, TADH, PDH, and
CAD families all belong to MDR superfamily [28], and
the members of these family all rely on zinc cofactors
for their functionality. The possibly reason may be the
valence stability of zinc ligands that maintains the cata-
lytic structure required by MDR proteins, and reduces
the need for conservative amino acids. This phenom-
enon could potentially explain why zinc-containing
MDR proteins typically tend to contain less conserved
catalytic domains [28].

It has been reported that HYADHI in barley is an S
gene and plays a pivotal role in regulating pathogen inva-
sion [20]. Consequently, it is plausible to assume that
NtADH genes clustered with HYADH]I in the same sub-
groups might possess similar functions. The expression
patterns of 13 selected NtADH genes were analyzed in
response to Ras infection. The results revealed that 10
genes (NtADH6/7/8/11/12/14/21/29/38/40) exhibited
significant up-regulation during the early stage (0-48 h)
of infection. This finding suggests that the initial phase of
infection plays a crucial role in the interaction between
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tobacco seedling and Ras. Furthermore, it infers that
these NtADH genes may function as S genes, recognizing
specific effectors and triggering a rapid immune response
in tobacco through the invasion of abundant hyphae. In-
depth investigation of these highly up-regulated NtADH
genes would contribute to a better understanding of the
interaction between tobacco and pathogen.

The members of ADH gene family exhibited numerous
cis-acting regulatory elements in their promoters that
associated with light-responsiveness phytohormones,
defense signaling transduction and various stresses. Dur-
ing the process of topping, leaf senescence, Ras infection
and hypoxia or anaerobic stress, these promoters play a
significant role in regulating the expression of NtADH
genes, thereby exert control over the growth and devel-
opment of tobacco plants. Notably, four N,EADH genes
(NtADHS8/10/14/50) exhibited high expression levels
in both the topping process and during leaves senes-
cence (Fig. 8). Furthermore, among them, NtADHS,
NtADHI0, and NtADHI14 displayed significant responses
to Ras infection (Fig. 10), implying their crucial roles in
the growth and development of tobacco plants. In addi-
tion, it was reported that plant ADH gene family plays
an important role in responding to hypoxia or anaerobic
conditions [1]. By searching the database of KEGG, four
NtADH genes (NtADH20/24/48/51) clustered in subfam-
ily F (Fig. 6) were found to be associated with the path-
way of alpha-linolenic acid metabolism, and the contents
of metabolites in this pathway were significantly up-reg-
ulated during the curing process (Fig. 12). Interestingly,
these four NtADH genes (NtADH20/24/48/51) showed
significant down-regulated under topping stress (Fig. 8b).
Alpha-linolenic acid acts as an integral component in
the growth and cellular metabolism processes of plants.
It assumes that the dual roles as both a structural con-
stituent and a metabolic modulator, carrying out essen-
tial functions in the regulation and organization of plant
systems. Under stress factors, a-linolenic acid exerts its
regulatory effect by modulating plant hormone signaling
and the expression of related genes to regulating plant
growth and stress tolerance [29]. The results indicate that
the NtADH genes play important roles in responding to
various stresses, and further investigation of these genes
would significantly contribute to a better understanding
of the function of ADH gene family in tobacco.

Conclusions

In this study, a total of 53 ADH genes were identified in
the genome of tobacco, which were categorized into 6
subfamilies. These NtADH genes were randomly distrib-
uted on 24 tobacco chromosomes. Among these genes, 5
NtADH gene pairs were originated from tandem repeats,

Page 13 of 16

and 3 pairs were originated from segmental duplications.
The promoters of NtADH genes contained cis-regulatory
elements associated with cell development, plant hor-
mones, environmental stress, and light responsiveness.
The expression levels of the ADH gene family varied at
different stages of plant growth and development, and
differential response were also found under various
stresses. Four NtADH genes (NtADH 20/24/48/51) play
essential roles in the regulation of alpha-linolenic acid
metabolism pathway during hypoxia and high-temper-
ature curing process in tobacco leaves. Our results pro-
vided valuable information for further functional study of
NtADH genes in tobacco.

Methods

Identification of ADH gene family members in tobacco

A local whole-genome protein sequence database of
tobacco was constructed based on the Solanaceae
Genomics Network (https://solgenomics.net/) [30, 31],
The HMM models ADH_N (PF08240) and ADH_zinc_N
(PF00107) extracted from the Pfam database (http://
pfam.xfam.org) were used as queries for retrieving the
candidate ADH protein sequences in tobacco. The tool
of BLASTP (E<1e ') was used for the identification of
ADH family members. The candidate protein sequence
which contained conserved ADH domains (PF08240
and PF00107) was confirmed as the final ADH protein
sequence based on the CDD program of NCBI (https://
www.ncbi.nlm.nih.gov/cdd/) [32]. These ADH genes of
tobacco were renamed (NtADHs). The physicochemical
properties of the tobacco ADH proteins were predicted
and analyzed using the ExPASy software (https://www.
expasy.org), and the transmembrane topology structures
were predicted using the TMHMM 2.0 and ABTMpro,
and a list of ADH genes was constructed, which con-
tained the corresponding gene IDs, gene chromosome
localization information, and protein information.

Gene structure and conserved motif analysis

Cluster X software [33] was used to perform multiple
sequence alignment for the NtADH protein sequences,
and the maximum likelihood method (ML) of MEGA-
11 [34] software was used to generate the phylogenetic
tree of tobacco NtADH protein family with the boot-
strap value of 1000. The GFF format file of tobacco gene
structure was obtained from Solanaceae genome data-
base (https://solgenomics.net/) [30, 31], and the N,EADH
gene structure was analyzed based on the software Gene
Structure Display Server (GSDS) (http://gsds.cbi.pku.
edu.cn/) [35]. For conserved motif analysis, the MEME
tool was used with the following parameters: the number
of motifs was set to 20, and the width range of motifs was
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established to be 6-50 amino acids. The cis-regulatory
elements in the promoter region (2000 bp upstream of
the starting codon) of the ADH were identified by the
online program of PlantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) [36].

Chromosome localization and gene duplication
Maplnspect software (https://mapinspect.software.infor
mer.com) was applied to map the chromosomal posi-
tions of the ADH genes in tobacco. Based on the annota-
tion information and the full genome protein sequences
of tobacco [30], the MCScanX [37] software was used
to analyze the possible segmental duplication and tan-
dem duplication events with default parameters, and the
TBtools software [38] was used for visualization. The
tobacco K326 genome database released by Edwards
(2017, Nitab-v4.5) was used as reference genome (https://
solgenomics.net/ftp/genomes/Nicotiana_tabacum/edwar
ds_et_al 2017/).

Expression analysis of NtADH genes under conditions

of leaf senescence and topping stresses

To examine the expression patterns of N)ADH genes dur-
ing leaf senescence, tobacco leaves at five maturity stages,
namely M1, M2, M3, M4, and M5, were collected based
on their visible appearance. The yellowing rates of the
five stages increased gradually with the increase of matu-
rity. The FPKM value of the NtADH genes at these five
senescence stages of tobacco leaves were extracted from
our recent RNA-Seq data (PRJNA772550) [39]. In addi-
tion, the expression profiles of the NtADHs were inves-
tigated under conditions of topping [11] based on the
dataset of GSE153483. A map was generated using the
heatmap function of the R gplots package [40].

Expression analysis of NtADH genes in response

to Ralstonia solanacearum L.

The tobacco variety of Hongda was cultivated using the
floating seedling method. The tobacco seedlings were
conventionally managed until the 3-5 leaf stage. A total
of 75 tobacco seedlings were chosen and inoculated with
a highly virulent pathogenic strain of Ras that had been
isolated and maintained by our laboratory [41]. Inocula-
tion was performed by mechanically wounding the roots
and irrigating with 30 mL of Ras liquid with a concentra-
tion of 10® cfu/mL. These plants were then cultured in a
high-temperature and high-humidity greenhouse (30°C,
approximately 80% humidity, 12 h/d light). Samples were
collected at O h, 12 h, 24 h, 48 h and 96 h post-inocula-
tion, with each biological sample consisting of 5 plants
and a total of 3 replicates. For sampling, the seedlings
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were uprooted, and their root were quickly washed with
sterile water to eliminate any attached soil and patho-
gens. These samples were immediately stored at—80 °C
for RNA extraction. Total RNA was extracted using the
Hipure Plant RNA Mini Kit (Magen Biotech, Shanghai)
and cDNA synthesis was performed using the SMART
Kit (Takara). The expression levels of the N,EADH genes
were evaluated by conducting real-time quantitative PCR
(gqRT-PCR) using SYBR Green qPCR Premix (Low ROX),
and the relative expression levels were calculated using
the 2724 method [42]. Three technical replicates were
performed for each sample. The actin gene of tobacco
was used as the internal reference gene, and the prim-
ers of NtADH genes (Additional file 8: Table S8) were
designed using primer3 software (https://bioinfo.ut.ee/
primer3-0.4.0/).

Analysis of the metabolomics related to NtADH genes
during curing process

To analyze the related metabolites of NtADH genes, the
upper leaves of the tobacco variety Cui Bi No.1 (CB-1)
grown in Yanping District, Nanping City, Fujian Prov-
ince of China were used for the assessment. According
to the curing process, the samples were collected at five
key temperature stages during the curing process, includ-
ing pre-yellowing stage (40°C) and post-yellowing stage
(41°C), pre-fixation stage (43°C), fixation stage (45C),
and small cylindrical stage (46°C), and denoted as T1, T2,
T3, T4, and T5, respectively. Each sample consisted of
six leaves, and a total of 15 samples were collected with
three biological replicates. The software Analyst 1.6.3 was
used to process the mass spectrometry data. The metabo-
lites that met the threshold of |Log2FC|>1, VIP >1, and
P<0.05 were selected as differential metabolites. The
KEGG (Kyoto Encyclopedia of Genes and Genomes)
database was used to annotate the metabolites [43], the
KEGG metabolic pathways associated with the differen-
tially metabolites obtained from different temperature
samples were analyzed (http://www.kegg.jp/kegg/pathw
ay.html). The expression of NtADH genes before curing
were analyzed using qRT-PCR, and the primers were list
in the Additional file 8: Table S8.
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http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://mapinspect.software.informer.com
https://mapinspect.software.informer.com
https://solgenomics.net/ftp/genomes/Nicotiana_tabacum/edwards_et_al_2017/
https://solgenomics.net/ftp/genomes/Nicotiana_tabacum/edwards_et_al_2017/
https://solgenomics.net/ftp/genomes/Nicotiana_tabacum/edwards_et_al_2017/
https://bioinfo.ut.ee/primer3-0.4.0/
https://bioinfo.ut.ee/primer3-0.4.0/
http://www.kegg.jp/kegg/pathway.html
http://www.kegg.jp/kegg/pathway.html

Wang et al. BMC Genomics (2024) 25:13

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-023-09813-4.

Additional file 1: Table S1. Syntenic analysis of ADH genes among
tobacco, Arabidopsis and tomato.

Additional file 2: Table S2. Sequences of 20 predicted motifs of NtADH
proteins.

Additional file 3: Table S3. a The accession number of ADHs from other
plants in our paper. b Paralogous genes and orthologous genes of NtADH
with other species

Additional file 4: Table S4. Cis-elements present in the promoters of
NtADH genes.

Additional file 5: Table S5. The FPKM values of 53 NtADH genes at five
senescence stages of tobacco leaves.

Additional file 6: Table S6. Metabolites of four comparison pairs in
tobacco during hypoxia and high-temperature curing process.

Additional file 7. The KEGG Enrichment.
Additional file 8: Table S8. Primers for real-time PCR.

Authors’ contributions

Ruigi Wang designed and conducted the experiments, analyzed the data,
wrote the manuscript, Chaofan Du, Gang Gu and Binghui Zhang contributed
plant materials, performed the experiments and analyzed the data, Xiaolu
Lin, Chengliang Chen, Tong Li, Rui Chen helped to draft the manuscript and
analyzed the data, Xiaofang Xie the corresponding author, conceived and
designed the experiments, wrote the manuscript. All authors reviewed the
manuscript.

Funding

This research was financially supported by China Tobacco Company
(110202201028 (LS-12)) and Longyan Tobacco Company (LK-2022Y06; LK-
2022Y02). The funders had no role in the study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials

The datasets generated and/or analysed during the current study are available
in the NCBI Sequence Read Archive repository, https://www.ncbi.nlm.nih.gov/
sra/PRINA772550 and the Gene Expression Omnibus (GSE153483), https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153483.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

!College of Life Sciences, Fujian Agriculture & Forestry University,

Fuzhou 350002, China. *Longyan Tobacco Company, Longyan 364000,
China. ®Institute of Tobacco Science, Fujian Provincial Tobacco Company,
Fuzhou 350003, China. “Jianning Branch of Sanming Tobacco Company,
Sanming 354500, China. >Fujian Key Laboratory of Crop Breeding By Design,
Fujian Agriculture & Forestry University, Fuzhou 350002, China.

Received: 31 July 2023 Accepted: 17 November 2023
Published online: 02 January 2024

Page 150f 16

References

1. Strommer J. The plant ADH gene family. Plant J. 2011;66(1):128-42.

2. Rossmann MG, Moras D, Olsen KW. Chemical and biological evolution of
nucleotide-binding protein. Nature. 1974;250(463):194-9.

3. Alka K, Windle HJ, Cornally D, Ryan BJ, Henehan GT. A short chain NAD(H)-
dependent alcohol dehydrogenase (HpSCADH) from Helicobacter pylori:
arole in growth under neutral and acidic conditions. Int J Biochem Cell
Biol. 2013;45(7):1347-55.

4. Jornvall H, Hedlund J, Bergman T, Kallberg Y, Cederlund E, Persson B.
Origin and evolution of medium chain alcohol dehydrogenases. Chem
Biol Interact. 2013;202(1-3):91-6.

5. Nordling E, Jornvall H, Persson B. Medium-chain dehydrogenases/
reductases (MDR). Family characterizations including genome compar-
isons and active site modeling. Eur J Biochem. 2002;269(17):4267-76.

6. Hedlund J, Jornvall H, Persson B. Subdivision of the MDR superfamily of
medium-chain dehydrogenases/reductases through iterative hidden
Markov model refinement. BMC Bioinformatics. 2010;11:534.

7. laria D, Bruno L, Macchione B, Tagarelli A, Sindona G, Giannino D, et al.
The aroma biogenesis-related olea europaea alcohol dehydrogenase
gene is developmentally regulated in the fruits of two O. europaea L.
cultivars. Food Res. 2012;49:720-7.

8. SuW,RenY,Wang D, SuY, Feng J, Zhang C, et al. The alcohol dehydro-
genase gene family in sugarcane and its involvement in cold stress
regulation. BMC Genomics. 2020;21(1):521.

9. HuZHeZLiY,Wang Q,YiP Yang J, et al. Transcriptomic and metabolic
regulatory network characterization of drought responses in tobacco.
Front Plant Sci. 2023;13:1067076.

10. YiSY, Ku'SS, Sim HJ, Kim SK, Park JH, Lyu JI, et al. An alcohol dehydroge-
nase gene from Synechocystis sp. confers salt tolerance in transgenic
tobacco. Front Plant Sci. 2017;8:1965.

11. Wang WF, Chen P, Lv J, Chen L, Sun YH. Transcriptomic analysis of topping-
induced axillary shoot outgrowth in Nicotianatabacum. Gene. 2018,646:169-80.

12. JinY, Zhang C, Liu W, Tang Y, Qi H, Chen H, et al. The alcohol dehydro-
genase gene family in melon (Cucumismelo L.): bioinformatic analysis
and expression patterns. Front Plant Sci. 2016;7:670.

13. KimYJ, Shim JS, Lee JH, Jung DY, Sun H, In JG, et al. Isolation and char-
acterization of a novel short-chain alcohol dehydrogenase gene from
Panax ginseng. BMB Rep. 2009;42(10):673-8.

14. Bukh C, Nord-Larsen PH, Rasmussen SK. Phylogeny and structure of
the cinnamyl alcohol dehydrogenase gene family in Brachypodium
distachyon. J Exp Bot. 2012;63(17):6223-36.

15. Moummou H, Tonfack LB, Chervin C, Benichou M, Youmbi E, Ginies C,
et al. Functional characterization of SIscADH1, a fruit-ripening-asso-
ciated short-chain alcohol dehydrogenase of tomato. J Plant Physiol.
2012;169(15):1435-44.

16. Singh RK, Sane VA, Misra A, Ali SA, Nath P. Differential expression of the
mango alcohol dehydrogenase gene family during ripening. Phyto-
chemistry. 2010;71(13):1485-94.

17. Zeng W, Qiao X, Li Q, Liu C, Wu J, Yin H, et al. Genome-wide identifi-
cation and comparative analysis of the ADH gene family in Chinese
white pear (Pyrusbretschneideri) and other Rosaceae species. Genomics.
2020;112(5):3484-96.

18. Speirs J, Lee E, Holt K, Yong-Duk K, Steele Scott N, Loveys B, et al.
Genetic manipulation of alcohol dehydrogenase levels in ripening
tomato fruit affects the balance of some flavor aldehydes and alcohols.
Plant Physiol. 1998;117(3):1047-58.

19. Senthil-Kumar M, Mysore KS. Assessing functional role of three water
deficit stress-induced genes in nonhost disease resistance using virus-
induced gene silencing in Nicotianabenthamiana. Plant Signal Behav.
2010;5(5):586-90.

20. Pathuri IP, Reitberger IE, Huickelhoven R, Proels RK. Alcohol dehydro-
genase 1 of barley modulates susceptibility to the parasitic fungus
Blumeriagraminis f.sp. hordei. J Exp Bot. 2011;62(10):3449-57.

21. Van Schie CC, Takken FL. Susceptibility genes 101: how to be a good
host. Annu Rev Phytopathol. 2014;52:551-81.

22. Manriquez D, El-Sharkawy |, Flores FB, El-Yahyaoui F, Regad F, Bouzayen
M, et al. Two highly divergent alcohol dehydrogenases of melon
exhibit fruit ripening-specific expression and distinct biochemical
characteristics. Plant Mol Biol. 2006,61(4-5):675-85.


https://doi.org/10.1186/s12864-023-09813-4
https://doi.org/10.1186/s12864-023-09813-4
https://www.ncbi.nlm.nih.gov/sra/PRJNA772550
https://www.ncbi.nlm.nih.gov/sra/PRJNA772550
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153483
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153483

Wang et al. BMC Genomics (2024) 25:13

23. Persson B, Krook M, Jérnvall H. Characteristics of short-chain alcohol dehy-
drogenases and related enzymes. Eur J Biochem. 1991;200(2):537-43.

24. McKie JH, Jaouhari R, Douglas KT, Goffner D, Feuillet C, Grima-Pettenati
J, etal. A molecular model for cinnamyl alcohol dehydrogenase, a
plant aromatic alcohol dehydrogenase involved in lignification. Bio-
chim Biophys Acta. 1993;1202(1):61-9.

25. Shen C,Yuan J, Ou X, Ren X, Li X. Genome-wide identification of alcohol
dehydrogenase (ADH) gene family under waterlogging stress in wheat
(Triticumaestivum). PeerJ. 2021,9:211861.

26. Thompson CE, Fernandes CL, de Souza ON, de Freitas LB, Salzano FM.
Evaluation of the impact of functional diversification on Poaceae, Bras-
sicaceae, Fabaceae, and Pinaceae alcohol dehydrogenase enzymes. J Mol
Model. 2010;16(5):919-28.

27. Cannon SB, Mitra A, Baumgarten A, Young ND, May G. The roles of
segmental and tandem gene duplication in the evolution of large gene
families in Arabidopsisthaliana. BMC Plant Biol. 2004;4:10.

28. Jornvall H, Hedlund J, Bergman T, Oppermann U, Persson B. Superfamilies
SDR and MDR: from early ancestry to present forms. Emergence of three
lines, a Zn-metalloenzyme, and distinct variabilities. Biochem Biophys Res
Commun. 2010;396(1):125-30.

29. ZiX, Zhou S, Wu B. Alpha-linolenic acid mediates diverse drought
responses in maize (Zea mays L.) at seedling and flowering stages. Mol-
ecules. 2022,27(3):771.

30. Edwards KD, Fernandez-Pozo N, Drake-Stowe K, Humphry M, Evans AD,
Bombarely A, et al. A reference genome for Nicotianatabacum enables
map-based cloning of homeologous loci implicated in nitrogen utiliza-
tion efciency. BMC Genomics. 2017;18(1):448.

31. Fernandez-Pozo N, Menda N, Edwards JD, Saha S, Tecle 1Y, Strickler SR,
et al. The Sol Genomics Network (SGN)-from genotype to phenotype to
breeding. Nucleic Acids Res. 2015;43:D1036-41.

32. Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY, et al.
CDD: NCBI's conserved domain database. Nucleic Acids Res. 2015;43:D222-6.

33, Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG.

The CLUSTAL_X windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Res.
1997,25(24):4876-82.

34. Tamura K, Stecher G, Kumar S. MEGA11: molecular evolutionary genetics
analysis version 11. Mol Biol Evol. 2021,38(7):3022-7.

35. HuB, Jin J, Guo AY, Zhang H, Luo J, Gao G. GSDS 2.0: an upgraded gene
feature visualization server. Bioinformatics. 2015;31(8):1296-7.

36. Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van de PeerY, et al. PlantCARE,
a database of plant cis-acting regulatory elements and a portal to tools for in
silico analysis of promoter sequences. Nucleic Acids Res. 2002;30(1):325-7.

37. Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, et al. MCScanX: a toolkit
for detection and evolutionary analysis of gene synteny and collinearity.
Nucleic Acids Res. 2012:40(7):e49.

38. Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, et al. TBtools: an
integrative toolkit developed for interactive analyses of big biological
data. Mol Plant. 2020;13(8):1194-202.

39, ZhangB,Yang J, Gu G, JinL, Chen C, Lin Z, et al. Integrative analyses of
biochemical properties and transcriptome reveal the dynamic changes
in leaf senescence of tobacco (Nicotianatabacum L.). Front Genet.
2021;12:790167.

40. Walter W, Sdnchez-Cabo F, Ricote M. GOplot: an R package for visually
combining expression data with functional analysis. Bioinformatics.
2015;31(17):2912-4.

41. GaoW, Chen R, Pan M, et al. Early transcriptional response of seedling
roots to Ralstonia solanacearum in tobacco (Nicotianatabacum L.). Eur J
Plant Pathol. 2019;155(2):527-36.

42. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(—Delta Delta C(T)) method. Meth-
ods. 2001;25(4):402-8.

43. Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new
perspectives on genomes, pathways, diseases and drugs. Nucleic Acids
Res. 2017;45(D1):D353-61.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Genome-wide identification and expression analysis of the ADH gene family under diverse stresses in tobacco (Nicotiana tabacum L.)
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Characterization of ADH genes in tobacco genome
	Chromosome localization and collinearity analysis of NtADH genes
	Phylogenetics and gene structure analysis of NtADHs
	Domain and motif analysis of the NtADH proteins
	Phylogeny of plant ADH gene family
	Cis-acting regulatory elements analysis of NtADH genes
	Expression analysis of NtADH genes under conditions of leaf senescence and topping stress
	Expression analysis of the NtADHs in response to Ralstonia solanacearum
	NtADH related-metabolomics analysis during hypoxia and high-temperature curing process in tobacco leaves

	Discussion
	Conclusions
	Methods
	Identification of ADH gene family members in tobacco
	Gene structure and conserved motif analysis
	Chromosome localization and gene duplication
	Expression analysis of NtADH genes under conditions of leaf senescence and topping stresses
	Expression analysis of NtADH genes in response to Ralstonia solanacearum L.
	Analysis of the metabolomics related to NtADH genes during curing process

	Anchor 26
	References


