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Abstract: 2-acetyl-1-pyrroline (2AP) is a highly effective volatile compound that gives fragrance
to numerous plant species and food. Mutation(s) in the betaine aldehyde dehydrogenase 2 (BADH2)
gene results in the accumulation of 2AP. However, the function of BADH genes in tobacco (Nicotiana
tabacum L.) remains poorly understood. In this study, we successfully obtained four betaine aldehyde
dehydrogenase (BADH) genes from tobacco. Phylogenetic analysis of the protein sequences showed
that two of the four BADH genes were closely related to the wolfberry (Lycium barbarum) BADH gene
(LbBADH1), so we named them NtBADH1a and NtBADH1b, respectively. The other two BADH genes
were orthologues of the tomato (Solanum lycopersicum) aminoaldehyde dehydrogenase 2 (SlAMADH2)
gene, and were named NtBADH2a and NtBADH2b, respectively. Expression analysis revealed that the
biological functions of NtBADH1a and NtBADH1b were different from those of genes NtBADH2a and
NtBADH2b. We introduced mutations into NtBADH1a, NtBADH1b, NtBADH2a and NtBADH2b in
tobacco using the CRISPR/Cas9 system and identified transgenic Ntbadh mutant tobacco lines. Single
mutants (Ntbadh1a, Ntbadh1b, Ntbadh2a and Ntbadh2b) and double mutants (Ntbadh1a-Ntbadh1b and
Ntbadh2a-Ntbadh2b) harbored deletion or insertion of nucleotides, both of which led to the production
of a frameshift, preventing protein accumulation. A popcorn-like scent was noticeable in tobacco
leaves from the Ntbadh2a-Ntbadh2b double mutant, but not from any single mutant or the Ntbadh1a-
Ntbadh1b double mutant or the wild type. Consistent with this observation, we only detected 2AP
in fresh leaves from the Ntbadh2a-Ntbadh2b double mutant. These findings indicate that only the
combined inactivation of NtBADH2a and NtBADH2b results in 2AP accumulation in tobacco, which
was not related to NtBADH1.

Keywords: betaine aldehyde dehydrogenase (BADH); Nicotiana tabacum; 2-acetyl-1-pyrroline; targeted
mutagenesis

1. Introduction

Betaine aldehyde dehydrogenase (BADH) is an enzyme found in a large number
of plant species; it confers the potential to accumulate glycine betaine (GB), which is
a powerful osmoprotectant associated with abiotic stresses, such as salt, drought, and
temperature [1]. The BADH gene has been cloned from higher plants and other living
organisms [2], e.g., Spinacia oleracea [3,4], Beta vulgaris [5,6], barley (Hordeum vulgaris) [7],
Chenopodium quinoa [8], rice (Oryza sativa L.) [9], and Lycium ruthenicum [10]. BADH plays
a crucial role in enhancing tolerance to abiotic stress by facilitating the accumulation of
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GB derived from betaine aldehyde (BA). In contrast, certain plant species such as tobacco
(Nicotiana tabacum L.), tomato (Solanum lycopersicum L.), and rice are unable to accumulate
GB owing to insufficient BA [11]. In addition to abiotic stress mechanisms, multifunctional
BADH is involved in fragrance production through the polyamine oxidation pathway [12].
It has been observed that the majority of plants exhibit two BADH isozymes (BADH1
and BADH2). According to He et al., 2015 [11], there are two members of the BADH
family in the rice genome: BADH1 is closely correlated with salt tolerance, while BADH2 is
responsible for conferring fragrance to rice.

The 2-acetyl-1-pyrroline (2AP) is a volatile compound widespread in nature. It
is the key flavor-related compound in diverse cereal products and vegetable-derived
products [13–15]. A reduction in BADH2 activity or the presence of nonfunctional BADH2
enzymes results in the production of 2AP and the release of fragrances in rice [16], maize,
sorghum (Sorghum bicolor) [17], soy-bean (Glycine max) [18], foxtail millet (Setaria ital-
ica) [19], and mung bean (Vigna radiata) [20]. The 2AP biosynthesis pathway comprises two
main path-ways (Figure S1): glutamate-proline and ornithine metabolism, and polyamine
metabolism. Glutamate, proline, and ornithine are converted to 1-pyrroline-5-carboxylate
(P5C) via ∆1-pyrroline-5-carboxylate synthase (P5CS), proline dehydrogenase (ProDH),
and ornithine aminotransferase (OAT) enzymes; P5C is then immediately converted to ∆1-
pyrroline, which is the immediate precursor of 2AP and an important factor for regulating
the 2AP biosynthesis rate; polyamines (organic compounds with more than two amino
groups) are converted to GABald (the immediate precursor of γ-aminobutyric acid) [21]. In
the presence of a nonfunctional BADH2 enzyme, GABald cannot be converted to GABA,
resulting in the spontaneous conversion of GABald to ∆1-pyrroline, which leads to GA-
Bald accumulation and 2AP formation. Conversely, GABald is converted to GABA by a
functional BADH2, which ultimately inhibits 2AP biosynthesis [22].

Tobacco is extensively cultivated as a non-food crop all over the world, and is addition-
ally a crucial model plant species for fundamental biological investigation [23]. However,
no genes in the 2AP biosynthetic pathway have been characterized in tobacco. Understand-
ing the 2AP biosynthetic pathway in tobacco will help elucidate the function of 2AP in
tobacco metabolism and biosynthesis. Over the past few years, genome-editing technol-
ogy, such as zinc finger nucleases (ZFNs), transcription activator-like effector nucleases
(TALENs), and the CRISPR/Cas9 system, which is associated with the clustered regularly
interspaced short palindromic repeats (CRISPR) protein 9 (Cas9) system, has enabled sci-
entists to make changes in the DNA of model organisms to generate biotechnologically
important products [24–27]. Among these tools, CRISPR/Cas9 is widely used in plants
because of its ease of use, great effectiveness, and low development cost [28]. In this
study, we cloned four NtBADH genes from tobacco and characterized their roles in 2AP
biosynthesis via targeted knockout using the CRISPR/Cas9 system.

2. Materials and Methods
2.1. Plant Materials

Seeds of the tobacco (Nicotiana tabacum L.) cultivar ‘Honghuadajinyuan’ and homozy-
gous transgenic NtBADH knockout lines were surface-sterilized and grown on Murashige
and Skoog (MS) Basal Medium (Duchefa Biochemie, Haarlem, The Netherlands) contain-
ing 30 g/L sucrose and 6 g/L agar. One-month-old seedlings were transferred to pots
containing a peat moss to perlite ratio of 3:1 and kept under greenhouse conditions with a
photoperiod of 16 h light at 25 ◦C. Roots, stems, leaves, and flowers of ‘Honghuadajinyuan’
seedlings were sampled at the anthesis flower stage and immediately frozen in liquid
nitrogen for RNA purification.

2.2. Cloning of Tobacco NtBADH2 Genes

We acquired four NtBADH-like translated nucleotide sequences from the Sol Genomics
Network (SGN) Nicotiana tabacum BX genome database (http://solgenomics.net/organism/
Nicotiana_tabacum/genome, accessed on 4 January 2024) by performing a basic local
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alignment search tool (tBLASTn; available online: https://solgenomics.net/tools/blast/,
accessed on 4 January 2024) using the rice OsBADH2 protein sequences as the query. Four
full-length NtBADH coding sequences were amplified from tobacco leaf tissue cDNA by
PCR using specific primers (Table S1) and 2× Phanta Max Master Mix (Vazyme, Nanjing,
China). The amplified PCR products were effectively cloned into the pEASY-Blunt Zero
Cloning Vector (TransGene, Beijing, China) and subjected to sequencing analysis.

2.3. Phylogenetic Analysis

Protein sequence alignments of multiple BADH orthologs from Arabidopsis thaliana,
Triticum urartu, Hordeum vulgare, Oryza sativa, Zea mays, Sorghum bicolor, Cocos nucifera,
Solanum lycopersicum, Solanum tuberosum, Lycium barbarum, Glycine max, Vigna radiata (Mung
bean), Cucumis sativus, Cucumis melo, and Nicotiana tabacum were performed using the
MUSCLE method in MEGA (version 7.0.26; https://www.megasoftware.net/, accessed
on 4 January 2024) with default settings. A phylogenetic tree was reconstructed with
1000 bootstrap replicates using the neighbor-joining method of MEGA version 7.0.26.

2.4. RNA Extraction and Gene Expression Analysis

Root, stem, leaf, flower and seed tissues were collected from 60-day-old tobacco plants
after transplanting to the field, immediately frozen in liquid nitrogen, and kept at 80 ◦C
until RNA extraction. An RNAprep Pure Plant Plus Kit (Tiangen Biotech, Beijing, China)
was used to isolate total RNA. A NanoDrop 2000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) was used to quantify the total RNA concentration. First-
strand cDNA was synthesized using M-MLV Reverse Transcriptase (Promega, Madison,
WI, USA) in a 20 µL reaction using 500 ng of starting total RNA. Quantitative reverse
transcriptase PCR (qRT-PCR) was performed using SYBR Premix Ex Taq (TaKaRa Bio Inc.,
Otsu, Japan) and gene specific primers (Table S2) in a LightCycler® 96 instrument (Roche,
Basel, Switzerland). Expression levels of the actin gene were used as an internal control.
Each analysis was conducted with a minimum of three biological and technical replicates.
Relative fold-change of target genes was determined by the 2−∆∆Ct method as described by
Livak and Schmittgen 2001 [29].

2.5. Construction of CRISPR/Cas Gene Editing Vectors

To facilitate NtBADH genomic DNA modifications, we synthesized oligonucleotides
with a specific target of two 24 base pairs in length. The CRISPOR 5.01 software (http:
//crispor.tefor.net/, accessed on 4 January 2024) was used to assess their efficiency. Sub-
sequently, these oligos were annealed and inserted into the BsaI site of the enhanced
pOREU3TR vector, which was optimized to enhance the expression of sgRNA cassettes
and integrate a Ros1 expression cassette for efficient screening of transgene-free genome
edited plants [30].

2.6. Plant Transformation and Mutant Analysis

The pOREU3TR vectors, which carried the gRNA and Cas9 expression cassettes, were
introduced into Agrobacterium tumefaciens EHA105 through the freeze–thaw technique.
Afterwards, positive clones were utilized in order to produce NtBADH mutant tobacco
plants through the leaf discs method [31]. Seedlings resistant to kanamycin were success-
fully obtained and the presence of mutants was confirmed. The extracting of DNA from
T0 transgenic lines was conducted using the DNeasy® Plant Mini Kit (Qiagen, Hilden,
Germany). In order to detect mutations, PCR was performed using the specific primers
to amplify genomic regions including the Cas9/gRNA target sites (Table S3). The prod-
ucts underwent sanger sequencing directly, and the resulting reads were compared with
wild-type sequences to identify potential mutant lines. To investigate the heritability of
CRISPR/Cas9-mediated targeted NtBADH modifications in subsequent generations, T0
lines harboring homozygous or biallelic mutations were subjected to self-pollination. Then,
the T1 offspring were transferred to soil and grown until maturity for further analysis.

https://solgenomics.net/tools/blast/
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2.7. 2AP Measurements

2AP was quantified as in a previously described protocol [32] with slight modifications.
Freeze-dried tobacco leaves were ground thoroughly into 200 mesh powder using a grinder.
Aliquots (0.2 g) of ground powder were weighed into 5 mL glass bottles and extracted at
80 ◦C for 3 h in 2 mL of extraction buffer consisting of a 1:1 (v/v) mixture of anhydrous
ethanol and dichloromethane. 2,4,6-Trimethyl pyridine (TMP) was added to the mixture
at a final concentration of 50 ng/mL as an internal standard. The reaction solution was
cooled to room temperature and centrifuged for 5 min at 12,000 r/min. The supernatant
was transferred to an injection vial with a 200 µL internal diameter tube and left to stand
for 0.5 h before measurement.

The 2AP was measured using a gas chromatograph-triple quadrupole mass spectrom-
eter (Agilent 7890A/7000 GC-QQQ, Waldbronn, Germany) equipped with an electrospray
ionization source and in separation mode using a gas chromatographic column HP-5MS
(30 m × 250 µm × 0.25 µm, Agilent, Santa Clara, CA, USA). The initial column chamber tem-
perature was set to 50 ◦C and held for 2 min. Then the temperature was increased to 120 ◦C at
10 ◦C min−1; finally, the temperature was increased by 30 ◦C min−1 to 250 ◦C and held for
3 min. The temperature of the injector was set to 170 ◦C with research grade helium (99.999%)
as the carrier gas under a constant flow. The transfer line was held at 280 ◦C. Ions were
generated using an electron impact ion source (−70 eV, 230 ◦C) and analyzed using a triple
quadrupole. Product ion scans were acquired from 35 to 500 m/z using MRM scanning mode.

3. Results
3.1. Identification of BADH Genes in Tobacco Genome

To identify tobacco BADH gene homologues, we aligned amino acid sequences of
OsBADH2 (Os08g424500) as the query against the Sol Genomics Network (SGN) tobacco
genome database (http://solgenomics.net/organism/Nicotiana_tabacum/genome, ac-
cessed on 4 January 2024) using a tBLASTn search. Three putative coding sequences
(mRNA_63486_cds, mRNA_31370_cds, and mRNA_66183_cds) of tobacco BADH genes
were identified from the tBLASTn search. These nucleotide sequences were utilized for the
purpose of designing primers that are specific to the coding sequences of BADH. These
primers were then employed to amplify the full-length BADH coding sequence from to-
bacco leaf tissues. The tobacco BADH genes comprised four open reading frames (ORFs)
that were 1515 bp, 1515 bp, 1515 bp, and 1500 bp in length and encoded proteins of 504, 504,
504, and 499 amino acids, respectively. The four BADH genes in tobacco were all predicted
to consist of 15 exons and 14 introns (Figure 1).
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Figure 1. Putative exon/intron structure of NtBADH1a, NtBADH1b, NtBADH2a and NtBADH2b genes.

The four tobacco BADH amino acid sequences showed high similarity at the protein
level with those of other species, with NtBADH1a showing 95.24%, 92.46%, and 91.98%
amino acid sequence identity with NtBADH1b, NtBADH2a, and NtBADH2b, respectively.
Moreover, the tobacco BADH 1 proteins exhibited a similarity of 89.88–90.84% to LbBADH1,
and the BADH 2 proteins displayed a similarity of 82.54–83.53% to LbBADH1. Meanwhile,
BADH2 proteins from tobacco were 91.68–92.87% similar to SlAMADH2 and 92.28–93.47%
similar to PGSC0003DMT400063025. All the encoded proteins had a highly conserved
decapeptide (VTLELGGKSP) at amino acids 256–265 and a cysteine residue (C) conserved
in aldehyde dehydrogenase (ALDHs) at 295 (Figure 2A).
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the putative NtBADH1a, NtBADH1b, NtBADH2a and NtBADH2b amino acid sequences with Lb-
BADH1, SlAMADH2 and PGSC0003DMT400063250 sequences. (B) Phylogenetic tree of NtBADH1a,
NtBADH1b, NtBADH2a and NtBADH2b amino acid sequences with known BADH proteins from
other plant species. Nt, Nicotiana tabacum; At, Arabidopsis thaliana; Tu, Triticum urartu; Hv, Hordeum
vulgare; Os, Oryza sativa; Zm, Zea mays; Sb, Sorghum bicolor; Cn, Cocos nucifera; Sl, Solanum lycopersicum;
St, Solanum tuberosum; Lb, Lycium barbarum; Gm, Glycine max; Cs, Cucumis sativus. The colored lines
represent motifs and the red boxes represent the conserved decapaptide (VTLELGGKSP) and a
cysteine residue (C).

A neighbor-joining phylogenetic tree of BADH proteins from tobacco with BADH
protein from Arabidopsis thaliana, Triticum urartu, Hordeum vulgare, Oryza sativa, Zea mays,
Sorghum bicolor, Cocos nucifera, Solanum lycopersicum, Solanum tuberosum, Lycium barbarum,
Glycine max, Vigna radiata (Mung bean), Cucumis sativus, and Cucumis melo revealed a clear
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evolutionary separation between NtBADH and its homologues (Figure 2B). Two of the
four BADH sequences were most closely related to LbBADH1 from Lycium barbarum and
were named NtBADH1a and NtBADH1b, respectively. The other two BADH sequences
had a close relationship with PGSC0003DMT400063250 from Solanum tuberosum and SlA-
MADH2 from Solanum lycopersicum, and were hence named NtBADH2a and NtBADH2b,
respectively. Tobacco is a natural allotetraploid generated by the hybridization of Nicotiana
sylvestris and Nicotiana tomentosiformis. Phylogenetic analysis showed that NtBADH1a and
NtBADH2a originated from N. tomentosiformis, while NtBADH1b and NtBADH2b originated
from N. sylvestris (Figure S2).

3.2. Expression Patterns of NtBADH Genes in Different Tobacco Tissues

To characterize the expression patterns of the four NtBADH genes in wild type tobacco
plants, we used qRT-PCR to analyze RNA transcript levels in various tissues. We detected
the four NtBADH genes transcripts in all organs. Notably, NtBADH1a and NtBADH1b
had similar expression patterns, with the highest transcript levels in leaves (Figure 3A).
NtBADH2a and NtBADH2b also displayed similar expression patterns and were highly
expressed in seeds (Figure 3B). These results indicated that NtBADH1a and NtBADH1b
might have similar biological functions in tobacco, but regulation of NtBADH1a and
NtBADH1b was different from that of NtBADH2a and NtBADH2b.
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3.3. Targeted NtBADH Mutations Using the CRISPR/Cas9 System

To determine the biological function of NtBADH proteins in tobacco, we decided
to simultaneously knock out NtBADH1a, NtBADH1b, NtBADH2a, and NtBADH2b by
genome editing with the CRISPR/Cas9 system and subsequently investigate the effect of
the combinatorial mutations on the content of 2AP in tobacco. We designed three Cas9 guide
RNAs, referred to as SgRNA1, SgRNA2, and SgRNA3 (20 nucleotides), and introduced
these into the binary expression vector pOREU3TR. SgRNA1 and SgRNA2 independently
targeted NtBADH1a and NtBADH1b, respectively. SgRNA3 had a common target site in
NtBADH2a and NtBADH2b, targeting the first exon of the coding sequence for generating
Ntbadh2a and Ntbadh2b single mutants and the Ntbadh2a-Ntbadh2b double mutant
(Figure 4A). To generate Ntbadh1a-Ntbadh1b double mutants, we created a CRISPR/Cas9
construct harboring the SgRNA2 and SgRNA3 expression cassettes for Agrobacterium
tumefaciens-mediated tobacco transformation (Figure 4B).
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Figure 4. CRISPR/Cas9-mediated NtBADH knockout in tobacco. (A) NtBADH gene structure and
target site selected for targeted NtBADH1a, NtBADH1b, NtBADH2a and NtBADH2b mutations. Black
rectangles represent exons, black lines show introns, black arrow indicate target sites, and nucleotides
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For NtBADH1a (sgRNA1), we identified 28 T0 positive transgenic plants through
PCR amplification. Further sequencing analysis revealed that three of the plants exhib-
ited genomic editing of the target gene with a homozygous genotype, while six plants
were identified as heterozygous. Therefore, we selected the three homozygous individ-
uals (badh1a#11, badh1a#12 and badh1a#23) for further investigation. Comparing DNA
sequences revealed that badh1a#23 possessed a 22-bp deletion, badh1a#11 possessed a
1-bp deletion, and badh1a#12 exhibited 1-bp insertion at the target site, which we refer to
as NtBADH1a (Figure 5A). For NtBADH1b (sgRNA2), we identified 29 T0 positive trans-
genic plants edited at the target site, comprising four homozygous mutants (badh1b#5,
badh1b#15, badh1b#23, and badh1b#29), thirteen heterozygous mutants, and seven biallelic
(two distinct variants) mutants. Individuals badh1b#5 and badh1b#15 exhibited a 1-bp
insertion, and badh1b#23 and badh1b#29 possessed 1-bp and 2-bp deletions, respectively
(Figure 5B).

Using the double CRISPR/Cas9 construct harboring the sgRNA2 and sgRNA3 ex-
pression cassettes, we isolated heterozygous and biallelic (two distinct variants) Ntbadh1a-
Ntbadh1b double mutants at the T0 generation. To obtain edited homozygous lines, we
focused on the biallelic mutations, sequencing the BADH1 target regions of 10 individual
T1 transformants. We identified two types of Ntbadh1a-Ntbadh1b double mutant: a 1-bp
insertion in the NtBADH1a and NtBADH1b target regions, respectively, and a 2-bp deletion
in NtBADH1a and a 1-bp insertion in NtBADH1b (Figure 5C).



Agronomy 2024, 14, 321 8 of 14

Agronomy 2024, 14, x FOR PEER REVIEW 9 of 15 
 

 

For NtBADH2a and NtBADH2b (sgRNA3), we screened 60 T0 transgenic lines from 
63 lines using kanamycin selection. Sequencing analysis revealed 56 edited plants. Twelve 
edited plants showed specific editing of NtBADH2a, three of which were identified as ho-
mozygous mutant lines (badh2a#6, badh2a#17, and badh2a#18), and the remaining plants 
were regarded as biallelic or heterozygous mutations. Five plants showed specific editing 
of NtBADH2b; two of these were identified as homozygous mutant lines (badh2b#14 and 
badh2b#62), one possessed biallelic mutations, and the other two plants carried heterozy-
gous mutations. Meanwhile, we identified eight homozygous plants mutated for both 
NtBADH2a and NtBADH2b (badh2#04, badh2#16, badh2#30, badh2#35, badh2#43, 
badh2#45, badh2#50, and badh2#63). The badh2a#6 line harbored a 1-bp deletion muta-
tion, while badh2a#17 and badh2a#18 lines harbored 2-bp deletion mutations in the 
NtBADH2a gene only. The badh2b#14 and badh2b#62 lines carried a 1-bp deletion muta-
tion in the NtBADH2b gene only. The double-mutant lines badh2#04 and badh2#35 con-
tained 1-bp deletions in the NtBADH2a gene and a 2-bp deletion in the NtBADH2b gene. 
In the five double-mutant lines badh2#16, badh2#30, badh2#43, badh2#45, and badh2#50, 
the Cas9-induced mutations disrupted both the NtBADH2a and NtBADH2b genes with a 
1-bp deletion mutation. The badh2#63 line contained a 1-bp insertion mutation in 
NtBADH2a and a 1-bp deletion mutation in NtBADH2b (Figure 5D). Importantly, all the 
above mutations led to frameshift mutations of NtBADH2a or NtBADH-2B. 

 
Figure 5. Sequences of the wild type and gene-edited mutants of NtBADH in the ‘Honghuada-
jinyuan’ background. (A) Ntbadh1a single mutants. (B) Ntbadh1b single mutants. (C) Ntbadh1a-

Figure 5. Sequences of the wild type and gene-edited mutants of NtBADH in the ‘Honghuadajinyuan’
background. (A) Ntbadh1a single mutants. (B) Ntbadh1b single mutants. (C) Ntbadh1a-Ntbadh1b double
mutants. (D) Sequences of NtBADH2a and NtBADH2b in Ntbadh2a and Ntbadh2b single mutants and
Ntbadh2a-Ntbadh2b double mutants. Guide RNA sequences are indicated in green; PAM sequences
are indicated in red; italics indicates an insertion mutation; and a short transverse line indicates a
deletion mutation.

For NtBADH2a and NtBADH2b (sgRNA3), we screened 60 T0 transgenic lines from
63 lines using kanamycin selection. Sequencing analysis revealed 56 edited plants. Twelve
edited plants showed specific editing of NtBADH2a, three of which were identified as
homozygous mutant lines (badh2a#6, badh2a#17, and badh2a#18), and the remaining
plants were regarded as biallelic or heterozygous mutations. Five plants showed specific
editing of NtBADH2b; two of these were identified as homozygous mutant lines (badh2b#14
and badh2b#62), one possessed biallelic mutations, and the other two plants carried het-
erozygous mutations. Meanwhile, we identified eight homozygous plants mutated for
both NtBADH2a and NtBADH2b (badh2#04, badh2#16, badh2#30, badh2#35, badh2#43,
badh2#45, badh2#50, and badh2#63). The badh2a#6 line harbored a 1-bp deletion mu-
tation, while badh2a#17 and badh2a#18 lines harbored 2-bp deletion mutations in the
NtBADH2a gene only. The badh2b#14 and badh2b#62 lines carried a 1-bp deletion mutation
in the NtBADH2b gene only. The double-mutant lines badh2#04 and badh2#35 contained
1-bp deletions in the NtBADH2a gene and a 2-bp deletion in the NtBADH2b gene. In
the five double-mutant lines badh2#16, badh2#30, badh2#43, badh2#45, and badh2#50,
the Cas9-induced mutations disrupted both the NtBADH2a and NtBADH2b genes with
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a 1-bp deletion mutation. The badh2#63 line contained a 1-bp insertion mutation in Nt-
BADH2a and a 1-bp deletion mutation in NtBADH2b (Figure 5D). Importantly, all the above
mutations led to frameshift mutations of NtBADH2a or NtBADH-2B.

3.4. Targeted NtBADH2a-NtBADH2b Double Mutations Affect 2AP Content

To verify the fragrance of the BADH gene-edited line, we conducted a fragrance
test on fresh leaves of T0 transgenic plants with homozygous or biallelic mutations by
exposing the fresh leaves to 1.7% (w/v) KOH solution for 15 min. Leaves of Ntbadh2a-
Ntbadh2b double mutants had a distinctly popcorn-like fragrance compared with those
of the wild type, as determined by organoleptic testing. To quantify the fragrance, we
further characterized 2AP levels in leaves at the flowering stage for homozygous single or
double mutants using GC-MS, with 2,4,6-trimethyl pyridine (TMP) as an internal control.
As expected, we detected 2AP only in Ntbadh2a-Ntbadh2b double mutant lines, with 2AP
content varying from 0.53 to 0.90 ng/mg (Figure 6A). However, levels of 2AP in any of the
single mutants, the Nntbadh1a-Ntbadh1b double mutant or the wild type only varied from
0.01 to 0.05 ng/mg (Figure 6A). In addition, we further created T1 generation plants for
Ntbadh2a-Ntbadh2b double mutant line badh2#16, and measured 2AP content in several
tissues including the root, stem, leaf, flowers, and mature seeds. The results showed that
the 2AP content in leaves was the highest with 0.71 ng/mg and was followed by the stem
and flower with 0.43 ng/mg and 0.26 ng/mg 2AP content, respectively. Interestingly, the
content of 2AP in seeds of double mutants was relatively low (only 0.19 ng/mg) but was
still significantly higher than in the tobacco wild type. These findings indicate that only the
NtBADH2 gene, and not the NtBADH1 gene, was responsible for conferring fragrance in
tobacco. Furthermore, both NtBADH2a and NtBADH2b were involved in 2AP biosynthesis,
and only their combined inactivation results in 2AP accumulation in tobacco.
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4. Discussion

The first BADH in higher plants was isolated from Spinacia oleracea [3]. BADH contains
two isoenzymes, BADH I and BADH II [33]. Previous studies have classified BADH
proteins into two major branches. The members of the first subfamily are mainly from
monocotyledonous plants, while the members of the other subfamily are mainly from
dicotyledonous plants [34], which is consistent with our present results. We identified
four BADH genes in the tobacco genome, with NtBADH1a and NtBADH1b distributed
in one cluster, and NtBADH2a and NtBADH2b distributed in another cluster (Figure 2).
Structural analysis of betaine aldehyde dehydrogenase in rice showed that OsBADH
contains three domains: a nicotinamide adenine dinucleotide (NAD) binding domain,
a substrate-binding domain, and an oligomerization domain. BADH is localized in the
chloroplasts and catalyzes the oxidation of betaine aldehyde, 4-aminobutyraldehyde, and
3-aminopropanal [2]. Li et al. reported that in most plants, BADH had a highly conserved
decapeptide (VTLELGGKSP) motif, which bound to cysteine (Cys) residues to determine
the catalytic activity of betaine aldehyde dehydrogenase [35]. However, the decapeptides
in GmBADH, ZmBADH, OsBADH, HvBADH, and SbBADH15 are VSLELGGKSP, with
the second threonine residues replaced by serine [7,36–40]. We determined that tobacco
BADH proteins contain a conserved ten-peptide motif with the sequence VTLELGGKSP,
a cysteine residue (C) highly conserved in aldehyde dehydrogenases (ALDHs) that is
related to enzymatic function, and an SKL motif at the C terminus, which is reported to
ensure precursor protein location at peroxisomes in plants [41]. Therefore, we believe
that NtBADH has similar functions to other BADH proteins and may be located within
peroxisomes.

Common tobacco (N. tabacum) is an allotetraploid (2n = 48 resulting from the chro-
mosomes sets of both parents being present in the gametes) that resulted from a Nicotiana
sylvestris (2n = 24) and Nicotiana tomentosiformis (2n = 24) hybridization [42]. We determined
that the tobacco genome harbors four functional BADH homologues in the present study.
The phylogenetic tree revealed that two of these proteins fall within the BADH1 cluster.
In contrast, the other two protein sequences were more similar to proteins in the BADH2
cluster. Although NtBADH1 and NtBADH2 were expressed in all tissues, NtBADH1 tran-
scripts were most abundant in leaves and flowers, while NtBADH2 transcripts were most
abundant in roots and seeds (Figure 3). This indicate that the function of BADH was
divided in plant species. Previous studies have demonstrated that genetic mutations in
BADH2 were responsible for 2AP accumulation in crops, including rice [16], soybean [43],
sorghum [17] and cucumber [44]. Dysfunction of a single BADH2 copy is sufficient to
confer 2AP accumulation in plant species other than maize, whose genome harbors two
redundant genes, ZmBADH2a and ZmBADH2b, controlling 2AP biosynthesis [45]. In this
study, we created tobacco lines by inactivating the four tobacco BADH genes by genome
editing. The ntbadh2a-ntbadh2b double mutants accumulated 2AP in their leaves, flowers
and kernels (Figure 6B). This is the first report to our knowledge of BADH2 genes function
in tobacco. It is worth noting that NtBADH2a and NtBADH2b were highly expressed in
roots and seeds, while their expression was relatively low in leaves. These expression
patterns are inconsistent with previous reports in rice, sorghum and foxtail millet, where
the BADH2 gene was highly expressed in leaves and panicles but showed poor expression
in roots [13,19,46]. These differences suggest that the NtBADH2 gene contributes to the
regulation of 2AP accumulation in a species-specific manner in tobacco.

Betaine aldehyde dehydrogenase 1 (BADH1), a homologous gene to BADH2, has been
found to play a role in salt stress by facilitating the accumulation of biosynthesized glycine
betaine (GB), which is known to participate in the response to abiotic stresses [47,48].
However, there are divergent findings from various studies in rice regarding the correlation
between BADH1 and salt stress tolerance. Studies by Bradbury et al., 2008 showed that
rice BADH1 has very low activity on BA, but the function and mechanism of BADH1
action were uncertain [49]. Meanwhile, Singh et al., 2010 argued that BADH1 is associated
with rice fragrance [9]. The function of BADH1, therefore, needs further study. BADH1
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in tobacco was not associated with 2AP accumulation because the content of 2AP did not
change in either single Ntbadh1a or Ntbadh1b lines or double Ntbadh1a-Ntbadh1b mutant
plants (Figure 6A). Whether BADH1 is a candidate gene associated with abiotic stresses
in tobacco, such as salt, drought, and temperature, will be the focus of our research in the
future.

The accumulation of 2AP can also be affected by growth conditions, which can regulate
the expression of genes or the enzymes activity involved in 2AP biosynthesis. Conditions
of alternating wetting and moderate drying [50] or low light treatment [51] significantly
increase 2AP concentration. Additionally, 2AP contents of aromatic rice grains were in-
creased under foliar application of zinc via promotion of the activity of P5CS, proline
de-hydrogenase, and diamine oxidase enzymes [52]. Molybdenum can also enhance 2AP
contents in rice grains through the promotion of nitrogen utilization and assimilation, stim-
ulation of glutamate synthase activity, and elevation of proline content [53]. Conversely,
drought stress [51] and cadmium stress [53] cause various inhibitory effects in rice, such as
reducing 2AP contents. In addition, Maize lines carrying similar presumed loss-of-function
alleles, was lower in the XCW175 inbred line than in Zheng58 and LN005M, suggesting
that even genotypes carrying loss-of-function or weak alleles of the BADH2 gene may still
accumulate different levels of 2AP [45]. Likewise, the same badh2 mutant could potentially
accumulate varying levels of 2AP under diverse circumstances. The same may hold true in
tobacco. As illustrated in Figure 6, changes in 2AP content observed in Ntbadh2a-Ntbadh2b
double mutants over different generations may reflect different growth conditions. Even
more importantly, 2AP content in tobacco leaves was significantly higher than in other
tissues (Figure 6B); tobacco (Nicotiana tabacum) demonstrates adaptability, effective manip-
ulation of genetic material, regeneration ability, and the capability to generate substantial
quantities of leaf biomass. These characteristics contribute to achieving high levels of
desired proteins, thereby simplifying the process of protein extraction and purification.
Consequently, tobacco is regarded as an excellent candidate for plant-based protein pro-
duction [54]. In the future, tobacco leaves may be utilized as a bioreactor under optimal
conditions to enhance the accumulation of 2AP by editing additional genes involved in the
2AP biosynthetic pathway.

5. Conclusions

In summary, we successfully identified four NtBADH genes (NtBADH1a, NtBADH1b,
NtBADH2a and NtBADH2b) from tobacco cultivar ‘Honghuadajinyuan’. To the best of our
knowledge, this study is the first to report 2AP contents in tobacco. Our results demonstrate
that NtBADH2 genes, but not NtBADH1 genes, are required for 2AP accumulation in to-
bacco, while NtBADH2a and NtBADH2b are redundant genes controlling 2AP biosynthesis
in tobacco. In addition, we generated tobacco lines with stable and high 2AP content
using CRISPR-Cas9-mediated gene knockout. The mutants in this study could be used for
advanced engineering to produce unusual 2AP phenotypes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14020321/s1. Figure S1: The hypothetical mechanism of
the synthesis of 2AP by BADH. Figure S2: Phylogenetic tree of NtBADH1a, NtBADH1b, NtBADH2a
and NtBADH2b amino acid sequences with BADH proteins from N. tomentosiformis and N. sylvestris.
Table S1: Specific primers used for amplifying the four full-length NtBADH gene in tobacco. Table S2:
Gene-specific primers used for analysis of expression levels of four NtBADH genes. Table S3: Specific
primers for mutant analysis of CRISPR/Cas9-mediated mutant lines.

Author Contributions: Conceptualization, M.C., S.S., H.W., D.G. and J.Z.; methodology, M.C., J.Z.,
Z.L. and J.W.; software, S.S., Z.L. and G.Y.; validation, D.G., J.Z. and W.Y.; formal analysis, S.S. and
L.D.; investigation, Z.L., J.W., G.Y. and W.Y.; data curation, M.C., S.S. and L.D.; writing—original
draft preparation, M.C.; writing—review and editing, J.Z., D.G., S.S. and H.W.; visualization, Z.L.;
supervision, D.G. and J.Z.; project administration, M.C., D.G. and J.Z.; funding acquisition, M.C., D.G.
and J.Z. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/agronomy14020321/s1
https://www.mdpi.com/article/10.3390/agronomy14020321/s1


Agronomy 2024, 14, 321 12 of 14

Funding: This research was funded by Special Funds for Basic Scientific Research of the Central
Public Welfare Research Institutes, grant No. 1610232023013.

Data Availability Statement: Data are contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Bao, Y.; Zhao, R.; Li, F.; Tang, W.; Han, L. Simultaneous expression of Spinacia oleracea chloroplast choline monooxygenase (CMO)

and betaine aldehyde dehydrogenase (BADH) genes contribute to dwarfism in transgenic Lolium perenne. Plant Mol. Biol. Rep.
2011, 29, 379–388. [CrossRef]

2. Chen, T.H.; Murata, N. Enhancement of tolerance of abiotic stress by metabolic engineering of betaines and other compatible
solutes. Curr. Opin. Plant Biol. 2002, 5, 250–257. [CrossRef] [PubMed]

3. Pan, S.M.; Moreau, R.A.; Yu, C. Betaine accumulation and betaine-aldehyde dehydrogenase in spinach leaves. Plant Physiol. 1981,
67, 1105–1108. [CrossRef] [PubMed]

4. Burnet, M.; Lafontaine, P.J.; Hanson, A.D. Assay, purification, and partial characterization of choline monooxygenase from
spinach. Plant Physiol. 1995, 108, 581–588. [CrossRef] [PubMed]

5. McCue, K.F.; Hanson, A.D. Salt-inducible betaine aldehyde dehydrogenase from sugar beet: cDNA cloning and expression. Plant
Mol. Biol. 1992, 18, 1–11. [CrossRef] [PubMed]

6. Yamada, N.; Takahashi, H.; Kitou, K.; Sahashi, K.; Tamagake, H.; Tanaka, Y.; Takabe, T. Suppressed expression of choline
monooxygenase in sugar beet on the accumulation of glycine betaine. Plant Physiol. Biochem. 2015, 96, 217–221. [CrossRef]
[PubMed]

7. Ishitani, M.; Nakamura, T.; Han, S.Y.; Takabe, T. Expression of the betaine aldehyde dehydrogenase gene in barley in response to
osmotic stress and abscisic acid. Plant Mol. Boil. 1995, 27, 307–315. [CrossRef]

8. Jiang, Y.; Zhu, S.; Yuan, J.; Chen, G.; Lu, G. A betaine aldehyde dehydrogenase gene in quinoa (Chenopodium quinoa): Structure,
phylogeny, and expression pattern. Genes Genom. 2016, 38, 1013–1020. [CrossRef]

9. Singh, A.; Singh, P.K.; Singh, R.; Pandit, A.; Mahato, A.K.; Gupta, D.K.; Tyagi, K.; Sing, A.K.; Sing, N.K.; Sharma, T.R. SNP
haplotypes of the BADH1 gene and their association with aroma in rice (Oryza sativa L.). Mol. Breed. 2010, 26, 325–338. [CrossRef]

10. Liu, Y.; Song, Y.; Zeng, S.; Patra, B.; Yuan, L.; Wang, Y. Isolation and characterization of a salt stress-responsive betaine aldehyde
dehydrogenase in Lycium ruthenicum Murr. Physiol. Plant 2018, 163, 73–87. [CrossRef]

11. He, Q.; Yu, J.; Kim, T.S.; Cho, Y.H.; Lee, Y.S.; Park, Y.J. Resequencing reveals different domestication rate for BADH1 and BADH2
in rice (Oryza sativa). PLoS ONE 2015, 10, e0134801. [CrossRef]

12. Niazian, M.; Sadat-Noori, S.A.; Tohidfar, M.; Mortazavian, S.M.M.; Sabbatini, P. Betaine aldehyde dehydrogenase (BADH) vs.
flavodoxin (Fld): Two important genes for enhancing plants stress tolerance and productivity. Front. Plant Sci. 2021, 12, 650215.
[CrossRef]

13. Okpala, N.E.; Mo, Z.; Duan, M.; Tang, X. The genetics and biosynthesis of 2-acetyl-1-pyrroline in fragrant rice. Plant Physiol.
Biochem. 2019, 135, 272–276. [CrossRef]

14. Zhao, M.; Qian, L.; Chi, Z.; Jia, X.; Qi, F.; Yuan, F.; Liu, Z.; Zheng, Y. Combined metabolomic and quantitative RT-PCR analyses
revealed the synthetic differences of 2-Acetyl-1-pyrroline in aromatic and non-aromatic vegetable soybeans. Inter. J. Mol. Sci.
2022, 23, 14529. [CrossRef]

15. Imran, M.; Shafiq, S.; Ashraf, U.; Qi, J.; Mo, Z.; Tang, X. Biosynthesis of 2-Acetyl-1-pyrroline in fragrant rice: Recent insights into
agro-management, environmental factors, and functional genomics. J. Agric. Food Chem. 2023, 71, 4201–4215. [CrossRef]

16. Chen, S.; Yang, Y.; Shi, W.; Ji, Q.; He, F.; Zhang, Z.; Cheng, Z.; Liu, X.; Xu, M. Badh2, encoding betaine aldehyde dehydrogenase,
inhibits the biosynthesis of 2-acetyl-1-pyrroline, a major component in rice fragrance. Plant Cell 2008, 20, 1850–1861. [CrossRef]
[PubMed]

17. Yundaeng, C.; Somta, P.; Tangphatsornruang, S.; Wongpornchai, S.; Srinives, P. Gene discovery and functional marker develop-
ment for fragrance in sorghum (Sorghum bicolor (L.) Moench). Theor. Appl. Genet. 2013, 126, 2897–2906. [CrossRef]

18. Qian, L.; Jin, H.; Yang, Q.; Zhu, L.; Yu, X.; Fu, X.; Zhao, M.; Yuan, F. A sequence variation in GmBADH2 enhances soybean aroma
and is a functional marker for improving soybean flavor. Inter. J. Mol. Sci. 2022, 23, 4116. [CrossRef] [PubMed]

19. Zhang, Y.; He, Q.; Zhang, S.; Man, X.; Sui, Y.; Jia, G.; Tang, S.; Zhi, H.; Wu, C.; Diao, X. De novo creation of popcorn-like fragrant
foxtail millet. J. Integr. Plant Biol. 2023, 65, 2412–2415. [CrossRef] [PubMed]

20. Attar, U.; Hinge, V.; Zanan, R.; Adhav, R.; Nadaf, A. Identification of aroma volatiles and understanding 2-acetyl-1-pyrroline
biosynthetic mechanism in aromatic mung bean (Vigna radiata (L.) Wilczek). Physiol. Mol. Biol. Plants 2017, 23, 443–451. [CrossRef]

21. Kaikavoosi, K.; Kad, T.D.; Zanan, R.L.; Nadaf, A.B. 2-Acetyl1-pyrroline augmentation in scented indica rice (Oryza sativa L.)
varieties through 11-pyrroline-5-carboxylate synthetase (P5CS) gene transformation. Appl. Biochem. Biotechnol. 2015, 177,
1466–1479. [CrossRef]

22. Imran, M.; Shafiq, S.; Ilahi, S.; Ghahramani, A.; Bao, G.; Dessoky, E.S.; Widemann, E.; Pan, S.; Mo, Z.; Tang, X. Post-transcriptional
regulation of 2-acetyl-1-pyrroline (2-AP) biosynthesis pathway, silicon, and heavy metal transporters in response to Zn in fragrant
rice. Front. Plant Sci. 2022, 13, 948884. [CrossRef]

https://doi.org/10.1007/s11105-010-0243-8
https://doi.org/10.1016/S1369-5266(02)00255-8
https://www.ncbi.nlm.nih.gov/pubmed/11960744
https://doi.org/10.1104/pp.67.6.1105
https://www.ncbi.nlm.nih.gov/pubmed/16661818
https://doi.org/10.1104/pp.108.2.581
https://www.ncbi.nlm.nih.gov/pubmed/12228495
https://doi.org/10.1007/BF00018451
https://www.ncbi.nlm.nih.gov/pubmed/1731961
https://doi.org/10.1016/j.plaphy.2015.06.014
https://www.ncbi.nlm.nih.gov/pubmed/26302482
https://doi.org/10.1007/BF00020185
https://doi.org/10.1007/s13258-016-0445-z
https://doi.org/10.1007/s11032-010-9425-1
https://doi.org/10.1111/ppl.12669
https://doi.org/10.1371/journal.pone.0134801
https://doi.org/10.3389/fpls.2021.650215
https://doi.org/10.1016/j.plaphy.2018.12.012
https://doi.org/10.3390/ijms232314529
https://doi.org/10.1021/acs.jafc.2c07934
https://doi.org/10.1105/tpc.108.058917
https://www.ncbi.nlm.nih.gov/pubmed/18599581
https://doi.org/10.1007/s00122-013-2180-z
https://doi.org/10.3390/ijms23084116
https://www.ncbi.nlm.nih.gov/pubmed/35456933
https://doi.org/10.1111/jipb.13556
https://www.ncbi.nlm.nih.gov/pubmed/37565564
https://doi.org/10.1007/s12298-017-0414-2
https://doi.org/10.1007/s12010-015-1827-4
https://doi.org/10.3389/fpls.2022.948884


Agronomy 2024, 14, 321 13 of 14

23. Daping, G.; Mingli, C.; Yang, S.; Yuqin, Z.; Xingtan, Z.; Xiuhong, X. Fine mapping of QTLs for resistance to Phytophthora
nicotianae in flue-cured tobacco using a high-density genetic map. Mol. Breed. 2020, 40, 45.

24. Petolino, J.F.; Worden, A.; Curlee, K.; Connell, J.; Moynahan, T.L.S.; Larsen, C.; Russell, S. Zinc finger nuclease-mediated transgene
deletion. Plant Mol. Biol. 2010, 73, 617–628. [CrossRef] [PubMed]

25. Naeem, M.; Zhao, W.; Ahmad, N.; Zhao, L. Beyond green and red: Unlocking the genetic orchestration of tomato fruit color and
pigmentation. Funct. Integr. Genom. 2023, 23, 243. [CrossRef] [PubMed]

26. Zhang, Y.; Zhang, F.; Li, X.; Baller, J.A.; Qi, Y.; Starker, C.G.; Bogdanove, A.J.; Voytas, D.F. Transcription activator-like effector
nucleases enable efficient plant genome engineering. Plant Physiol. 2013, 161, 20–27. [CrossRef] [PubMed]

27. Gao, J.; Wang, G.; Ma, S.; Xie, X.; Wu, X.; Zhang, X.; Wu, Y.; Zhao, P.; Xia, Q. CRISPR/cas9-mediated targeted mutagenesis in
Nicotiana tabacum. Plant Mol. Biol. 2015, 87, 99–110. [CrossRef] [PubMed]

28. Akram, F.; Sahreen, S.; Aamir, F.; Haq, I.U.; Malik, K.A.; Imtiaz, M.; Naseem, W.; Nasir, N.; Waheed, H.M. An insight into modern
targeted genome-editing technologies with aspecial focus on CRISPR/Cas9 and its applications. Mol. Biotechnol. 2022, 65, 227–242.
[CrossRef]

29. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef] [PubMed]

30. Zhang, J.; Xing, J.; Mi, Q.; Yang, W.; Xiang, H.; Xu, L.; Zeng, W.; Wang, J.; Deng, L.; Jiang, J.; et al. Highly efficient transgene-free
genome editing in tobacco using an optimized CRISPR/Cas9 system, pOREU3TR. Plant Sci. 2023, 326, 111523. [CrossRef]
[PubMed]

31. Ahangarzadeh, S.; Daneshvar, M.H.; Rajabi-Memari, H.; Galehdari, H.; Alamisaied, K. Cloning, transformation and expression of
human interferon alpha2b gene in tobacco plant (Nicotiana tabacum cv. xanthi). Jundishapur. J. Nat. Pharm. Prod. 2012, 7, 111–116.
[CrossRef] [PubMed]

32. Shan, Q.; Zhang, Y.; Chen, K.; Zhang, K.; Gao, C. Creation of fragrant rice by targeted knockout of the OsBADH2 gene using
TALEN technology. Plant Biotechnol. J. 2015, 13, 791–800. [CrossRef]

33. Weigel, P.; Weretilnyk, E.A.; Hanson, A.D. Betaine aldehyde oxidation by spinach chloroplasts. Plant Physiol. 1986, 82, 753–759.
[CrossRef] [PubMed]

34. Wang, Y.B.; Guan, L.L.; Xu, Y.W.; Shen, H.; Wu, W. Cloning and sequence analysis of the safflower betaine aldehyde dehydrogenase
gene. Genet. Mol. Res. 2014, 13, 344–353. [CrossRef] [PubMed]

35. Li, Q.L.; Gao, X.R.; Yu, X.H.; Wang, X.Z.; An, L.J. Molecular cloning and characterization of betaine aldehyde dehydrogenase
gene from Suaeda liaotungensis and its use in improved tolerance to salinity in transgenic tobacco. Biotechnol. Lett. 2003, 25,
1431–1436. [CrossRef] [PubMed]

36. Singh, G. In silico docking analysis of betaine aldehyde dehydrogenase2 with pesticides in scented Basmati rice. Online J.
Bioinform. 2021, 22, 111–120.

37. Bradbury, L.M.T.; Fitzgerald, T.L.; Henry, R.J.; Jin, Q.S.; Waters, D.L.E. The gene for fragrance in rice. Plant Biotechnol. J. 2005, 3,
363–370. [CrossRef]

38. Juwattanasomran, R.; Somta, P.; Chankaew, S.; Shimizu, T.; Wongpornchai, S.; Kaga, A.; Srinives, P. A SNP in GmBADH2 gene
associates with fragrance in vegetable soybean variety “Kaori” and SNAP marker development for the fragrance. Theor. Appl.
Genet. 2011, 122, 533–541. [CrossRef]

39. Aili, Y.; Jingsheng, X.; Hui, Z.; Muqing, Z.; Rukai, C. Cloning and sequencing of BADH gene from maize (Zea mays). Mol. Plant
Breed. 2004, 2, 365–368.

40. Cui, X.Y.; Yong, W.A.N.G.; Guo, J.X. Osmotic regulation of betaine content in Leymus chinensis under saline-alkali stress and
cloning and expression of betaine aldehyde dehydrogenase (BADH) gene. Chem. Res. Chin. Univ. 2008, 24, 204–209. [CrossRef]

41. Walton, P.A.; Hill, P.E.; Subramani, S. Import of stably folded proteins into peroxisomes. Mol. Biol. Cell 1995, 6, 675–683. [CrossRef]
[PubMed]

42. Yukawa, M.; Tsudzuki, T.; Sugiura, M. The chloroplast genome of Nicotiana sylvestris and Nicotiana tomentosiformis: Complete
sequencing confirms that the Nicotiana sylvestris progenitor is the maternal genome donor of Nicotiana tabacum. Mol. Genet.
Genom. 2006, 275, 367–373. [CrossRef] [PubMed]

43. Arikit, S.; Yoshihashi, T.; Wanchana, S.; Uyen, T.T.; Huong, N.T.; Wongpornchai, S.; Vanavichit, A. Deficiency in the amino
aldehyde dehydrogenase encoded by GmAMADH2, the homologue of rice Os2AP, enhances 2-acetyl-1-pyrroline biosynthesis in
soybeans (Glycine max L.). Plant. Biotechnol. J. 2011, 9, 75–87. [CrossRef] [PubMed]

44. Yundaeng, C.; Somta, P.; Tangphatsornruang, S.; Chankaew, S.; Srinives, P. A single base substitution in BADH/AMADH is
responsible for fragrance in cucumber (Cucumis sativus L.), and development of SNAP markers for the fragrance. Theor. Appl.
Genet. 2015, 128, 1881–1892. [CrossRef] [PubMed]

45. Wang, Y.; Liu, X.; Zheng, X.; Wang, W.; Yin, X.; Liu, H.; Ma, C.; Niu, X.; Zhu, J.K.; Wang, F. Creation of aromatic maize by
CRISPR/Cas. J. Integr. Plant Biol. 2021, 63, 1664–1670. [CrossRef] [PubMed]

46. Zhang, D.; Tang, S.; Xie, P.; Yang, D.; Wu, Y.; Cheng, S.; Du, K.; Xin, P.; Chu, J.; Yu, F.; et al. Creation of fragrant sorghum by
CRISPR/Cas9. J. Integr. Plant Biol. 2022, 64, 961–964. [CrossRef]

47. Moghaieb, R.E.; Saneoka, H.; Fujita, K. Effect of salinity on osmotic adjustment, glycinebetaine accumulation and the betaine
aldehyde dehydrogenase gene expression in two halophytic plants, Salicornia europaea and Suaeda maritima. Plant Sci. 2004, 166,
1345–1349. [CrossRef]

https://doi.org/10.1007/s11103-010-9641-4
https://www.ncbi.nlm.nih.gov/pubmed/20454835
https://doi.org/10.1007/s10142-023-01162-5
https://www.ncbi.nlm.nih.gov/pubmed/37453947
https://doi.org/10.1104/pp.112.205179
https://www.ncbi.nlm.nih.gov/pubmed/23124327
https://doi.org/10.1007/s11103-014-0263-0
https://www.ncbi.nlm.nih.gov/pubmed/25344637
https://doi.org/10.1007/s12033-022-00501-4
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1016/j.plantsci.2022.111523
https://www.ncbi.nlm.nih.gov/pubmed/36334622
https://doi.org/10.5812/jjnpp.3678
https://www.ncbi.nlm.nih.gov/pubmed/24624166
https://doi.org/10.1111/pbi.12312
https://doi.org/10.1104/pp.82.3.753
https://www.ncbi.nlm.nih.gov/pubmed/16665106
https://doi.org/10.4238/2014.January.21.2
https://www.ncbi.nlm.nih.gov/pubmed/24535861
https://doi.org/10.1023/A:1025003628446
https://www.ncbi.nlm.nih.gov/pubmed/14514045
https://doi.org/10.1111/j.1467-7652.2005.00131.x
https://doi.org/10.1007/s00122-010-1467-6
https://doi.org/10.1016/S1005-9040(08)60042-2
https://doi.org/10.1091/mbc.6.6.675
https://www.ncbi.nlm.nih.gov/pubmed/7579687
https://doi.org/10.1007/s00438-005-0092-6
https://www.ncbi.nlm.nih.gov/pubmed/16435119
https://doi.org/10.1111/j.1467-7652.2010.00533.x
https://www.ncbi.nlm.nih.gov/pubmed/20497370
https://doi.org/10.1007/s00122-015-2554-5
https://www.ncbi.nlm.nih.gov/pubmed/26081947
https://doi.org/10.1111/jipb.13105
https://www.ncbi.nlm.nih.gov/pubmed/33934500
https://doi.org/10.1111/jipb.13232
https://doi.org/10.1016/j.plantsci.2004.01.016


Agronomy 2024, 14, 321 14 of 14

48. Ashraf, M.; Foolad, M. Roles of glycine betaine and proline in improving plant abiotic stress resistance. Environ. Exp. Bot. 2007,
59, 206–216. [CrossRef]

49. Bradbury, L.M.; Gillies, S.A.; Brushett, D.J.; Waters, D.L.; Henry, R.J. Inactivation of an aminoaldehyde dehydrogenase is
responsible for fragrance in rice. Plant Mol. Biol. 2008, 68, 439–449. [CrossRef]

50. Bao, G.; Ashraf, U.; Wang, C.; He, L.; Wei, X.; Zheng, A.; Mo, Z.; Tang, X. Molecular basis for increased 2-acetyl-1-pyrroline
contents under alternate wetting and drying (AWD) conditions in fragrant rice. Plant Physiol. Biochem. 2018, 133, 149–157.
[CrossRef]

51. Li, Y.; Liang, L.; Fu, X.; Gao, Z.; Liu, H.; Tan, J.; Potcho, M.P.; Pan, S.; Tian, H.; Duan, M.; et al. Light and water treatment during
the early grain filling stage regulates yield and aroma formation in aromatic rice. Sci. Rep. 2020, 10, 14830. [CrossRef] [PubMed]

52. Luo, H.; Du, B.; He, L.; He, J.; Hu, L.; Pan, S.; Tang, X. Exogenous application of zinc (Zn) at the heading stage regulates
2-acetyl-1-pyrroline (2-AP) biosynthesis in different fragrant rice genotypes. Sci. Rep. 2019, 9, 19513. [CrossRef] [PubMed]

53. Imran, M.; Hussain, S.; Rana, M.S.; Saleem, M.H.; Rasul, F.; Ali, K.H.; Potcho, M.P.; Pan, S.; Duan, M.; Tang, X. Molybdenum
improves 2-acetyl-1-pyrroline, grain quality traits and yield attributes in fragrant rice through efficient nitrogen assimilation
under cadmium toxicity. Ecotoxicol. Environ. Saf. 2021, 211, 111911. [CrossRef] [PubMed]

54. Naeem, M.; Han, R.; Ahmad, N.; Zhao, W.; Zhao, L. Tobacco as green bioreactor for therapeutic protein production: Latest
breakthroughs and optimization strategies. Plant Growth Regul. 2023. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1007/s11103-008-9381-x
https://doi.org/10.1016/j.plaphy.2018.10.032
https://doi.org/10.1038/s41598-020-71944-5
https://www.ncbi.nlm.nih.gov/pubmed/32908195
https://doi.org/10.1038/s41598-019-56159-7
https://www.ncbi.nlm.nih.gov/pubmed/31862962
https://doi.org/10.1016/j.ecoenv.2021.111911
https://www.ncbi.nlm.nih.gov/pubmed/33453638
https://doi.org/10.1007/s10725-023-01106-w

	Introduction 
	Materials and Methods 
	Plant Materials 
	Cloning of Tobacco NtBADH2 Genes 
	Phylogenetic Analysis 
	RNA Extraction and Gene Expression Analysis 
	Construction of CRISPR/Cas Gene Editing Vectors 
	Plant Transformation and Mutant Analysis 
	2AP Measurements 

	Results 
	Identification of BADH Genes in Tobacco Genome 
	Expression Patterns of NtBADH Genes in Different Tobacco Tissues 
	Targeted NtBADH Mutations Using the CRISPR/Cas9 System 
	Targeted NtBADH2a-NtBADH2b Double Mutations Affect 2AP Content 

	Discussion 
	Conclusions 
	References

