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Abstract Cytoplasmic male sterility is widely used for tobacco hybrid production. In order to study the
mechanism of cytoplasmic male sterility (CMS) with carperlloid stamens, the GLOBOSA gene was cloned
and sequenced from the flower buds of tobacco K326. The physicochemical properties ,functional domains
and subcellular localization of its coding protein was predicted. The phylogenetic relationship was analyzed
based protein sequences by maximum likelihood method. The recombinant expression vector of GLOBOSA
gene and green fluorescent protein expression (GFP) was constructed, and transformed into agrobacterium
tumefaciens and directly injected into tobacco leaves for transient expression. 36h later after the injection,
the subcellular localization of GLOBOSA gene were observed by fluorescence microscope. The results
showed that GLOBOSA was 768bp in length, coding 203aa. It was a hydrophobic protein with two domains
of SRF-TF and K-box, and had no transmembrane region and signal peptide. Fluorescence microscopy

showed that the protein was localized in cytoplasm and nucleus, and more was in the nucleus.
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Cytoplasmic male sterility refers to the phenomenon in which plants cannot produce functional pollen

but have normal pistils, exhibiting maternal inheritance and commonly occurring in flowering plant

populations (Wang et al., 2019) . Cytoplasmic male sterility in many crops is a tool for utilizing heterosis .

Phenotypically , in addition to pollen abortion, cytoplasmic male sterility presents a series of related changes:
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pollen abortion, anther degeneration, stamen carpelization, and stamen petalization (Fan et al., 2016) .
Studies have shown that environmental factors, natural variation, heterocytoplasm, and cytoplasmic fusion
can all lead to cytoplasmic male sterility (Fang et al., 2019) , and sterility can be maintained or restored by
nuclear-encoded genes (Wang et al., 2021) .

To date, cytoplasmic male sterility (CMS) has been studied in 150 species (Zhang, 2021) . Molecular
biology research has found that mitochondrial DNA rearrangements are frequently observed in all sterile
lines, producing new open reading frames (ORFs) or chimeric ORFs, leading to cytoplasmic male sterility
(Wang et al., 2020) . However, not all of these variations are associated with the cytoplasmic male sterility
phenotype, as some ORFs associated with CMS are hypothetical or chimeric. The petalization and
carpelization of stamens in cytoplasmic male sterility are very similar to the flower developmental
homeomorphism caused by nuclear genes, and are also referred to as cytoplasmic homeomorphism (Yao et
al., 2021) . This type of cytoplasmic male sterility cannot form anthers and therefore cannot produce pollen.
In cytoplasmic male sterile lines with carpel-like and petal-like stamens across multiple species, not only
were mitochondrial DNA rearrangements detected (Liu, 2019) , but also downregulation of class B or C
genes was observed (Chen et al., 2018; Linke et al., 2003; Rijpkema et al., 2006) . However, how cytoplasmic
signaling retrogradely regulates cellular gene expression remains unclear.

Our research group, through years of continuous backcrossing, has cultivated the cytoplasmic male
sterile line tobacco K326 with carpel-like stamens. Sequencing revealed downregulation of the class B gene
GLOBOSA . Downregulation of class B genes is also present in cytoplasmic male sterile lines with carpel-
like stamens in many species. Therefore, what impact would overexpression of class B genes, leading to
restoration of the carpel-like phenotype, have on male sterility? Gene cloning and subcellular localization
are prerequisites for studying gene function. Therefore, the objectives of this study are: 1) What are the
physicochemical properties of the GLOBOSA protein? 2) Where is the encoded protein located in the cell?

This research will provide data for elucidating the mechanism of cytoplasmic male sterility in tobacco.



1. Results and Analysis

1.1 Tobacco CLOBOSA Sequence Analysis

The tobacco GLOBOSA gene sequence is 768 bp, with a coding region of 635 bp, encoding a total of
209 amino acids ( Figure 1). The molecule has a mass of approximately 24 kD , a theoretical isoelectric point
(pl) of 8.94, and contains a total of 3,451 atoms (C 1060 H 1720 N 325 O 328 S 13y. Among the 20 amino acids
that make up the protein, glutamic acid (Glu) has the highest proportion at 9.1%, while cysteine (Cys) has
the lowest proportion at 0.5%. The instability index is 56.79, classifying it as an unstable protein, while the

lipid index is 77.89, and the overall average hydrophilicity is -0.890, classifying it as a hydrophilic protein.
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Figure 1. Sequence of tobacco GLOBOSA gene and its encoded protein

Figure 1 Nucleotide sequence and its coding protein sequence of CLOBOSA gene in Nicotiana tabacum

1.2 Analysis of the structure of the tobacco GLOBOSA gene

Structural analysis of the tobacco GLOBOSA gene ( Figure 1) . It can be seen that the tobacco GLOBOSA

gene has two domains: SRF-TF (PF00319) and K-box (PF01486). The SRF-TF domain is located at
positions 10-57 aa, and the K-box domain is located at positions 75—164 aa. The SRF-TF domain protein
has two antiparallel facultative a-helices, which can dimerize the protein and determine the binding of
transcription factors to specific DNA (Ratcliffe et al., 2001). The K-box domain protein sequence has three

a-helices, forming affinity helices within the protein dimer, which may be related to protein-protein
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interactions (Melzer et al., 2010). MADS-box genes are widely distributed in animals, plants, and fungi,
participating in the regulation of growth and development processes; the GLOBOSA gene is one such
member. In the four-factor model of flower development, the ability to form polymers is fundamental to
floral allotropy and determines floral organ specificity (Hanano et al., 2011). The GLOBOSA gene structure
also suggests that these polymers may bind to target genes during flower development, participating in floral
organ formation. (This information was obtained through ExPASy... ) ProtScale results indicate the absence
of hydrophobic regions in the encoded protein ( Figure 1), consistent with TMHMM analysis. No
transmembrane regions were found in the Figure 1). SignalP-5.0 results show the absence of a signal peptide
in the encoded protein ( Figure 1), and Cell -PLoc 2.0 prediction indicates its subcellular localization to the
nucleus. Therefore, GLOBOSA is a MIKC ¢ type MADS-box gene with SRF-TF and K-box domains,
capable of dimerizing to form a complex that binds to specific DNA and participates in gene regulation. The

encoded protein lacks hydrophobic regions and a signal peptide, and is located in the nucleus.

TMHMM posterior probabiities for WEBSEQUENCE

0.8
S K-box:

probability
°
>

SRF-TF  K-box 04

0.2

50 100 150 200

transmembrane inside outside

SignalP-5.0 prediction (Eukarya): Sequence

b ProtScale output for user_sequence d

gl

Hphob. / Kyte & Doolittie

Score

40 60

50 100 150 200 o
Position Protein sequence

a: TN AYGLOBOSAZE# s ; b: FiUMIAYGLOBOSAER/K M ; c: FHMAIGLOBOSAFEREE; d: FM/AYGLOBOSAIS S Ak.
a:Predicted motifs of GLOBOSA;b:Predicted hydrophobicity of GLOBOSA;c:Predicted transmembrane domain of
GLOBOSA;d:Predicted dicted signal of GLOBOSA.

Figure 1 Tobacco GLOBOSA gene analysis

Figure 2. An analysis of GLOBOSA gene i in Nicotiana tabacum



1.3 System Evolution Analysis

Using the tobacco GLOBOSA sequence, protein data from six other species were scanned. Under the
criteria of a threshold of 1e-10 and a score greater than 120, ten homologous protein sequences were obtained.
After Hmmer identification and removal of sequences containing only SRF-TF but no K-box, eight
GLOBOSA homologous sequences were finally obtained. These sequences, along with the GLOBOSA
sequences, were used to construct a phylogenetic tree based on maximum likelihood using IQTREE, as Figure
2shown in Figure 3. It can be seen that the basal group *Cinnamomum camphora* is at the outermost end,
followed by the monocotyledonous rice , then the eudicotyledonous * Arabidopsis thaliana*, with potato and
tomato at the other end. In the phylogenetic tree, Solanaceae plants cluster together, with *Nicotiana
benthamiana* and *Tobacco Bungei* initially clustering together, while potato and tomato are at the top of
the evolutionary hierarchy. Although the phylogenetic tree was constructed using GLOBOSA homologous
protein sequences, the relationships reflected are consistent with the evolutionary positions of the species.
The figure also shows that rice and * Nicotiana benthamiana* each have two homologous protein sequences,

reflecting gene duplication events during evolution.

XP 009777738 SRF-TF K-box
PGSC0O003DMG401007392 SRF-TF K-box
Solyc08g067230 SRF-TF K-box
A4A49 29655 SRF-TF K-box
. A4A49 26362 SRF-TF K-box
AT5G20240 SRF-TF K-box
— — 0s01g0883100 SRF-TF K-box
L— 0s05g0423400 SRF-TF K-box
AMTR s00089p00081270 SRF-TF K-box

Figure 2 GLOBOSA phylogenetic tree

Figure 3 Phylogenetic tree of GLOBOSA

1.4 Construction of tobacco GLOBOSA vector

The expression vector pPCAMBIA1302 is an expression vector carrying the GFP gene. It has a strong
35S promoter before its multiple cloning site and carries hygromycin ( HygR ) and kanamycin (Kan)
resistance genes, making it a good vector for gene expression studies. The GLOBOSA gene was inserted
between the Ncol and Spel restriction sites to construct a recombinant expression vector carrying the 358S:
GLOBOSA :GFP gene ( Figure 3) . During vector construction, the stop codon needs to be removed, and

protective bases are added. Therefore, the target gene on the vector cannot be cleaved by enzymes due to the



altered enzyme recognition site at the GLOBOSA gene insertion position. Thus, PCR amplification was used
to obtain the target gene. After successful vector construction, the vector was verified by double digestion
with Figure 3Ncol / BsiWI . The verification results are shown in Figure 4b. It can be seen that the recombinant
expression vector initially showed one band, and after enzyme digestion, two bands appeared, indicating
successful construction of the recombinant expression vector. Before transient expression, the recombinant
expression vector needs to be transformed into Agrobacterium. Positive clones are selected and PCR is used
to verify whether the target gene has been successfully transformed into Agrobacterium. The results Figure
3are shown in Figure 4c. As can be seen from the figure, the target gene band is as expected, indicating that
the recombinant expression vector carrying the target gene has been successfully transformed into

Agrobacterium.
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Figure 3 A: Recombinant expression vector containing GLOBOSA ; B: Recombinant expression vector enzyme

digestion verification ; C: Recombinant expression vector PCR verification.
Figure 4 A: Recombinant expression vector containing GLOBOSA ; B: Validation of recombinant expression vector

by restriction enzyme digestion ; C: Validation of recombinant expression vector by PCR

1.5 Transient expression and subcellular localization of the target gene

The function of a gene is closely related to the subcellular localization of its encoded product. In the
recipient, the reporter gene GFP expressed on the recombinant expression vector emits green fluorescence,
which can be located using fluorescence microscopy to determine the subcellular localization of the target

gene. When tobacco K326 reached the 6-leaf stage, Agrobacterium tumefaciens with the successfully



introduced gene recombinant expression vector was injected into the tobacco leaves. After 36 days...
Transient expression results can be observed after h ( picture 4) . In Cell- PLoc prediction, the GLOBOSA
gene is located in the cell nucleus. As can be seen, there is strong fluorescence in the cell nucleus, indicating

that the target gene is subcellularly located within the cell nucleus, consistent with Cell- PLoc prediction.

A: AFHER; B: ZEER; C: .

a: Merged image; b: Fluorescence image; G: Bright—field image

picture 4 Subcellular localization of GLOBOSA

Figure5 Subcellular localization of GLOBOSA

2 Discussion

investigated the GLOBOSA gene in the K326 tobacco line, a male-sterile line with carpel-derived
cytoplasm . The gene contains a total of 768... bp, encoding 209 amino acids, the encoded protein is mainly
composed of two domains, SRF-TF and K-box, has no transmembrane region, no signal peptide, and is
subcellularly located on the cell nucleus.

The formation mechanism of cytoplasmic male sterility is a question worthy of exploration.
Cytoplasmic male sterility refers to the inability to produce functional pollen. Although the manifestations
differ, they are all maternally inherited, indicating that they are influenced by cytoplasmic genes.
Mitochondrial gene rearrangements have been found in all types of cytoplasmic male sterility ( Yan et al. ,
2022) , which supports this view. Among cytoplasmic male sterility, pollen abortion and anther abortion are
types of cytoplasmic male sterility in many crops , while cytoplasmic male sterility caused by stamen
degeneration, stamen petalization, and stamen carpelization is another type of sterility caused by the inability

to form male organs . Cytoplasmic male sterility lines with stamen carpelization and stamen petalization not



only show mitochondrial DNA rearrangements but also show downregulation of class B or C genes.
According to the flower ABC model, the interaction between class B genes and class A genes determines
petal development, while the interaction between class B genes and class C genes determines stamen
development (Yang et al., 2017) . In Arabidopsis , B functional genes also act as transcriptional activators.
The GLO/DEF heterodimer directly binds to the CAR -ArG motif, leading to promoter activation (Mahajan
and Yadav, 2014) . In tomato, there are four B genes: TAP3 and TM6 from the AP3 branch, and SLGLOI1
and TPI from the PI branch. Different B genes have different functions, resulting in different loss-of-function
phenotypes. Loss of TM6 function causes stamen defects, while silencing TPI leads to flower
homeomorphism defects (Cao et al., 2019) .

From the perspective of origin, heterocytoplasmic male sterility can be caused by heterocytoplasmic
male sterility, cytoplasmic fusion, and natural mutations. Considering heterocytoplasmic male sterility alone,
the same cytoplasm under different nuclear backgrounds , exhibiting stable performance across different
years and environments, suggests that nuclear gene function is intact. A reasonable explanation is that
cytoplasmic genes influence nuclear gene expression. The question then becomes: how do mitochondrial
genes affect nuclear gene expression?

Nucleocytoplasmic coordination is a prerequisite for correct gene expression, and cytoplasmic male
sterility is one of the consequences of nucleocytoplasmic imbalance. Cytoplasmic genes can only encode a
small portion of the proteins they need; most of the required proteins are encoded by nuclear genes.
Nucleocytoplasmic imbalance likely occurs when the nuclear genes providing proteins to mitochondria do
not encode the proteins required by the mitochondria. The mitochondria then send feedback signals affecting
the nuclear genes. Simultaneously, the accumulation of these nuclear proteins becomes toxic to the cell,
triggering mechanisms to degrade them. These cellular activities ultimately result in cytoplasmic male
sterility. In cytoplasmic male sterility, flower development genes also change, affecting male organogenesis.
If overexpression of class B or class C genes restores normal male organogenesis, what will their fertility be
like?

In the tobacco carpel-derived cytoplasmic male sterile line K326, transcriptome sequencing revealed
not only mitochondrial genome rearrangement but also downregulation of the class B gene GLOBOSA . This
study aims to observe phenotypic and fertility changes in the sterile line K326 by overexpressing the

GLOBOSA gene; the final results await confirmation by transgenic studies.



3 Materials and Methods

3.1 Test Materials

The tobacco maintainer line K326 used in the experiment was planted in the experimental field of
Jiangxi Agricultural University Science and Technology Park. Field management methods for high-quality
tobacco production were applied. At the bud stage, K326 flower buds were immediately immersed in liquid
nitrogen and stored at -80°C for RNA extraction. The transient expression material was tobacco K326, which
was used for Agrobacterium-mediated transient expression 60 days after sowing, when 5-6 true leaves had

emerged .

3.2 Cloning of the tobacco GLOBOSA gene

The GLOBOSA gene cloning method followed the method described by Qiu et al. (2021 ) . TaKaRa The
MiniBEST Plant RNA Extraction Kit , PrimeScript™ 1st Strand cDNA Synthesis Kit , and pGME -T Easy
vector were purchased from TAKARA. RNA extraction and reverse transcription were performed according
to the kit instructions.

GLOBOSA gene amplification were: forward primer : 5'-ATGGGAAGAGGAAAGAT-3', reverse
primer : 5'-TCACTTAAACCATAAGCTAA-3". The reaction mixture was 2xT5 Super PCR Mix for PAGE
22. uL , forward primer 1 pL , reverse primer 1 pL , template 1 pL . The PCR reaction program was as
follows: 94°C for 5 min pre-denaturation, 94°C for 30 s denaturation, 58.7°C for 30 s, 72°C for 50 s, for a
total of 35 cycles, with a final 72°C for 5 min followed by incubation at 4°C. The amplified products were
verified by agarose gel electrophoresis , and the target band was recovered via a low-melting-point agarose
gel . The recovered product was ligated into the pGME -T Easy vector , transformed into *E. coli* DH5a ,
and cultured on LB agar plates containing kanamycin . After 24 h , clones were selected for PCR verification.

Positive clones were sent to Kexin Technology Co., Ltd. for sequencing.

3.3 Bioinformatics Analysis

Analyzing the physicochemical properties of gene-encoded proteins can help study gene function and
its location. Bioinformatics analysis methods were performed according to those of Qiu et al. (2021 ) . To
understand the physicochemical properties and subcellular localization of the protein encoded by the
GLOBOSA gene, ProtParam ( http://web.expasy.org/protparam/ ) was used. The physicochemical properties

of the protein were inferred ; the domains of the encoded protein were analyzed using the Pfam database


http://web.expasy.org/protparam/

(  http:/pfam.xfam.org/ ) , and the results were further validated wusing hmmer
( https://www.ebi.ac.uk/Tools/hmmer ) ; the hydrophobicity of the encoded protein was inferred using

ExPASy ( https://web.expasy.org/protscale/ ) ; the transmembrane region was predicted using TMHMM

( https://dtu.biolib.com/DeepTMHMM ) ; the signal peptide was determined using SignalP 5.0

( http://www.cbs.dtu.dk/services/ ) ; and the subcellular localization prediction of the protein was based on

Cell- Ploc ( http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/ ) .

3.4 Evolutionary Analysis

To investigate the evolutionary relationships of GLOBOSA genes among different species, a
phylogenetic tree was constructed based on GLOBOSA homologous protein sequences , following the
method described by Qiu Shanshan (2021 ) . When studying interspecies relationships, wild tobacco, potato,
and tomato, all belonging to the Solanaceae family, were considered first. The model species Arabidopsis
and rice were used as references. Furthermore, to trace earlier origins, the earliest angiosperm,
*Cinnamomum camphora*, was included. Genomic data were downloaded from NCBI
(https://blast.ncbi.nlm.nih.gov/) and stored locally. A blast search was then performed on the local library
using tobacco GLOBOSA protein sequences, with a threshold of 1e-10 and a scroe count greater than 200.
The obtained sequences were further identified using hmmer (https://www.ebi.ac.uk/Tools/hmmer). A
phylogenetic tree was constructed using the maximum likelihood method with IQTREE software, with 1000

bootstrap iterations. Results were presented using Evolview ( https://www.evolgenius.info/evolview ) .

3.5 Construction of expression vectors

The expression vector was constructed according to the method described by Qiu Shanshan. Plasmid
extraction kits, expression vector pPCAMBIA1302, and Nco 1 enzyme were purchased from Qingke
Biotechnology Co., Ltd. DH5a containing the expression vector was cultured in LB liquid medium (Tryptone
10 g/L, Yeast extract 5 g/L, NaCl 10 g/L) . Six hours later, plasmids were extracted using a kit. The cloning
vector containing the target fragment pGME -T Easy was digested with Nco I, and the target fragment was
recovered . Simultaneously, the expression vector pPCAMBIA1302 was digested with Nco 1, and the target
fragment was then ligated into the Nco I- Spe 1 multiple cloning site of the expression vector. After
transformation into DH5a , the vector was cultured and amplified in LB medium . After 24 hours , the

recombinant expression vector was extracted and the ligation of the recombinant vector was verified by
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digestion with Nco 1/ BsiWI .

3.6 Subcellular localization

The subcellular localization method for GLOBOSA was performed according to the method of Qiu et
al. (2021 ) . Competent Agrobacterium GV3101 was purchased from Shanghai Weidi Biotechnology Co.,
Ltd., and the method was performed according to the reagent instructions . The expression vector was
transformed into competent Agrobacterium GV3101 using the freeze-thaw method. After shaking culture at
28 °C for 2-3 h, the Agrobacterium was further cultured on LB solid medium (containing kanamycin and
hygromycin resistance). Positive clones were selected and cultured on LB liquid medium (containing
kanamycin and hygromycin resistance) at 28 °C with shaking . When e opsoo reached 1.0, the bacterial
solution was directly injected into tobacco K326 leaves . After 36 h , Olympus fluorescence microscopy was

used for detection, examining 6 leaves with 3 fields of view per leaf.
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