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Abstract: The domain of the unknown function (DUF) gene families assumes pivotal roles in plant
metabolic and stress responses. However, our comprehension of the tobacco DUF668 (NtDUF668)
gene family and its specific reactions to heavy metal, drought, and salt stresses remain circumscribed.
In the current investigation, a comprehensive genome-wide analysis of the NtDUF668 gene family
was undertaken utilizing bioinformatics tools. The results unveiled a total of 20 members in the
NtDUF668 gene family, denominated NtDUF668-01 to NtDUF668-20. Phylogenetic analyses indicated
a closer genetic relationship of DUF668 genes between Nicotiana tabacum and Ipomoea batatas. The
examination of gene structure and conservative motifs revealed a bifurcation into two major Clades,
aligning with previous studies on DUF668 gene families from various plant species, emphasizing
its highly conserved evolutionary mechanism across plants. The exploration of promoter regions
of NtDUF668 genes revealed a plethora of cis-acting elements associated with abiotic and biotic
stresses, light signaling, and phytohormones. Gene duplication events and selection pressure analysis
disclosed the segmental duplication and strong purifying selection pressure during the evolution
of NtDUF668 genes. Syntenic analysis indicated a relatively conserved evolutionary mechanism
of DUF668 gene families within dicotyledons. Tissue-specific expression analysis suggested that
NtDUF668 family members are potentially involved in root development, floral organ formation, and
abscission. The expression patterns and qRT–PCR analysis of NtDUF668 genes implied the potentially
functional involvements of NtDUF668s in response to multiple abiotic stresses. Furthermore, the
stress-triggered member NtDUF668-08 exhibited specific nuclear localization. In conclusion, this
genome-wide analysis illuminates the composition, phylogenetic relationships, and potential roles of
the NtDUF668 gene family in abiotic stress responses. The identified candidate genes, particularly
NtDUF668-08, warrant further research for functional investigation.

Keywords: DUF668 gene family; phylogenetic tree; abiotic stress; expression pattern; qRT-PCR

1. Introduction

In the intricate tapestry of our global environment, where challenges like heavy metal
pollution, water scarcity, and soil salinization loom large, the resilience of crops becomes
paramount. These extreme adversities cast a profound shadow on agricultural productivity,
impacting grain yield and food quality on a global scale [1–3]. As plants navigate these
harsh conditions, they unveil a captivating array of responses—morphological, physiologi-
cal, and molecular disorders echoing the struggle for survival [4,5]. In this dynamic dance
with adversity, crops have evolved intricate regulatory mechanisms, especially during

Agronomy 2024, 14, 445. https://doi.org/10.3390/agronomy14030445 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy14030445
https://doi.org/10.3390/agronomy14030445
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-0710-7746
https://orcid.org/0000-0001-8364-6912
https://orcid.org/0000-0002-2033-7386
https://doi.org/10.3390/agronomy14030445
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy14030445?type=check_update&version=1


Agronomy 2024, 14, 445 2 of 19

the crucial vegetative and reproductive growth stages, ensuring their survival and opti-
mizing yield production [5,6]. Amidst this environmental symphony, thousands of genes
orchestrate a complex response to drought and salt stress, activating or deactivating in a co-
ordinated effort to trigger cellular and physiological defenses. With the rapid advancement
of transcriptome sequencing techniques, comprehensive genetic information on various
plants has been acquired [7]. The resulting expression atlases, crafted from RNA-Seq data,
open doors to systematic explorations of enigmatic gene families, such as those flaunting
domains of unknown function (DUF) [8].

Within this biological labyrinth, proteins belonging to the DUF superfamily emerge
as intriguing enigmas, largely unexplored in their functional roles. However, with the
progress in multi-omics, approximately one-third of all families have now been incorpo-
rated into the Pfam database (version 35.0) [9,10]. Although initially designated as DUFs,
commendable efforts have been made to determine their molecular characteristics, particu-
larly in functional anatomy, and some genes encoding DUF domain-containing proteins
have also been found to be involved in abiotic stress regulation [11–14]. Take, for instance,
the captivating tale of OsSIDP366, a member of the DUF1644 gene family in rice, standing
as a positive regulator in the face of salt and drought stress [15]. The narrative continues
with OsSIDP301, another DUF1644 protein, playing the role of a negative modulator, in-
fluencing grain size and plant salt stress tolerance [16]. Meanwhile, the saga expands to
include OsDUF946.4, a key player in plant resistance to extreme drought conditions [17].
The transcription of OsDUF946.4 was dramatically up-regulated under drought and salt
stress conditions, and the transformation of overexpressed OsDUF946.4 in Escherichia coli
could result in enhanced resistance to drought and salt stress, implying that OsDUF946.4 is
the most likely to function as a negative modulator in regulating plant tolerance to salinity
and drought stress.

Intriguingly, DUF family members, sourced from various plant species, emerge as
vital players in responses to diverse stress regulation. Among them, the DUF668 domain-
containing families, characterized by a conserved domain with 29 amino acids, stand out
as evolutionarily conserved gems [18]. Their potential role in enhancing plant adaptation
to unfavorable conditions, especially under the duress of salt and drought stress, has been
unveiled through comparative analyses across model plants like Arabidopsis thaliana, rice,
cotton, sweet potato, wheat, and soybean [8,18–21]. However, systematic studies on the
identification and functional characterization of tobacco DUF668 family members have not
been reported. This brings us to the heart of our exploration, the comprehensive examina-
tion of the tobacco DUF668 gene family. Through meticulous bioinformatic approaches
and leveraging the existing tobacco genome database, we embark on a journey delving into
the physicochemical characteristics, gene structures, chromosomal locations, phylogenetic
relationships, motif compositions, duplication events, and cis-element compositions of
tobacco DUF668 genes. Our quest extends further into the realms of gene expression
patterns, unveiling the intricate responses of these genes across different tissues of tobacco
and their reactions to the rigors of abiotic stresses, namely drought and salt treatments.

Tobacco, scientifically known as Nicotiana tabacum, stands as one of the most exten-
sively grown non-food crops globally and serves as a crucial model organism in plant
biomolecular research [22,23]. Given its membership in the Nightshade family, tobacco
holds an industrial importance with potential commercial values. As we delve into the
intricacies of the tobacco DUF668 gene family, our primary objectives are to systemati-
cally analyze their sequence characteristics, investigate their evolutionary relationships
in the vast expanse of the plant kingdom, and elucidate the regulation of DUF668 gene
family members’ expression under the ever-shifting conditions of various stressors. The
revelations from this study promise to be the foundation for further expeditions into the
functional diversity residing within the enigmatic realm of DUF668 family members in to-
bacco. Join us as we unravel the secrets woven into the genetic fabric of tobacco’s resilience
and adaptation, providing insights that may shape the future of plant biotechnology.
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2. Materials and Methods
2.1. Plant Materials and Treatment Assay

The plant materials (Nicotiana tabacum, K326) utilized in this study were obtained from
the Tobacco Research Institute of the Chinese Academy of Agricultural Sciences (CAAS),
Beijing, China. Prior to sowing, tobacco seeds underwent surface sterilization with a 10%
sodium hypochlorite solution (NaClO) (v/v) for 4 min. Following sterilization, the seeds
underwent three washes with distilled water to eliminate residual NaClO before being
evenly distributed on MS (Murashige and Skoog) [24], a solid medium containing 3%
sucrose. Subsequently, the plates were maintained at 4 ◦C for a duration of 2 weeks to
induce the breaking of seed dormancy. After one week of pre-growth, seedlings displaying
uniform growth were selected and transferred into a hydroponic system with a half-strength
modified Hoagland solution [25], maintaining a 16 h light period at 26 ◦C and an 8 h dark
period at 26 ◦C for further growth.

2.2. Identification of the NtDUF668 Gene Family

Genomic information, including both DNA sequences and corresponding protein
sequences, for tobacco (Nicotiana tabacum, K326) was obtained from the National Center
for Biotechnology Information (NCBI) under the BioProject accession PRJNA376174 (https:
//www.ncbi.nlm.nih.gov/bioproject/PRJNA376174/ (accessed on 28 June 2017)) [26].
The genome and annotation data of Triticum aestivum, Oryza sativa, and Zea mays were
sourced from EnsemblPlants (http://plants.ensembl.org/index.html (accessed on 7 Jan-
uary 2017)). The Arabidopsis thaliana genome information can be obtained from TAIR
(https://www.arabidopsis.org/ (accessed on 17 November 2010)). Genomic data and an-
notation for Gossypium hirsutum and Ipomoea batatas were downloaded from COTTONGEN
(http://www.cottongen.org/ (accessed on 18 December 2021)) and Sweetpotato Genomics
Resource (http://sweetpotato.plantbiology.msu.edu/ (accessed on 1 August 2016)), re-
spectively. The Glycine max and Glycine soja genome and annotation data were collected
from SoyBase (https://www.soybase.org/ (accessed on 14 December 2009)) (Wm82.a2.
v1 and Gsoja_W05. v1). The hidden Markov models (HMMs) of the DUF668 (PF00241)
domain were downloaded from the Pfam (version 35.0) database (http://pfam.xfam.org/
(accessed on 19 November 2021)), and NtDUF668 protein sequences were identified us-
ing the HMMER3.0 program [27]. Identification was further validated through NCBI-
CDD (https://www.ncbi.nlm.nih.gov/cdd/ (accessed on 4 January 2017)) and the SMART
database (http://smart.embl-heidelberg.de/ (accessed on 8 January 2021)). Furthermore,
DUF668 protein sequences from Arabidopsis thaliana, T. aestivum, Oryza sativa, Gossypium
hirsutum, Glycine max, and Ipomoea batatas were utilized as queries in a BLASTP search to
confirm the robustness of the results.

2.3. Physicochemical Analysis of NtDUF668 Family Genes

The molecular weight, isoelectric point, and hydrophobic index of the NtDUF668
protein were analyzed using the ExPASy program (https://www.expasy.org/ (accessed on
1 January 2022)) [28]. The prediction of subcellular localization of the NtDUF668 protein
was carried out using Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
(accessed on 17 January 2008)) online tools [29].

2.4. Chromosomal Mapping and Replication of DUF668 Gene in Tobacco

The Gene Location Visualize program of TBtools was employed to visualize the
chromosome distribution of the DUF668 gene in tobacco based on their physical location
on the tobacco genome [30]. The MCScanX program was utilized to analyze the duplication
events of DUF668 family genes within the tobacco genome and to explore the collinearity
between tobacco and other plant species [31]. The non-synonymous to synonymous
substitution ratio (Ka/Ks) for homologous gene pairs within the NtDUF668 gene family
was calculated using the KaKs_Calculator 3.0 software [32].

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA376174/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA376174/
http://plants.ensembl.org/index.html
https://www.arabidopsis.org/
http://www.cottongen.org/
http://sweetpotato.plantbiology.msu.edu/
https://www.soybase.org/
http://pfam.xfam.org/
https://www.ncbi.nlm.nih.gov/cdd/
http://smart.embl-heidelberg.de/
https://www.expasy.org/
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/


Agronomy 2024, 14, 445 4 of 19

2.5. Generation of Phylogenetic Tree of NtDUF668 Family

Referring to the protein sequence information of the DUF668 family obtained from
various species, including tobacco, Arabidopsis, cotton, rice, wheat, corn, sweet potato,
soybean, and wild soybean, a phylogenetic tree was constructed using MEGA 7.0 soft-
ware [33]. All parameters were neighbor-joining methods, and the Bootstrap value was
1000 times. Following the construction of the phylogenetic tree, further beautification,
coloring, and classification were performed to enhance visual interpretation. This process
was carried out using the online website (http://www.evolgenius.info/evolview (accessed
on 12 June 2012)).

2.6. Analysis of Gene Structure, Conserved Motif, and Promoter Elements of NtDUF668 Family

Based on tobacco annotation files, a structural map of the NtDUF668 family was
constructed using the online website GSDS 2.0 (http://gsds.gao-lab.org/ (accessed on
10 December 2014)) [34]. The conserved motifs of the NtDUF668 gene family were identi-
fied using MEME Suite 5.4.1 (https://meme-suite.org/meme/doc/meme-format.html?
man_type=web (accessed on 1 July 2015)) [35]. The upstream sequences (2000 bp) of
NtDUF668 gene promoters were extracted, and their corresponding putative regulatory
response elements were analyzed using PlantCARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/ (accessed on 1 June 2002)) [36].

2.7. Expression Pattern and Protein Interaction Network of DUF668 Gene Family in Tobacco

Transcriptome sequencing data were extracted from the NCBI Short Read Archive
(SRA) database. The relevant expression data for nine tissues from tobacco were down-
loaded from the GEO database (accession number: SRP029183). The HeatMap of the
NtDUF668 family gene expression was constructed using the Heatmap program of the
TBtools (version 1.120) software package. The transcripts per million (TPM) values (≥1) of
gene expression were homogenized, and row clustering was applied for a comprehensive
representation [30]. The interaction network of NtDUF668 proteins was analyzed using the
online website STRING 11.5 (https://cn.string-db.org/ (accessed on 8 January 2019)).

2.8. Experimental Treatment and Sampling

Plants growing up for about three weeks were picked for further treatment assay. To
analyze the response to salt and drought stress, plant roots were soaked in a half-strength
modified Hoagland solution supplemented with 150 µM of CdCl2, 150 mM of NaCl, and
20% PEG6000, respectively; root tissues of its responding treatments were sampled at
different time points. At least three biological replicates were included in each sample, and
then the samples were stored at −80 ◦C for further experiments.

2.9. RNA Extraction and qRT-PCR (Quantitative Real-Time PCR) Analysis

Plant RNA extraction was performed using the protocol described in the Ultrapure
RNA Kit (cwbiotech, Beijing, China). Subsequently, cDNA synthesis was carried out using
an Evo M-MLV Mix Kit with gDNA Clean for qPCR (Accurate Biotechnology, Changsha,
China). The expression of NtDUF668 genes was examined by qRT-PCR analysis using
the ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China) with
a three-step program on an ABI Prism 7500 real-time PCR system. A specific primer for
detecting the expression of NtDUF668 genes was designed using Primer-Blast program
from the NCBI website. A tobacco Actin primer (F: GAAGAAGGTCCCAAGGGTTC, R:
TCTCCCTTTAACACCAACGG) was used as a control to normalize gene expression. The
expression of the candidate genes was analyzed using the 2−∆∆CT method. All primers
used in these studies are present in Supplementary Table S1.

2.10. Subcellular Localization Analysis

The coding sequence lacking a stop codon of NtDUF668-08 was isolated from tobacco
leaf cDNA and integrated into a pre-existing expression vector with Sac I using the Infusion

http://www.evolgenius.info/evolview
http://gsds.gao-lab.org/
https://meme-suite.org/meme/doc/meme-format.html?man_type=web
https://meme-suite.org/meme/doc/meme-format.html?man_type=web
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://cn.string-db.org/
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method (Clontech, Beijing, China) [37] to generate the 35S:: NtDUF668-08-GFP vector.
Subsequently, the NtDUF668-08 protein, fused with the GFP reporter, was expressed in
Nicotiana benthamiana leaves through a transient expression system, in which the silencing
suppressor P19 was used to enhance expression efficiency. Following transfection, the
plants were maintained in a growth chamber at 25 ◦C for three days. Subsequently, the
infiltrated leaves were subjected to confocal microscopy imaging (TCS-SP8 Leica, 163
Wetzlar, Germany) [37] under appropriate settings.

3. Results
3.1. Identification and Characterization of DUF668 Gene Family in Tobacco

A total of 20 NtDUF668 genes were identified in the tobacco genome database and
were sequentially named from NtDUF668-01 to NtDUF668-20 based on their physical loca-
tion on the chromosome (Table 1). The length of the open reading frame (ORF) of NtDUF668
genes ranged from 414 to 2007 bp, and the corresponding encoded protein lengths varied
between 137 and 668 amino acids. A comprehensive investigation of NtDUF668 family
genes included the computation of various physical and chemical parameters, such as
the relative molecular weight (RMW), theoretical isoelectric point (pI), instability index,
aliphatic index, and grand average of hydropathicity (GRAVY). The results revealed a
relative molecular mass, which ranged from 14.73 to 75.15 kDa, and a theoretical isoelectric
point, which ranged from 6.53 to 9.55. These parameters contribute to the characterization
of NtDUF668 proteins, providing insights into their structural and physicochemical proper-
ties. A subcellular localization prediction of NtDUF668 encoded proteins was conducted,
revealing that a majority of NtDUF668 proteins were localized to the chloroplast and nu-
cleus or exclusively to the nucleus, with seven and nine members, respectively. Notably, the
NtDUF668-15 protein exhibited subcellular localization on the cell membrane, chloroplast,
and nucleus.

Table 1. Physicochemical characterization of DUF668 gene family members in tobacco.

Gene ID Gene Name ORF/bp Protein
Length/aa RMW/kDa pI Instability

Index
Aliphatic

Index GRAVY Subcellular
Localization

Nitab4.5_0001922g0110.1 NtDUF668-01 1746 581 65,776.45 9.14 49.25 90.96 −0.273 Chloroplast and
Nucleus

Nitab4.5_0000072g0330.1 NtDUF668-02 1407 468 53,281.79 9.54 42.31 96.09 −0.197 Cell membrane and
Nucleus

Nitab4.5_0004475g0010.1 NtDUF668-03 1449 482 54,630.13 9.01 43.08 90.48 −0.373 Chloroplast and
Nucleus

Nitab4.5_0000159g0080.1 NtDUF668-04 1950 649 72,453.5 8.11 45.65 89.24 −0.414 Chloroplast and
Nucleus

Nitab4.5_0000342g0210.1 NtDUF668-05 1659 552 62,009 8.05 53.51 89.91 −0.317 Nucleus

Nitab4.5_0002641g0090.1 NtDUF668-06 1614 537 60,391.02 8.53 51.86 90.58 −0.419 Chloroplast and
Nucleus

Nitab4.5_0003952g0010.1 NtDUF668-07 1536 511 57,432.25 6.53 53.18 91.19 −0.448 Chloroplast and
Nucleus

Nitab4.5_0000337g0090.1 NtDUF668-08 1776 591 66,167.91 9.37 54.95 84.81 −0.534 Nucleus
Nitab4.5_0002170g0090.1 NtDUF668-09 1449 482 54,819.32 9.02 44.25 90.06 −0.385 Nucleus

Nitab4.5_0000531g0020.1 NtDUF668-10 1926 641 71,384.16 8.44 47.22 87.93 −0.425 Chloroplast and
Nucleus

Nitab4.5_0003251g0030.1 NtDUF668-11 1773 590 66,028.67 9.21 54.52 85.76 −0.507 Nucleus
Nitab4.5_0005421g0010.1 NtDUF668-12 1812 603 67,493.92 9.15 38.99 82.79 −0.372 Chloroplast
Nitab4.5_0006501g0020.1 NtDUF668-13 1818 605 67,564.8 8.79 43.9 84.13 −0.499 Nucleus
Nitab4.5_0007234g0010.1 NtDUF668-14 2007 668 75,147.06 8.5 49.98 92.19 −0.305 Nucleus

Nitab4.5_0008915g0010.1 NtDUF668-15 414 137 14,729.82 9.55 36.6 77.74 −0.303
Cell membrane,

Chloroplast,
and Nucleus

Nitab4.5_0009688g0010.1 NtDUF668-16 1812 603 67,621.92 9.26 41.3 82.32 −0.404 Chloroplast
Nitab4.5_0010710g0020.1 NtDUF668-17 1956 651 72,607.72 9.22 43.97 84.64 −0.486 Nucleus

Nitab4.5_0011198g0020.1 NtDUF668-18 1800 599 66,725.27 9.33 38.05 81.59 −0.511 Chloroplast and
Nucleus

Nitab4.5_0011545g0010.1 NtDUF668-19 1746 581 65,777.33 8.98 51.68 92.15 −0.26 Nucleus
Nitab4.5_0013050g0010.1 NtDUF668-20 1407 468 53,176.68 9.54 43.15 97.14 −0.176 Nucleus

3.2. Phylogenetic Comparison of DUF668 Gene Families from Eight Species

Considering the previously established characterization of the DUF668 gene family as
plant-specific, an evolutionary analysis was conducted based on DUF668 protein sequences
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retrieved from nine plant organisms. This analysis aims to unravel the evolutionary re-
lationships and potential functional diversification within DUF668 gene families across
different plant species. A phylogenetic tree was constructed based on DUF668 protein
sequences retrieved from nine plant organisms, including the model plants Arabidopsis
thaliana, Glycine max, Glycine soja, Ipomoea batatas, Gossypium hirsutum, Zea mays, Oryza
sativa, Triticum aestivum, and Nicotiana tabacum. As shown in Figure 1, four groups (I–IV)
were identified, each with two subgroups (Ia, Ib), (IIa, IIb), and (IVa, IVb). Across these
groups, a total of 60, 54, 6, and 74 DUF668 family members were present in groups I to IV,
respectively. Notably, group IV contained the largest number of NtDUF668 subgroups, with
nine members. Additionally, seven and four members from the NtDUF668 family were
found in groups I and II, respectively. However, few NtDUF668 members were observed in
group III. The evolutionary analysis across different organisms revealed the nearest evolu-
tionary relationship between Nicotiana tabacum and Ipomoea batatas, suggesting a relatively
conserved evolutionary mechanism between these two plant species. This observation may
provide insights into shared functional traits or adaptations within DUF668 gene families.
All sequence information used for the phylogenetic analysis is provided in Supplementary
Table S2.
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3.3. Analysis of Evolutionary Relationship, Gene Structure, and Conservative Motif of DUF668
Gene in Tobacco

To elucidate the genetic relationships within the NtDUF668 gene family during evolu-
tion, a neighbor joining-based phylogenetic tree was constructed by analyzing the structure
and conserved motif of NtDUF668 genes. In the gene structure analysis (Figure 2A,B), all
20 NtDUF668 family members were categorized into two major Clades (I and II), revealing
distinct patterns of exon composition. Members in Clade I predominantly possessed a sin-
gle exon, with the exception of NtDUF668-14, which exhibited three exons. In contrast, all
members in Clade II exhibited multiple exons, highlighting the structural diversity within
NtDUF668 family genes. For a more in-depth exploration of the functional characteristics
of the NtDUF668 gene family, an analysis of conserved motifs within the promoters of
NtDUF668 genes was conducted (Figure 2). This investigation revealed a distinct number
of conserved motifs specifically present in the 20 NtDUF668 proteins. With the exception of
NtDUF668-15, all members of the NtDUF668 family were predicted to have 7–10 conserved
motifs. Notably, seven members in Clade II were specifically composed of 10 motifs, while
the remaining two members (NtDUF668-13 and 17) possessed nine motifs. In contrast, the
majority of the NtDUF668 family members in Clade I comprised eight conserved motifs,
with three members found to have seven conserved motifs. Interestingly, NtDUF668-15
displayed the minimum number of motifs, featuring only one conserved motif. These
findings suggest a potential functional diversification within the NtDUF668 family.
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3.4. Analysis of Promoter Cis-Acting Elements of NtDUF668 Gene

Investigating the potential involvement of NtDUF668 in stress responses entailed a
comprehensive analysis of cis-acting elements within the promoter regions of these genes.
This analysis aimed to unveil a diverse array of elements associated with abiotic and biotic
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stresses, light signaling, and phytohormones (Figure 3), providing crucial insights into the
regulatory mechanisms of NtDUF668 in response to environmental stimuli. The elements
associated with abiotic and biotic stress responses included an anaerobic induction element
(ARE), a low-temperature-responsive element (LTR), myeloblastosis-related proteins (MYB),
a stress-responsive element (TC-rich repeats and AT-rich repeats), a wound-responsive
element (WUN-motif), a Myb-binding site (MBS), and a WRKY binding site (W-box).
Additionally, hormone-responsive elements such as the ABA-responsive element (ABRE),
ethylene response element (ERE), and methyl jasmonate (MeJA) response element (CGTCA-
motif and TGACG-motif) were also enriched. Light-responsive elements, including a
G-box, were exhibited in the promoter regions of NtDUF668 genes. Notably, the promoters
of NtDUF668 genes were predicted to include regulatory elements associated with stress
responsiveness, with the maximum enrichment observed in the promoters of NtDUF668-04
and NtDUF668-14. This enrichment strongly suggests that NtDUF668 plays a vital role
in integrating various environmental signals and endogenous hormonal responses, finely
tuning plant growth and development in response to abiotic stresses. In summary, the
comprehensive analysis of cis-acting elements within the promoter regions of NtDUF668
genes suggests their crucial roles in the integration of various environmental signals and
endogenous hormonal responses. This fine-tuning mechanism likely contributes to the
coordination of abiotic stress responses and regulates plant growth and development.
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Further, according to the concepts expressed in [1], it can be assumed that the sensor
networks on the launchers are in general qualitatively characterized by (i) the parameters
reported in Table 1 and (ii) a general reference architecture for the telemetry (TLM) system,
as shown in Figure 6. In particular, as far as the telemetry architecture is concerned, the data
transmitted wirelessly by the various sensors are collected by a RF interface called the RF
HUB. The RF HUB transmits data on a wired point-to-point communication bus to a TLM
Remote Unit, which aggregates them with the data coming from other wired (HW) sensors.
Each TLM Remote Unit transmits data on a wired backbone, which carries them up to
the TLM Central Unit for transmission in RF to the ground. A “star” network topology
is therefore implemented in each stage while the topology between the various stages is
of the “bus” type. Obviously, a scalability requirement should be intrinsically satisfied in
order to change the size of a network with few significant changes to the technologies. In
addition, applicability, reliability (depending on the particular application) and Technology
Readiness Level (TRL) should be taken into consideration as criteria for evaluating the
current state of the technologies required for low-power sensor networks. Furthermore,
compliance with international standards ensures the interoperability of different sensors
and long-term availability of wireless technology and, finally, compliance with applicable
space requirements or adaptation of components to space qualifications is a necessity for
the domain under examination to consider in the design phase.

Figure 1. Reference architecture for a launcher sensor network.Figure 3. Analysis of promoter cis-acting elements in NtDUF668 gene in response to light signals,
phytohormones, growth and development, and abiotic stresses.

3.5. Chromosomal Distribution and Duplication Events

This study involved the mapping of nine NtDUF668 genes across eight distinct to-
bacco chromosomes, each chromosome hosting a varying number of NtDUF668 genes.
As shown, the nine NtDUF668 genes were unevenly distributed across eight tobacco
chromosomes, including Nt02 (NtDUF668-01), Nt04 (NtDUF668-02), Nt05 (NtDUF668-
03), Nt12 (NtDUF668-04), Nt14 (NtDUF668-05), Nt17 (NtDUF668-06, NtDUF668-07), Nt23
(NtDUF668-08), and Nt24 (NtDUF668-09), and the remaining 11 NtDUF668 genes were
localized on different scaffolds onto chromosomes (Figure 4A). Subsequently, an analysis
was conducted to identify whole genome duplication events among NtDUF668 genes. Two
segmental duplication pairs were identified within four NtDUF668 genes, with one pair
of segmental duplications in Clade I and another in the Clade II subgroup (Figure 4B).
Notably, no tandem duplications were found, suggesting that segmental duplication events
played a primary role in the evolution of NtDUF668 genes. The analysis of the expres-
sion characteristics of NtDUF668 genes revealed that two segmental duplication pairs,
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NtDUF668-03/NtDUF668-09 and NtDUF668-06/NtDUF668-07, displayed a higher correla-
tion (Figure 4C). This suggests a potential functional connection between duplicated gene
pairs. The observed correlation in expression patterns adds depth to our understanding of
the evolutionary dynamics within the NtDUF668 gene family. Furthermore, a selection pres-
sure analysis of NtDUF668 genes revealed a Ka/Ks value of less than 1 (Table 2), indicating
a purifying selection pressure during the evolution of the NtDUF668 gene family. This
observation suggests that certain NtDUF668s might have emerged and been maintained
through purifying selection, highlighting their potential functional significance.

Aerospace 2024, 11, 132 4 of 52

Figure 2. Reference architecture for a launcher sensor network.Figure 4. (A) Chromosome distribution of DUF668 family genes from tobacco. NtDUF668 genes
marked with red color were sequentially named with red color and located on their corresponding
chromosome. (B) The inter-genomic collinearity of NtDUF668 genes in tobacco. The red line repre-
sents the segmental duplication event among DUF668 family members. (C) Correlation analysis of
the expression characteristics of NtDUF668 genes. The color legend represents the correlated levels
with high and low levels from red to green color.

Table 2. The ratio of Nonsynonymous substitution (Ka) and Synonymous substitution (Ks) of
NtDUF668 genes’ segment duplication pairs in tobacco.

Gene Pairs Ka Ks Ka/Ks

NtDUF668-03/NtDUF668-09 0.014 0.162 0.086
NtDUF668-06/NtDUF668-07 0.032 0.115 0.278
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3.6. Investigation of Syntenic Relationships between Nicotiana tabacum and Other Plant Species

To enhance our understanding of the evolutionary relationships within the DUF668
gene family, a comparative analysis was undertaken. This analysis examined syntenic
relationships between DUF668 genes in Nicotiana tabacum and eight other plant species
(Figure 5). The outcomes indicated that 6, 7, 6, 7, 3, 1, 1 and 1 NtDUF668 genes exhibited
syntenic relationships with DUF668 gene in Solanum lycopersicum, Solanum tuberosum,
Glycine max, Gossypium hirsutum, Arabidopsis thaliana, Zea mays, Triticum aestivum, and Oryza
sativa, respectively. Across these plant species (tomato, potato, soybean, cotton, Arabidopsis,
maize, wheat, and rice), the numbers of collinear gene pairs between tobacco and each
species were 8, 9, 19, 22, 3, 1, 3, and 2, respectively. Notably, NtDUF668-04 exhibited
associations with DUF668 genes in Solanum lycopersicum, Solanum tuberosum, Glycine max,
Gossypium hirsutum, and Arabidopsis thaliana, suggesting a potentially significant role during
tobacco’s evolutionary trajectory. Additionally, the widespread collinearity of NtDUF668-09
with DUF668 genes in various plant species, except for Arabidopsis thaliana, indicates an
early origin preceding the divergence of these plants. These findings shed light on the
intricate evolutionary history of the DUF668 gene family and provide insights into the
functional roles of specific NtDUF668 genes.Aerospace 2024, 11, 132 5 of 52

Figure 3. Reference architecture for a launcher sensor network.Figure 5. Analysis of syntenic relationships between Nicotiana tabacum and Solanum lycopersicum,
Solanum tuberosum, Glycine max, Gossypium hirsutum, Arabidopsis thaliana, Zea mays, Triticum aestivum,
and Oryza sativa. The gray lines represent all collinear relationships between different chromosomes,
and the colored lines represent collinear analysis between DUF668 family genes.
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3.7. Expression Patterns of DUF668 Gene in Tobacco Specific to Different Tissues

The expression patterns of genes across different tissues often hold crucial informa-
tion about their functional roles. In this study, an extensive analysis of the tissue-specific
expression for NtDUF668 genes was conducted with the aim of unraveling insights into
their potential biological functions. The tissue-specific expression analysis of NtDUF668
genes revealed distinctive expression patterns across various tobacco tissues, including root,
stem, leaf, flower, and capsule (Figure 6). As displayed, the majority of NtDUF668 genes
were detected with a higher expression in root and mature flowers. For example, eight
NtDUF668 genes (NtDUF668-05, 06, 07, 12, 14, 15, 16, and 18) exhibited higher expression
in the root, whereas NtDUF668-02, 04, and 20 showed an elevated expression in mature
flowers, suggesting their potential roles in root development and flower organ formation.
Notably, NtDUF668-03 and its homolog NtDUF668-09 displayed a higher expression in
senescent flowers, indicating potential roles in floral organ senescence and abscission. In
addition, NtDUF668-18 exhibited a higher expression in dry capsules, while NtDUF668-17
showed the highest expression in mature leaves. These findings underscore the multi-
faceted involvement of NtDUF668 in various aspects of tobacco growth, development, and
senescence.
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expression level.

3.8. Dynamic Expression Patterns of NtDUF688s in Response to Abiotic Stresses

Gene expression data based on the transcriptome sequencing analysis were employed
to visualize the dynamic changes of NtDUF688 genes. The temporal regulation of Nt-
DUF688 gene expression provides valuable insights into the specific responses of this
gene family to different stress conditions: heavy metal (Cadmium) (Figure 7A), drought
(Figure 7B), and salt stresses (Figure 7C). Noteworthy patterns include the up-regulation of
specific genes under cadmium stress, distinct responses to drought at different time points,
and the varied expression profiles during salt stress. As shown, the expression of many
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NtDUF688 genes (NtDUF688-03, 06, 07, 09, and 18) was significantly up-regulated when
exposed to cadmium stress at 48 h, while NtDUF688-04, 05, and 12 showed a rapid induc-
tion at 30 min after cadmium treatment. Notably, the transcription of several NtDUF688
genes, such as NtDUF688-01, displayed a persistent inhibition under cadmium stress, while
the expression of NtDUF688-07 was continuously induced within 48 h. Contrastingly, a
substantial number of NtDUF688 genes were identified with elevated expression levels fol-
lowing drought and salt treatments. Among the expression levels, five genes (NtDUF688–5,
06, 07, 14, 18) and ten genes (NtDUF688–03, 04, 08, 09, 10, 11, 12, 13, 16, 17) were highest at
1 and 8 h, respectively (Figure 7B), indicating that potential roles for these genes in tobacco
drought resistance. Additionally, the expression patterns of NtDUF668 genes under salt
stress conditions were analyzed. It was observed that NtDUF688-01, 04, and 10 exhibited
an increased expression at 12 h, whereas NtDUF688-18 demonstrated a significant upreg-
ulation at 3 days when subjected to salt stress. (Figure 7C). Interestingly, the majority of
NtDUF688 genes exhibited the highest expression levels at 7 days, compared with other
time points upon salt treatment. Strikingly, NtDUF688-07 showed a down-regulated expres-
sion pattern under salt stress. These findings underscore the intricate regulatory network
orchestrated by NtDUF688s in safeguarding plants against environmental challenges.

Aerospace 2024, 11, 132 6 of 52

Figure 4. Reference architecture for a launcher sensor network.

Figure 5. Reference architecture for a launcher sensor network.

Figure 7. Analysis of NtDUF668 gene expression patterns based on RNA-seq data under cadmium
Cd) (A), drought (B), and salt (C) treatments. The legend presented above represents the expression
levels of the NtDUF668 gene, with high and low levels ranging from red to blue color.

3.9. qRT-PCR Analysis of NtDUF668 Candidate Genes

In accordance with the transcriptome data obtained from previous studies, a systemic
analysis of expression patterns of NtDUF668 genes upon cadmium, drought, and salt
stresses was conducted through qRT-PCR. As shown in present studies, the NtDUF668
genes selected as candidates exhibited dynamic alterations in transcription level when
exposed to distinct abiotic stresses (Figure 8). Among them, NtDUF668-02 showed an
up-regulated expression upon cadmium treatment, while the expression of NtDUF668-04,
08, and 13 was significantly increased under this condition (Figure 8A). Meanwhile, an
examination of several NtDUF668 genes, including NtDUF668-03, 04, 08, and 11, revealed
a significant induction at different time points after drought treatment. However, the
transcriptional levels of NtDUF668-01 were notably inhibited (Figure 8B). In contrast with
both stresses, several NtDUF668 genes displayed a specific transcriptional alteration for
salt stress within 24 h, such as NtDUF668-05 and NtDUF668-14 (Figure 8C). Notably,
the expression of NtDUF668-08 could be significantly altered following multiple abiotic
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stresses, indicating their broad roles in response to different stress interference. Taken
together, the expression patterns of the NtDUF668 genes examined by qRT-PCR were
basically in accordance with previous transcriptome analysis, verifying the reliability of the
transcriptome data used in the present study.
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Student’s t-test (* 0.01 < p < 0.05).

3.10. Analysis of Subcellular Localization

In order to enhance comprehension regarding the potential roles of NtDUF668 in
conferring resistance to abiotic stresses, a subcellular localization analysis was conducted
for NtDUF668-08 due to its wide-ranging regulatory response to diverse stress stimuli
(Figure 9). As anticipated for a putative nuclear-localized protein, a discernible nuclear local-
ization signal was evident in tobacco (Nicotiana benthamiana) leaves when the NtDUF668-08
protein, fused with the green fluorescent protein (GFP) tag, was expressed under the regu-
latory control of the CaMV35S promoter. In contrast, the control group exhibited uniform
distribution throughout the entire cell. These observations collectively indicate the specific
nuclear localization of the NtDUF668-08 protein.

3.11. Predicted Protein–Protein Interaction Networks of NtDUF668 Family Members in Tobacco

Understanding protein–protein interactions (PPIs) is essential for unraveling the intri-
cate mechanisms underlying various biological functions. As is commonly acknowledged,
solitary proteins seldom directly engage in plant stress responses. Instead, multiple physio-
logical processes in plants rely on protein–protein interactions. To uncover the mechanisms
underlying the activities of NtDUF668 family members, a comprehensive view of the
predicted protein–protein interaction networks involving NtDUF668 family members was
presented (Figure 10). It was observed that three independent interactome networks of
the NtDUF668 family members and other proteins were showcased in the protein–protein
interaction network. Notably, protein–protein interactions transpired among 11 DUF668
proteins and 10 other proteins in tobacco. Specifically, the NtDUF668 protein interaction net-
work showcased two central nodes, Nitab4.5_0002737g0110.1 and Nitab4.5_0000827g0130.1,
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exhibiting the greatest number of interactions with other proteins. These findings under-
score the likelihood of these interacting proteins collaborating to fulfill distinct biological
functions within the tobacco context.
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Figure 4. Reference architecture for a launcher sensor network.

Figure 5. Reference architecture for a launcher sensor network.Figure 9. Subcellular localization of NtDUF668-08 protein in tobacco leaves. The NtDUF668-08 protein
fused with the GFP reporter under the control of the CaMV35S promoter transiently expressed in
Nicotiana benthamiana leaves. The scale bar = 20 µm.Aerospace 2024, 11, 132 7 of 52

Figure 6. Reference architecture for a launcher sensor network.

Table 1. Parameters characterizing wireless sensor networks in launchers.

Network Feature Value

Range Tens of meters
Data rate Medium (above 250 kbps but less than 10 Mb/s)

Amount of data Typically low
Number of nodes Typically high

Availability High
Criticality Low

3. Wireless Systems for Communications

Wireless networks are typically classified on the basis of the spatial coverage provided.
Starting from the largest distance, they can be divided into WRAN (Wireless Regional
Area Networks), WWAN (Wireless Wide Area Networks), WMAN (Wireless Metropolitan
Area Networks), WLAN (Wireless Local Area Networks), PAN (Wireless Personal Area
Networks) and WBAN (Wireless Body Area Networks), respectively, with coverage ranges

Figure 10. Protein–protein interaction network analyses in tobacco.
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4. Discussion

DUF gene families, denoting domains of unknown function, have emerged as pivotal
players in plant biology, attracting considerable research attention. Among these families,
DUF668 has garnered special interest due to its versatile roles throughout plant life history.
Several DUF gene families, with a notable focus on DUF668, have undergone thorough
genome-wide investigations in plants such as rice, cotton, soybean, sweet potato, and
wheat [8,18–21]. These studies have uncovered valuable insights into the expression
patterns of DUF668 genes, particularly under diverse abiotic and biotic stresses. Despite the
extensive research on DUF668 in various plant species, there is a notable dearth of genome-
wide analysis for the DUF668 gene family in tobacco. Addressing this gap is crucial
for unraveling the unique aspects of NtDUF668 and comprehensively understanding
their molecular functions. In this study, a comprehensive genome-wide analysis of the
NtDUF668 gene family is presented, encompassing gene structure, chromosomal positions,
gene duplication, evolutionary connections, tissue-specific expressions, and responses to
various abiotic stresses. Additionally, a detailed analysis of the dynamic regulation of
several NtDUF668 genes under various abiotic stresses was conducted. These findings
lay a solid foundation for further investigations into the origin and functional roles of the
NtDUF668 gene family.

To obtain basic knowledge about DUF668 in tobacco for further functional charac-
terization, a systematic investigation of its family members at the genome level and its
bioinformatics traits was performed in the present study. A total of 20 NtDUF668 members
(NtDUF668-01 to NtDUF668-20) were identified in the tobacco genome, with nine members
found on eight tobacco chromosomes and the remaining 11 predicted to be on scaffolds
(Table 1 and Figure 4A). Phylogenetic tree analysis revealed four main groups and six
subgroups, shedding light on the evolutionary patterns of DUF668 genes across various
plant species (Figure 1). Further investigation of the adjacent junctions distributed in the
branches of the phylogenetic tree of the DUF668 gene family suggested that the closest
genetic distance was found in Nicotiana tabacum and Ipomoea batatas, displaying a relatively
conserved evolutionary history in Solanaceae plants. Additionally, a closer evolutionary rela-
tionship of the DUF668 gene family between Nicotiana tabacum and Gossypium hirsutum was
observed compared to other species presented in this study, suggesting a similar function
of the DUF668 genes in these two species. Furthermore, our investigation into duplication
events revealed primarily segmental duplications contributing to the expansion of the
NtDUF668 gene family (Figure 4B). However, none of the tandem duplication events were
found in tobacco, which corresponds to previous grouping results about the DUF668 gene
family in cotton, sweet potato, soybean, and wheat, implying a less frequent expansion
of these genes during plant evolution. Notably, the Ka/Ks ratios of < 1 observed in these
duplication pairs suggest varied selection pressures acting on NtDUF668 genes during
their evolutionary history, providing valuable insights into the adaptive changes within
this gene family.

Gene structural prediction unveiled significant variations in intron-exon compositions
among different NtDUF668 genes, indicating diverse splicing variants. These NtDUF668
genes were subsequently classified into two main Clades based on identical motif features
and distinct gene distributions, a classification consistent with previous studies in rice,
sweet potato, and wheat [18,19,21]. Motif analysis unveiled that the majority of the Nt-
DUF668 members shared 7–10 conserved motifs, with the exception of NtDUF668-15, which
was predicted to have only one motif. Notably, Clade II members exhibited unique motifs,
particularly motifs 8 and 10, predominantly located in the front segments of NtDUF668
genes. This observation suggests a potential functional specificity associated with these
motifs. Intriguingly, Clade II members were characterized by longer gene lengths, more
motifs, and exons, indicating a correlation between motif distribution and gene length
in NtDUF668 genes. Promoter analysis revealed an abundance of cis-acting elements re-
sponsive to abiotic stress and plant hormone signaling in NtDUF668 promoter regions.
Stress-responsive elements, including MYB, ARE, and LTR, were prominently enriched in
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the promoters. Multiple hormone- and stress-responsive elements, such as ABRE and ERE,
were particularly observed in genes like NtDUF668-03, 04, 05, 09, 10, 19, and 20 (Figure 3).
This suggests a potential role of these genes in abiotic stress responses, integrating synergis-
tic effects of multiple hormonal signals. In addition, the presence of a G-box in the promoter
sequences of many NtDUF668 genes, including NtDUF668-07, 15, and 18, highlights the
involvement of NtDUF668 as a crucial component in the intricate regulatory network
governing plant growth and development. Together, our studies strongly suggested that
NtDUF668 plays a pivotal role in the modulation of plant growth and development and
abiotic stress via distinct mechanisms.

Spatial expression profiles of NtDUF668 genes in various plant tissues were analyzed
based on previous transcriptome data, providing insights into their specific roles in dis-
tinct biological processes. Notably, the expression of several NtDUF668 genes, including
NtDUF668-06, 07, 12, 15, and 16, was predominantly detected in root tissues, suggesting
a significant involvement in root development. In contrast, genes such as NtDUF668-
02, 03, and 09 exhibited a main expression in mature and senescent flowers (Figure 6),
implying their potential roles in floral organ development and abscission. Indeed, the
enrichment of hormone-responsive elements in the promoter regions of several NtDUF668
genes, including NtDUF668-06, 07, 12, 15, and 16 (Figure 3), aligns with their predominant
expression in root tissues. This observation suggests a potential regulatory pathway where
NtDUF668 finely tunes root development, possibly through hormonal signaling. Similarly,
genes like NtDUF668-02, 03, and 09, mainly expressed in mature and senescent flowers,
may contribute to the regulation of floral organ development and abscission through
hormone-responsive mechanisms. Notably, two NtDUF668 genes, namely NtDUF668-17
and NtDUF668-18, exhibited significant expression in distinct tissues, with NtDUF668-17
prominently expressed in mature leaves and NtDUF668-18 in dry capsules. This differential
expression strongly indicates the functional specificity of these genes in regulating specific
biological processes associated with mature leaves and capsule development.

The analysis of gene expression under stress conditions, especially drought and salt
stress, is crucial for understanding plant resilience mechanisms [38]. Plants have evolved
complex strategies to cope with these stresses, involving physiological adaptations such
as leaf reduction, stomatal closure, and the regulation of ion homeostasis [39–41]. Alter-
ations in gene expression play a pivotal role in orchestrating these adaptive responses,
ensuring plants can thrive in challenging environments. Under drought stress, the expres-
sion analysis revealed dynamic patterns among NtDUF668 genes. Notably, genes such
as NtDUF668-05, 06, 07, 14, and 18 exhibited a rapid up-regulation within 1 h of drought
treatment. In contrast, a group of genes, including NtDUF668-03, 04, 08, 09, 10, 11, 12, 13,
16, and 17, displayed an increased expression after 8 h of drought treatment. These findings
suggest a diverse set of NtDUF668s that potentially act as regulators in response to drought
stress, playing crucial roles in coordinating plant growth and development. Similarly,
under salt stress, a substantial number of NtDUF668 genes exhibited significant induction.
Notably, more than half of the identified NtDUF668 genes showed a stronger induction at 7
days after salt treatment. Additionally, specific genes, including NtDUF668-18, displayed a
remarkable increase in expression within the first 3 days of salt stress. Further exploration
of the detailed expression profiles within 24 h of salt stress revealed upregulation in multi-
ple NtDUF668 genes (e.g., NtDUF668-03, 04, 05, 08, and 14) (Figure 8), implicating their
potential roles in regulating salt stress tolerance in plants. Interestingly, NtDUF668-03 was
transcriptionally up-regulated following salt treatment in 6 h but rapidly decreased their
expression level after salt treatment for 12 h, implying a negative feedback mechanism un-
derlying salt adaptation and salt-induced responses. Remarkably, the presence of cis-acting
elements associated with plant salt stress and hormone responses in the promoter regions of
NtDUF668 genes reinforces their potential involvement in salt stress. Furthermore, salinity
is acknowledged as a pivotal factor in stress signaling, influencing plant hormone biosyn-
thesis and metabolism [42], and the identified cis-acting elements highlight the potential of
NtDUF668 in modulating these intricate pathways. In conclusion, the expression analysis
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of NtDUF668 genes under drought and salt stress revealed dynamic patterns, indicating
their potential roles as regulators in plant stress responses. The identified genes, especially
those showing rapid and sustained up-regulation, present promising candidates for further
functional characterization. To unravel the detailed functions and molecular mechanisms
of NtDUF668 in stress responses, future efforts will concentrate on generating transgenic
plants and elucidating the phenotypic outcomes under diverse stress conditions.

5. Conclusions

In this investigation, a genome-wide analysis of the NtDUF668 gene family was
conducted, resulting in the identification of 20 NtDUF668 members. A comprehensive
exploration was then undertaken to acquire a thorough understanding of the NtDUF668
gene family, encompassing their physicochemical characteristics, gene structure, conserved
motifs, chromosomal positions, gene duplication, evolutionary relationships, tissue-specific
expressions, subcellular localization, and responses to various abiotic stresses. Furthermore,
gene expression profiling and quantitative real-time polymerase chain reaction (qRT-PCR)
under diverse abiotic stresses were scrutinized to underscore the significant role played
by NtDUF668 in regulating tobacco’s adaptability to adverse environmental conditions
and developmental processes. Notably, NtDUF668-08 emerged as a potential key player
in tobacco’s response to various abiotic stresses. This study represents a pioneering effort
in systematically analyzing the NtDUF668 gene family, providing novel insights into
tobacco’s resilience against stress. In future investigations, the elucidation of the molecular
mechanisms underlying the adaptation to abiotic stresses will be pursued by examining
the biological function of NtDUF668. These findings lay a robust foundation for the
further exploration of gene functions and the potential application of these insights in
breeding programs.
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