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Integrative analysis of the transcriptome i

and proteome reveals the molecular responses
of tobacco to boron deficiency
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Abstract

Background Boron (B) is an essential micronutrient for plants. Inappropriate B supply detrimentally affects the pro-
ductivity of numerous crops. Understanding of the molecular responses of plants to different B supply levels would
be of significance in crop improvement and cultivation practices to deal with the problem.

Results We conducted a comprehensive analysis of the transcriptome and proteome of tobacco seedlings

to investigate the expression changes of genes/proteins in response to different B supply levels, with a particular
focus on B deficiency. The global gene and protein expression profiles revealed the potential mechanisms involved
in the responses of tobacco to B deficiency, including up-regulation of the NIP5,1-BORs module, complex regulation
of genes/proteins related to cell wall metabolism, and up-regulation of the antioxidant machinery.

Conclusion Our results demonstrated that B deficiency caused severe morphological and physiological disorders

in tobacco seedlings, and revealed dynamic expression changes of tobacco genes/proteins in response to different B
supply levels, especially to B deficiency, thus offering valuable insights into the molecular responses of tobacco to B
deficiency.
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Background

Boron (B) is an essential micronutrient for plants due to
its important role in various physical and metabolic func-
tions. The primary function of B is its involvement in cell
wall synthesis and the maintenance of cell wall structure
by cross-linking the apiose residues of rhamnogalactu-
ronan II (RG-II) for the formation of pectin complexes
which is essential for cell wall structure and function [1].
In addition, B has been proposed to have important roles
in maintaining the integrity of plasma membrane [2, 3],
regulation of metabolic processes (e.g., hormonal metab-
olism, nucleic acid synthesis, protein metabolism, carbo-
hydrate metabolism, lignin and flavonoid synthesis, and
biosynthesis of antioxidant compounds such as phenols
and polyphenols), and regulation of developmental pro-
cesses (e.g., cell division, growth of the apical meristem,
root elongation, stimulation of reproductive tissues, and
pollen germination) [4—7].

B homeostasis in plants is regulated by complex pro-
cesses involved in B uptake, transportation and distribu-
tion. The transport of B from the soil into the root and to
the shoot is involved the combination of the boric acid
channel nodulin 26-like intrinsic proteins (NIPs) (e.g.,
NIP5;1 which facilitates the uptake of B from the soil into
the roots, NIP6;1 and NIP7;1 which implicate in the dis-
tribution of B in developing shoot tissues and anthers)
[8-10] and B transporters (BORs) (e.g., BOR1 which is
responsible for xylem loading of B) [9, 10].

Deficiency and toxicity of B both impede plant growth
and development. Morphologically, B deficiency causes
inhibition of growing points (e.g., the root tip, bud,
flower, and young leaf) and deformities in certain organs
(e.g., shoot, leaf, and fruit). For example, B deficiency has
been shown to inhibit root growth in Arabidopsis [8, 11]
and orange [12], reduce leaf growth in rice [13], cause
defects in root, vegetative and reproductive develop-
ment in maize [14], result in abnormal floral organogen-
esis, and widespread sterility in Brassica napus [15], and
induce abscission or abortion of reproductive organs in
alfalfa [16]. In contrast, B excess causes toxicity in plants.
B toxicity impairs photosynthesis, hormone balance,
reactive oxygen metabolism, carbohydrate metabolism,
nitrogen metabolism, nucleic acid metabolism, cell wall
biosynthesis, and leaf and root structure. For example, B
toxicity led to leaf necrosis, and inhibition of leaf expan-
sion and root growth in barley [17, 18], inhibition of root
growth in Arabidopsis [19], and apical leaf mottling and
chlorosis in Citrus [20].

Both B deficiency and excess occur worldwide: B defi-
ciency commonly occurs in high rainfall areas with
heavily leached soils, for example, Southeast Asia and
southeast China [21]; excessive B preferentially occurs in
arid and semi-arid areas, for example, South Australia,

Page 2 of 18

the Middle East, and many other countries [6]. Since
both B deficiency and toxicity result in severe yield losses
and quality decline of crops, inappropriate B supply is a
widespread problem in agriculture. A deep understand-
ing of the physiological and molecular mechanisms in
plants in response to different B supply levels would be
of significance in crop improvement and cultivation prac-
tices to deal with the problem.

Like many other plants, tobacco is sensitive to defi-
ciency and excess of B [22]. Specifically, B deficiency is
prevalent in regions where tobacco is cultivated, while
B excess is relatively rare. For example, a study on the
spatial distribution of soil available microelements in
the Qujing tobacco farming area, Yunan, China, found a
widespread deficiency of available B [23]. Several stud-
ies have reported physiological and molecular responses
of tobacco to B deficiency, e.g., decline in nitrate content
and nitrate reductase (NR) activity, increment in car-
bohydrate content, accumulation of chlorogenic acid,
caffeoyl polyamine conjugates and phenylpropanoids,
increment in phenylalanine ammonia-lyase (PAL) and
polyphenoloxidase (PPO) activities in leaves [24-26],
increment in putrescine levels in tobacco plants [27], and
up-regulation of an asparagine synthetase (AS) gene and
the glutamate dehydrogenase (GDH) genes in roots [28,
29]. However, our understanding of the general responses
of tobacco to different B supply levels remains limited. In
the present study, we conducted a comprehensive analy-
sis of the transcriptome and proteome of tobacco seed-
lings to investigate the expression changes of genes and
proteins associated with different B supply levels, with a
particular focus on B deficiency. Our findings contribute
to a deeper understanding of the molecular mechanism
underlying the responses of tobacco to B deficiency.

Results
B deficiency causes severe morphological
and physiological disorders in tobacco seedlings
Tobacco seedlings were cultured in modified Hoagland
nutrient solution with a B concentration of 46.26 puM
[30] (designated as B1), and in modified Hoagland nutri-
ent solutions containing three B levels (0, 11.57 and
185.04 uM, designated as B0, B1/4, and B4, respectively).
At five days after treatment (DAT), the B1/4, B1 and B4
seedlings exhibited no obvious differences in morphol-
ogy, whereas the B0 seedlings displayed a slightly dwarf
phenotype (Fig. 1a). At 12 and 19 DAT, the BO seedlings
displayed severe symptoms (e.g., growth stunting, leaf
curling and plant deformity) (Fig. 1la). In contrast, the
B1/4, B1 and B4 seedlings exhibited no obvious differ-
ences in morphology (Fig. 1a).

Tobacco seedlings grown under different B concentra-
tions at 19 DAT were measured for eight physiological
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Fig. 1 Effects of different B supplies on growth and physiological parameters of tobacco seedlings. a Phenotype of tobacco seedlings grown
under different B supply levels at 5, 12 and 19 DAT (days after treatment), respectively. b, ¢ Contents of chlorophyll a (Chla), chlorophyll b (Chlb),
and carotenoids (Car), respectively, of tobacco seedlings grown under different B supplies at 19 DAT. d Concentration of soluble proteins (SP)

of tobacco seedlings grown under different B supplies at 19 DAT. (e) Content of RuBPCase of tobacco seedlings grown under different B supplies
at 19 DAT. (f, g, h) Activities of acid invertase (Al), neutral invertase (NI), and nitrate reductase (NR), respectively, of tobacco seedlings grown
under different B supplies at 19 DAT. BO, 0 uM B; B1/4, 11.57 uM B; B1, 46.26 UM B; B4, 185.04 uM B. Different letters (A, B, C, D) above the columns
indicate statistical differences (p<0.01)

traits related to photosynthesis, carbon and nitrogen b (Chlb), and carotenoids (Car), as well as the soluble
metabolisms. The levels of three essential photosyn- protein (SP) regarded as the important osmoregulatory
thetic pigments, namely chlorophyll a (Chla), chlorophyll  substance, were significantly reduced in the BO seedlings
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compared with that in the B1/4, B1 and B4 seedlings
(Fig. 1b-d). The activity of RuBPCase which is a key C3
enzyme responsible for carbon fixation was significantly
increased in the BO seedlings compared with that in the
B1/4, B1 and B4 seedlings (Fig. 1e). In contrast, the activ-
ities of acid invertase (AI) and neutral invertase (NI) both
of which are involved in carbon metabolism, and NR,
a key enzyme in nitrogen metabolism, were markedly
reduced in the BO seedlings compared with that in the
B1/4, B1 and B4 seedlings (Fig. 1f-h). Collectively, these
results demonstrated that a deficiency of B causes severe
morphological and physiological disorders in tobacco
seedlings.

Profiling of genes/proteins differentially expressed

in response to different B supply levels

The leaves of tobacco seedlings grown under various B
levels at 5, 12, and 19 DAT, respectively, were collected
for RNA-seq analysis. Additionally, the leaf samples col-
lected at 12 DAT were subjected to proteome analysis.

A total of 10,311 genes were identified that were differ-
entially expressed in the B0, B1/4, or B4 seedlings in com-
parison to the B1 seedlings (Fig. 2, Table S1, Table S2). At
5 and 12 DAT, the BO seedlings exhibited a higher num-
ber of differentially expressed genes (DEGs) compared
to the B1/4 and B4 seedlings. At 19 DAT, the BO and B4
seedlings demonstrated a greater number of DEGs com-
pared to the B1/4 seedlings (Fig. 2a-b). These results
indicated that B deficiency induces substantial transcrip-
tomic changes in tobacco seedlings, while over-sufficient
B level could also lead to significant transcriptomic
changes over an extended treatment duration. An upset
analysis was performed on the DEGs obtained from the
comparison between B0 and B1 to gain more information
about the regulation patterns of the DEGs in response to
B deficiency (Fig. 2c). About 522 DEGs were co-up-reg-
ulated at both 12 DAT and 19 DAT, and 576 DEGs were
co-down-regulated at both 12 DAT and 19 DAT. Nota-
bly, 111 DEGs were up-regulated at all three time points
(Fig. 2¢). These results suggested that a significant num-
ber of DEGs exhibited relatively long-term regulation in
tobacco seedlings in response to B deficiency.

A total of 1,416 proteins were identified that were dif-
ferentially expressed in the BO, B1/4, or B4 seedlings
in comparison to the Bl seedlings at 12 DAT (Fig. 3,
Table S3, Table S4). Consistent with the profiling results
of DEGs in response to varying B supply levels, a higher
number of differentially expressed proteins (DEPs) were
observed in the B0 seedlings compared to the B1/4 and
B4 seedlings (Fig. 3a-b), indicating that B deficiency
induces significant proteomic changes in tobacco seed-
lings. Among the identified DEPs, 643, 162, and 10
were up-regulated in the B0, B1/4, and B4 seedlings,
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respectively; and 665, 162, and 25 were down-regulated
in the BO, B1/4, and B4 seedlings, respectively (Fig. 3a).
The DEPs and DEGs identified in the BO, B1/4, and B4
seedlings in comparison to the Bl seedlings at 12 DAT
were compared, and approximately 407, 53 and 4 DEPs
were among the DEGs identified in the BO, B1/4, and B4
seedlings, respectively (Fig. 3c-e). Among the 407 asso-
ciated DEGs-DEPs identified in the BO seedling, 248
were co-up-regulated and 144 were co-down-regulated
(Fig. 3f). Similarly, the majority of the associated DEGs-
DEPs identified in the B1/4 or B4 seedlings showed posi-
tively correlated regulation patterns (Fig. 3g-h). Overall,
the integrated transcriptome and proteome analysis
revealed dynamic gene expression changes in tobacco
seedlings in response to different B supply levels.

Functional classification of DEGs/DEPs in response to B
deficiency by GO analysis

The DEGs and DEPs identified from the comparison
between the BO and Bl seedlings were subjected to
gene ontology (GO) analysis. Since GO biological pro-
cess (BP) depicts biological goals accomplished by a
collection of molecular events, we thus looked into the
detailed information of the significant BP terms. The
results showed that the DEGs/DEPs were enriched in
diverse BP terms (Fig. 4, Table S5). Notably, the DEGs
at 5 DAT, DEGs/DEPs at 12 DAT, and DEGs at 19 DAT
were significantly enriched in several BP terms related
to transport processes, cell wall processes, and antioxi-
dative processes. For instance, the DEGs at 5 DAT were
significantly enriched in one term related to transport
processes (xenobiotic transmembrane transport) and
two terms related to cell wall processes (cellulose biosyn-
thetic process and cell wall modification); the DEGs at 12
DAT were significantly enriched in eight terms related
to transport processes (metal ion transport, xenobiotic
transmembrane transport, transport, sulfate transport,
zinc ion transmembrane transport, transmembrane
transport, oligopeptide transport, and amino acid trans-
membrane transport), three terms related to cell wall
processes (plant-type cell wall organization, cell wall
macromolecule catabolic process, and chitin catabolic
process), and one term related to antioxidative processes
(response to oxidative stress); the DEPs at 12 DAT were
significantly enriched in two terms related to cell wall
processes (e.g., cell wall macromolecule catabolic pro-
cess and chitin catabolic process) and one term related to
antioxidative processes (response to oxidative stress); and
the DEGs at 19 DAT were significantly enriched in three
terms related to cell wall processes (e.g., cell wall macro-
molecule catabolic process, plant-type cell wall organiza-
tion, and chitin catabolic process), one term related to
antioxidative processes (response to oxidative stress), and
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Fig. 2 Overview of the differentially expressed genes (DEGs) in response to different B supplies in tobacco seedlings. a Numbers of the identified
DEGs of tobacco seedlings grown under different B supplies at 5, 12 and 19 DAT, respectively. b Heatmap showing the differential expression levels
of the identified DEGs in response to different B supplies at 5, 12 and 19 DAT, respectively. ¢ Upset diagram showing the numbers of the DEGs
specific to or common to different B supplies at 5, 12 or 19 DAT, respectively. BO, 0 uM B; B1/4, 11.57 uM B; B1, 46.26 uM B; B4, 185.04 uM B

one term related to transport processes (sulfate trans-
port) (Fig. 4).

Expressional regulation of DEGs involved in B uptake

and distribution

The GO analysis results indicated that the expression of
numerous genes related to transport processes, cell wall
processes, and antioxidative processes were differentially
affected by B deficiency. Therefore, we characterized the
DEGs/DEPs involved in these three aspects.

Nodulin-26-like intrinsic protein 5;1 (NIP5;1) func-
tions as a boric acid channel responsible for the B cellular
uptake [8]. Two NIP5;1 genes (Nitab4.5_0000799¢0080
and Nitab4.5_0005519g0010) were identified among
the DEGs, and both were greatly up-regulated in the
BO seedlings at 5, 12, and 19 DAT (Fig. 5a). The tran-
scriptional profiles of the two NIP5;1 genes in the BO,
B1/4, Bl, and B4 seedlings, respectively, at 12 DAT
were validated by real-time RT-PCR (Fig. 5c¢-d), and
the results were consistent with RNA-seq data. B trans-
porters (BORs) are responsible for B distribution
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Fig. 3 Overview of the differentially expressed proteins (DEPs) in response to different B supplies. a Number of the identified DEPs of tobacco
seedlings grown under different B supplies at 12 DAT. b Heatmap showing the differential expression levels of the identified DEPs in response

to different B supplies at 12 DAT. ¢, d, e Venn diagrams showing the numbers of associated DEGs-DEPs identified in the BO, B1/4, and B4 seedlings
at 12 DAT, respectively. f, g, h Correlation between the DEGs and DEPs in the BO, B1/4, and B4 seedlings at 12 DAT, respectively. The number

of associated DEGs-DEPs (n) is indicated within each quadrant. BO, 0 uM B; B1/4, 11.57 uM B; B1, 46.26 uM B; B4, 185.04 uM B

through transferring B to neighboring cell types or to
the apoplast [31]. Four BORs were identified among the
DEGs, including one BORI (Nitab4.5_0001013g0010),
one BOR2 (Nitab4.5_0002896g0020), and two BOR4
(Nitab4.5_0000151g0280, and Nitab4.5_0000410g0420).
The expression of all four BORs was up-regulated in the
BO or B1 seedlings at 5 or 12 DAT (Fig. 5b).

Expressional regulation of DEGs/DEPs involved in cell wall
metabolism

Expansins (EXPs) are plant cell wall proteins that play
important roles in cell loosening [32]. A total of 26 EXPs
were identified among the DEGs/DEPs. Among them,
while one EXPA4 (Nitab4.5_0007674g0040), three EXP-
like A1 (Nitab4.5_0001274g0040, Nitab4.5_0002486g0040,

and Nitab4.5_0003603g0040), and one EXP-like Bl
(Nitab4.5_0000500g0210) were up-regulated in the BO
or B1/4 seedlings at 5, 12 and/or 19 DAT, the majority of
the EXP DEGs/DEPs were significantly down-regulated
in response to B deficiency at 12 and/or 19 DAT (Fig. 6a).
One EXPA1 (Nitab4.5_0000568g0030) was up-regulated
in the BO seedlings at 5 DAT, but was down-regulated in
the BO seedlings at 12 and 19 DAT (Fig. 6a). Pectate lyase-
like proteins (PLLs) are enzymes involved in plant cell wall
degradation cleaving pectin molecules [33]. About 13 PPLs
were identified among the DEGs/DEPs. Similar to the reg-
ulation patterns of the differentially expressed EXPs, while
one DEP of PLL16 homolog (Nitab4.5_0000041g0140)
was up-regulated in the B1/4 seedlings at 12 DAT, and two
DEGs encoding PLL18 homolog (Nitab4.5_0001031g0280
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Fig. 4 Significant Gene Ontology (GO) biological process (BP) terms of the DEGs/DEPs identified from the comparison between the BO and B1
seedlings at 5, 12 or 19 DAT, respectively

and Nitab4.5_0008889g0020) were up-regulated in the  (Nitab4.5_0004599¢0080), PLL12 (Nitab4.5_0001359g0050),
BO seedlings at 19 DAT, the remaining 10 PPLs were sig-  and PLL25 (Nitab4.5_0010267g0020) in the B0, B1/4, B1, and
nificantly down-regulated in response to B deficiency at B4 seedlings, respectively, at 12 DAT were validated by real-
5, 12 and/or 19 DAT (Fig. 6b). The transcriptional profiles  time RT-PCR (Fig. 6¢-f), and the results were consistent
of four DEGs EXPA3 (Nitab4.5_0003845g0060), EXPA14  with RNA-seq data.
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(Nitab4.5_000079990080 and Nitab4.5_0005519g0010) in the BO, B1/4, B1, and B4 seedlings, respectively, at 12 DAT. BO, 0 uM B; B1/4, 11.57 uM B; B1,
46.26 UM B; B4, 185.04 uM B. Different letters (A, B, C) above the columns indicate statistical differences (p <0.01)

Arabinogalactan proteins (AGPs) are a family of hydroxy-  one AGPI6 (Nitab4.5_0009232g0020), and three AGP41

proline-rich glycoproteins that are abundant in the plant
cell wall and plasma membrane, and they are believed to
play important roles in modulating cell wall mechanics [34,
35]. Fasciclin-like arabinogalactan proteins (FLAs) are a
subclass of AGPs involved in cell adhesion [36]. Four AGP
family genes were identified among the DEGs, including

(See figure on next page.)

(Nitab4.5_0000223g0120, Nitab4.5_0000540g0040, and
Nitab4.5_0003781g0080). All four AGPs were down-regulated
in the BO seedlings at 12 DAT (Fig. 7a). Sixteen FLAs were
identified among the DEGs/DEPs. Among them, six FLAs
identified as DEGs at 5 DAT were all up-regulated in response
to B deficiency (Fig. 7a). In contrast, 13 out of 15 FLAs identified

Fig. 6 Expressional changes of the expansin (EXP) family and the pectate lyase-like protein (PLL) family DEGs/DEPs in response to different B
supplies. a, b Heatmap showing the differential expression levels of the EXP family and the PLL family DEGs/DEPs, respectively, at 5, 12 and 19 DAT.
Grey blocks indicate that the genes were not detected as DEGs or DEPs by RNA-seq or TMT-based quantitative proteome analysis. ¢, d, e, f gRT-PCR
validation of expression profiles of the DEGs EXPA3 (Nitab4.5_0003845g0060), EXPA14 (Nitab4.5_0004599g0080), PLL12 (Nitab4.5_0001359g0050),

and PLL25 (Nitab4.5_0010267g0020) in the BO, B1/4, B1, and B4 seedlings, respectively, at 12 DAT. BO, 0 uM B; B1/4, 11.57 uM B; B1, 46.26 uM B; B4,
185.04 uM B. Different letters (A, B, C) above the columns indicate statistical differences (p <0.01)
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as DEGs/DEPs at 12 DAT were found to be down-regulated in
the BO seedlings, except for two DEPs of FLA17 homologs
Nitab4.5_0000721g0130 and Nitab4.5_0002417g0020,
which were up-regulated in the BO and/or B1/4 seedlings
(Fig. 7a). Among these identified FLAs, five (FLA1/
Nitab4.5_0003328g0020, FLA1/Nitab4.5_0009011g0010,
FLA2/Nitab4.5_0001701g0170, FLA6/Nitab4.5_0002629g0030,
and FLA6 Nitab4.5_0006973g0030) were found to be up-reg-
ulated at 5 DAT but down-regulated at 12 DAT in response to
B deficiency (Fig. 7a).
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Xyloglucan endotransglucosylases/hydrolases (XTHs)
are enzymes involved in rearranging the association net-
work of xyloglucans and cellulose microfibrils [37], play-
ing a pivotal role in cell wall relaxation [38]. A total of 31
XTHs were identified among the DEGs/DEPs. Similar
to the regulation patterns observed for the differentially
expressed XTHs identified at 5 DAT, 16 XTHs identified
as DEGs at 5 DAT were all up-regulated in response to B
deficiency (Fig. 7b). At 12 and/or 19 DAT, 22 XTHs were
identified as DEGs/DEPs but did not exhibit synergistic

(a) Log, (FC) DEPs
- ™ Log, (FC) DEGs £ 3
2 0 4 -8 02 0 -04 -06
N ~ S S
O T Y LN ~ LS
S &85 T I I I I G
Sy S S Y SS S S S
D GeneSymbol & & & & ¥ & & & & @
Nitab4.5_0009232g0020  AGP16
Nitab4.5_0000223g0120  AGP41
Nitab4.5_0000540g0040  AGP41
Nitab4.5_0003781g0080  AGP41
Nitab4.5_0000163g0200  FLA1
Nitab4.5_0003328g0020  FLA1 q
Nitab4.5_0005524g0020  FLA1 —
Nitab4.5_0009011g0010  FLA1 [
Nitab4.5_0000622g0010  FLA2 | =1 ||
Nitab4.5_0001701g0170  FLA2 [N
Nitab4.5_0004125g0010  FLA6 |
Nitab4.5_0002629g0030  FLAG -
Nitab4.5_0006973g0030  FLA6
Nitab4.5_0001229g0090  FLA7
Nitab4.5_0004215g0040  FLA7
Nitab4.5_0004358g0060  FLA7
Nitab4 5_0009174g0010  FLA10 [
Nitab4.5_0010225g0020  FLA11 F
Nitab4.5_0000721g0130  FLA17 ‘
Nitab4.5_0002417g0020  FLA17 [ ‘
Log, (FC) DEPs
| -_— a
(b) D Gene Symbol Ty (o) DEGS 04 0 -04 08
Nitab4.5_0006988g0030  XTH5 [ | I ]
Nitab4.5_0007958g0010  XTH5 \_ \ [ =
Nitab4.5_0000396g0010  XTH7 \ \ | [
Nitab4 5_0003353g0030  XTH7 [ ] [ I
Nitab4.5_0000091g0510  XTH8 ‘ \ [ ‘
Nitab4.5_0002347g0150  XTH8
Nitab4.5_0002613g0030  XTH8 ||
Nitab4.5_0005793g0020  XTH8
Nitab4.5_0009032g0020  XTH9 [T
Nitab4.5_0001477g0040  XTH10
Nitab4.5_0007488g0010  XTH10
Nitab4.5_0000037g0180  XTH15 | | 1 ]
Nitab4.5_0001675g0070  XTH15 N [ \
Nitab4.5_0003934g0080  XTH15 | | | [
Nitab4.5_0000446g0010  XTH16 \ ‘
Nitab4.5_0000446g0040  XTH16
Nitab4.5_0001675g0050  XTH16
Nitab4.5_0000957g0170  XTH22
Nitab4.5_0000244g0370 ~ XTH22 je——3|
Nitab4.5_0013465g0010  XTH22 | |
Nitab4.5_0000244g0350 ~ XTH23 | |
Nitab4.5_0000833g0010  XTH23 1_
Nitab4.5_0002630g0010 ~ XTH23 | | |
Nitab4.5_0000762g0010  XTH23 ] B il ]
Nitab4.5_0009499g0020 ~ XTH25 I | [ |
Nitab4.5_0000926g0150  XTH27 I
Nitab4.5_0007701g0010  XTH27 \ \
Nitab4.5_0009123g0010  XTH28 | [ | I
Nitab4.5_0000592g0220  XTH30 \ [ [
Nitab4.5_0003594g0010  XTH30 | |
Nitab4.5_0004476g0050  XTH32 \ 1
5 12 19 12 DAT

Fig. 7 Expressional changes of the arabinogalactan protein/fasciclin-like arabinogalactan protein (AGP/FLA) family and the xyloglucan
endotransglucosylases/hydrolase (XTH) family DEGs/DEPs in response to different B supplies. a, b Heatmap showing the differential expression
levels of the AGP/FLA family and the XTH family DEGs/DEPs, respectively, at 5, 12 and 19 DAT. Grey blocks indicate that the genes were not detected
as DEGs or DEPs by RNA-seq or TMT-based quantitative proteome analysis. B0, 0 uM B; B1/4, 11.57 uM B; B1, 46.26 uM B; B4, 185.04 uM B
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regulatory patterns. Among them, eight were up-regulated,
and 10 were down-regulated in the BO seedlings (Fig. 7b).
Five XTHs (XTH9/Nitab4.5_0009032¢0020, XTH15/
Nitab4.5_0001675g0070, XTH/Nitab4.5_0003934g0080,
XTH22/Nitab4.5_0013465g0010, and XTH30/Nitab4.5
_0003594g0010) shown continuous up-regulation, while two
XTHS (Nitab4.5_0002347g0150 and Nitab4.5_0005793g0020)
exhibited continuous down-regulation in the B0 seedlings
at different time points.

Pectin methylesterases (PMEs) and pectin methylester-
ase inhibitors (PMEIs) are two families of enzymes that
counteract each other and play critical roles in modify-
ing pectins, a type of polysaccharides in the plant cell walls
[39, 40]. A total of 29 PMEs and 20 pectinesterase inhibi-
tor domain-containing genes/proteins, including nine
PMEIs, four cell wall/vacuolar inhibitors of fructosidases
(C/VIFs) and seven plant invertase/pectin methylesterase
inhibitor superfamily proteins (INV/PMEI) were identified
among the DEGs/DEPs (Fig. S1). While five PMEs (PME1/
Nitab4.5_0008337g0040, PMEI12/Nitab4.5_0000905g0050,
PMEI12/Nitab4.5_0004278g0010, PMEI-PMEI18/Nitab4.5_
0010008g0010, and PMEI-PMES1/Nitab4.5_0000805g0010)
and one PMEI (PMEI9/Nitab4.5 0004482g0040) were
synergistically up-regulated at 5 DAT in the BO seedlings,
the DEGs/DEPs identified at 12 and/or 19 DAT did not
exhibit coordinated regulatory patterns (Fig. S1). Overall,
these findings indicated that B deficiency led to differential
expression of numerous genes/proteins involved in cell wall
metabolism in complex regulatory patterns.

Expressional regulation of DEGs/DEPs involved

in antioxidant responses

The physiological traits related to antioxidant responses
were measured in tobacco seedlings grown under differ-
ent B supplies at 19 DAT (Fig. 8a-e). The relative levels of
cell membrane permeability (CP) (Fig. 8a) and H,O, con-
tent (Fig. 8b) in BO were found to be significantly higher
than that in the B1/4, B1, and B4 seedlings, suggesting
the occurrence of oxidative stress in tobacco seedlings in
response to B deficiency.

(See figure on next page.)
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Superoxide dismutases (SODs) are enzymes that cata-
lyze the dismutation of oxide ions (O*") into hydrogen per-
oxide (H,O,). The activity of SOD in BO was slightly lower
than or comparable to that in the B1/4, B1, and B4 seedlings
(Fig. 8c). Among the DEGs/DEPs, seven SODs were identi-
fied, comprising of four copper/zinc superoxide dismutases
(CSDs) and three iron superoxide dismutases (FSDs). Two
SOD DEGs/DEPs (CSD1/Nitab4.5_0002884g0060 and
FSD2/Nitab4.5_0005479g0070) were found to be up-regu-
lated in the BO seedlings at 12 DAT, while three SOD DEGs/
DEPs (CSD2/Nitab4.5_0004871g0010, FSD2/Nitab4.5_
0000103g0130, and FSD3/Nitab4.5_0000071g0190) were
down-regulated in the BO seedlings at 12, and/or 19 DAT
(Fig. 8f). Catalases (CAT2s) and peroxidases (PODs) are
enzymes responsible for the conversion of H,O, into water.
In response to B deficiency, the activities of CAT and POD
exhibited contrasting regulation patterns: CAT activity sig-
nificantly decreased (Fig. 8d), whereas POD activity sig-
nificantly increased in BO seedlings (Fig. 8e). Five CAT2s
were identified among the DEGs/DEPs. The majority of the
CAT?2 DEGs/DEPs (four out of five) was found to be down-
regulated in the BO seedlings at 12 and/or 19 DAT (Fig. 8g).
Among the DEGs/DEPs, approximately 12 PODs were
identified, with 11 out of 12 being up-regulated in BO
seedlings at 5, 12, and/or 19 DAT (Fig. 8h). The transcrip-
tional profiles of the DEGs FSD2 (Nitab4.5_0000103g0130),
CAT2 (Nitab4.5_0000702g0130), and PODS52 (Nitab4.5_
0015635¢0010) in the B0, B1/4, B1, and B4 seedlings at 12, 19,
and 12 DAT, respectively, were validated by real-time
RT-PCR (Fig. 8i-k), and the results were consistent with
RNA-seq data. The log2 fold changes in the expression lev-
els of nine DEGs (NIP5;1/Nitab4.5_0000799g0080, NIP5;1/
Nitab4.5_0005519g0010, EXPA3/Nitab4.5_0003845g0060,
EXPA14/Nitab4.5_0004599g0080, PLL12/Nitab4.5_
0001359g0050, PLL25/Nitab4.5 0010267g0020, FSD2/Nitab4.5
0000103g0130, CAT2/Nitab4.5_0000702g0130, and POD52/
Nitab4.5_0015635g0010) detected by RNA-seq and qRT-
PCR exhibited a significant correlation (R*=0.81, P<0.001)
(Fig. 81). The regulation patterns of the majority of the CAT2
and POD DEGs/DEPs were consistent with the decrease

Fig. 8 Effects of different B supplies on physiological parameters related to antioxidant defense and expressional changes of key DEGs/DEPs
involved in enzymatic scavenging in response to different B supplies. a, b Relative cell membrane permeability (CP) and hydrogen peroxide
(H,0,) content, respectively, of tobacco seedlings grown under different B supplies at 19 DAT. ¢, d, e) Activities of superoxide dismutase (SOD),
catalase (CAT) and peroxidase (POD) of tobacco seedlings grown under different B supplies at 19 DAT. f, g, h Heatmap showing the differential
expression levels of the superoxide dismutase (SOD) family, the catalase family (CAT2) and the peroxidase (POD) family DEGs/DEPs, respectively,
at 5, 12 and 19 DAT. Grey blocks indicate that the genes were not detected as DEGs or DEPs by RNA-seq or TMT-based quantitative proteome
analysis. (i, j, k) gRT-PCR validation of expression profiles of the DEGs FSD2 (Nitab4.5_0000103g0130), CAT2 (Nitab4.5_0000702g0130), and POD52
(Nitab4.5_0015635g0010) in the BO, B1/4, B1, and B4 seedlings at 12, 19, and 12 DAT, respectively. () Significant correlation between RNA-seq
and gRT-PCR for nine DEGs (NIP5,1/Nitab4.5_0000799g0080, NIP5;1/Nitab4.5_0005519g0010, EXPA3/Nitab4.5_0003845g0060, EXPAT4/

Nitab4.5_0004599g0080, PLL12/Nitab4.5_000135990050, PLL25/Nitab4.5_0010267g0020, FSD2/Nitab4.5_0000103g0130, CAT2/Nitab4.5_000070290130,
and POD52/Nitab4.5_0015635g0010) indicated by Pearson’s correlation. BO, 0 uM B; B1/4, 11.57 uM B; B1, 46.26 uM B; B4, 185.04 uM B. Different letters
(A, B,C,D)or(a b, ¢ d) above the columns indicate statistical differences (p <0.01) or (p <0.05), respectively
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of CAT activity and enhancement of POD activity, respec-
tively, in tobacco seedlings grown under B deficiency.

Glutathione S-transferases (GSTs) are enzymes that
protect cells from oxidative stress by quenching reac-
tive molecules through the addition of glutathione
(GSH) [41]. Among the DEGs/DEPs, a total of 33 GST
family genes were identified (Fig. S2). In tobacco seed-
lings grown under B deficiency at 5, 12, and/or 19 DAT,
31 GST DEGs/DEPs were found to be up-regulated,
except for GSTUS8/Nitab4.5_0008696g0020 and GSTFS/
Nitab4.5_0010451g0030, which were down-regulated in
the B1/4, and BO seedlings, respectively, at 12 DAT (Fig.
S2).

Discussion

B is an essential micronutrient for the growth and devel-
opment of plants. Inappropriate supply of B detrimen-
tally affects the productivity of numerous crops. In the
present study, we conducted transcriptome and pro-
teome analyses to investigate the molecular responses of
tobacco to varying levels of B supply. The analyses dem-
onstrated dynamic changes in the expression of tobacco
genes/proteins in response to varying levels of B supply,
particularly under B deficiency conditions.

Two primary types of transporters, namely NIPs (facili-
tating B permeation) and BORs (facilitating B export),
have been identified to be involved in B uptake and
transport [42]. Among the NIPs, NIP5;1 has been dem-
onstrated as a major boric acid channel that efficiently
facilitated the uptake of extracellular B into the cell [8,
43]. The mutation or knockdown of AtNIP5;1 or its
homologs, has been found to induce severe B deficiency
symptoms in Arabidopsis (8], Brassica napus [44], maize
[14, 45], and rice [46, 47]. The tobacco genome contains
two genes belonging to the NIP5;1 family [48]. In the
present study, both the two NIP5;1 genes were identified
as DEGs that exhibited up-regulated under B deficiency
(Fig. 5a), consistent with the findings of previous studies
in Arabidopsis (8], rice [46], maize [14], Medicago trun-
catula [49], B. napus [50], sugar beet [51], and pear [52],
thereby suggesting that the two NIP5;1 genes should be
the key components responsible for B uptake in tobacco.

Four BORs were identified as DEGs, including one
BORI homolog, one BOR2 homolog, and two BOR4
homologs. These genes were induced in tobacco seed-
lings under B deficiency or relative limitation at 5 DAT or
12 DAT (Fig. 5b). Previous studies have shown that BORI
encodes an efflux-type B transporter that is required for
efficient B uptake, xylem loading of B, and is involved in
the preferential distribution of B to young leaves [13, 53,
54]. BOR2 has been reported to function as an efflux-
type B transporter and, under B-limited conditions,
facilitate the transport of B to the apoplast for effective
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cross-linking of pectic polysaccharide rhamnogalacturo-
nan-II (RG-1II) in cell wall [55]. Therefore, up-regulation
of BORI and BOR2 under B-deficient/limiting conditions
should be beneficial for maintaining B homeostasis in
the leaves of tobacco seedlings (Fig. 9). Unlike BORI and
BOR2, which are required under low-B conditions, BOR4
has been identified to play a role in excluding B to coun-
teract B toxicity [56]. In the present study, it seemed par-
adoxical that the two BOR4 homologs were up-regulated
under B-deficient/limiting conditions (Fig. 5b). Whether
these BOR4s are involved in B uptake and distribution in
tobacco remains to be further explored.

It widely acknowledged that one of the primary func-
tions of B in plants is its structural role in the cell wall
[42]. The plant cell wall is composed of cellulose, hemi-
cellulose, pectin, lignin and cell wall protein [57]. B has
a key function in cross-linking pectin chains, which is
essential for maintaining cell wall structure and function
through the formation of borate esters with apiose resi-
dues of RG-II [1]. B deficiency has been found to result
in abnormal cell wall structure and severe symptoms
associated with cell wall formation and modification
(e.g., cessation of root elongation and curling of leaves)
[58, 59]. B deficiency affected the expression levels of
genes/proteins related to cell wall metabolism. For exam-
ple, previous studies have shown the down-regulation
of multiple cell wall-related genes in the roots of Arabi-
dopsis [60], the up-regulation of 18 proteins involved in
cell wall metabolism in the roots of Citrus sinensis [61],
the highly regulation (either down-regulation or up-
regulation) of 13 genes involved in cell wall metabolism
in Citrus rootstock roots [62], and the up-regulation of
several genes involved in cell wall metabolism in shoot
apices of pea plants in response to B deficiency [16]. In
consistent with previous studies, in the present study, a
large number of cell wall-related genes/proteins were
significantly regulated in response to different B supply
levels, including EXPs, PPLs, APGs/FLAs, XTHs, PMEs
and PMEIs. Similarly, these cell wall-related genes/pro-
teins did not exhibit synergistic regulatory patterns: the
majority of the EXP family DEGs/DEPs were down-reg-
ulated in response to B deficiency at 12 and/or 19 DAT
(Fig. 6a); the majority of the PLL family DEGs/DEPs were
down-regulated in response to B deficiency at 5 and/
or 12 DAT (Fig. 6b); the majority of the APG/FLA and
XTH family DEGs/DEPs were up-regulated in response
to B deficiency at 5 DAT, but were down-regulated or did
not exhibit synergistic regulatory patterns at 12 and/or
19 DAT, respectively (Fig. 7a, b); and the PME and PMEI
family DEGs/DEPs did not exhibit synergistic regula-
tory patterns in response to B deficiency (Fig. S1). These
results demonstrated the pivotal influence of B defi-
ciency on plant cell wall formation and modification, and
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Fig. 9 Schematic model of the molecular regulation mechanisms of B uptake and distribution, cell wall formation and modification,

and antioxidant machinery underlying the responses in tobacco to B deficiency. NIP5;1, nodulin-26-like intrinsic protein 5;1; BOR, B transporter;
EXPs, expansins; PPLs, pectate lyase-like proteins; APGs/FLAs, arabinogalactan proteins/asciclin-like arabinogalactan proteins; XTHs, xyloglucan
endotransglucosylases/hydrolases; PMEs, pectin methylesterases; PMEIs, pectin methylesterase inhibitors; SODs, superoxide dismutases; CATs,
catalases; PODs, peroxidases; GSH, glutathione; GSTs, glutathione S-transferases. Red and green backgrounds indicate that the genes/proteins were

up-regulated and down-regulated, respectively

suggested a complex mechanism involving in expression
regulation of cell wall-related genes/proteins in response
to B deficiency.

Plants are prone to oxidative stress due to micronutri-
ent deficiencies [63, 64]. The level of cell membrane dam-
age (indicated by CP) and the H,O, content (Fig. 8a-b)
were notably enhanced in tobacco seedlings experienc-
ing B deficiency, indicating that B deficiency induced
oxidative stress in tobacco. Plants regulate oxidative
stress through enzymatic and non-enzymatic systems
[65]. The enzymatic system is mainly involved in SOD,
CAT, POD and GST [30]. Surprisingly, it was observed
that the activities of SOD and CAT decreased in tobacco
seedlings in response to B deficiency (Fig. 8c-d), and
the majority of the SOD family and CAT2 family DEGs/
DEPs were down-regulated in response to B deficiency
at 12 and/or 19 DAT (Fig. 8f-g), further supporting the
measurement results of SOD and CAT activities. The
decreases in SOD and CAT activities could be related
to the metabolic disorder due to B deficiency or other
unknown reasons. In contrast, the activity of POD was
significantly increased in tobacco seedlings under B defi-
ciency conditions (Fig. 8c). Correspondingly, the major-
ity of the POD family DEGs/DEPs were up-regulated in
response to B deficiency (Fig. 8h). A large number of 33
GST family DEGs/DEPs were also identified in tobacco
seedlings under B deficiency. Notably, 31 out 33 identi-
fied GST DEGs/DEPs were up-regulated in response to
B deficiency (Fig. S2). The increase in POD activity, along
with the up-regulation pattern of observed in numerous

POD and GST DEGs/DEPs indicated the activation of
the antioxidant defense system in tobacco to mitigate oxi-
dative stress caused by B deficiency (Fig. 8).

Conclusion

Combined transcriptome and proteome analysis revealed
dynamic expression changes of tobacco genes/proteins
in response to different B supply levels, especially to B
deficiency. The global gene and protein expression pro-
files revealed the potential mechanisms involved in
the responses of tobacco to B deficiency. These mecha-
nisms include up-regulation of the NIP5;1-BORs mod-
ule, complex regulation of genes/proteins related to cell
wall metabolism, and up-regulation of the antioxidant
machinery. Our results offer valuable insights into the
molecular responses of tobacco to B deficiency.

Methods

Plant materials and growth conditions

Seeds of tobacco (Nicotiana tabacum L. cv. CB-1)
(maintained in Fujian Institute of Tobacco Sciences)
were placed in soil trays, and the germinated seedlings
were grown under a condition of 12-h light, 25 °C/12-h
dark, 20 °C till 7 leaves. The well-growth tobacco seed-
lings were transferred from soil trays to plastic boxes
and pre-cultured for one week in environmentally con-
trolled growth chambers under a condition of 12-h
light, 25 °C/12-h dark, 20 °C. The plastic boxes con-
tained a modified Hoagland nutrient solution (4.66 mM
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Ca(NO,),-4H,0, 141 mM KH,PO,, 4.98 mM KNO,,
1.99 mM MgSO,-7H,0, 0.10 mM FeSO,-7H,0, 0.10 mM
EDTA-2Na, 46.26 uM H;BOs, 9.10 uM MnCl,-4H,0,
0.77 uM ZnCl,, 041 puM CuCl,-2H,0O, and 0.13 pM
Na,MoO,-2H,0) [30].

After pre-culture, tobacco seedlings were transferred
to new plastic boxes and were cultured in modified
Hoagland nutrient solutions containing four B concen-
trations (0, 11.57, 46.26, and 185.04 uM), respectively.
The nutrient solutions were completely renewed every
three days. Each experiment had three replicates (each
consists of one plant).

Measurement of physiological traits

The first fully expanded leaf from the apical meristem of
tobacco seedlings grown under different B supply lev-
els was collected at 19 days after treatment (DAT) for
measuring physiological traits. The measurements were
performed as previously described [30]. Specifically, the
contents of Chla, Chlb, and Car were measured using a
spectrophotometer following the procedure as described
[66]; the contents of RuBPCase, and SP were determined
according to the procedures as described by Leech et al.
[67], and by Anderson et al. [68], respectively; the activi-
ties of Al, NI, NR, SOD, CAT, and POD were measured
following the protocols as described [69]; CP was deter-
mined by assessing electrolyte leakage as described [70];
and the content of H,O, was measured following the pro-
cedure as described [71].

RNA-seq analysis

The first fully expanded leaf was collected from the api-
cal meristem of tobacco seedlings grown under different
B supply levels at 5, 12, and 19 DAT, respectively. Three
independent biological replicates (each consists of one
plant) were used for RNA-seq analysis for each treat-
ment, with each replicate consisting of one plant. The
entire leaf was finely ground into powder using liquid
nitrogen. Total RNAs were extracted from the ground
powders of tobacco leaves using TRIzol reagent (Thermo
Fisher Scientific, China), and treated with RNase-free
DNasel (Thermo Fisher Scientific, China) to elimi-
nate genomic DNA contamination. RNA-seq analysis
was conducted at Novogene (Beijing, China). The clean
data were mapped to the reference genome of tobacco
(https://solgenomics.net/organism/Nicotiana_tabac
um/genome) [72] using the Hisat2 v2.0.5 program [73].
The expression level of each gene was calculated using
the Fragments Per Kilobase of transcript per Million
mapped reads (FPKM) value [74]. Differential expression
analysis was performed using the DESeq2 program [75].
Genes with a |log2FC|>1 and the false discovery rate
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(FDR)<0.05 were considered as significantly differen-
tially expressed.

Proteome analysis

Total proteins extracted from the first fully expanded
leaves of tobacco seedlings grown under different B sup-
ply levels collected at 12 DAT according to previously
described procedures [76]. The proteins were subjected
to TMT-based quantitative proteome analysis [77] at
Novogene (Beijing, China). Three independent biological
replicates (each consists of one plant) were used for TMT
analysis for each treatment.

Briefly, approximately 120 pg total protein of each
sample was applied for analysis. The total proteins were
digested with trypsin at a trypsin-to-protein mass ratio
of 1:50 at 37°C for 16 h, and then at a ratio of 1:100 for
a further 4 h. The digested proteins were labeled using
TMT Mass Tagging Kits and Reagents (Thermo Fisher
Scientific, USA) following the manufacturer’s instruc-
tions. The labeled samples were desalted, lyophilized and
fractionated on a Rigol L3000 HPLC system using a C18
column (Waters BEH C18 4.6%x250 mm, 5 pum). Shot-
gun proteomics analysis was performed using an EASY-
nLCTM 1200 UHPLC system (Thermo Fisher Scientific,
USA). The separated peptides were detected using a Q
Exactive HF-X mass spectrometer (Thermo Fisher Scien-
tific, USA) with a Nanospray Flex' ion source.

The obtained spectra were queried against the refer-
ence genome (https://solgenomics.net/organism/Nicot
iana_tabacum/genome) [72] using the search engines:
Proteome Discoverer 2.2. Proteins with a fold change
of >1.2 or <0.85 and a P-value of <0.05 were determined
to be differentially expressed.

GO analysis

GO enrichment analysis of DEGs and DEPs was per-
formed using the R packages clusterProfiler 4.0 [78]. GO
terms with p <0.05 were considered in this study.

Quantitative real-time RT-PCR

Total RNAs were extracted from the first fully expanded
leaves of tobacco seedling using the TransZol Up kit
(TransGen Biotech, China) and were treated with RNase-
free DNasel (Takara, China). First strand cDNAs were
synthesized using the HiScript II 1st Strand cDNA Syn-
thesis Kit (Vazyme, China). qRT-PCR was performed
on a CFX Connect Real-Time System (BIO-RAD, USA)
using a ChamQ Universal SYBR qPCR Master Mix
(Vazyme, China). The tobacco EF-I1a gene [79] was used
as the internal control. Three replications were per-
formed for each sample. Primers used for qRT-PCR vali-
dation are listed in Table S6.
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Raw data were deposited in the China National GeneBank DataBase (CNGB)
with accession: CNP0004147 (https://db.cngb.org/search/project/CNPOO
04155).

NR Nitrate reductase

PAL Phenylalanine ammonia-lyase

PPO Polyphenoloxidase

AS Asparagine synthetase

GDH Glutamate dehydrogenase

DAT Days after treatment

Chla Chlorophyll a

Chlb Chlorophyll b

Car Carotenoids

SP Soluble protein

Al Acid invertase

NI Neutral invertase

DEGs Differentially expressed genes

DEPs Differentially expressed proteins

GO Gene ontology

BP Biological process

NIP5;1 Nodulin-26-like intrinsic protein 5;1
BORs B transporters

EXPs Expansins

PLLs Pectate lyase-like proteins

AGPs Arabinogalactan proteins

FLAs Fasciclin-like arabinogalactan proteins
XTHs Xyloglucan endotransglucosylases/hydrolases
PMEs Pectin methylesterases

PMEIs Pectin methylesterase inhibitors
CNIFs Cell wall/vacuolar inhibitors of fructosidases
INV/PMEI  Invertase/pectin methylesterase inhibitor superfamily proteins
@3 Cell membrane permeability

SODs Superoxide dismutases

CSDs Copper/zinc superoxide dismutases
FSDs Iron superoxide dismutases

CAT2s Catalases

PODs Peroxidases

GSTs Glutathione S-transferases

RG-Il Rhamnogalacturonan-I|
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