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Abstract

Background: Four-Coumarate:CoA ligase gene (4CL) plays multiple important roles in plant growth and
development by catalyzing the formation of CoA ester. 4CL belongs to the plant phenylpropane derivative, which is
related to the synthesis of flavonoids and lignin and is a key enzyme in the biosynthetic pathway.

Results: In this study, 12 4CL genes of Fraxinus mandschurica were identified and named Fm4CL1-FmA4CL12, respectively.
The analysis of the expression pattern of Fm4CL genes indicate that Fm4Cl-like T gene may play a role in the lignin
synthesis pathway. Our study indicate that overexpression of Fm4Cl-like T increases the lignin content of transgenic
tobacco by 39.5% compared to WT, and the S/G ratio of transgenic tobacco increased by 19.7% compared with WT. The
xylem cell layer of transgenic line is increased by 40% compared to WT, the xylem cell wall thickness increased by 21.6%
compared to the WT. Under mannitol-simulated drought stress, the root length of transgenic tobacco is 64% longer than
WT, and the seed germination rate of the transgenic lines is 47% higher than that of WT. In addition, the H,O, content in
the transgenic tobacco was 22% lower than that of WT, while the POD and SOD content was higher than WT by 30 and
24% respectively, which showed Fm4Cl-like 1 affect the accumulation of reactive oxygen species (ROS). The MDA content
and relative conductivity was 25 and 15% lower than WT, respectively. The water loss rate is 16.7% lower than that of WT.
The relative expression levels of stress-related genes NtHAK, NtAPX, NtCAT, NtABF2, and NtZFP were higher than those of
WT under stress treatment. The stomatal apertures of OF (Overexpression) were 30% smaller than those of WT, and the
photosynthetic rate of O was 48% higher than that of WT. These results showed that the overexpression line exhibited
stronger adaptability to osmotic stress than WT.

Conclusions: Our results indicate that Fm4CL-like 1 is involved in secondary cell wall development and lignin synthesis.
FmACl-like 1 play an important role in osmotic stress by affecting cell wall and stomatal development.
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Background

Lignin is second largest polymer in plants after cellulose
[1, 2]. The xylem of the plant contains a large amount of
lignin (about 25% of the woody part), mainly in the mid-
dle of the cellulose fiber. Lignin has several important
functions for plants. It is the most important carbon
storage method in the biosphere and is the main
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polymer in the cell wall [3], increasing cell wall hardness
and enhancing the mechanical support and compressive
strength of cells [4—6]. The formation of this tissue pro-
vides plant mechanical support [7, 8]. Lignin enhances
plant defense against biotic and abiotic stresses [9, 10].
Lignin is a complex phenolic polymer mainly composed of
lignitols such as coumarin, coniferyl alcohol, and sinapicol
[11, 12], a complex polymer of phenylpropane monomers
[13]. Lignin can be divided into three types, according to its
constituent monomers: lilacyl-lignin (S-lignin) comprised of
lilac-based propane structural monomers; guaiacyl-lignin
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(G-lignin) comprised of from guaiacylpropane structural
monomers, and p-hydroxyphenyl lignin (H-lignin) com-
prised of p-hydroxy phenylpropane structural monomer
[11]. Among these, H-lignin is mainly found in grasses,
S-lignin is mainly found in angiosperms, and G-lignin is
widely found in gymnosperms and angiosperms [5, 11]. The
three kinds of lignin in nature do not occur in isolation in
the plant, the gymnosperms mainly contain guaiacyl-based
lignin (G); dicotyledons mainly have guaiacyl-lilac-based lig-
nin (G-S); while monocots have conjugated Guajiba-lilacyl-
p-hydroxyphenyl lignin (G-S-H) [11, 14, 15]. In addition, the
activity and ratio of the different enzymes involved in lignin
biosynthesis determine the type and rate of monomer syn-
thesis and the proportion of each lignin monomer [16, 17].

The phenylpropane pathway is an important step in
the lignin biosynthesis. 4-coumarate: CoA ligase (4CL) is
a key rate-limiting enzyme in the phenylpropanoid me-
tabolism of plants [18], which belongs to the plant phe-
nylpropane derivatives involved in the synthesis of
flavonoids and lignin [19]. 4CL uses cinnamic acid and
its hydroxyl or methoxy derivatives p-coumaric acid, caf-
feic acid, ferulic acid, 5-hydroxyfreulic acid, and sinapic
acid as substrates to produce their coenzyme A esters
[12, 20]. It is located at the crossover point in the meta-
bolic pathway of phenylpropanoids to branching meta-
bolic pathways such as those of flavonoids, lignin, and
cinnamate [21], catalyzing the production of different
types of plant resistance-related substances [22, 23]. The
4CL gene family is present in most vascular plants [24].

4CL genes can be divided into two broad categories.
Class I 4CL genes, including those of most dicotyledon-
ous plants, such as Arabidopsis At4CLI and At4CL2,
Populus Pt4CL1, and soybean Gm4CL2, are associated
with the biosynthesis of lignin and other phenylpropa-
noid derivatives [25-27]. Class II includes the 4CL genes
of monocotyledonous plants and gymnosperms, as well
as the 4CL genes of some dicotyledonous plants, such as
Arabidopsis At4CL3, Pt4CL2, and rice 4CL, which are
involved in the production of plant flavonoids and anti-
toxins [28-31]. Some additional genes contain the same
conserved motifs as 4CLs and have high homology with
the proteins encoded by 4CLs [26]. These are classified
as 4CL-like and their functions are not yet clear, but may
be similar to the 4CL function in leaves [24]. Both 4CL
and 4CL-like genes control the plant’s various physio-
logical functions and improve the ability of the plant to
adapt to the environment.

Fraxinus mandshurica Rupr. belongs to the genus
Fraxinus, one of the three hardwood broadleaf tree fam-
ilies in northeastern China [32], and is a dioecious,
wind-dispersed, cold-adapted susceptible to drought and
saline-alkali stress. Fraxinus mandshurica has become
China’s most endangered tree species [33] and was given
national secondary protection status. At the same time,
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Fraxinus mandshurica has very good overall strength
properties, its anti-vibration strength and steam bending
strength are excellent, leading to its high economic value
in forestry production.

Drought stress lead to irreversible changes in the plant
cell membrane and seriously affect the plant develop-
ment and crop yield. Cell membrane permeability is
changed, leading to the loss of a large number of dis-
solved substances and a serious water shortage will lead
to plant cell protein denaturation, affecting photosyn-
thesis [34]. Drought stress can also produce a large
number of plant reactive oxygen species, such as hy-
droxyl radicals, superoxide anion, and hydrogen perox-
ide [35], Under stress, the dynamic balance of active
oxygen production and removal in plants is destroyed,
which leads to an increase in membrane lipid peroxida-
tion products and the destruction of cell membrane in-
tegrity and permeability [36]. Research has shown that
abiotic stress leads to the rapid activation of 4CL expres-
sion [37], indicating that 4CL plays a role in the
anti-retrogradation pathway. It has been hypothesized
that the function of 4CL is closely linked to the environ-
mental stresses experienced by plants [38]. Therefore,
increasing the expression level of 4CL may be an effect-
ive method to increase plant stress resistance. In this
study, 12 Fm4CL/4CL-like genes were identified from
Fraxinus mandshurica, and their temporal and spatial
expression patterns were characterized. Fm4CL-like 1
was also cloned and its overexpression in tobacco in-
creased the lignin content and the resistance of the
transgenic tobacco to mannitol-induced drought stress
compared to the wild type (WT).

Results

Identification and phylogenetic analysis of 4CL from
Fraxinus mandschurica

We identified 12 4CL genes from the Fraxinus man-
dshurica transcriptome databases using the BioEdit local
Blast method with 5 4CL genes of Arabidopsis thaliana
and 3 4CL genes of Populus trichocarpa nucleotide se-
quences retrieved from NCBI, named Fm4CLI-
Fm4CLI12, which have all been uploaded to GenBank
and assigned accession numbers (KJ531400- KJ531404,
KF994781, KJ531405-KJ531410), characteristics of 12
Fm4CL gene sequences are in Additional file 1: Table S1.
To understand the evolutionary relationship of 4CL pro-
teins between Fraxinus mandshurica and other species, we
collected the sequences of 53 4CL proteins from Populus,
Oryza sativa, Arabidopsis, and other species and con-
structed phylogenetic trees (Fig. 1). The 53 4CL proteins
could be divided into five broad categories. Fm4CL3,
Fm4CL7, Fm4CL8, and Fm4CL10 had higher homologies
with 4CL sequences from Vitis vinifera, Populus, and
Arabidopsis. Fm4CL2, Fm4CL6, and Fm4CL9 had high
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Fig. 1 Phylogenetic analysis of Fm4CL genes. The alignment was constructed using the ClustalW method and the phylogenetic tree was
constructed with the Fm4CL proteins sequences obtained from the NCBI database (http://www.ncbi.nlm.nih.gov) using the neighbor-joining (NJ)
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homology with sequences from Cucumis sativus, Zea mays,
Vitis vinifera, and Populus. Fm4CL5, Fm4CL11, and
Fm4CLI12 had high homology with sequences from Betula
luminifera, vitis vinfera, and Salvia miltiorrhiza. The phylo-
genetic analysis demonstrate that Fin4CL4 and its orthologs
in Arabidopsis, Nicotiana sylvestris, Nicotiana tabacum,
Oryza sativa, Salvia miltiorrhiza belong to the 4CL-like
gene subfamily, so we named it Fm4CL-like 1. This indi-
cates that Fm4CLs is closely related to these species.

Expression analysis of the Fm4CL/4CL-like gene family

To assess the differential expression pattern of the Frn4CL
genes family in different tissues of Fraxinus mandshurica,
samples of leaves, xylem, bark, flowers, bud, stem, petiole
and seeds were collected in May. The qRT-PCR results
showed that 12 Fm4CL transcripts could be detected in
different tissues of Fraxinus mandshurica and has obvious

tissue specific expression (Fig. 2a). Fm4CL2, Fm4CL6,
Fm4CL9 and Fm4CL11 were expressed at low levels in all
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Fig. 2 (a) Transcript levels of Fm4CL genes in different tissues of Fraxinus mandshurica. Tissue expression analysis of 12 Fm4CL genes in the leaf,
xylem, bark, flower, bud, petiole, seed, and stem of the Fraxinus mandshurica plant. Red indicates high gene expression, green indicates low gene
expression, and yellow indicates moderate gene expression. (b) gRT-PCR values of Fm4CLs/4Cl-like genes in Fraxinus mandshurica tension wood.
FmACL2, FmACl-like-1, FmA4CL5, Fm4CL6, Fm4CL11, and Fm4CL12 are expressed in the Fraxinus mandshurica plant. CK, TW, and OW indicate
untreated as a control, tension wood, and corresponding wood, respectively.

the tissues and organs of Fraxinus mandshurica. Among
12 4CL/4CL-like genes, Fm4CL-like 1 expression was the
highest in bark, while Fm4CL-like 1 and Fm4CL8 were
expressed at the highest level in xylem, indicating that
Fm4CL8 and Fm4CL-like 1 may be involved in the biosyn-
thesis of xylem.

Fraxinus mandshurica was subjected to tension treat-
ment. Control check (CK), Tension Wood (TW), and
Opposite Wood (OW) indicate untreated samples,
tension stress surface samples, and corresponding
surface samples, respectively (Fig. 2b). The expres-
sion of Fm4CL/4CL-like genes in 24 h-treated Fraxi-
nus mandshurica tension wood (TW) was almost
unchanged, but the expression in OW samples was
generally higher than that in TW. After 3 d treat-
ment, the expression level of Fm4CL genes in OW
was significantly higher than TW. The Fm4CL genes
were almost undetectable in Fraxinus mandshurica
tension treated wood at 7 d. The expression pattern
of the Fm4CL genes in tension wood differed, but all
genes responded to the tension treatment. Among
them, Fm4CL-like 1 had the highest expression level
in OW after 3 d treatment, it was 3~20 times more
than other genes, which indicated that Fm4CL-like 1
might be involved in the synthesis of cell wall and
lignin.

Overexpression of Fm4CL-like 1 gene in transgenic
tobacco

According to the expression analysis of the Fm4CL
gene family in Fraxinus mandshurica, Fm4CL-like 1
was chosen for overexpression in transgenic tobacco.
Agrobacterium  strain LBA4404 containing the
pBI121- Fm4CL-like 1 recombinant plasmid was used
to mediate the genetic transformation of tobacco
leaves. The transformed tobacco was placed directly in
differentiation-selective MS medium (with 50 mg/L NAA
and 500 mg/L 6-BA) containing 50 mg/L kanamycin and
300 mg/L.  cefotaxime. The above-mentioned tobacco
leaves were differentiated into shoots on differentiation
media to obtain kanamycin-resistant tobacco plants. Fi-
nally, the tobacco plants were rooted in MS medium con-
taining 200 mg/L NAA (Fig. 3a). Then, the expression of
Fm4CL-like 1 in transgenic tobacco was detected by
real-time RT-PCR. Ten independent transgenic events
were obtained. Fm4CL-like I-overexpressed transgenic
line 1 was selected for further study based on the expres-
sion level.

GUS staining of transgenic plants showed that the
GUS activity in the young leaves and stems was the
highest among tissues in the three-week-old trans-
genic tobacco seedlings, while the activities in the
root and mature petiole were lower. GUS expression
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was also detected in transgenic tobacco flower tis-
sues. Among these, the GUS activity was highest in
the petals, anthers, receptacle, calyx, and stigma.
However, the filaments and pedicel hardly exhibit
GUS activity. The above results are consistent with
the results of real-time RT-PCR, demonstrating that
Fm4CL-like 1 is highly expressed in transgenic to-
bacco (Fig. 3c).

Fm4ClL-like 1 plays an important role in lignin
biosynthesis

To understand the function of Fm4CL-like 1, the contents
of lignin, cellulose, and hemicellulose were measured in
transgenic tobacco. The lignin content in overexpression
lines (OE) was approximately 39.5% higher than that in
WT (P <0.05) (Fig. 4b), and the S/G ratio of transgenic to-
bacco increased by 19.7% compared with WT (P <0.05)
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Fig. 4 Cell wall component analysis(a) Sections stained with phloroglucinol-HCl in WT (a, b) and OE (c, d) plants; Xy, xylem. (b-e) Secondary cell
wall composition of WT and OE plants, including lignin, S/G lignin ratio, cellulose, and hemicellulose. Data were represented as the mean =+ SE of
three biological replicates; asterisks indicate levels of significance (t-test; % P < 0.05, s P <0.01).

(Fig. 4c). The cellulose content in WT was approximately
14.78% higher than that in OE lines (P <0.05) (Fig. 4d).
The hemicellulose content was very similar in both condi-
tions (Fig. 4e). In addition, the stems and petioles of OE
line were sectioned and stained with phloroglucinol-HCl
(Fig. 4a). Based on xylem staining, the lignin content of
OE plants was higher than that of WT, indicating that
Fm4CL-like 1 promoted lignin deposition. These results
demonstrate that overexpression of Fm4CL-like 1 contrib-
utes to the accumulation of lignin in tobacco.

Fm4ClL-like 1 altered the xylem of transgenic tobacco

The third section of OE and WT was paraffin-embedded
(Fig. 5a) and we found that the number of xylem cells in
OE lines increased by 40% compared with WT plants
(Fig. 5b). Xylem cell walls of OE and WT were observed
by scanning electron microscopy (Fig. 5¢). The cell wall
thickness of WT and OE samples was respectively about
191 +0.13um and 2.43 +0.08 um, indicating that the
cell wall thickness of OE was increased by 21.6% com-
pared to WT (Fig. 5d). This is the further evidence that
FmA4CL-like 1 is involved in the synthesis of plant xylem.

Fm4CL-like 1 confers mannitol tolerance

Transgenic and WT tobacco plants were treated with
200 mM Mannitol to study their tolerance to osmotic
stress. Under the control conditions, no significant dif-
ference in the phenotype, growth rate, fresh weight, or
root length of WT and OE samples was noted (Fig. 6a),
indicating that Fm4CL-like 1 did not affect the pheno-
type or growth rate of the plant.

After two and four weeks of mannitol treatment, OE
showed a higher growth rate, greener leaves compared
to WT plants. After four weeks treatment, root length of
OE is 64% longer than WT (Fig. 6a and c). Treatment of
WT and OE seedlings with 200 mM Mannitol, the result
was similar, OE seedlings have a longer root and greener
leaves than WT, while WT plants were grown slowly
and the leaves turned yellow (Fig. 6b and d).

The seed germination rate of WT and OE lines grown
in normal MS medium were similar. However, with 200
mM mannitol treatment, the seed germination rate of
OE is 47% higher than that of WT (Fig. 6e). Moreover,
OE seedlings began to germinate on the 4th day after
sowing, while WT seedlings began to germinate on the
6th day. These results suggest that overexpression of
Fm4CL-like 1 significantly increased osmotic stress toler-
ance in tobacco.

Fm4ClL-like 1 affects the accumulation of reactive oxygen
species (ROS), biosynthesis of MDA, and relative
conductivity

ROS is a plant signaling molecule. Under drought stress,
plant cells will produce a large amount of ROS resulting
in inhibition of plant growth [39]. Therefore, we investi-
gated whether Fm4CL-like I could affect ROS accumula-
tion. DAB staining was used to assess the level of H,O,
(a major ROS) (Fig. 7a). No significant difference in
DAB staining was observed between WT and OE lines
under control conditions. However, OE showed reduced
DAB staining compared to WT plants after 3rd d of
treatment with 200mM Mannitol, indicating that
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Fig. 5 Microstructure of xylem cells(a) Paraffin section pictures of WT and OE stem segments. (b) Xylem cell layers of WT and OE. (c) Sections

were analyzed by scanning electron microscopy for WT and OE. (d) Secondary wall thickness of xylem fibers of WT and OE. The sections were

analyzed from the same stem positions of different plants of the same transgenic line. Data were represented as the mean + SE of three
biological replicates; asterisks indicate levels of significance (t-test; % P < 0.05, s P <0.01).

.

Fm4CL-like 1 overexpression reduced H,O, accumula-
tion in plants. We further measured the H,O, level (Fig.
7d). Consistent with DAB staining, there was no differ-
ence between WT and OE under control conditions.
However, with 200 mM mannitol treatment, H,O, levels
were 22% higher in WT than OE. These results show
that Fm4CL-like I can affect ROS accumulation.

Due to the obvious differences in H,O, levels in WT
and OE lines after mannitol treatment, the activities of
POD and SOD were measured in mannitol-treated to-
bacco. The results showed that the POD and SOD activ-
ity in the OE line was higher by 35 and 24% than that in
WT (Fig. 7b, c).

The study measured leaf cell conductivity and MDA
content of plants on the 3rd d of growth under normal
conditions and 200 mM mannitol treatment, respect-
ively. Under control conditions, the MDA and relative
conductivity of WT and OE samples were similar. How-
ever, under the mannitol treatment, the MDA level of
the WT was 25% higher than that of OE (Fig. 7e). The
relative conductivity of the WT was 15% higher than
that of OE (Fig. 7f). These results indicate that WT

tobacco is more susceptible to damage than transgenic
tobacco in a mannitol-simulated arid environment.

Fm4ClL-like 1 reduces water loss by reducing the stomatal
apertures

Since OE is more resistant to osmotic stress than WT,
we suspect that it may be also related to changes in the
stomata. The leaf stomata of WT and OE plants were
observed by light microscopy. The stomatal apertures of
OE were 25% smaller than those of WT under control
conditions. Under mannitol stress, the stomatal aper-
tures of both WT and OE were reduced in size, while
the stomatal apertures of OE were 30% smaller than
those of WT (Fig. 8a-b). The photosynthetic rate of OE
was 22% higher than that of WT under the control con-
ditions. However, the photosynthetic rate of OE was 48%
higher than that of WT under mannitol stress conditions
(Fig. 8c). These results indicate that photosynthesis of
plants can be affected by changes in the stomatal struc-
ture of the leaves. Since transgenic tobacco plants had a
stronger drought tolerance than WT, we measured the
water loss rates of WT and transgenic tobacco plants in
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vitro. The water loss rate of WT plants was 16.7% higher
than that of the OE group (Fig. 8d). The higher water
loss was detected when the detached leaves exposed to
air, indicating that Fm4CL-like 1 overexpression reduced
the plant transpiration rate.

FmA4CL-like 1 affect the expression of stress-related genes

From the previous determination of physiological indica-
tors (e.g., ROS), five stress-related response genes were
selected for the quantification of expression levels, to
analyze the role of Fm4CL-like 1 in anti-retrograde path-
way at the molecular level (Fig. 9). The results showed
that the transcriptional expression of NtABF2, NTZFP,
NTCAT, NtHAKI, and NTAPX genes were significantly
different between WT and OE samples. Under normal
growth conditions, the expression levels of NtABF2,
NtCAT, NtAPX, and NtHAKI in WT and OE were not
significantly different, while the expression level of
NtZFP in OE was 7 times higher than in WT. After
mannitol treatment, these five genes were up regulated
in WT and OE. The expression of NTHAKI, NTABF2,
NTZFP, and NTAPX was at the peak after 1 h treatment.
The expression level of NtCAT peaked 6 h after mannitol
treatment. The expression levels of these five genes in
OE after mannitol treatment were higher than those in
WT. These results indicate that Fin4CL-like 1 can affect
stress response gene expression.

Discussion
Research on lignin biosynthesis pathway-related enzymes
is gaining attention. 4CL is a plant phenylpropane deriva-
tive, which is a key enzyme in the lignin biosynthesis path-
way [40]. In this study, 12 4CL genes were obtained from
the Fraxinus mandshurica transcriptome. To identify the
function of Fm4CL proteins, we predicted and analyzed
the Fm4CL protein structure using online bioinformatics
analysis tools. The prediction analysis showed that
Fm4CL2, Fm4CL3, and Fm4CL11 were unstable proteins
and the remaining were stable proteins (Additional file 1:
Table S1). If the total predicted average hydrophobicity is
normal, this indicates that the protein is a hydrophobic
protein. If it is outside normal values, the protein is hydro-
philic. Our results showed that Fim4CL4 (Fm4CL-like 1),
Fm4CL1, Fm4CL1, Fm4CLS5, and Fm4CL6 were hydro-
philic proteins and the rest were hydrophobic proteins.
The Fm4CL protein has a transmembrane domain, indi-
cating that the Fm4CL protein has transmembrane cap-
abilities. The secondary structure of the Fm4CL protein
was analyzed using GOR4 [41]. The results showed that
all the Fm4CL proteins were composed of alpha helix, ex-
tended strand, and random coil domains, distributed
throughout the protein.

Studies have shown that the tobacco 4CL is activated
by injury [42]. Tension treatment of the wood clearly
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demonstrated the reduction of wood lignin deposition
using lignin staining in poplar after mechanical bending
for 6 h [43]. However, this decrease was transient as the
transcription level gradually approached the control after
1 d [44]. In Populus species, TW had a lignin content
20% lower than that of untreated wood after one week
of tension [45]. This is similar to our result (Fig. 2b), in
which the expression of Fm4CL was similar to that of
control treated for 1 d. The expression level of Fm4CL
in the sample treated for 7 d was lower than that of the
control. The results of Gui [28] and Voelker [46] indi-
cate that the effect on lignin reduction of plant growth
may depend on the severity of the environmental condi-
tions, and decrease in lignin content leads to a decrease
in the strength and stiffness of the wood and an increase
in the incidence of the wood.

Hu [18] applied antisense technology to Pt4CLI
from Populus euphratica to analyze the regulation of
poplar lignin synthesis. The lignin of transgenic pop-
lars that inhibited the expression of Pt4CLI decreased
by up to 45%. However, this loss was offset by the
15% increase in cellulose, indicating that lignin and
cellulose deposition could be controlled by a compen-
sation mechanism [18]. Kajita generated transgenic to-
bacco with 4CL expression inhibition [47]. Lignin
content decreased by 19 to 35%, cellulose content in-
creased, but the total content of lignin and cellulose
unchanged compared with the WT [47]. Our result
are similar (Fig. 4b, d, e), with increased lignin con-
tent and reduced cellulose content in transgenic to-
bacco, suggesting that the synthesis of lignin and
cellulose in plants can compensate for each other.
Compared with WT, the S/G ratio in OE increased
by 19.7%, which indicated that Fm4CL-like 1 plays an
important role in S-lignin subunit synthesis pathway.
The increase in S/G ratio accelerated the maturation
of secondary xylem cells [48], This is consistent with
the microscopic observations of our study. By micro-
scopic observation of the paraffin sections of the WT
and OE stem segments, it was clearly observed that
the transgenic tobacco was more lignified, with more
layers of xylem cells and thicker cell walls than WT
tobacco (Fig. 5a-d). This increase may enhance the
plant’s resistance to stress.

The molecular mechanisms of plants tolerating
stress is complicated. Several hundred genes have
now been identified in plants that respond to plant
biotic or abiotic stresses. Many studies report genes
related to stress responses, including genes involved
in the biosynthesis of protective osmolytes or trans-
genes into plants to improve stress tolerance. The
hydrophobicity of lignin is thought to have an inhibi-
tory effect on the transpiration of plant tissue under
drought conditions [49]. Li [50] reported that loss of
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CLD1 / SRLI function in rice reduced the lignin con-
tent and led to a reduction in drought resistance, fur-
ther demonstrating the role of lignin in drought
resistance. Since lignin in OE was increased by 39%
compared to WT, we hypothesized that the OE strain
might be resistant to drought and conducted a
mannitol-simulated drought treatment. The results
showed that the resistance of transgenic tobacco to
stress was significantly higher than WT, which

indicated that Fim4CL-like 1 could improve plant drought
tolerance.

Under stress, plants produce large quantities of hydro-
gen peroxide. POD and SOD can remove hydrogen per-
oxide and POD can convert carbohydrates in the tissues
into lignin to increase the degree of lignification [51]
and reduce cell damage [52]. We performed DAB stain-
ing and quantification of hydrogen peroxide to analyze
reactive oxygen species in plants. Compared with OE,
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WT tobacco accumulated more reactive oxygen under
the mannitol treatment, and OE had higher POD and
SOD activity (Fig. 7a-d). Under sterss conditions, redox
levels in plant cells are out of balance, resulting in the
destruction of plant cell membranes. Changes in relative
conductivity can reflect the extent of the damage of the
cell membrane. In this study, the relative electrical con-
ductivity of transgenic tobacco was lower than that of
WT tobacco after treatment with mannitol (Fig. 7e-f),
indicating that the Fm4CL-like 1 is involved in maintain-
ing the integrity of the transgenic tobacco cell mem-
brane and improving the drought resistance. Stomata
are the channels for the exchange gasses in photosyn-
thesis. The size of stomatal openings affects the transpir-
ation and photosynthesis of plants [53]. Our results
suggest that Fm4CL-like 1 may increase plant resistance
to osmotic stress by decreasing stomatal aperture. Under
osmotic stress conditions, the photosynthesis rate of OE
was 48% higher than that of WT, suggesting that
Fm4CL-like 1 plants may accumulate more biomass
through enhanced photosynthesis to increase tolerance
to drought stress (Fig. 8).

After mannitol treatment, WT and OE had distinct
changes in the antioxidant enzyme activity and other
physiological indicators, indicating that OE is likely to
have further changes at the molecular level. There-
fore, we chose five stress response genes to determine
the expression level. ABF is an ABRE binding factor
that specifically binds to the G-box and ACGT in the
ABRE cis-acting element, resulting in the expression
of the drought-responsive response gene RD29B [54,
55]. Zinc finger proteins (ZFPs) play an important
role in the abiotic stress response in plants and can
be upregulated under stress conditions [56]. CAT and
APX are key enzymes that scavenge free radicals in
plants. They can produce 0?7, H,0,, and other react-
ive oxygen species in plant cells under stress and the
stress resistance of the plant is related to CAT and
APX activities. The results showed that the expres-
sions of NtABF2, NtZFP, NtCAT, and NtAPX in OE
were higher than those of WT plants after mannitol
treatment (Fig. 9), which further indicated that
Fm4CL-like 1 may affect the endurance of OE at the
molecular level.

These results indicate that overexpression of
Fm4CL-like 1 can promote lignin biosynthesis and
lead to thickening of the xylem cell wall in
Fm4CL-like 1 transgenic tobacco, and Fm4CL-like 1
transgenic tobacco has improved drought resistance
compared to WT. Our study shows that the
anti-retroactive function of Fm4CL-like I may be re-
lated to the stomatal aperture, although this hypoth-
esis is currently not supported by relevant literature
and further studies are needed.
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Methods

Plant materials

Leaves, xylem, bark, buds, flower, bud, petiole, and stem
of Fraxinus mandschurica were collected from the ex-
perimental forestry farm of Northeast Forestry Univer-
sity (Harbin, China) in May, 2013. Five-year-old
Fraxinus mandshurica specimens were selected for arti-
ficial bending in July. Trunks of 1.0-1.5m were bent to
an angle of 45° from vertical. The upper part was parallel
to the ground and the directions of inclination were all
the same. Samples were collected on the 1st, 3rd, and
7th d of treatment, with 3 replicates at each time point.
Untreated Fraxinus mandshurica specimens were used
as a control, which were collected from the xylem of
Tension Wood (TW) and Opposite Wood (OW). After
freezing in liquid nitrogen treatment, samples were
stored at — 80 °C refrigerator until use. The Nicotiana
tabacum cultivar Longjiang 911 was used as the WT to-
bacco strain in this study.

Total RNA extraction and real-time PCR analysis

Total RNA was extracted from the plant material by the
CTAB method with the modifications described by Zeng
et al. [57]. First-strand ¢cDNA was synthesized using the
Takara™ first strand cDNA synthesis kit (Takara, Dalian,
China). The ¢cDNA was quantified by real-time PCR
using a 20 pL reaction system using SYBR Premix Ex
Taq TM (TaKaRa, Dalian, China) on an ABI Step One
Plus system. The real-time qRT-PCR conditions were as
follows: 5 min at 95 °C for denaturation, followed by 45
cycles of 8s at 95°C, 30s at 58°C, and 20s at 72 °C for
amplification. The data were normalized using the
reference gene Fraxinus mandshurica a-tublin [58]
and Nicotiana tabacum Actin [59], Gene-specific
primers for qRT-PCR analysis were listed in
Additional file 1: Table S2. Three biological replicates
were used per treatment or control. Raw data of rela-
tive quantification values were calculated using the
27AACT algorithm approach. Data was processed using
the IBM SPSS statistics 19 software, drawing software
and USES Origin 8.5 software were used for data ana-
lyses and drawing, respectively. All data were repeated
three times.

Isolation of full-length Fm4CL-like 1 cDNA

The full-length of Fm4CL-like 1 cDNA was isolated by
RT-PCR from the leaves of Fraxinus mandschurica using
the ¢cDNA F/R primers in Additional file 1: Table S2.
Homologous sequences were identified from the National
Center for Biotechnology Information (NCBI) database
using the BLAST method with the full-length
Fm4CL-likel cDNA sequence. To generate a phylogenetic
tree, DNAMAN software was used to perform the
multisequence alignment. Phylogenetic and molecular
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evolutionary analyses were conducted using the MEGA
6.0 program with the neighbor-joining (NJ) method.

Generation of the OE line transgenic plants and GUS
staining

Full-length ¢cDNA of Fm4CL-like 1 of Fraxinus man-
dshurica (deposited in GenBank with accession
number KJ531403) was amplified using the primers
listed in Additional file 1: Table S2, which has a
full-length of 1994bp and an ORF of 1572bp
encoding 523 amino acids. The sequence was then
cloned into pBI121, a plant expression vector con-
taining kanamycin-resistant genes driven by the

cauliflower mosaic virus (CaMV) -35s promoter
(35S, Fm4CL-like 1) using the In-Fusion method
[60]. The recombinant vector was introduced into
the Agrobacterium strain LBA4404 and transformed
into WT tobacco using tri-parental mating. Trans-
genic tobacco plants were regenerated from trans-
formed leaves on selection Murashige and Skoog
medium containing 50 mg/L kanamycin and 300 mg/
L cefotaxime. Fm4CL-like 1 levels in the transgenic
tobacco plants were further confirmed by real-time
PCR. Transgenic tobacco seedlings and flowers were
collected for GUS staining and decolorization after
taking pictures.
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Drought stress treatment of tobacco

Transgenic and WT tobacco plants with the same
growth status in tissue culture were selected and trans-
planted into MS medium containing 200 mM mannitol
to observe their phenotypic changes, including measure-
ment of root length changes. For seed germination as-
says, seeds of WT and transgenic tobacco were grown
on MS medium containing 200 mM Mannitol and
grown under prolonged light (16 h light/8h dark) at
22°C and observed every 12 h of its germination, until
the germination rate was constant.

Histological analysis of tobacco stem segments

Stem segments of two-month-old transgenic and WT to-
bacco plants were collected and fixed in FAA (Formalde-
hyde-Acetic acid-Alcohol solution) solution for 2 d, then
stained with hematoxylin for 3 d, and the water was blued

for 3 d. Then the samples were dehydrated, waxed, em-
bedded, sliced, stuck to a sheet, and coverslipped for
microscope analysis and photography [61]. Sliced dewaxed
stem segments were also used to visualize xylem cell walls
under scanning electron microscopy. Samples from the
top one/third part of the stem of two-month-old trans-
genic or WT tobacco plants were soaked in a drop of 1 M
hydrochloric acid soaked material for 3 min, followed by a
drop of 10% phloroglucinol ethanol-hydrochloric solution
[62], and visualized quickly under the optical microscope
for photographing. For scanning electron microscopy
(SEM), The third inter-segment stem segment of
two-month-old soil grown WT and OE-Fm4CL-like 1 to-
bacco plant was dried by a carbon dioxide zero-point
dryer (EM CPD300, Leica, Germany) and used for scan-
ning electron microscope observation (S-4800, HITACHI,
Tokyo, Japan). The xylem cell wall thickness in the SEM
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micrographs was measured using Image ] software
(https://imagej.nih.gov/ij/).

Cell wall component analysis
One-month-old transgenic and WT tobacco plants were
collected, oven dried at 65°C to constant weight, and

mortar ground over an 80-mesh sieve. Lignin content
was determined by the acetyl bromide method [63]. Cel-
lulose content was measured by concentrated sulfuric
acid hydrolysis [64]. Hemicellulose content was deter-
mined by a combination of hydrochloric acid hydrolysis
and DNS [65].
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Measurements of stomatal aperture, water loss, and
photosynthetic rate

One month old tissue culture samples of WT and OE
tobacco leaves under control conditions were sampled
and 200 mM mannitol was used to remove the
epidermis. The stomatal apertures were observed and
photographed using an optical microscope (Leica Micro-
systems, Germany). Three measurements were taken for
each sample. To determine the water loss rate of plants,
8-week-old WT and OE transgenic plants were cut and
weighed immediately (fresh weight, FW) and then dried
naturally. Weights of the drying leaves (DW) were taken
every 10 min and water loss was calculated using the for-
mula (FW-DW) / FW. The photosynthetic rate was
measured using the Li-6400XT Portable Photosynthesis
System (Li-COR) according to the manufacturer’s
instructions.

Measurements of MDA content and relative conductivity
One-month-old Fm4CL-like 1 transgenic and WT to-
bacco plantlets were grown in MS medium containing
200 mM mannitol for 48 h and used for the determin-
ation of the physiological index. MDA content was de-
termined using the thiobarbital acid (TBA) colorimetric
method, based on that described by Meir et al. [66]. Ap-
proximately 0.5 g leaves were homogenized with 2 mL of
0.1% trichloroacetic acid (TCA) and centrifuged at
8000xg for 10 min. After mixing 2 mL of supernatant
with 0.67% TBA, the mixture was incubated in hot water
for 15 min, cooled immediately on ice, and centrifuged
at 4000xg for 10 min. Absorbances at 532, 450, and 600
nm were determined and MDA concentration was esti-
mated by subtracting the non-specific absorptions at 450
and 600 nm from the absorption at 532 nm; To measure
comparative electrical conductivity, 0.5g leaves were
washed with tap water, rinsed 3 times with distilled
water, surface moisture removed by blotting with filter
paper. The leaves were cut into strips of suitable length,
placed in 10 ml of deionized water, and soaked at room
temperature for 12h. The conductivity of the leachate
(R1) was measured with a conductivity meter and heated
in a boiling water bath for 30 min, cooled to room
temperature, and shaken again to determine the con-
ductance of the leachate (R2) relative conductivity = R1 /
R2 x 100%.

Measurement of H,0,, SOD, and POD content in fresh
leaves and DAB staining

To detect the generation of hydrogen peroxide due to
abiotic stress, one-month-old Fm4CL-like 1 transgenic
and WT tobacco plantlets were grown in MS medium
containing 200 mM mannitol for 48 h. Hydrogen perox-
ide content was quantified using a hydrogen peroxide kit
(Suzhou Keming biotechnology company). Treated
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tobacco leaves were stained with DAB and stained over-
night for 16 h. After staining, leaves were decolorized
with 100% ethanol and photographed once the chloro-
phyll had been completely removed. The SOD activity
was determined by the nitrogen blue tetrazolium photo-
reduction method [67]. The guaiacol method was used
to determine the POD activity.

Additional file

Additional file 1: Table S1. Bioinformatics Analysis of Fm4CL/4CL-like
genes in Fraxinus mandshurica. Table S2. Primers used for PCR and gRT-
PCR assays. (DOCX 23 kb)
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