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Gibberellins (GAs) promote secondary cell wall (SCW) development in plants, but the
underlying molecular mechanism is still to be elucidated. Here, we employed a new
system, the first internode of cotton, and the virus-induced gene silencing method to
address this problem. We found that knocking down major DELLA genes via VIGS
phenocopied GA treatment and significantly enhanced SCW formation in the xylem and
phloem of cotton stems. Cotton DELLA proteins were found to interact with a wide range
of SCW-related NAC proteins, and virus-induced gene silencing of these NAC genes
inhibited SCW development with downregulated biosynthesis and deposition of lignin.
The findings indicated a framework for the GA regulation of SCW formation; that is, the
interactions between DELLA and NAC proteins mediated GA signaling to regulate SCW
formation in cotton stems.
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INTRODUCTION

Plant secondary cell walls (SCWs) are particularly important in adopting erect growth and land
environment because they provide mechanical support and water transportation tunnels (Kumar
et al,, 2016). On the other hand, SCWs, comprising most of the plant biomass, are central to
generate woods, biofuel, and other industrial uses. In general, SCWs are deposited inside the
primary cell wall (PCW) after the cessation of cell expansion. The transition from PCM to SCW
deposition encompasses a series of cell and metabolic changes, such as microtubule reorganization,
biosynthesis of SCW-specific polysaccharides and lignin, and even activation of SCW-specific
cellulose synthase (CESA) genes for cellulose synthesis (Zhong and Ye, 2015; Zhao, 2016; Meents
et al., 2018).

In the last decades, a wealth of efforts has been taken to unveil molecular bases that
control SCW differentiation and deposition. A conserved pyramid-shaped regulatory hierarchy
has been identified to regulate gene expressions required for SCW formation in plants,
especially in vascular tissues (Zhong et al., 2008; Nakano et al, 2015; Kumar et al., 2016;
Zhao, 2016). This regulatory network contains basically three layers of transcription factors
(TFs). In Arabidopsis, a group of NAC (NAM, ATAF1/2 and CUC2) family TFs, such as
NAC secondary wall thickening (NST) promoting factors 1-3 and vascular-related NAC
domains (VNDs) 1-7 (Zhong et al, 2006; Mitsuda et al., 2007; Yamaguchi et al, 2008;
Zhou et al., 2014), comprise tier 3 and function as top master switches, which control the
transcription of tier 2 TFs, such as MYB proteins (MYBs 46, 55, 61, 83, and 103) and NAC
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Wang et al. DELLA-NAC Interaction in SCW Formation

FIGURE 3 | Silencing of GhGAI1 and GhGAI 2 enhances SCW development in the first internodes. Agrobacterium cultures carrying empty vector pTRV2-00 (TRV:00)
or pTRV2-GhGAI1&2 (TRV:GAI1&2), mixed with pTRV1 Agrobacterium, were infiltrated into two fully expanded cotyledons of 7-day-old cotton seedlings. (A) The first
internode diameters at the top, middle and bottom parts measured 20 DPI. * indicates a significant difference compared with control (t-test, P < 0.05, n > 10). Error
bars indicate SD. (B) Phloroglucinol staining of the cross-sections of 20 DPI first internode in the middle region. Bar = 1 mm or 500 um (amplification). (C) Microscopic
observation of cross-sections of 20 DPI first internode in the middle region under UV conditions. (D) Lignin and (E) cellulose contents in the first internodes,
respectively. The internodes were sampled 10, 15, and 20 DPI. Lignin content is shown relative to the control level 10 days post infiltration. * and ** indicate a
significant difference compared with the control, with P-values of 0.05 and 0.01, respectively (t-test, n = 3). Error bars indicate SD. P, phloem; PF, phloem fibers; X,
xylem; and IF, interfascicular region.
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FIGURE 4 | Quantitative RT-PCR analysis of genes related to SCW formation. Total RNAs were isolated from the first internodes. Mock, GA, and PAC represent
10-day-old seedlings treated with water, 100 uM GA, and 50 uM PAC for 8 days. VIGS-treated materials are indicated with pTRV2 vectors (TRV:00 and
TRV:GhGAI1&2) plus sampling time (15 or 20 DPI). The relative expression levels in GA/PAC-treated and GhGAI1&2-silenced seedlings are then normalized to Mock
and TRV:00, respectively. Gene accession numbers in cotton FGD: CesA4 (Gh_D08G0509); CesA7 (Gh_D05G0079); CesA8 (Gh_D10G0333); IRX9 (Gh_A09G1418);
IRX14 (Gh_D11G1966); PAL (Gh_D10G2528); 4CL (Gh_D10G0473); CCOAOMT (Gh_A04G1032); F5H (Gh_Sca004990G01); LAC4 (Gh_A11G2936); PER4
(Gh_A03G0199); and PER21 (Gh_A09G1415).
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PAC for 8 days, as well as TRV:00 and GhGAII&2-silenced
plants 15 and 20 DPIL. A total of 148 differentially expressed
genes (DEGs), which responded to GA and PAC in the cotton
stems, were identified in GhGAII¢2-silenced plants 15 DPI (fold
change > 2), including 79 upregulated and 69 downregulated
DEGs. Under the same filter conditions, 102 DEGs (47
upregulated and 55 downregulated DEGs) were identified in
GhGAIl&2-silenced plants 20 DPI (Supplementary Figure 5A).
Out of these DEGs, we performed union computation,
which resulted in the identification of 97 upregulated and 94
downregulated DEGs as GA signal-responsive genes in the
cotton stems, and these DEGs were subjected to subsequent
analyses (Supplementary Figure 5B). The KEGG pathway
analysis showed that the upregulated genes were mainly
involved in phenylpropanoid biosynthesis, starch and sucrose
metabolism, galactose metabolism, and zeatin biosynthesis
(Supplementary Figure 5C). In contrast, the downregulated
genes were enriched in glutathione metabolism and plant
hormone signal transduction (Supplementary Figure 5D).
Notably, gibberellin 2-oxidase (GA20x) was upregulated, while
gibberellin 3-oxidase (GA3ox) and gibberellin receptor GID1
were downregulated in GhGAIl&2-silenced plants, indicating
feedback regulation of the gibberellin signal in developing
cotton stems.

We further employed the qRT-PCR method to verify the
expression levels of SCW formation-related genes. It was
shown that SCW-specific cellulose biosynthesis (CesA4,
CesA7, and CesA8), hemicellulose biosynthesis (IRX9
and IRXI4), lignin biosynthesis (PAL, 4CL, CCoAOMT,
and F5H), and polymerization genes (LAC4, PER4,
and PER21) were upregulated in GhGAIl&2-silenced
plants (Figure4). The expression levels of these genes
were also induced by the GA treatment and reduced by
the PAC treatment (Figure4). These results suggested
that DELLA proteins mediated the GA signal to
regulate SCW formation by regulating the genes related
to cellulose, hemicellulose and lignin  biosynthesis,
and polymerization.

DELLA Protein GhGAI1D Interacts With
Secondary Cell Wall-Related NAC Proteins

Next, we attempted to identify any mediator between the GA-
DELLA signal and SCW formation in the cotton stems. To
this end, we aimed to test the possible interaction between the
GhGAI1D and cotton homologs of SCW-related NAC proteins.
On the basis of the previous report (Zhang et al., 2018), a total of
62 SCW-related NAC genes were identified in the upland cotton
genome (Supplementary Figure 6 and Supplementary Table 3).
These genes included 34 homologs of tier 3 NAC TFs (VND1-7,
NST1-3) and six SND2/3 homologs, and 18 were homologous
to SCW negative regulators (XND1 and VNI2) (Zhao et al,
2007; Yamaguchi et al., 2010). As shown in Table 1 and Figure 5,
BiFC analyses showed significant interactions in nuclei between
DELLA protein GhGAIID and all the investigated tier 3 TFs
and SND2/3 homologs (each of five NAC proteins), while in
the Y2H assay, interactions between GhGAI1D and seven NACs

TABLE 1 | Interactions between DELLA and NAC proteins.

Arabidopsis Gene name Gene ID Y2H* BIFC*

homologs

VND1 GhVND1-4D Gh_D12G0573 Y Y

VND4 GhVND4-3A Gh_A12G1990 Y Y
GhVND4-5D Gh_D03G1021 Y Y

NST1 GhFSN1A Gh_A12G1049 Y Y
GhFSN2D Gh_D12G2359 N Y

SND2 GhSND2-1A Gh_A12G1285 Y Y
GhSND2-1D Gh_D12G1407 Y Y
GhSND2-2A Gh_A05G1339 N Y
GhSND2-2D Gh_D05G1508 N Y
GhSDN2-3A Gh_A06G2028 Y Y

*Y and N indicate significant interaction detected and undetected, respectively.

were confirmed, and false-negative results were observed for the
rest of the three NACs (Table 1 and Supplementary Figure 7).
These results demonstrated that predominant DELLA proteins
in the cotton stems (GhGA1D) may have interacted with SCW-
related NAC switches of different tiers, implying that these NACs
function as mediators of the GA-DELLA signal to regulate SCW
formation in cotton stems.

Downregulation of DELLA-Interacting
NACs Impairs Secondary Cell Wall

Formation in Cotton Stem

To further validate the function of these DELLA-interacting
NACs in cotton stem development, we employed the VIGS
method to downregulate their expressions. The effects of
TRV:GhSND2s treatment is shown in Figure 6. The expression
levels of GhWSND2-1A, GhSND2-1D, GhSND2-2A, GhSND2-2D,
GhSND2-3A, and GhSND2-3D were all downregulated in the
first internode of TRV:GhSND2s plants 15 DPI (Figure 6A).
Meanwhile, lighter phloroglucinol staining intensity in the xylem
area and phloem fibers was observed in the first internode
of ChSND2s-silenced plants compared with TRV:00 plants
(Figure 6B), indicating the knockdown of GhSND2s resulted in
reduced lignification and SCW development in cotton stems.
We further examined the expression levels of SCW-related
genes and found that the knockdown of GhSND2s suppressed
the expression of genes associated with cellulose (CesA8) and
hemicellulose biosynthesis (IRX14), and lignin polymerization
(LAC4, PER4, and PER21). Monolignol biosynthetic genes (such
as PAL, 4CL, CCoAOMT, COMT, and F5H), however, had
no differential expression levels between TRV:GhSND2s and
TRV:00 cotton plants (Figure 6C), which was consistent with
the report on Arabidopsis (Hussey et al., 2011). The VIGS of
the other groups of DELLA-interacting NACs (GhFSNs and
GhVNDs) also resulted in reduced SCW formation in cotton
stems (Supplementary Figure 8). These results demonstrated
that these DELLA-interacting NACs positively regulate the SCW
formation in cotton stems.
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FIGURE 5 | BiFC analyses of interactions between GhGAI1D and SCW-related NACs. NACs fused to N-terminal fragment of YFP (NAC-nYFP) were co-infiltrated with
GhGAI1D fused to C-terminal fragment of YFP (GhGAI1D-cYFP) or unfused cYFP into N. benthamiana leaves. Unfused cYFP and nYFP were used as negative
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DISCUSSION

SCW formation in stems is essential to plant growth and has
a wealth of industrial applications (Kumar et al., 2016; Hofte
and Voxeur, 2017; Zhong et al., 2019). This research represented
an effort to study this important process with a rapid genetic
method (VIGS) in a new system (the first internode of cotton).
In this system, the effects of gene knockdown could be observed
in a short period (<1 month), as exemplified in the silencing
of DELLA and NAC genes. Cotton has a stem structure typical

of woody plants. Cultivar cotton exhibits the characteristics of
herbaceous plants, such as annual and shrub-like plants, because
of artificial selection (Mcgarry et al., 2016). Considering their
accessibility and readiness, the first internode of growing cotton
may be an alternative model, other than Arabidopsis and poplar
(Kumar et al., 2016; Zhong et al., 2019), for biological research on
SCW (wood) formation.

Most dicots have DELLA proteins that belong to
two clades (Van De Velde et al., 2017), such as cotton
(Supplementary Figure 1). DELLAs in clade 1II  were
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FIGURE 6 | VIGS analysis of GhSND2s. Agrobacterium cultures that carry pTRV1 and pTRV2-GhSND2s (TRV:GhSND2s) were infiltrated into two fully expanded
cotyledons of 7-day-old cotton seedlings. Empty vector pTRV2-00 (TRV:00) was used as control. (A) Transcript levels of six GhSND2 genes in the first internodes 15
days post infiltration (DPI) by gRT-PCR analysis. (B) Phloroglucinol staining of the cross-sections of 15 DPI first internodes. Bar = 1 mm or 500 wm (amplification). (C)
Quantitative RT-PCR analysis of the genes related to SCW formation in the first internodes.

characterized by a conserved DGLLA motif instead of the
DELLA motif in clade I. Rice DGLLA proteins SLRL1 and SLRL2
may suppress plant growth like DELLA protein (Itoh et al., 2005).
In cotton stems, clade I DELLAs have dominant expression
compared with clade II DELLAs (Supplementary Figure 2).
Silencing of both clades of DELLA genes resulted in increased
stem growth. The clade II DELLA genes showed lesser effects
than those of clade I, and simultaneous silencing of these DELLA
proteins had additive effects on promoting cotton growth
(Figures 2C,D), indicating that the two clades of DELLA may
have redundant functions in regulating the development of
cotton stems. Although western blot only detected GhGAII
degradation induced by GAs (Figure 1), we envisioned that both
clade I and II DELLAs shared a similar mechanism to affect stem
development in cotton.

DELLA proteins are the major repressor of GA signaling, and
mediate GA response by interacting with a wealth of downstream
regulators (Daviere and Achard, 2013). In SCW regulation,
KNAT1 was reported to interact with DELLA protein and
mediated GA promotion of SCW differentiation in Arabidopsis.
DELLA proteins also repress the functions of NAC29/31 and
MYBI03L in SCW formation in rice. Here, we indicated that

DELLA protein interacted with at least 10 NAC proteins,
which were homologous to most switches that promote SCW
formation. It can be predicted that there existed other SCW
regulators that have not yet been identified, and DELLA proteins
and their interactors constituted a transcriptional regulatory
network mediating GA regulation of secondary cell walls
in plants.

In addition to GAs, other phytohormones are involved in the
formation of wood. Auxin plays a key role in regulating wood
formation by affecting cambium activity and xylem development
(Savidge, 1996; Uggla et al., 1996, 1998; Tuominen et al., 1997).
Brassinosteroids are thought to be produced in procambial cells
and trigger xylem precursor cells to induce xylem differentiation
and regulate secondary cell wall biosynthesis (Milhinhos and
Miguel, 2013; Yuan et al., 2019). Ethylene synthesis occurs in
the apoplast of xylem elements; and ethylene participates, in a
paracrine manner, in the control of the cambial stem cell pool
size during secondary xylem formation (Pesquet and Tuominen,
2011). More and more studies have revealed a comprehensive
view of DELLAs by identifying interactions with several types of
TFs, which are considered to be central command systems that
integrate various signals (Daviere and Achard, 2013). A previous
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study on Arabidopsis has revealed that DELLA interacts with
ARFs, BZR1, and EIN3 (An et al, 2012; Bai et al, 2012;
Oh et al, 2014) to mediate crosstalk between gibberellin and
auxin, brassinosteroids, and ethylene, respectively. Therefore,
DELLA may be a key component that integrates GA with other
phytohormones in wood formation regulation.
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