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ABSTRACT

In trees, stem secondary growth depends on vascular cambium proliferation activity and subsequent cell

differentiation, in which an auxin concentration gradient across the cambium area plays a crucial role in

regulating the process. However, the underlying molecular mechanism for the establishment of auxin con-

centration is not fully understood. In this study, we identified two function-unknown MADS-box genes,

VCM1 and VCM2, which are expressed specifically in the vascular cambium and modulate the subcellular

homeostasis of auxin. Simultaneous knockdown of both VCM1 and VCM2 enhanced vascular cambium

proliferation activity and subsequent xylem differentiation. Overexpression of VCM1 suppressed vascular

cambium activity and wood formation by regulating PIN5 expression, which tuned the soluble auxin con-

centration in the vascular cambium area. This study reveals the role of VCM1 and VCM2 in regulating the

proliferation activity of the vascular cambium and secondary growth by modulating the subcellular auxin

homeostasis in Populus.
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INTRODUCTION

Unlike herbaceous plants, woody plants feature perennial sec-

ondary growth, which gives rise to radial increments of the

stem. Secondary growth is dependent on the activity of the

vascular cambium, which divides and produces daughter cells

that subsequently differentiate into secondary vascular tissues

with phloem cells on the outside and xylem cells on the inside

(wood tissue). During this process, a set of sequential events,

including cell division, cell fate determination, and cell differenti-

ation, are modulated through a complex of signaling networks

(Spicer and Groover, 2010; Campbell and Turner, 2017; Fischer

et al., 2019). Studies have reported the involvement of auxin in

regulating vascular cambium activity and the secondary growth

of stem. Auxin supplied to stem tissues stimulates cambial

growth and mediates multiple aspects of xylem development

(Bjorklund et al., 2007; Johnsson et al., 2019). Modulations of

auxin transport and responsive genes regulate wood formation

in the annual growth of trees (Moyle et al., 2002; Schrader

et al., 2004; Baba et al., 2011). Auxin-responsive genes respond
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dynamically to changes in cellular auxin levels in wood-forming

tissues (Nilsson et al., 2008). During the secondary growth of

stem in trees, indole-3-acetic acid (IAA) and its derivatives form

a concentration gradient cross the vascular cambial zone, with

an IAA peak in the cambium area (Uggla et al., 1996, 1998). The

peak height and the radial width of IAA distribution play a

crucial role in determining cambium activity and xylem

differentiation during wood formation (Tuominen et al., 1997).

However, it is unknown how IAA concentration is maintained

and regulated during the secondary growth of stem.

The establishment of cellular auxin concentration can be attrib-

uted to polar auxin transport, intracellular auxin homeostasis,

and metabolic processes (Park et al., 2017). In Arabidopsis

thaliana, it is known that auxin can be translocated by several
ications 2, 100134, September 13 2021 ª 2020 The Author(s).
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types of transporters, including pin-formed proteins (PIN),

proteins of the auxin transporter protein 1 (AUX1), auxin

transporter-like protein (LAX), P-glycoproteins (PGP) of the

ATP-binding cassette (ABC) transporter family, and pin-likes

(PILS) (Grones and Friml, 2015). These transporters perform

their functions in different manners. Most PIN proteins are

located at particular plasma membrane regions for directional

auxin transport (Petrasek et al., 2006; Wisniewska et al., 2006).

However, PIN5 is localized at the endoplasmic reticulum (ER),

and it is suggested to control cellular auxin homeostasis by

transporting auxin from the cytosol to the ER lumen, which

decreases the cellular level of free IAA (Mravec et al., 2009). It

is believed that PIN5-dependent transport limits the availability

of cytosolic auxin for signaling (Ding et al., 2012). The Populus

genome contains three PIN5 homologs, of which two members

are highly expressed in the stem, showing localization at the ER

(Liu et al., 2014). It is unclear whether the Populus PIN5

homologs function in tuning the cellular auxin level in the stem.

MADS-box transcription factors have active roles in all major

developmental processes throughout the entire life cycle of

land plants (Gramzow and Theissen, 2010). For example,

several MADS-box transcription factor genes are known for their

involvement in regulating meristem activity, floral organ identity

specification, and organ development (Dornelas et al., 2011). In

plants, there is a large family of genes encoding MADS-box tran-

scription factors. The Arabidopsis genome contains 107 MADS-

box genes (Parenicova et al., 2003). Seventy-five MADS-box

genes are present in rice (Arora et al., 2007). In the Populus

genome, there are 105 putative MADS-box genes and 12 pseu-

dogenes with a MADS-box structure (Leseberg et al., 2006).

However, the function of most MADS-box genes is unknown.

In our previous work, the regulation of PtrHB4 expression caused

serious defects during vascular cambium development in Popu-

lus (Zhu et al., 2018). In the defective vascular cambium, the

expression of a group ofMADS-box genes was extensively modi-

fied. In this study, we show evidence demonstrating that two

MADS-box genes, VCM1 and VCM2, play a role in regulating

the secondary growth of stem in Populus. We carried out a ge-

netic analysis to show that VCM1 and VCM2 affect vascular cam-

bium proliferation activity. Further genomic and cellular analyses

revealed that VCM1 and VCM2 regulate PIN5b expression, which

in turn modulates the homeostasis of phytohormone auxin. Our

study suggests that VCM1 and VCM2 play a role in regulating

the secondary growth of stem through PIN5-mediated subcellu-

lar auxin transport, which tunes cytosolic auxin levels across the

vascular cambium area.
RESULTS

Identification of regulatory genes of vascular cambium
activity in Populus

In our previous study, the suppression of PtrHB4 caused defects

in the Populus vascular cambium (Zhu et al., 2018). The defective

vascular cambium tissue in the PtrHB4-suppressed Populuswas

subjected to RNA sequencing, and transcriptome analysis

revealed that the expression of a group of transcription factor

genes was substantially altered (Supplemental Table 1),

suggesting that transcriptional regulatory networks were
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modified in the defective vascular cambium. Further analysis

showed that the regulated transcription factors included two

homologous function-unknown MADS-box genes, Po-

tri.012G100200 and Potri.015G098400. Interestingly, when they

were searched in the Nucleotide Database (https://blast.ncbi.

nlm.nih.gov), their homologs were identified primarily in woody

plant species (Supplemental Figure 1A). Subsequently, the

homologs of Potri.012G100200 and Potri.015G098400 were

cloned from Populus deltoides 3 P. euramericana cv.

‘‘Nanlin895’’ (Supplemental Figure 1B). Quantitative transcript

analysis showed that their expression was specific in stem

tissues undergoing secondary growth (IN9 and IN10) (Figure 1A

and 1B). Thus, the two genes, Potri.012G100200 and

Potri.015G098400, were named Vascular Cambium-related

MADS 1 and 2 (VCM1 and VCM2), respectively. VCM1 and

VCM2 share a 73.3% identity in protein sequence

(Supplemental Figure 1C). Next, we cloned VCM1 and VCM2

promoter fragments and transferred the promoter-GUS con-

structs into Populus to further examine their expression location.

GUS activity was detected in the vascular cambium area,

including the cambium and developing phloem and xylem cells

(Figure 1C and 1D). These results indicate that the expression

of VCM1 and VCM2 is closely correlated with the process of

secondary growth in Populus.
Down- or upregulation of VCM1 and VCM2 expression
leads to abnormal secondary growth

To examine the genetic function of VCM1 and VCM2, we carried

out knockdowns of their expression in Populus through RNA

interference (RNAi) according to our established transformation

method (Li et al., 2003). Because VCM1 and VCM2 have high

homology, the designed RNAi construct (Supplemental

Figure 2A) could not effectively differentiate them and might

have suppressed both VCM1 and VCM2. More than 50

independent transgenic lines of the VCM1 and VCM2

downregulation (DR) were generated via RNAi. Examination of

the DR transgenics identified different levels of VCM1 and

VCM2 DR (Supplemental Figure 2B). Among them, the

transgenic plants displayed remarkable phenotypic changes

when both VCM1 and VCM2 were substantially downregulated.

After screening the transgenics, two transgenic lines, DR4 and

DR15, which displayed dramatic suppression of both VCM1

and VCM2 expression (Supplemental Figure 2B), were

multiplied through micro-cutting propagation for further charac-

terization. Meanwhile, we overexpressed VCM1 in order to inves-

tigate the implications of its upregulation in Populus. More than

30 independent overexpression lines were generated. The trans-

genic plants showed various levels of VCM1 expression. After the

transgenic lines were screened for VCM1 upregulation (UR), two

lines, UR13 and UR25, displayed substantial upregulation of

VCM1 expression (Supplemental Figure 2C) and phenotypic

changes. Thus, UR13 and UR25 were multiplied through micro-

cutting propagation and used for characterization along with

the DR transgenics.

The DR plants displayed significantly shorter internodes, while

the UR plants showed longer internodes (Supplemental

Figure 2D and 2G). The leaves of DR plants were smaller,

softer, and darker green with smooth margins and shorter

petioles compared with those of UR plants (Supplemental
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Figure 1. VCM1 and VCM2 expression and phenotypes of their transgenic lines.
(A and B) qRT-PCR analysis of VCM1 (A) and VCM2 (B) expression in different tissues. Values are means ± SD (n = 3 biological replicates). SMT, shoot

meristem tissue; YL, young leaf; IN, internode; YT, young roots.

(C and D) GUS activity in transgenic Populus driven by the VCM1 promoter (C) and the VCM2 promoter (D). Ca, cambium; Xy, xylem; Ph, phloem. Scale

bar corresponds to 100 mm.

(E) Phenotypes of the wild-type (WT), VCM1 and VCM2 knock-down lines, (DR4 and DR15) and VCM1 overexpression lines (UR13 and UR25). Scale bar

corresponds to 10 cm.

(F) qRT-PCR analysis of VCM1 and VCM2 expression in transgenics. Values are means ± SD (n = 3 biological replicates).

(G–I) Cross-section of the 13th internode stained with toluidine blue (above) and enlarged rectangle area (below). (G) WT; (H) VCM1 and VCM2 knock-

down lines; (I), VCM1 overexpression lines. Xy, xylem; Ph, phloem; Ca, cambium. Scale bars correspond to 200 mm (50 mm in enlargements).

(J) Number of cambium cell layers (n > 50).

(K)Number of xylem cell layers (n > 50). Plants used for analysis were grown in a phytotron for 3months. Values aremeans ±SD. Statistical significance of

differences was calculated based on two-tailed, two-sample Student’s t-test (**P < 0.01, *P < 0.05).
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Figure 2E and 2H). DR plants showed a dwarfed stature, while UR

plants displayed a lodging stem phenotype when grown in a

phytotron for 3 months (Figure 1E). The expression of VCM1

and VCM2 was stably downregulated or upregulated in these

transgenics after multiple propagations (Figure 1F). In cross-
Plant Commun
sections, compared with the wild-type (WT) (Figure 1G), the

downregulation of VCM1 and VCM2 expression resulted in

more xylem tissue formation (Figure 1H), while the upregulation

of VCM1 expression inhibited xylem increment (Figure 1I). This

is indicated by the cell layers generated in the cambium
ications 2, 100134, September 13 2021 ª 2020 The Author(s). 3
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dividing zone and secondary xylem tissue. In successive cell files,

VCM1 and VCM2 DR plants showed more layers of cells in the

cambium zone and secondary xylem tissue, while VCM1 UR

plants displayed fewer layers of cells produced in secondary

growth (Figure 1J and 1K). After growth in a greenhouse for

more than 5 months, the stem diameter of DR plants was

greater compared with the WT, whereas that of UR plants was

smaller (Supplemental Figure 2F and 2I). These results

suggest that VCM1 and VCM2 negatively regulate vascular

cambium proliferation activity and xylem tissue increment in

Populus.

VCM1 regulates PIN5b expression

Next, we more closely investigated the processes by which VCM

genes affect the secondary growth of Populus. VCM1 and VCM2

were detected to be localized in the nucleus (Supplemental

Figure 3) as expected, consistent with their nature as

transcription factors. We performed RNA sequencing of the

tissue undergoing secondary growth in VCM1 and VCM2 DR

plants and the transcriptomes of secondary growth tissues

were substantially modified (Supplemental Figure 4A).

Compared with WT plants, the top 10 enriched KEGG

pathways of differentially expressed genes (DEGs) mainly

included plant hormone signaling, mitogen-activated protein

kinase signaling, and amino acid metabolism (Supplemental

Figure 4B). Particularly, the most prominent changes occurred

in genes related to auxin transport and response (Figure 2A and

2B). Given the correlation between auxin and secondary

growth, the effect of VCM1 and VCM2 on stem growth could

regulate auxin-related genes. Among these genes, PIN5b was

substantially downregulated in VCM1 and VCM2 DR plants

(Figure 2B). Further analysis confirmed that PIN5b expression

was downregulated in DR15 and upregulated in UR13 plants

(Figure 2C). However, the other PIN homologs either expressed

at much lower levels or showed a discrete expression pattern

(Supplemental Figure 4C). In addition, cells from various tissues

in the stem were collected using a microdissection laser

capture system for transcript analysis. PIN5b, VCM1, and

VCM2 showed similar expression profiles and tissue specificity

in the vascular cambium area (Figure 3A).

To investigate whether VCM1 directly regulates PIN5 expression,

we examined the binding of VCM1 to the PIN5b promoter. VCM1

was fused with a FLAG tag and transferred into Populus. The ex-

pressed VCM1 protein was detected in the stem using a FLAG

antibody (Figure 3B). Chromatin immunoprecipitation (ChIP)

was then carried out to identify VCM1-bound DNA fragments. A

ChIP-qPCR assay verified the binding of VCM1 to the fragments

in the PIN5b promoter, which contained the predicted binding el-

ements of MADS-boxes (Figure 3C and 3D). Together, these

results indicate that VCM1 regulates PIN5 expression

presumably by binding to its promoter.

VCM1 regulates cytosolic auxin levels across the
vascular cambium area

We then investigated whether VCM1 affects cytosolic IAA levels

as VCM1 expression regulates PIN5b expression. IAA can be de-

tected by free IAA-specific antibodies in the cytosol (Shi et al.,

1993; Avsian-Kretchmer et al., 2002; Marquez-Lopez et al.,

2018). Using a specific antibody, we examined cytosolic IAA
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levels in the vascular cambium area of DR and UR transgenics.

IAA levels were higher in DR plants but lower in UR plants

compared with the WT (Figure 4A–4D). The difference in IAA

levels detected by IAA-specific antibodies was further verified

by IAA determination through chemical analysis. Compared

with WT plants, the IAA content in the stem was significantly

increased in DR plants but decreased in UP plants (Figure 4E).

These analyses demonstrate that the modification of VCM1 and

VCM2 expression alters cytosolic IAA levels across the vascular

cambium area, which in turn regulates cambium proliferation

activity and xylem differentiation in the process of secondary

growth in Populus.

Overexpression of PIN5b represses cambium
proliferation activity and modifies cytosolic auxin levels

Next, we overexpressed PIN5b in Populus. PIN5b-overexpres-

sion plants, POE5 and POE11, were multiply propagated and

analyzed in detail. POE5 and POE11 transgenic plants displayed

a smaller stature (Figure 5A) and significantly increased PIN5b

expression compared with the control (Figure 5B). The stems of

the transgenics developed narrower cambium regions with

fewer layers of cell proliferation compared with WT plants

(Figure 5C and 5D). We then analyzed the cytosolic IAA level

in vivo through IAA immunolocalization (Figure 6). In WT plants,

a gradient level of cytosolic IAA was detected in the cambium,

developing phloem, and developing xylem (Figure 6B), by

contrast, the IAA level was reduced in PIN5b-overexpression

lines (Figure 6C). These results suggest that PIN5b reduces the

cytosolic IAA level in the vascular cambium area in Populus.

DISCUSSION

In trees, the secondary growth of stem depends on cambiumpro-

liferation activity. During secondary growth, a concentration

gradient of active auxin across the vascular cambium area pro-

vides hormone signals that regulate cambium activity and sec-

ondary xylem differentiation (Sundberg et al., 2000). In this

study, we identified two MADS-box genes, VCM1 and VCM2, in

Populus, which are specifically expressed in association with

secondary growth. Genetic evidence showed that VCM1 and

VCM2 function redundantly in the regulation of vascular cambium

activity and the formation of secondary xylem tissue. VCM1 and

VCM2 likely regulate PIN5b expression across the vascular cam-

bium area and tune the cytosolic IAA level through intracellular

auxin transport. This study reveals the mechanism underlying

the regulation of auxin concentration across the vascular cam-

bium area, which is essential for the secondary growth of stem

in trees (Figure 7).

VCM1 and VCM2 regulate the secondary growth of stem
in Populus

In plants, MADS-box genes encode a large family of transcription

factors that play various roles in diverse developmental pro-

cesses and in response to stress (Smaczniak et al., 2012;

Castelan-Munoz et al., 2019). Although studies have shown the

importance of MADS-box genes in regulatory networks, many

members of this family are function-unknown. In Populus, 105

putative functional MADS-box genes have been identified in the

tree genome (Leseberg et al., 2006). Few of them have known

functions in the process of tree development.
e Author(s).



Figure 2. Expression of auxin-related genes upon the regulation of VCM1 and VCM2.
(A) Heatmap of auxin-related gene expression in the transcriptomes of WT and VCM1 and VCM2 knock-down plants.

(B) Log2 value of differentially expressed auxin transport and responsive genes.

(C) qRT-PCR analysis of the expression of auxin-related genes. Values are means ± SD (n = 3 biological replicates). Statistical significance of differences

was calculated based on two-tailed, two-sample Student’s t-test (**P < 0.01,*P < 0.05).
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Perennial trees feature the secondary growth of stem that de-

pends on vascular cambium proliferation activity. When we

analyzed the development of the vascular cambium, we found

that the expression of two function-unknown MADS-box

genes, VCM1 and VCM2, were modified when the vascular

cambium became defective. VCM1 and VCM2 are highly ho-

mologous genes in Populus. Interestingly, when the VCM1

or VCM2 sequence was used to BLAST GenBank, matching

homologs with high similarity were found primarily in woody

plant species. This may indicate a link between the function

of VCM1 and VCM2 and woody plant development. Mean-

while, VCM1 and VCM2 were preferentially expressed in tis-

sues undergoing secondary growth. Simultaneous suppres-

sion of VCM1 and VCM2 promoted vascular cambium

proliferation activity and enhanced the secondary growth of

stem. These observations suggest that VCM1 and VCM2

negatively regulate secondary growth in a redundant manner

in Populus.
Plant Commun
In Populus, secondary growth is perennially maintained, and the

underlying regulatory system is presumably different from that of

annual plants. The involvement of VCM1 and VCM2 in Populus

secondary growth helps to understand how secondary growth

is regulated in trees and why it continues over a long period.
PIN5b modulates auxin homeostasis in the vascular
cambium area during secondary growth in Populus

Studies have indicated that auxin is involved in vascular tissue for-

mation (Mattsson et al., 1999; Sieburth, 1999; De Rybel et al.,

2014). The local maximum concentration of auxin in cells with

xylem identity in Arabidopsis root cambium modulates cambium

activity and the differentiation of vascular tissues (Smetana

et al., 2019). In trees, auxin plays a critical role in the secondary

growth of stem (Uggla et al., 1996). Across the vascular

cambium area, the auxin concentration shows a gradient

distribution (Uggla et al., 1996, 1998). Directional cell-to-cell
ications 2, 100134, September 13 2021 ª 2020 The Author(s). 5



Figure 3. Expression of VCM1, VCM2, and PIN5b in cells undergoing secondary growth and the binding of VCM1 to PIN5b promoter.
(A)Cells were collected from the phloem, cambium, and xylem using amicrodissection laser capture system. The expression of VCM1, VCM2, andPIN5b

in cells was measured by qRT-PCR analysis. APLwas used as a reference for phloem-preferred expression and 4CL1 as a reference for xylem-preferred

expression.

(B) VCM1 was detected in the transgenics expressing VCM1-FLAG and used for ChIP analysis.

(C) Five fragments from the PIN5b promoter and intron (F1: �1209 to �899; F2: �451 to � 188; F3: �1815 to �1519; F4: +1724 to +1856; F5: +1930

to +2123) were examined for enrichment in VCM1-binding precipitation.

(D) Fragments F1 and F2 in thePIN5b promoter region contain possible binding elements P1 and P2, respectively. Values aremeans ±SD (n = 3 biological

replicates). Statistical significance of differences was calculated based on two-tailed, two-sample Student’s t-test (**P < 0.01, *P < 0.05).
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auxin transport and intracellular auxin compartmentation are two

major means of auxin translocation (Park et al., 2017). It is unclear

how auxin concentration is regulated, especially in the cambium

area, and how local auxin concentration affects the secondary

growth of stem. The cellular auxin concentration is regulated by

auxin biosynthesis, metabolism, and movement (Park et al.,

2017). In this study, we found that intracellular auxin transport

plays a role in tuning cellular auxin concentration across the

vascular cambium area.

Detection of auxin via immunolocalization at the cellular level has

been a useful tool for visualizing free IAA signals in a number of

species (Avsian-Kretchmer et al., 2002; Forestan and Varotto,

2013; Marquez-Lopez et al., 2018; Yan et al., 2020). Using

specific anti-IAA monoclonal antibodies, we performed IAA im-

munolocalization in Populus, which allowed us to detect the

cellular free IAA level in the cambium, phloem, and developing xy-

lem cells. The results are in good agreement with those obtained

by IAA chemical analysis in stem tissues. The overexpression of

PIN5b reduced the cytosolic IAA level, presumably through the
6 Plant Communications 2, 100134, September 13 2021 ª 2020 Th
transporter activity of PIN5b to relocate IAA from the cytosol to

the ER lumen. These results reveal that the cellular IAA concen-

tration across the vascular cambium area is tuned by intracellular

transport mediated by PIN5b. Because the output of auxin

signaling is mainly determined by cytosolic IAA levels

(Dharmasiri et al., 2005; Kepinski and Leyser, 2005),

intracellular IAA transport may regulate cytosolic auxin

concentration, which serves as a signal that modulates

secondary growth in trees.

PIN5 transporters are suggested to be localized in the ER, and the

subcellular homeostasis of auxin is modulated by the transport of

auxin from the cytosol to the ER lumen (Mravec et al., 2009; Ding

et al., 2012). Populus PIN5 homologs are preferentially expressed

across the area of the vascular cambium and localized in the ER

(Liu et al., 2014). A PIN5 homolog has been reported to regulate

cellular auxin levels in Populus (Johnsson et al., 2019). In our

study, the expression of PIN5b was activated by VCM1 and

VCM2 in relation to secondary growth. PIN5b overexpression

reduced cambium activity and inhibited secondary growth. This
e Author(s).
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suggests that the tuning of cellular auxin level by PIN5b regulates

secondary growth in Populus.
VCM1 and VCM2 regulate secondary growth through
PIN5b function in intracellular IAA transport

In trees, the secondary growth of stem gives rise to wood forma-

tion, and sophisticated transcriptional networks are involved in

controlling vascular cambium division and descendant xylem

cell differentiation (Demura and Fukuda, 2007; Zhang et al.,

2014). A great deal of interest has been invested to identify and

construct the hierarchical transcriptional networks involved in

the regulation of vascular cambium activity, cell proliferation,

xylem differentiation, and cell wall thickening using both

Arabidopsis and Populus systems (Hertzberg et al., 2001; Ko

et al., 2004; Andersson-Gunneras et al., 2006; Zhang et al.,

2019). Although progress has been made in revealing how

secondary growth is regulated through transcriptional

networks, more studies are needed to fully understand the

mechanism of secondary growth. Here, two function-unknown

MADS-box transcription factor genes, VCM1 and VCM2, were

found to be involved in the regulation of vascular cambium activ-

ity and subsequent wood formation in Populus. The downregula-

tion of VCM1 and VCM2 expression resulted in an increase of

vascular cambium proliferation activity and wood formation,

whereas in the cells of the vascular cambium area, the regulation

of VCM1 and VCM2 expression affected cytosolic IAA level and

auxin signaling. VCM1/VCM2 and PIN5b displayed the same

specificity of expression in the vascular cambium area. Evidence

also suggested that VCM1 binds to the PIN5 promoter and regu-

lates its expression. Thus, VCM1/VCM2 and PIN5b may act in a

regulatory pathway to tune the level of cytosolic IAA in vascular

cambium cells, which in turn serves as a hormone signal tomodu-

late the secondary growth of stem (Figure 7).

Although an IAA concentration gradient is known to exist across

the vascular cambium area, more insights into the regulation and

establishment of IAA signaling are essential, given its effects on

vascular cambium activity, cell proliferation, and xylem differenti-

ation. Our study reveals a transcription regulatory pathway

behind the observed phenomenon and an explanation for a better

mechanistic understanding of the secondary growth of stem.
MATERIAL AND METHODS

Plant material and growth conditions

The Populus tree (Populus deltoides 3 P. euramericana cv. Nanlin895)

used in this study was grown in a phytotron with a light/dark cycle of

14/10 h under 60% relative humidity at 25�C.

Gene sequence analysis

The amino acid sequences of VCM1 and VCM2 were obtained from the

Populus genome database (www.phytozome.net/poplar). VCM1 and

VCM2 homologs were searched in the NCBI database using BLAST and
Figure 4. Detection of cytosolic IAA in the regulation of VCM1and V
(A–D) Cytosolic IAA was detected through immune-histochemical fluorescenc

examined area is quantified as intensity. IgG served as the negative control. (A

plants; (D) Ca, cambium; Xy, xylem; Ph, phloem.

(E) Chemical determination of IAA and its amino acid conjugates. Values are

internodes were collected for analysis. Statistical significance of differences w
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aligned using CLUSTALW. The phylogenetic relationship was analyzed

in MEGA 6.0 (Tamura et al., 2013) using the neighbor-joining method.

Bootstrap values were calculated from 1000 trials. Full-length VCM1

and VCM2 coding sequences were cloned from the Populus clone

Nanlin895.

Gene expression analysis

Total RNA was isolated from SMT, leaves, different stem internodes, and

roots using a total RNA kit following themanufacturer’s instructions (Omega,

R6827-02). The first-strand cDNA was synthesized from total RNA using

cDNA Synthesis SuperMix (TransGen, AT311-03) and used for the qRT-

PCR analysis of gene expression using gene-specific primers

(Supplemental Table 2). qRT-PCR was performed using PerfectStart Green

qPCR SuperMix (TransGen, AQ601) and a QuantStudio 3 Real-Time PCR

DetectionSystem (ThermoFisherScientific) according to themanufacturer’s

instructions. For the normalization of target gene expression in each sample,

Actin2 (Potri.001G309500) was used as an internal control.

Constructs and transformation

Nanlin895 was used for genetic transformation according to the protocol

used in our lab (Li et al., 2003). For promoter analysis, �2.5 kb fragments

from VCM1 and VCM2 promoterswere cloned fromPopulus, respectively.

The promoter fragment was cloned into a pCAMBIA2300-GUS vector up-

stream of uidA (GUS) and transferred to Populus for GUS activity analysis.

For the downregulation of VCM, a fragment (245 bp) of VCM2 was con-

structed to form a hairpin structure that would function as an RNAi sup-

pressor under the control of the CaMV 35S promoter. Because VCM1

and VCM2 share high homology, the RNAi construct may target both of

them when it is transferred to Populus for the generation of knock-down

lines. Meanwhile, for upregulation, VCM1 was transferred to Populus un-

der the control of the CaMV 35S promoter. On the other hand, the full cod-

ing region of PIN5b was subcloned into vector pCAMBIA2300 under the

control of the CaMV 35S promoter and transferred to Populus. Agrobac-

terium strain GV3101 was used for mediating Populus transformation. To

determine the subcellular localization of VCM proteins, YFP-VCM1 and

YFP-VCM2 fusion proteins were constructed under the control of the

CaMV 35S promoter and introduced into tobacco leaves through Agro-

bacterium-mediated transformation. Primers used for vector construction

are listed in Supplemental Table 2.

Histochemical staining

For GUS staining, convenient cross-sections of the stem were incubated

in 50% acetone (v/v) for 10 min on ice and then stained in GUS solution

(100 mM sodium phosphate [pH 7.0], 10 mM EDTA, 0.5 mM ferrocyanide,

0.1% Triton X-100, 20%methanol, and 2 mM X-Gluc) at 37�C. After stain-
ing, sections were cleared by 70% ethanol, washed using ddH2O, cleared

by chloral hydrate (7.5% [w/v] gum arabic, 6.05M chloral hydrate, and 5%

glycerol [v/v]), and photographed. For the analysis of stem structure, stem

internodes were fixed, paraffin-embedded, sectioned, and observed as

described previously (Zhu et al., 2018)

RNA sequencing

Total RNAwas isolated from stem internodes using a total RNA kit accord-

ing to the manufacturer’s instructions (Omega, R6827-02) after a combi-

nation of three biological repeats of independent lines of the transgenic

and WT plants. After the RNA quality was confirmed, 5 mg of the total

RNA was used to construct a cDNA library using the TruSeq Stranded

mRNA LT Sample Prep Kit (Illumina, RS-122-2101) and Agencourt
CM2.
e analysis using IAA-specific antibodies and the fluorescence signal in the

)WT; (B) VCM1 and VCM2 knock-down plants; (C) VCM1 overexpression

means ± SD (n = 3 biological replicates). Tissues from the 10th to 14th

as calculated based on two-tailed, two-sample Student’s t-test.

e Author(s).
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Figure 5. Phenotypes of PIN5b overexpression lines.
(A) WT and PIN5b overexpression lines (POE5 and POE11) were grown in a phytotron for 2 months. Scale bar corresponds to 9 cm.

(B) PIN5b expression. Values are means ± SD (n = 3 biological replicates).

(C and D) Cross-section of the 11th internode stained with toluidine blue (above) and enlarged rectangle area (below). (C)WT; (D) PIN5b overexpression

lines. Xy, xylem; Ph, phloem; Ca, cambium. Scale bars correspond to 200 mm (50 mm in enlargements).

(E) Number of xylem cell layers (n > 50).

(F)Number of cambium cell layers (n > 50). Values aremeans ±SD. Statistical significance of differenceswas calculated based on two-tailed, two-sample

Student’s t-test (**P < 0.01, *P < 0.05).
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AMPure XP (Beckman Coulter, A63881). The cDNA library was quality

controlled using the Agilent 2100 Bioanalyzer and sequenced using the

150 bp paired-end sequencing strategy, which was performed on the Illu-

mina HiSeq X10 platform. Raw data (raw reads) were processed using the

NGS QC Toolkit (Patel and Jain, 2012). Clean reads were mapped to the

genome of Populus trichocarpa (http://phytozome.jgi.doe.gov/) using

the HISAT2 program with default parameters (Kim et al., 2015).

Fragments per kilobase per million were calculated using Cufflinks

(Roberts et al., 2011). DEGs were identified using the DESeq R package
Plant Commun
with the estimateSizeFactors and nbinomTest functions. P < 0.05 and

fold change >2 or fold change <0.5 were set as the threshold for

significantly differential expression. KEGG pathway enrichment analysis

of DEGs was performed using R based on the hypergeometric

distribution (Kanehisa et al., 2008).

Laser microdissection

Internodes (8th–10th) from WT plants were sampled for stem sectioning.

Laser microdissection, RNA extraction, RNA amplification, and qRT-PCR
ications 2, 100134, September 13 2021 ª 2020 The Author(s). 9
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Figure 6. Detection of cytosolic IAA in the PIN5b overexpression line.
(A–C)Cytosolic IAAwas detected using IAA-specific antibodies and the fluorescence signal in the examined areawas quantified as intensity. (A)Negative

control IgG; (B) WT; (C) PIN5b overexpression line. Ca, cambium; Xy, xylem; Ph, phloem.

Plant Communications VCM1 and VCM2 funtion in stem secondary growth
measurement were conducted as described previously (Song et al., 2010).

Primers used for PCR analysis are listed in Supplemental Table 2.

ChIP

For the ChIP analysis, stem internodes were sampled from WT and trans-

genic plants. The transgenics expressing VCM1-FLAG were used to

isolate proteins for western blot analysis using an anti-FLAG antibody (Ab-

mart, M2008L). ChIP was performed as described previously (Bowler

et al., 2004) using a Magna ChIP A/G Kit (Millipore). The bound DNA frag-

ments were analyzed using qRT-PCR. The primers are listed in

Supplemental Table 2.

IAA immunolocalization and analysis

Based on the previously described method of IAA immunolocalization

(Marquez-Lopez et al., 2018), a modification was made for IAA

detection in the Populus stem tissue. In brief, stem segments (3 mm in

length) from transgenic and WT Populus were prefixed in 3% EDAC (1-

Ethyl-3-(3-Dimethylaminopropyl)Carbodiimide Hydrochloride) (ABCONE)

in 13 PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM

KH2PO4 [pH 7.4]). To remove the gas from stem tissues, vacuum was

applied two to three times to ensure that the stem was completely

submerged in the solution. The stem tissues were then stored at 4�C for

30 min. After the samples were fixed in a formaldehyde-acetic acid solu-
10 Plant Communications 2, 100134, September 13 2021 ª 2020 Th
tion (formaldehyde:glacial acetic acid:70% ethanol [1:1:18]) for 24–48 h,

they were dehydrated via a graded ethanol series and embedded

in paraffin. The stem samples were sectioned to a thickness of 10 mm us-

ing a rotary microtome (Leica RM2235). Sections were incubated with an

IAA-specific antibody (Sigma, A0855). Detection was carried out using

Alexa Fluor 488 antibody (Abcam, ab150113) following a standard

method. For the chemical determination of IAA, fresh internode tissues

(from the 10th to the 14th stem internodes) were ground to a fine

powder in liquid nitrogen, and 0.5 g of sample was used for the determi-

nation of IAA and its amino acid conjugates according to a previously re-

ported method (Matsuda et al., 2005).
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Figure 7. A proposed model for the involvement of VCM1and
VCM2 in regulating secondary growth.
VCM1 and VCM2 regulate PIN5b expression in the cambium area. PIN5b

transports IAA from the cytosol to the ER lumen, thereby tuning the

cytosolic IAA concentration. Thus, VCM1 and VCM2 play a critical role in

regulating vascular cambium proliferation and secondary growth through

modulating auxin homeostasis.
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