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Introduction

Summary

e Tissue regeneration upon wounding in plants highlights the developmental plasticity of
plants. Previous studies have described the morphological and molecular changes of sec-
ondary vascular tissue (SVT) regeneration after large-scale bark girdling in trees. However,
how phytohormones regulate SVT regeneration is still unknown.

¢ Here, we established a novel in vitro SVT regeneration system in the hybrid aspen (Populus
tremula x Populus tremuloides) clone T89 to bypass the limitation of using field-grown trees.
The effects of phytohormones on SVT regeneration were investigated by applying exogenous
hormones and utilizing various transgenic trees. Vascular-tissue-specific markers and
hormonal response factors were also examined during SVT regeneration.

e Using thisin vitro regeneration system, we demonstrated that auxin and cytokinin differen-
tially regulate phloem and cambium regeneration. Whereas auxin is sufficient to induce
regeneration of phloem prior to continuous cambium restoration, cytokinin only promotes the
formation of new phloem, not cambium. The positive role of cytokinin on phloem regenera-
tion was further confirmed in cytokinin overexpression trees. Analysis of a DR5 reporter trans-
genic line further suggested that cytokinin blocks the re-establishment of auxin gradients,
which is required for the cambium formation. Investigation on the auxin and cytokinin
signalling genes indicated these two hormones interact to regulate SVT regeneration.

e Taken together, the in vitro SVT regeneration system allows us to make use of various
molecular and genetic tools to investigate SVT regeneration. Our results confirmed that com-
plementary auxin and cytokinin domains are required for phloem and cambium reconstruc-
tion.

current studies are mainly focused on the regeneration of primary
tissues, and less attention has been paid to secondary tissue regen-

R )

o«

9po) [ewanof | o~
_al

HdN

‘oN 1drrosnuepy
7€667-610C | 61091

ATTIM

#1 :saded Jo *oN
61°L°€7 *yovedsiq

Lresysausty

efey 40

Plants are highly capable of repairing their damaged body parts
through the regeneration strategy for survival in natural environ-
ments. More than a century ago, Gottleib Haberlandt (1902)
hypothesized the totipotency theory to explain the remarkable
developmental plasticity of plants. Studies have found that vari-
ous plant primary tissues from root, shoot and leaf explants are
capable of regeneration under proper conditions (Xu & Huang,
2014; Nishihama ezal, 2015; Ikeuchi ezal, 2016). The sec-
ondary vascular tissues (SVTs), composed of phloem, xylem and
the lateral meristem cambium between them, can also be re-
established after bark strip separation in trees (Brown & Sax,
1962) or even after a large-scale bark girdling in Eucommia and
Populus trees (Pang et al., 2008; Zhang eral., 2011). However,
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eration. So far, it is still unclear how various regulators, including
phytohormones, act in the process of SVT regeneration due to
the limitation of using i situ systems in trees (Chen ez al., 2014).

Generally, de novo regeneration occurs in response to various
external stimuli, such as wounding and grafting (Xu & Huang,
2014; Melnyk ez al., 2015; Chen ez al., 2016a; Efroni ez al., 2016;
Iwase ezal., 2017). The in situ SVT regeneration system after
large-scale bark girdling was initially established in Eucommia to
allow repeated bark harvest for medicinal purposes (Li ezal,
1981) and was successfully expanded to the model tree Populus
(Li & Cui, 1988; Cui eral., 1989; Du ezal., 2006; Pang eral.,
2008; Zhang ez al., 2011). This in situ SVT regeneration system
has two features: first, the phloem is restored earlier than a func-
tional cambium; second, both phloem and cambium are derived
from the remnant differentiating xylem cells (Pang ez al., 2008;
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Zhang et al., 2011). These findings are consistent with the discov-
ery that, during tissue regeneration in Arabidopsis, the differenti-
ating cells switch cell fates directly without reverting to
functional stem cells (Sena eral, 2009; Correa etal., 2012).
Therefore, elucidating the regulation of SVT regeneration would
help us to understand the general mechanisms of tissue regenera-
tion in all plants.

The involvement of the phytohormones auxin and cytokinin
(CK) during plant regeneration has been demonstrated in various
systems. It is well known that different CK-to-auxin ratios
revealed distinct effects on organogenesis in vitro (Skoog &
Miller, 1957; Zhao etal., 2013). The roles of auxin and CK
appeared versatile, depending on the regeneration systems. Gen-
erally, wounding serves as a signal leading to the accumulation of
auxin, followed by sequential cellular events during regeneration
in plants (Liu eral, 2014; Chen ez al., 2016b). During adventi-
tious root formation from Arabidopsis leaf explants, the redistri-
bution of auxin maxima promotes cell fate transition from
procambium cells to root founder cells, leading to the regenera-
tion of root stem cell organizer (Liu ezal, 2014). On the other
hand, elevated CK can induce the re-establishment of the shoot
stem cell niche marked by WUS (Che ez al., 2007; Gordon ez al.,
2009). CK can stimulate auxin accumulation and redistribution
in calli (Kakani ez al., 2009), whereas increasing the CK concen-
tration can lead to more diffuse, reduced, or even the loss of
auxin maxima during root formation from explants (Pernisova
eral., 2009). Intriguingly, auxin is able to induce the production
of CK during root organogenesis, which in turn modulates root
formation (Pernisova eral, 2009). It is also suggested that an
antagonistic pattern of auxin and CK response signals could
provide positional information for the stem cell fate decisions
during shoot and root tip regeneration (Cheng eral, 2013;
Efroni ez al., 2016; Meng ez al., 2017). Previous reports in various
systems suggest that the functions and interactions of auxin and
CK during regeneration are organ or tissue specific. Therefore, it
is essential to explore how these two hormones act during SVT
regeneration.

Auxin and CK also play important roles during normal
SVT development (Zhang eral., 2014). Several decades ago,
trees were discovered to have a radial gradient of auxin con-
centration across the SVT with a maximum located in the
cambium zone (Uggla eral, 1996; Bhalerao & Fischer, 2014).
By contrast, the distribution pattern of CKs across the SVT in
trees shows a peak in the developing phloem side, which is
distinct but partially overlapping with the auxin domain
(Immanen eral., 2016). Tissue-specific transcriptome profiling
analysis in Populus has shown that several auxin and CK sig-
nalling- and transport-related genes are differentially expressed
during SVT regeneration, indicating that the hormone distri-
bution is altered during this process (Zhang eral., 2011). Nev-
ertheless, how auxin and CK regulate the regeneration of a
specific tissue is not clear.

The in situ SVT regeneration system has been very useful to
study the morphological progression and molecular profiling of
SVT regeneration (Li & Cui, 1988; Cui eral, 1995; Du etal.,
2006; Pang etal, 2008; Zhang etal, 2011). However, it is
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difficult to assess how hormones affect regeneration due to the
endogenous hormone sinks from the ungirdled part of the tree
and the challenges associated with applying exogenous hormones
in this system. Therefore, this work is aimed at developing a well-
controlled in vitro system to study SVT regeneration, and to
explore the roles of auxin and CK in this process. With a newly
established n vitro SVT regeneration system combined with vari-
ous tissue identity markers and transgenic trees, we show that
auxin and CK differentially regulate phloem and cambium regen-
eration after bark girdling in Populus. Our findings additionally
indicate diverse auxin—CK interactions taking place during repat-
terning of different vascular tissues.

Materials and Methods

Plant materials and cloning

The hybrid aspen (Populus tremula x Populus tremuloides) clone
T89 was used as wild-type (WT) trees. Transgenic Populus trees,
including PeLMX5::AtIPT7 (Immanen et al., 2016), pBpCRE].:
AtCKX2 (Nieminen eral, 2008), pAILI:UidA (pAILI1:GUS)
(Karlberg eral, 2011) and PtaDR5:GUS (Spicer etal., 2013),
were obtained and used in this study. The new transgenic line
Pt MX5::AtCKI1 was generated in this study. The full coding
sequence of ARABIDOPSIS CYTOKININ-INDEPENDENT 1
(ArCKI1, AT2G47430) amplified ~ with  primer
CKI1_cDNA_attB1_FP (5'—ggggacaagtttgtacaaaaaagcaggctggAT
GATGGTGAAAGTTACAAAGC-3') and  CKI1_cDNA_
attB2_RP  (5'-ggggaccactttgtacaagaaagctgggtaCTAGTGACGT
TTGCTTTC GAT-3’) from the complementary DNA (cDNA)
of Arabidopsis seedling and subsequently cloned into a Gateway
entry clone vector. The final expression construct driven by
LMXS5 promoter (Love ezal., 2009) was transformed into WT
clone T89 to generate transgenic trees as previously described
(Immanen eral, 2016). The induction levels of A*CKII and
Populus RESPONSE REGULATOR 7 (PtRR7) were checked by
quantitative reverse transcription PCR (qRT-PCR) as described
subsequently to select the best line for regeneration experiments.

was

Populus trees were grown for 3 months in a glasshouse under long
day conditions (16h: 8h, light:dark) at 25°C before the
girdling experiments. Transgenic trees of pBpCREI::ArCKX2
were grown in a glasshouse for 5 months because of their severely
decreased growth (Nieminen ez al., 2008).

Establishment of the in vitro SVT regeneration platform

The split-medium was used and made as described by Agusti
eral. (2011) with the following modifications. Standard 9 cm
Petri dishes were filled with 50 ml ¥2 Murashige & Skoog (MS)
medium containing 2.2 grl MS (Duchefa), 30 grl sucrose
(Sigma), 10 grl agar (Difco), 0.5 grl MES hydrate (Duchefa).
After a medium strip, 2 cm wide, was cut and removed from the
centre of the plates, the volumes of the leftover medium were cal-
culated. Corresponding volumes of the stock solutions of auxin
(naphthaleneacetic acid (NAA)) were added to the media halves
at fixed positions. CK (#ranszeatin (tZ)) was ubiquitously
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applied in the medium before solidification. The plates were kept
at 4°C for 1 wk to allow the hormone diffusion in the medium.
The poplar stems were collected and checked with hand-cut
sections by toluidine blue O (TBO) staining under Leica 2500
light microscope. The stems were cut into 4 cm long fragments
and sterilized as previously reported (Agusti ez al., 2011) with the
following modifications. The stem fragments were surface steril-
ized with 70% ethanol for 45 s followed with 2% Klori (chlorine)
for 15 min. Both ends of the stem fragments were excised with a
sterilized razor blade. Next, the stem bark was peeled off and the
girdled segments bridged vertically on the split-plate with two
ends laid on apical (upper) and basal (lower) medium of the
plates respectively (Fig. 1b). Samples were then incubated verti-

cally in the growth chamber (Sanyo) under long day conditions
(16 h: 8h, light: dark) at 25°C.

Sampling and histological analysis

To examine the expression of vascular tissue identity markers,
RNA samples from the sequential tangential cryo-sections
crossing the SVTs as described by Nieminen eral (2008)
were used.

The regenerated samples were harvested at 0, 3, 6, 9 and 13 d
after girdling (DAG). The regenerated tissues scraped from the
surface were ground with mortars and pestles after freezing in the
liquid nitrogen for further RNA extraction. For histological anal-
ysis, the middle part (c. I cm in length) of each stem fragment
that did not touch the medium was sampled. The harvested stem
samples were fixed with 4% paraformaldehyde and 0.2% glu-
taraldehyde in 0.01 M phosphate-buffered saline (pH 7.2), then
embedded with LR White resin (Sigma). Thin plastic sections
(5 um) were cut with a Leica microtome and stained with TBO
before imaging. Aniline blue staining was performed in hand-cut
sections as described by Zhang eral (2011). B-Glucuronidase
(GUS) staining was carried out on hand-cut sections as described
by Nieminen et al. (2008); ruthenium red (0.05% in water) was
used as a contrast stain. For histological analysis, sections from at
least 10 individual fragments were imaged for each time point
within one treatment. Three to five independent experiments that
were repeated produced similar results. Plastic longitudinal- or
cross-sections were used to calculate the number of regenerated
cambial cells (see following subsection).

Quantification of regenerated cambial cell and statistical
analysis

The number of regenerated cambial cells per section was counted
on the plastic longitudinal- or cross-sections (x20 magnifica-
tion). First, we considered ‘continuous cambium’ to be where at
least four uninterrupted flat cambial cells adjacent to immature
xylem cells that were undergoing periclinal division was observed.
All cambial cells in such a region were counted as regenerated
cambial cells. In some sections from 9 DAG, the number was
counted as zero when no continuous cambium was observed. A
two-tailed Student’s #test was used to calculate the P value to
determine the significant differences. Statistical analyses and box
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plots were performed using PrisM (GraphPad Software, La Jolla,
CA, USA, http://www.graphpad.com).

Identification of Populus phloem marker genes and phylo-
genetic analysis

The orthologues of two phloem tissue identity marker genes in
Arabidopsis ALTERED PHLOEM DEVELOPMENT (AtAPL,
AT1G79430) (Bonke et al., 2003) and CALLOSE SYNTHASE 7
(AtCALS7, AT1G06490) (Xie etal., 2011) were identified with
the BLASTP program using the protein sequences of AAPL and
AtCALS7 as baits against the Populus genome as described in
Karlberg ezl (2011). The amino acid sequence alignment was
performed using CLusTALX2, and the neighbour-joining method
was used to construct the phylogenetic trees by MEGAG with the
default settings.

gRT-PCR and statistics

Total RNA was extracted using an RNeasy Plant Mini kit (Qia-
gen) with an on-column DNase [ treatment, as described else-
where (Immanen eral., 2016). A 1 pg sample of total RNA was
used to synthesize cDNA using the First Strand cDNA Synthesis

Kit (Thermo Scientific) with random hexamer primer according

to the manufacturer’s instructions.

The diluted ¢cDNA (1:6) was used as the template for the
qRT-PCR reaction, and four technical repeats were done for each
reaction. All qRT-PCR reactions were performed on a
LightCycler 480 (Roche) with LightCycler 480 SYBR Greenl
master mix (Roche) and the manufacturer’s qRT-PCR program.
Populus UBIQUITIN-LIKE (PtUBQ) was used as the reference
gene unless stated otherwise. The relative expression level for each
sample was normalized to the sample collected at 0 DAG in each
experiment and calculated using the comparative Cr (AACY)
method (Livak & Schmittgen, 2001). Data obtained from three
independent biological replicates were used for statistical analysis.
Pairwise comparison was carried out for each hormone-treated
sample against the control sample (without any hormone) at the
same stage (DAG) using a two-tailed Student’s #test. All statisti-
cal analyses were performed using Spss software (SPSS Inc.,
Chicago, IL, USA). The sequences of all primers used for qRT-
PCR are listed in Supporting Information Table S1. The exact
Pvalue for each comparison is listed in the Table S2.

Results

Auxin induces both phloem and cambium restoration
during in vitro SVT regeneration

Here, we first established an in vitro SVT regeneration system
in the hybrid Populus WT trees (T89; Fig. 1a). Stem fragments
were taken from actively growing trees and cultured on the
split-medium containing exogenous auxin (NAA) after bark
girdling (Fig. 1b). Before girdling, a typical SVT radial pattern
was displayed and the phloem-specific callose deposition was
detected with aniline blue staining (Fig. 1¢). Upon girdling,
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Fig. 1 Auxin stimulates the in vitro secondary vascular tissue (SVT) regeneration after bark girdling in Populus wild-type (WT) trees. (a) The Populus
tremula x Populus tremuloides WT (clone T89) tree growing in the glasshouse used for the SVT regeneration experiment. (b) The sterile stem fragments
incubated after girdling. (c) Toluidine blue O (TBO, left panel) and aniline blue (right panel) stained hand-cut cross-sections of the 30" stem internode in
WT before girdling. (d) TBO-stained hand-cut cross-sections after girdling at 0 d after girdling (DAG). (e, f) TBO (left panel) stained plastic sections and
aniline-blue-stained hand-cut longitudinal sections of the control stems (e) and 10 uM naphthaleneacetic acid (NAA)-incubated stems (f) at 6, 9 and

13 DAG. (g) Number of regenerated cambial cells per longitudinal section at 9 DAG and 13 DAG upon 10 uM NAA treatment as indicated in (f) with red
asterisks. Box plots are centred at the median, which splits the first and third quartiles. n, number of sections used for quantification. P value was calculated
using a two-tailed Student's t-test. (h) Aniline-blue-stained hand-cut longitudinal sections of stems treated with basally applied 10 uM NAA at 9 DAG. (i)
TBO-stained plastic cross-sections of stems treated with apically applied 10 uM NAA at 13 DAG. (j) Aniline-blue-stained (left panel) hand-cut longitudinal
sections and TBO-stained plastic longitudinal sections of stems treated with apically applied 10 pM NAA and 100 pM naphthylphthalamic acid (NPA) at

13 DAG. All TBO-stained sections were imaged with a bright-field microscope and all aniline-blue-stained sections were imaged with a fluorescence
microscope. White arrowheads show the callose deposition stained by aniline blue. Red arrowheads show the original cambium in (c). Red asterisks show
the regenerated cambial cells in (f). Black arrowheads show the regenerated xylem islands. Ph, phloem; Ca, cambium; Xy, xylem; Cal, callus; rC,
regenerated cambium; 10 pM NAA (apical), 10 pM NAA applied in the apical part of the split-medium; 10 uM NAA (basal), 10 pM NAA applied in the
basal part of the split-medium; 10 pM NAA + 100 uM NPA (apical), 10 pM NAA and 100 pM NPA applied in the apical part of the split-medium. Scale bars:
1min (a); 2cmin (b); 100 pm in (c)—(f), (h)-().

both the cambium and phloem cells were peeled off, leaving At 3-6 DAG, callus cells derived from the differentiating
only the differentiating xylem cells on the girdled stem surface xylem appeared and covered the girdled surface (Fig. le,f). With
(Fig. 1d). Thus, the original SVT pattern was disrupted after ~ application of 10 uM NAA in the apical part of the split-
girdling. medium, a patched callose accumulation was first detected at
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6 DAG. A phloem sieve element (SE)-specific deposition pattern
(i.e. callose deposition in sieve area and sieve plates along SEs;
Pang etal, 2008; Vatén eral, 2011; Zhang etal, 2011) was
observed from 9 DAG (Fig. 1f). A new continuous cambium (i.e.
at least four uninterrupted flat cambial cells adjacent to immature
xylem cells that are undergoing periclinal division) was regener-
ated between 9 and 13 DAG (Fig. 1f,g). No regenerated cambial
cells were observed at 6 DAG, and the number of regenerated
cambial cells was significantly increased at 13 DAG (mean 36)
compared with 9 DAG (mean 7.5; Fig. 1f,g). When a lower or
higher concentration (5 or 25 pM) of NAA was applied, a similar
pattern was observed except that no callose was detected upon
5 UM of NAA at 6 DAG (Fig. Sla—c). The average numbers of
regenerated cambial cells at 13 DAG were 22.4 in 5 uM NAA-
treated samples and 20.2 in 25uM NAA-treated samples
(Fig. S1c). Additionally, the observation of ‘xylem islands™ adja-
cent to the regenerated cambium at 13 DAG demonstrated that
the newly formed cambium was active (Figs 1f, Sla,b). By con-
trast, when 10 tM NAA was applied in the basal part of the split-
medium, the callose could be detected after 9 DAG (Fig. 1h) but
no continuous cambial cells appeared at 13 DAG (Fig. 1i). When
the auxin polar transport inhibitor N-1-naphthylphthalamic acid
was applied together with NAA apically, no typical phloem SE or
flat cambial cells were observed at 13 DAG (Fig. 1j). No obvious
phloem or cambium was regenerated in the control samples
(Figs 1e, S1d).

Based on these observations, we could conclude that the exoge-
nous auxin is sufficient to induce SVT regeneration iz vizro and
that phloem is regenerated before the formation of a functional
cambium in this system. These results also imply that auxin
transport may influence the regeneration of cambium, since SVT
regeneration only occurred when auxin was added to the apical
part of the medium (Fig. 1f,g).

Expression analysis of the vascular marker genes verified
the tissue identities during the in vitro SVT regeneration

To further define the various stages of the SVT regeneration pro-
cess, we identified and investigated various vascular tissue identity
marker genes in Populus. It is well known that APL is a major
transcription factor that regulates phloem identity and is specifi-
cally expressed in phloem (Bonke eral, 2003). In addition,
CALSY is phloem specific and responsible for callose deposition
in the SEs (Xie eral, 2011). Orthologues of AtAPL and
AtCALS7 were identified in the Populus genome, named PtAPL-
1, PtAPL-2, PtCALS7-1 and PrCALS7-2 (Figs S2, S3). Expres-
sion of these four genes was examined across the Populus cambial
zone in sequential cryosections (Nieminen ez al., 2008) by qRT-
PCR. The results demonstrated that their expression levels
peaked in early phloem (Fig. S4). PtAPL-1 and PtCALS7-1 were
selected as phloem markers in Populus and their expression pat-
terns investigated during SVT regeneration. Upon 10 uM NAA
treatment, the expression levels of both PtAPL-1 and PtCALS7-1
were significantly increased after 6 DAG and continuously upreg-
ulated until 13 DAG, when there was a steep increase (Fig. 2a,b),
probably because the newly formed cambium started to produce
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new phloem (Figs 1, 2a,b). By contrast, the expression of neither
gene was induced in the control samples (Fig. 2a,b). Our data
confirmed that auxin induced the restoration of phloem identity
as early as 6 DAG.

We next verified the new cambium identity during the SVT
regeneration process by using the Populus transgenic line har-
bouring the GUS reporter of AINTEGUMENTA-LIKE-I
(PtAILI), referred to as pAILI:GUS (Karlberg eral, 2011).
PtAILI has been identified as the Populus orthologue of the
Arabidopsis transcription factor AINTEGUMENTA (ANT) that
is specifically expressed in cambium (Randall ezal, 2015). We
first checked the expression patterns of PtAILI before girdling
and found that it was enriched in the cambium zone and the
primary xylem parenchyma cells in the stem (Fig. 2c). After
girdling, the GUS signals disappeared, indicating the removal of
original cambium (Fig. 2c). During SVT regeneration, in the
10 uM NAA-incubated samples, a GUS signal was detected at 3
and 6 DAG at a very low level, and then became more visible at
9 DAG (Fig. 2¢). At 13 DAG, a strong GUS signal was observed
in the regenerated cambium region, resembling the pattern
before girdling (Fig. 2¢). The GUS signal in the control treat-
ment remained at a very low level throughout the whole process
(Fig. 2d).

Collectively, by analysing the expression patterns of the vascu-
lar marker genes across the in vitro SVT regeneration process
induced by auxin, we confirmed the molecular identities of the
regenerated tissues at various regeneration stages, which were
consistent with our morphological observations (Fig. 1).

CK is sufficient to induce new phloem but not cambium
regeneration

To investigate the potential roles of CK in SVT regeneration, we
applied tZ to WT Populus samples during in vitro incubation.
With 1 uM tZ treatment, callose could be detected in the cells
adjacent to xylem cells as early as 3 DAG, and the phloem-speci-
fic deposition pattern appeared at 13 DAG (Fig. 3b). Starting
from 9 DAG, there was also detectable callose deposition in the
sample incubated with 0.1 uM tZ (Fig. S5a). However, only
weak signals could be found with 10 uM or 60 pM tZ applica-
tion at 13 DAG (Fig. S5b,c). These results indicated that CK
could stimulate the phloem regeneration in a dose-dependent
manner during SVT regeneration.

Analysis of the expression patterns of PtAPL-1 showed that it
was highly induced at 3 DAG (Fig. 4a), earlier than in NAA-
treated samples (Fig. 2a). For PrCALS7-1, the expression was
induced from 3 DAG until 13 DAG (Fig. 4a). These data were in
agreement with the callose deposition phenotypes (Fig. 3b) and
validated that CK could promote phloem regeneration.

Moreover, to verify the role of CK during SVT regeneration
genetically, we generated and used multiple transgenic trees in
which CK signalling or biosynthesis was manipulated. To stimu-
late the CK signalling in vascular tissues, we overexpressed the
AtCKI1 gene under the Pl MX5 promoter (Love ez al., 2009). It
has been reported that AzCK7I induces the CK-independent acti-
vation of CK signalling during vascular bundle development in
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tissues. The transcriptional expression of (a) PtAPL-7 and (b) PtCALS7-1 at 0, 3, 6, 9 and 13 d after girdling (DAG) in the control or 10 uM
naphthaleneacetic acid (NAA) incubated wild-type samples. Gene expression was quantified by quantitative reverse transcription PCR. Relative expression
is normalized against the expression of 0 DAG. Value is mean =+ SE (n=3). Student's t-test was done between the NAA-treated sample and control sample
at each stage. **, P<0.01; *, P<0.05. The exact P value for each comparison can be found in Supporting Information Table S2. (c) The B-glucuronidase
(GUS) expression in pAIL7:GUS transgenic lines before girdling (upper panel) and after girdling (lower panel) at 0 DAG. GUS-stained hand-cut sections
from the 30t stem internode are shown. (d) GUS expression in the hand-cut sections of control pAIL7:GUS transgenic lines at 3, 6, 9 and 13 DAG. (e) GUS
expression in the 10 uM NAA-incubated pAIL7:GUS transgenic lines at 3, 6, 9 and 13 DAG. All sections were imaged with a bright-field microscope in (c)—
(). The red arrowheads show the newly formed continuous flat cambium cells. Ph, phloem; Ca, cambium; Xy, xylem; Cal, callus; rC, regenerated

cambium. Scale bars, 100 um.

Arabidopsis (Hejatko et al., 2009). Among the 10 transgenic lines
we investigated, PrLMX5::AtCKII lines 1 and 7 both showed
high induction levels of A#CKTI and type-A CK response regula-
tor PtRR7 compared with WT (Fig. S6), indicating that CK
signalling was elevated in these two transgenic lines. Line 1 was
selected for further SVT regeneration study. Another two trans-
genic lines reported previously, PuLMX5::AtIPT7 (Immanen
etal., 2016) and pBpCREI::ArCKX2 (Nieminen et al., 2008), in
which CK biosynthesis is respectively increased and decreased,
were also investigated during SVT regeneration. We observed
that phloem-like callose deposition appeared at 13 DAG without
any exogenous CK treatment in both Pr#LMX5::AtCKII and
PreLMX5::AtIPT7 lines (Fig. 5a,b). By contrast, callose deposi-
tion was induced in pBpCREI::ArCKX2 line at 6 DAG only upon
treatment with a higher concentration of CK (10 uM tZ; Fig. 5¢)
than in the WT (Fig. 3). These observations confirmed that ele-
vated CK signalling or hormone content promotes phloem
regeneration, whereas the lack of CK causes defects in this
process.

Surprisingly, anatomic analysis revealed that no cambium was
observed with CK application even at a late stage (13 DAG;
Figs 3b, S5). This absence of cambium was also found in the
Pl MX5::AtCKT1, PalMX5::AtdPT7 and pBpCREI::ArCKX2
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trees. These anatomic results were in line with the observation of
a cambium marker reporter line (Fig. 4c). In the pAILI: GUS line,
similar to the control samples (Fig. 4b), only weak GUS signals
were found in the xylem cells near the girdled surface in the CK-
treated samples at 3 DAG and no distinct signals were observed
in later stages (Fig. 4c). These data together indicated that CK
alone might not be sufficient to induce cambium regeneration in
this 77 vitro system.

The interaction between auxin and CK affects SVT
regeneration

As already described, our study showed that exogenous applica-
tion of auxin alone was sufficient to induce both phloem and
cambium regeneration (Figs 1, S1), whereas CK contributed to
the phloem repatterning but not the cambium reconstruction
(Figs 3, 5, S5). Based on the distinct effects of exogenously added
auxin and CK during SVT regeneration, we next investigated the
interaction between these two hormones during this process. To
this end, WT stems were girdled and incubated in medium con-
taining combinatorial 10 uM NAA and 1 pM tZ. Phloem-speci-
fic callose deposition was detected from 6 DAG, and the signals
were enhanced along regeneration (Fig. 3c). The expression of

© 2019 The Authors
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Fig. 3 Phloem repatterning induced by cytokinin during in vitro secondary vascular tissue regeneration after bark girdling in Populus wild-type (WT) trees.
(a)—(c) Aniline-blue-stained hand-cut longitudinal sections (upper panel) and toluidine blue O (TBO)-stained plastic longitudinal- (3—13 d after girdling,
DAQ) or cross-sections (13 DAG) (lower panel) of (a) the control or (b) 1 pM trans-zeatin (tZ) or (c) 1 pM tZ and 10 pM naphthaleneacetic acid (NAA)-
incubated WT stems at 3, 6, 9 and 13 DAG. TBO-stained sections were imaged with a bright-field microscope, and aniline-blue-stained sections were
imaged with a fluorescence microscope. The white arrowheads show the callose deposition stained by aniline blue. Cal, callus; Xy, xylem. Scale bars,

100 pm.
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Fig. 4 The expression of the secondary vascular tissue (SVT) markers during the in vitro SVT regeneration upon cytokinin or combinatorial auxin and
cytokinin treatment in Populus. (a) The transcriptional expression of PtAPL-1 and PtCALS7-1 at 0, 3, 6, 9 and 13 d after girdling (DAG) in the control or

1 uM trans-zeatin (tZ) or 10 M naphthaleneacetic acid (NAA) and 1 pM tZ-incubated samples. Gene expression was quantified by quantitative reverse
transcription PCR. Relative expression is normalized against the expression of 0 DAG. Value is mean =+ SE (n = 3). Student's t-test was done between the
NAA-treated sample and control sample at each stage. **, P<0.01; *, P<0.05. The exact P value for each comparison can be found in Supporting
Information Table S2. (b)—(d) B-Glucuronidase (GUS expression in the stems of pAIL1:GUS at 3, 6, 9 and 13 DAG upon (b) the control treatment, (c) 1 pM
tZ treatment and (d) 1 M tZ and 10 pM NAA treatment. All GUS-stained hand-cut sections were imaged with a bright-field microscope. Cal, callus; Xy,

xylem. Scale bars, 100 pm.

PtCALS7-1 was significantly upregulated from 6 DAG, whereas
the increase of PtAPL expression became significant only at
13 DAG (Fig. 4a).

Interestingly, with combinatorial auxin and CK treatment,
there was no continuous cambium formation (Fig.3c) and
no distinct GUS signal detected in pAILI:GUS line at all
stages (Fig.4d), which resembled the phenotypes in the

New Phytologist (2019)
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sample treated with CK alone (Fig. 4c). These results indi-
cated that CK might inhibit cambium regeneration even in
the presence of exogenous auxin in the iz vitro SVT regener-
ation system.

To further study the interaction between auxin and CK
during SVT regeneration, the expression profiles of auxin
response factor PHAA3 and CK response regulator PtRR7

© 2019 The Authors
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(a) PRLMX5::CKI1

(c) pBpCRE1::AtCKX2

Fig. 5 Phloem re-establishment during the in vitro secondary vascular tissue regeneration after bark girdling in cytokinin-altered transgenic tree lines.
Aniline-blue-stained hand-cut longitudinal section (left) and toluidine blue O (TBO)-stained plastic longitudinal- (middle) and cross-sections (right) of (a)
the PttLMX5::CKI1 transgenic line and (b) PttLMX5::AtIPT7 transgenic line stems at 13 d after girdling (DAG). (c) Aniline-blue-stained hand-cut
longitudinal sections of the pBpCRE1::AtCKX2 stems upon the control treatment (left), 1 pM trans-zeatin (tZ) treatment (middle) and 10 uM tZ treatment
(right) at 13 DAG. TBO-stained sections were taken with a bright-field microscope, and aniline-blue-stained sections were taken with a fluorescence
microscope. The white arrowheads show the fluorescence signals stained by aniline blue. Cal, callus; Xy, xylem. Scale bars, 100 pm.

were analysed. Pt/AA3 was induced dramatically with 10 uM
NAA treatment from 3 DAG and reached a maximum at
6 DAG, whereas it was inhibited with 1 uM tZ and control
treatment from 3 DAG (Fig. 6f). In the case of joint treat-
ment of NAA and tZ, Pt/AA3 was slightly induced at 3 DAG
but then dropped during regeneration (Fig. 6f). For PtRR7, it
was induced by tZ treatment and reached a maximum at
3 DAG. Interestingly, P:RR7 was also significantly increased
upon NAA treatment at 3 DAG before phloem regeneration.
However, the increase of PtRR7 was not detected when
treated with both NAA and tZ (Fig. 6g).

Taken together, these results indicated that auxin could acti-
vate CK signalling in the early stage of regeneration whereas the
elevated CK might negatively regulate auxin signalling.

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust

Auxin gradient redistribution is required for cambium re-
establishment during SVT regeneration

It is well known that a radial auxin concentration gradient across
SVTs in trees is important for vascular patterning (Uggla ez al.,
1996; Immanen ezal., 2016), and this gradient is believed to be
achieved through polar auxin transport (Schrader ezal., 2003).
Therefore, it is speculated that the reconstruction of an auxin gra-
dient is crucial for SVT regeneration. To test this hypothesis, we
used a Populus auxin-responsive DR5 reporter line, PraDR5:
GUS, to visualize the auxin response during the re-establishment
of phloem and cambium.

Before girdling, the GUS expression was mainly observed in
the cambium zone (Fig. 6a), confirming the previous findings
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Fig. 6 The auxin gradient redistribution in PtaDR5:GUS line and the expression pattern of Pt/AA3 and PtRR7 during the in vitro secondary vascular
tissue (SVT) regeneration. (a) The B-glucuronidase (GUS) expression in PtaDR5:GUS transgenic lines before and after girdling at 0d after girdling
(DAG). GUS-stained hand-cut sections staining from the 30" stem internode are shown. GUS expression in the hand-cut sections of PtaDR5:GUS
stems at 3, 6, 9 and 13 DAG upon (b) the control treatment, (c) 10 pM naphthaleneacetic acid (NAA) treatment, (d) 1 uM trans-zeatin (t2)
treatment and (e) 10 pM NAA and 1 pM tZ treatment. All sections were imaged with a bright-field microscope. The red arrowheads show the
restored continuous flat cambium cells. Ph, phloem; Ca, cambium; Xy, xylem; Cal, callus; rC, regenerated cambium. Scale bars, 100 um. The
transcriptional expression of (f) Pt/AA3 and (g) PtRR7 at O, 3, 6, 9 and 13 DAG during SVT regeneration stimulated by various hormonal
treatments. Note that the lines for control and tZ treatments overlap in (f). Gene expression was quantified by quantitative reverse transcription
PCR. Relative expression is normalized against the expression of 0 DAG. Value is mean & SE (n=3). Student's t-test was done between the NAA-
treated sample and control sample at each stage. **, P<0.01; *, P<0.05. The exact P value for each comparison can be found in Supporting
Information Table S2.
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(Spicer etal., 2013). The GUS signals disappeared right after bark
girdling (Fig. 6a), indicating a disruption of the auxin gradient
across the SVT. GUS expression was induced in the xylem region
below the surface at 3 DAG in all samples, including the control
sample (Fig. 6b—e), suggesting a wounding-induced auxin
response. However, it is notable that the signals were strongest in
the sample treated with 10 uM NAA at 3 DAG. During later
stages of regeneration, the DR5 signal was first decreased at 6—
9 DAG and was then confined to the region where the regenerated
cambium appeared at 13 DAG upon auxin treatment (Fig. 6¢),
mimicking the patterns in the WT before girdling (Fig. 6a). Con-
versely, the GUS expression was below detection in the control
samples after 3 DAG (Fig. 6b). Similarly, the signal was greatly
reduced in CK and in auxin and CK jointly treated samples
(Fig. 6d,e) at later stages (6-13 DAG), suggesting that the new
auxin maximum domain was not built up under these conditions.
Therefore, lack of DR5 expression was coincident with the failure
of cambium restoration, implying the essential role of auxin redis-
tribution during SVT regeneration. The data also suggested that
CK may block the re-establishment of an auxin maximum, which
is required for the new cambium formation.

Discussion

The roles of phytohormones have been widely studied in various
plant regeneration systems as well as in SVT development. How-
ever, it has been difficult to investigate how hormones regulate
SVT regeneration in trees due to the limitation of using field-
grown trees (Chen eral., 2014). We herein report a new iz vitro
SVT regeneration system in Populus to explore the roles of auxin
and CK in regulation of SVT regeneration.

In agreement with the findings in several other plant regenera-
tion or organogenesis systems (reviewed by Chen ez al., 2014), we
found that auxin is crucial for the SVT regeneration process.
Without exogenous auxin application in the in vitro system, only
callus formation was observed and no SVT regeneration occurred
(Figs le, 2d, 3a, 4b, 6b). With auxin treatment, both phloem
and cambium were restored sequentially and derived from differ-
entiating xylem after girdling, similar to what is observed in the
in situ SVT regeneration system (Zhang ezal., 2011). It is well
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Research" 11

known that there is an auxin gradient across the wood formation
zone with the peak in the cambium (Uggla ez al., 1998; Immanen
etal., 2016). This is also confirmed by checking the DR5 signals
along the SVT zones (Spicer ez al., 2013; Fig. 6a). By employing
the PtaDR5:GUS line, we were able to visualize the auxin
response during SVT regeneration. Our data revealed that the
radial auxin distribution destroyed by girdling is restored preced-
ing the respecification of cambium upon auxin treatment but not
on CK or combinatorial auxin and CK treatments. These data
suggested auxin is sufficient to induce the regeneration of both
phloem and cambium from the residual xylem cells after girdling
and that the redistribution of an auxin gradient across the cam-
bium zone is required for cambium reformation.

To our surprise, we discovered that exogenous CK alone could
induce phloem regeneration (Fig. 3). This finding was confirmed
by using transgenic trees in which CK signalling (PrLMX5::
ArCKII) or content (PuLMX5::AtIPT7) was elevated (Fig. 5a,b).
On the other hand, when CK concentration was reduced in
pBpCRE1::AtCKX2 trees, the fact that more exogenous CK was
needed to stimulate the phloem reformation (Fig. 5¢) suggested
CK is required for phloem regeneration. A recent report showed
that CKs peak in the developing phloem tissue and that the CK
response domains are consistent with the hormonal gradients
revealed by genome-wide gene expression profiling (Immanen
etal., 2016). Both our data and the published data demonstrated
that CK is important for phloem development and phloem
regeneration. Intriguingly, in the samples with CK treatment or
auxin and CK joint treatment, cambium regeneration did not
occur. The absence of cambium was also found in the Pe#LMX5::
CKI1 or PulMX5::AtIPT7 trees during SVT regeneration. On
the other hand, it is already known that CK is required for vascu-
lar cambium development, since radial growth is dramatically
reduced in pBpCREI::AtCKX2 trees (Nieminen eral, 2008).
Therefore, CK appears to promote cambium activity in the pres-
ence of a cambium in intact trees but inhibit the establishment of
new cambium during SVT regeneration.

Taken together, we herein propose a hormonal regulatory
model during SVT regeneration based on current observations
(Fig. 7). We have demonstrated previously, in early regeneration
(3 DAG), residual xylem axial cells (vessel and fibre) gained the

Regenerated phloem

Cytokinins
PtIAA3
Auxin Auxin \/
redistribution signalling

Regenerated cambium

Fig. 7 Proposed hormonal regulatory model of the in vitro secondary vascular tissue (SVT) regeneration. Based on our observations, we propose that, after
girdling, both phloem and cambium are regenerated from the remnant differentiating xylem cells during SVT regeneration in Populus stems. Both auxin
and cytokinin (CK) regulate the restoration of phloem and cambium. Auxin alone can induce both phloem and cambium formation, whereas CK promotes
only phloem formation and inhibits cambium regeneration, probably by inhibiting auxin redistribution and signalling. On the other hand, auxin may
stimulate phloem repatterning by inducing PtRR7 through the CK signalling pathway.

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust

New Phytologist (2019)
WWW. newphytologlst com

DO



ability to divide periclinally and dedifferentiate into a meristem-
atic stage preceding the re-establishment of phloem and cambium
(Pang ez al., 2008; Zhang ez al., 2011). It has been reported very
recently that xylem acts as the cambium stem-cell organizer in
the Arabidopsis root (Smetana eral, 2019). Our findings that
phloem and cambium are re-specified from the remaining differ-
entiating xylem after girdling thus validate the role of xylem as
organizer during SVT regeneration. Furthermore, our investiga-
tion supported the hypothesis that complementary auxin and CK
domains are required for phloem and cambium reconstruction.
For phloem recovery, high CK and lower auxin domains are nec-
essary; for cambium regeneration, however, high auxin and lower
CK domains are essential (see the following).

Although both auxin and CK alone induced phloem forma-
tion, the expression of PtRR7 indicated that auxin might induce
phloem formation while activating CK signalling (Fig. 6g). It is
reported that PrRR7 is abundantly expressed in phloem cells
(Immanen et al., 2016), so the observation that dual treatment of
NAA and ¢Z cannot induce PtRR7 (Fig. 6g) might be due to the
fact that fewer phloem cells expressing PtRR7 were formed in this
condition. When CK signalling or biosynthesis was elevated via
overexpressing either ArCKII or At/PT7, phloem was regenerated
without any hormone treatment. By contrast, when the CK level
was reduced in AtCKX2-overexpression trees, a higher concentra-
tion of CK was required for phloem recovery. These results sup-
port the suggestion that phloem is regenerated within a high
endogenous CK domain. On the other hand, lower auxin level
was observed in the PmDR5:GUS line before the appearance of
phloem ¢ 6 DAG. It was also speculated earlier that phloem
regeneration may require less auxin because the auxin level is
lower in the position where phloem would appear in the early
stage of regeneration in Eucommia trees (Mwange et al., 2003).
Furthermore, both the DRS5 signals and the expression of Pr/AA3
were significantly decreased upon CK treatment compared with
auxin treatment before phloem regeneration at 6 DAG. These
data suggest that CK might inhibit the auxin signalling to main-
tain a lower auxin domain during phloem reconstruction
(Fig. 7).

For cambium reformation, a high endogenous auxin domain
seemed essential, as seen in the normal growing trees (Uggla
etal, 1998; Immanen eral, 2016; Fig. 6¢c). DR5 signal was
increased before cambium recovery and then restricted to the
newly established cambium domain upon auxin treatment. Con-
versely, DR5 signal disappeared upon CK application after
6 DAG, and, as a consequence, no cambium was regenerated,
indicating that an auxin maximum was required for cambium
restoration. Interestingly, P#/AA3 was largely inhibited upon CK
treatment from 3 DAG, implying that auxin signalling was low
in CK-treated samples and therefore no cambium could form.
All of the aforementioned evidence indicated that no cambium
could reoccur without a high auxin domain. The fact that PtRR7
was decreased before cambium regeneration on auxin treatment
indicated a lower CK domain at the cambium zone. Based on
these data, we propose that both high auxin and low CK domains
are required for cambium regeneration (Fig. 7). When the CK
level was high in either hormone-treated samples or A#CK71 and
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AtIPT7 overexpressing trees, no cambium was reformed. In the
case of dual treatment of auxin and CK, no cambium occurred
either.

In conclusion, such complementary endogenous domains of
auxin and CK might provide positional information for the sec-
ondary vascular tissue regeneration. Perturbation of such infor-
mation may lead to failure of tissue regeneration. Future efforts
will focus on using this iz vitro system to trace the sequential cel-
lular events and dissect the interactions between the key regula-
tory factors at a cellular level during SVT regeneration process.
As shown decades ago, mechanical pressure could be a crucial fac-
tor for SVT differentiation and regeneration (Brown & Sax,
1962), and our iz vitro system could thus be modified to explore
the roles of other factors, in addition to the molecular regulators,
during tissue regeneration.
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