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Abstract: Auxin has been shown to exhibit a striking concentration gradient distribution in radial
sections of angiosperm and gymnosperm species, in which peak auxin levels are concentrated in
dividing cambial cells, while the absolute auxin concentration sharply declines toward developing
secondary phloem and xylem regions. The coincidence of auxin concentration gradient across
shoot tissues and xylem cell developmental gradient has prompted that auxin could act as “a plant
morphogen” to provide a positional signal for cambial cell development. However, the specific
location of vascular cambium and the lack of mutants altering auxin distribution in shoots of woody
species made further verification experiments difficult to explore. To address this issue, different
concentrations of exogenous IAA were applied to decapitated Chinese fir (Cunninghamia lanceolata
(Lamb.) Hook.) trunks in this study to induce the change in the auxin concentration gradient
in radial stems, and its effects on cambial activities were examined on the physiological, cellular
and molecular levels. Our findings manifested that exogenous IAA treatments resulted in vast
changes in endogenous hormone concentrations (including IAA, ZR, GA3 and ABA), cambial cell
developmental behaviors and transcriptional activities of genes related to polar auxin transport (PAT),
auxin signaling, the biosynthesis and signal transduction of other plant hormones and the genetic
control of cambial activity. Based on above findings, we postulated a model of auxin concentration
gradient involved in the control of cambial activity and secondary growth in tree trunks. In this
model, the contrasting expression of AUX1/LAX and PIN family carriers in distinct Chinese fir
wood-forming tissues dynamically modulates PAT into the cambial zone adjacent to the secondary
phloem side and secondary xylem tissues, resulting in a sharp and wide auxin spatial gradient
distribution across shoots in different stages of secondary growth, respectively. This change in
auxin concentration gradient distribution in radial sections in turn acts on cambial developmental
behaviors by modulating the expression of auxin signaling genes and key transcription factors and
the production of other plant hormones in distinct woody tissues. Findings in this study provide
important insights for understanding the biological significance of auxin concentration gradient
existing in the radial stems of woody species.

Keywords: auxin; auxin concentration gradient in radial stems; cambial activity; secondary growth;
perennial woody species; Chinese fir

1. Introduction

Secondary growth in the tree trunks comes from the seasonal activity of vascular cam-
bium, whose initial cells can undergo division and differentiation to continuously produce
secondary phloem cells outwards and secondary xylem cells inwards, respectively [1].
The xylem precursors undergo further cell division and secondary cell wall modifications,
ultimately giving rise to the most abundant renewable cellulose resources for humans but
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helping to relieve the greenhouse effect caused by excessive carbon dioxide emissions.
Although the mechanism of secondary growth in woody species was not well understood,
auxin had been proven to play a key role in this process [2,3].

Removal of the shoot apex (a major source of auxin in plants) of woody plants results
in sharply reduced the capacity of cambial cell proliferation and secondary xylem cell
formation in shoots [4], while application of exogenous IAA to the decapitated stumps
restores secondary growth in shoots in a concentration-dependent manner [5], indicating
that the PAT from shoot apexes into radial stems is essential for cambial cell development.
More interestingly, auxin has been reported to show a striking concentration gradient
distribution across shoots of woody plants, in which peak auxin levels occurs in the cambial
zone, while the absolute auxin content sharply declines toward the developing secondary
phloem and xylem [2]. The coincidence of auxin spatial gradient distribution and xylem
cell developmental gradient has prompted that auxin could act as “a plant morphogen”
to provide a positional cue for cambial cell development [2,6]. However, the constant
existence of auxin peak levels in active and dormant cambiums and its limited correlation
with auxin-responsive gene expression make this possibility unlikely [3,7].

At present, most of our knowledge about the action of auxin in cambial activity control
comes from the model plant Arabidopsis thaliana (L.) Heynh, which has radial organization
structures in the inflorescence stem and hypocotyl similar to those of trees (especially in
hypocotyls) [8]. One pathway whereby auxin controls cambial activity is by its asymmetric
distribution in shoot tissues [9,10]. AUX1/LAXs and PINs are the major carriers that
mediate active auxin transportation into and out of plant cells, respectively [11-13]. Of
them, PINs, are the key trigger of auxin asymmetric distribution in plant tissues via their
polar localization on basal parenchyma cell plasma membranes [14,15]. pinl mutants
severely deform the formation and pattern of vascular tissues in Arabidopsis inflorescence
stems and hypocotyls [16,17]. The AUX1/LAX and PIN family orthologous genes in
poplar exhibit dynamic expression profiles in specific wood-forming tissues according to
changes in seasonal cues [18], indicating that changes in PAT in radial stems of woody
plants provides a basic signal for cambial seasonal activity. Response of cambial cells
to auxin concentration changes in local shoots is another key aspect of the control of
cambial activity mediated by auxin [7]. AUX/IAAs are the major inhibitors of auxin
signal transduction in plants by forming heterodimers with ARF proteins under low
cellular auxin levels [19]. Elevated cellular auxin acts as ‘a molecular clue’ to facilitate
the interaction of AUX/IAAs with TIR1/AFB, resulting in the degradation of AUX/IAAs
by a SCFTIRI/AFB E3 Jigase complex and therefore the release of ARFs to activate the
expression of downstream genes [19]. Overexpression of an artificially modified PttIAA3
gene in transgenic poplar lines to interrupt auxin signal transduction in shoots results
in reduced cambial activity and secondary growth relative to the wild type [7]. Recently,
ARF-tracing experiments of Brackmann, et al. [20] showed that ARF3 and ARF4 were
universally expressed in vascular-forming tissues and acted as general activators of cambial
cell proliferation, while the MP/ARF5 protein was specifically expressed in PXY-positive
cells and antagonized the role of above ARFs in cambial activity. Moreover, all these
ARFs act on cambial activity by modulating the expression of WOX4, a key mediator of
cambial cell population maintenance [21-24]. Meanwhile, MP / ARF5 was found to mediate
the expression of HD-ZIP genes encoding transcription factors functioning on cambial
cell amplification and xylem cell differentiation [25-27]. Because the orthologous WOX4,
ARF and HD-ZIP members were found to perform similar roles in secondary growth in
poplar [28-30], conserved interaction relationships between these transcription factors and
the auxin concentration gradient in radial sections could exist in trees.

In addition to abovementioned pathways, auxin shows complicated interaction rela-
tionships with other plant hormones, which also contribute to auxin-mediated secondary
growth in the tree trunks [31]. Cytokinin (CK) is a master regulator of the identity and
population of cambial cells in shoot tissues [32]. Consistent with this role, the highest CK
levels were found to be concentrated in the secondary phloem tissue of poplar, distinct
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from the peak IAA levels observed in dividing cambial cells [33,34]. Interestingly, inducing
CK overproduction in transgenic poplar lines increases auxin levels in the distinct cambial
zone, indicating that CK acting on cambial activity requires the participation of auxin in the
cambial zone [33]. CK mediates auxin concentrations in the distinct cambial zone majorly
by stimulating the localization of PINs toward cambial cells [35]. Conversely, auxin, in
turn, decreases CK content in shoots by repressing the CK biosynthesis gene expression,
and therefore antagonizes the inhibition of CK on xylem cell differentiation [36]. GA is a
stimulator of xylem cell development [37]. Application of both IAA and GA to decapitated
poplar tree trunks was observed to more strongly stimulate cambial cell proliferation and
secondary growth than either hormone treatment alone [38], indicating that GA synergis-
tically interacts with auxin to mediate secondary growth in shoots. Auxin elevates GA
content in shoots by upregulating the GA synthetic gene expression, and GA, in turn,
promotes PAT into cambial cells by controlling PINs” expression and localizations [38]. Ad-
ditionally, IAA and GA were found to share a common signaling pathway in poplar woody
tissues [38]. In Scots pine, ethylene levels increase in association with cambial activation in
spring and peak during maximal tracheid formation [39], indicating that ethylene is also a
stimulator of secondary growth in woody plants. Auxin promotes ethylene biosynthesis in
shoots by stimulating the expression of ACS genes, and ethylene, in turn, mediates PAT in
shoots [40-42]. ABA is a key signal factor controlling cambial activity under unfavorable
conditions [43—45]. Recent evidence has shown that ABA mediates cambial activity by
acting on auxin signaling factors [46,47], while auxin promotes ABA production via the
ethylene-mediated pathway [48].

Despite these breakthroughs in unveiling the action of auxin in cambial activity control,
the biological significance of auxin spatial gradient distribution in radial stems of woody
plants was barely understood, largely because of the specific location of vascular cambium
and the lack of PAT mutants in woody species. To address this issue, this study applied
different concentrations of exogenous IAA to decapitated Chinese fir stumps to induce a
change in auxin concentration gradient across shoot tissues and investigated its influence
on cambial activity and related physiological and molecular environments. Chinese fir is
one of the most widely cultivated gymnosperm species in China and plays a pivotal role
in satisfying the increasing requirement of commercial timbers in China. This study has
important significance for understanding the mechanism of wood formation in Chinese fir.

2. Materials and Methods
2.1. Decapitation and Exogenous IAA Treatments

In mid-February, when the vascular cambium in Chinese fir shoots is undergoing the
dormancy-activation transition in Nanjing, China, a typical subtropical climate, 5-cm-long
shoot apexes on the main trunk and all lateral branches and leaves were removed from two-
year-old seedlings of “Yangkou’ 020 fir, an elite Chinese fir clone. After these plants were
left untreated for 7 days, different concentrations of exogenous IAA and lanolin mixtures
(including 0, 1.0, and 3.0 mg.iaa/g.lanolin) were applied to the decapitated stumps. The
exogenous IAA treatments were repeated every 3 days and continued for 30 days. Each
treatment involved fifty biological replicates, and the plants with intact shoot apexes served
as the positive control (PC). All these seedlings were cultivated under natural conditions.

2.2. Measurement of Endogenous Hormones

Two-centimeter-long shoot segments adjacent to the cutting wounds of samples treated
with exogenous IAA and at the parallel positions in PC were collected every 2 days.
Ultimately, 0.5 g fresh weight of shoot segments from different samples were selected
and used as the materials of endogenous hormone isolation. The methods of endogenous
hormone extraction and measurement were by methanol and an indirect enzyme-linked
immunosorbent assay (ELISA), respectively. Each hormone had triple biological replicates.
Two-way ANOVA was executed to analyze the difference in each hormone concentrations
in differently treated stages and samples.
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2.3. Anatomical Observation and Analysis of Secondary Growth Changes

The sampling method of materials for anatomical analysis was similar to that in the
“measurement of endogenous hormones” section. FAA and glycerol-alcohol solutions
were used to fix and soften shoot samples, respectively. After treatments of dehydration,
clearing and embedding by paraffin, 12.0-pm-thick cross sections were prepared. A 0.1%
toluidine blue solution was used to dye sections and the observation and photography
of anatomical structures were under an optical microscope. To evaluate the change in
secondary growth in differently treated shoot samples, radial thickening growth in cross
sections was measured from three directions by Image] software and one-way ANOVA
was executed to generate statics on their differences.

2.4. Gene Location and Expression Profile Analysis

The bare tree trunks of four-year-old “Yangkou’ 020 fir were collected in mid-March
when cambial cells were undergoing vigorous secondary growth. Developing secondary
phloem and xylem tissues and cambium were specifically isolated by a frozen laser mi-
crosection method and used as the materials for gene location analysis. Shoot segments
collected from differently treated stages of samples (the sampling method was similar to
that in above sections) were used as the materials for gene expression profile analysis.

Total RNA isolation was performed according to the procedure of MiniBEST Universal
RNA Extraction Kit (Cat N0.9767, Takara, Kusatsu, Japan) and the first-strand cDNA
synthesis was by a PrimeScript™ II 1st Strand cDNA Synthesis Kit (Cat No.6210A, Takara,
Japan). The original sequences of genes for qPCR was downregulated from a Chinese fir
transcriptome submitted by Huang, et al. [49] (http:/ /www.ncbinlm.nih.gov/Traces/sra,
accession number: SRR475258) (accessed on 20 September 2019). cDNA amplification was
performed by using Taq Pro Universal SYBR qPCR Master Mix (Cat No. Q712, Vazyme,
Nanjing, China) and was run on an ABI 7500 machine (ABI, Foster City, CA, USA). 60S
rRNA was the reference gene. One-way ANOVA was executed to analyze the difference in
gene RQ values in differently treated samples and the RQ value in PC acted as the control.

3. Results
3.1. Changes in Endogenous Hormones

To reveal the influence of decapitation and subsequent exogenous IAA application on
the production of endogenous hormones in Chinese fir shoots, we analyzed the changes
in IAA, CK, GA and ABA concentrations in samples from different stages of treatment.
The results of variance analysis showed that the difference in each hormone concentration
in differently treated samples, stages and their interactions reached extremely significant
levels (Table 1), indicating that interfering with PAT from shoot apexes via exogenous
IAA application upon decapitated stumps substantially altered the homeostasis of these
endogenous hormones in Chinese fir wood-forming tissues.

Table 1. Variance analysis of hormone concentrations in differently treated stages of samples.

Hormone Variance Source Sum of Squares df Mean Square F-Value p-Value

Treatments 7425.00 3 2475.00 1934.00 <0.001

Treatment stages 22,568.00 6 3761.00 2940.00 <0.001

IAA Interaction 25,613.00 18 1423.00 1112.00 <0.001
Error 72 56 1.29

Total

Treatments 659.00 3 219.80 5261.00 <0.001

Treatment stages 2375.00 6 395.90 9474.00 <0.001

ZR Interaction 4638.00 18 257.70 6167.00 <0.001
Error 2.00 56 0.04

Total
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Table 1. Cont.

Hormone Variance Source Sum of Squares df Mean Square F-Value p-Value
Treatments 23.50 3 7.84 319.60 <0.001
Treatment stages 548.10 6 91.35 3722.00 <0.001
GAj3 Interaction 836.50 18 46.47 1893.60 <0.001
Error 1.40 56 0.02
Total
Treatments 53,660.00 3 17,887.00 2192.20 <0.001
Treatment stages 67,108.00 6 11,185.00 1370.80 <0.001
ABA Interaction 53,403.00 18 2967.00 363.60 <0.001
Error 457.00 56 8.00
Total

Treatments included application of 0, 1.0 or 3.0 mg.iaa/g.lanolin to the decapitated Chinese fir trunks (these
samples were designated NC, S1 and S3, respectively) and plants with intact shoot apexes act as the positive
control (PC). Treatment stages included the 2nd, 6th, 8th, 12th, 16th, 24th and 32nd days of treatment by exogenous
IAA. Variance analysis was executed with a repeatable two-way ANOVA model.

To further understand how exogenous IAA treatments influenced the content and
distribution of IAA, ZR, GA3 and ABA in developing Chinese fir shoots, we compared the
fluctuation curves of these endogenous hormones in differently treated samples (Figure 1).
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Figure 1. Fluctuation patterns of endogenous hormones in differently treated shoot samples. These
curves were drawn according to the mean value of endogenous hormone concentrations in three
biological replicates and error bars represented 4 SD.

3.1.1. TAA

IAA presented two striking level peaks in PC shoots, which occurred on the 6th and
24th days of treatment, respectively (Figure 1). In addition, the absolute IAA concentration
was lower in the initial stage of PC shoots than in the lateral stage, indicating that IAA
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exhibited a regular concentration change during secondary growth in shoots of woody
plants. In contrast to PC, both S3 and NC exhibited a decreased pattern of IAA fluctuation
in shoots in the initial stage, while S1 presented an IAA fluctuation pattern similar to that
in PC. Despite these distinct IAA fluctuation patterns at the start of treatment, both S1 and
S3 reached the 1st IAA level peak on the 8th day of treatment, which was 2 days later than
the corresponding one in PC, while IAA concentrations in NC continually decreased until
the 12th day of treatment. Interestingly, all decapitated samples presented the 2nd IAA
level peak on the 24th day of treatment, overlapping with the 2nd one in PC, although their
peak IAA levels decreased in an exogenous IAA concentration-dependent manner.

3.1.2. ZR

ZR is an important intermediate for the tZ type of CK biosynthesis [50] and presented
a decreased pattern in the initial stage of PC shoots, in which its two peaks occurred on
the 8th and 16th days of treatment, respectively, opposite to the IAA fluctuation patterns
in the counterpart stage of PC shoots (Figure 1). Similar correlations of ZR and IAA
concentration fluctuation were also observed in the initial stage of S1 and S3 shoots, in
which the first ZR peak, which occurred on the 12th day of treatment, although the absolute
ZR concentration in S3 shoots was much higher than that in S1. In contrast, NC presented
an overlapping ZR peak with PC in the initial stage, but its peak ZR levels were higher
than those in PC. Regardless of these changes in the initial stage, all decapitated samples
presented another ZR peak on the 24th day of treatment, overlapping with the second
IAA peak. Moreover, the absolute ZR concentration in this stage of S3 shoots was much
higher than that in the other three samples. These findings indicated that the decapitation
and exogenous IAA treatments intensively altered the content and distribution of CK in
Chinese fir woody tissues.

3.1.3. GA;

GAj is a major bioactive form of GAs in plants. Fluctuation analysis showed that this
hormone exhibited a concentration change positively correlated with that of IAA in PC
shoots, but its absolute levels were much higher in the initial stage of shoots than in the
lateral stage (Figure 1), opposite to the performance of endogenous IAA. In contrast to
PC, although similar fluctuation patterns of GA3 were observed in S1 and S3 shoots in the
initial stage, S3 rapidly developed another GAj3 peak on the 16th day of treatment, while S1
presented a GA3 peak overlapping with that in PC on the 24th day. Differing from S1 and
53, NC exhibited a GAj fluctuation pattern correlated with that of IAA.

3.14. ABA

ABA is a key mediator of cambial activity under various stressful conditions [43,44].
Interestingly, ABA exhibited a fluctuation pattern tightly correlated with that of IAA in
PC shoots (Figure 1). Similar phenomena were also observed in the samples treated by
exogenous IAA, although the absolute ABA concentration was much higher in S3 shoots
than in other samples in the later stage. In view of the indirect role of auxin in ABA
production in plant tissues by ethylene-mediated pathways [48], we concluded that the
correlation of ABA and IAA concentration fluctuation in differently treated samples could
be related to ethylene.

3.2. Changes in Cambial Activity

To unveil the effects of decapitation and exogenous IAA treatments on vascular for-
mation and patterns in Chinese fir shoots, we analyzed the change in anatomical structures
across differently treated shoot samples (Figure 2A). In the initial stage of treatment, a large
number of cambial dividing cells but limited tracheid cells were observed in PC shoots,
indicating that the cambial cells in PC were undergoing vigorous mitosis in this stage.
In contrast to PC, decapitated samples exhibited a gradient reduction in cambial activity
according to the exogenous IAA concentration applied to decapitated trunks. Interestingly,
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more tracheid cells were observed in this stage of S3 shoots, while the production of tra-
cheid cells in NC and S1 was comparable to that in PC. Corresponding to the overlapped
IAA peaks in all samples in the lateral stage, we found that cambial derivative cells in PC
shoots sharply reduced, which was associated with tracheid cells being produced in the
xylem side on a large scale, indicating that PC was undergoing vigorous xylem cell differ-
entiation in this stage. In contrast to PC, the samples treated with exogenous IAA retained
a strong capacity for cambial cell amplification, including NC, while their production of
tracheid cells was reduced in a concentration-dependent manner (especially in NC). As a
consequence of differential activities of cambial cell amplification and xylem cell differenti-
ation, S3 ultimately produced secondary growth comparable to that in PC, while the radial
thickening growth in NC and S1 shoots was reduced in an IAA concentration-dependent
manner (Figure 2B,C).

3.3. Changes in Gene Expression

To reveal the molecular basis underlying the distinct cambial activities and endogenous
hormone changes in differently treated samples, we analyzed the expression profiles of
related genes (see Table S1 Functional annotation and classification of selected genes in
Supplementary Data) in the developing shoots according to their localizations in Chinese
fir wood-forming tissues (see Figure S1 Tissue-specific expression of genes in Chinese fir
wood-forming tissues in Supplementary Data).

3.3.1. PAT Carrier Genes

AUX1/LAXs and PINs are the major carriers that mediate auxin active transport into
and out of plant cells [11,12,51]. Location analysis showed that the Chinese fir AUX1 gene
was specifically expressed in the secondary phloem cells, while the other AUX1/LAX family
homolog, LAX3, concentrated its expression in both secondary phloem and cambial cells,
indicating that both were mediators of the IAA peak distribution in Chinese fir cambial zone.
qPCR analysis revealed that both AUX1 and LAX3 exhibited dynamic expression profiles
according to the IAA concentration change in PC shoots, but more of their transcriptional
abundance was observed in the initial stage than in the lateral stage (especially for the
AUX1 gene) (Figure 3), indicating that the expression of AUX1/LAXs in Chinese fir cambial
zone was feedback-regulated by IAA. In contrast to PC, exogenous IAA treatments strongly
stimulated the expression of AUX1 in S1 and S3 shoots (especially in the lateral stage)
but kept LAX3 at a low transcriptional level in all decapitated samples, indicating that
interfering with PAT in shoots resulted in differential expression of AUX1/LAXs according
to their locations in wood-forming tissues. PINs are the key triggers of asymmetric auxin
distribution in local plant tissues [14,15]. Location analysis found that the Chinese fir
PINT and PIN3 genes concentrated their transcriptional abundance in cambial cells and
secondary xylem tissues, while PIN2 and PIN4 were mostly expressed in the abaxial
zone of shoot tissues. Correspondingly, we found that PIN1, 3 and 4 exhibited stronger
expression in PC shoots in the initial stage than in the lateral stage, which was opposite
to the expression profile of PIN2 in PC shoots (Figure 3), indicating that the expression
of PINs was dynamically modulated according to their locations in woody tissues during
secondary growth. In contrast to PC, exogenous IAA treatments stimulated the expression
of PIN1, 3 and 4 in different stages of S1 and S3 shoots (especially for PIN3) to different
extents, but downregulated the transcription of PIN? in lateral stages. In contrast to S1
and S3, all these PINs merely presented limited transcriptional activities in NC shoots in
lateral stages.
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Figure 2. Exogenous IAA-induced changes in secondary growth in Chinese fir shoots. (A), Radial
anatomical structures in shoots of different samples, in which the red arrow represented the radial
thickening growth at specific treatment stages. The scale bar was 1:10 um. SP, secondary phloem;
Cam, cambium; SX, secondary xylem. (B), Patterns of secondary growth fluctuation in different
samples, which was drawn according to the mean value +SD of radial thickening growth measured
from three different directions in the radial section. (C), Multiple comparisons of secondary growth
among different treatment stages of shoot samples.
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Figure 3. Expression profiles of AUX1/LAX and PIN family genes in differently treated samples.
Three biological replications were included. The reference gene was ubiguitin 10 (UBQ10). a, b, ¢
and d represented the difference in gene expression levels in the samples treated by exogenous IAA
compared to those in PC. a, p-value < 0.001; b, p-value < 0.01; ¢, p-value < 0.05; d, p-value > 0.05.
Similar parameter settings were performed in the following figures.

3.3.2. Auxin Signaling Genes

AUX/IAAs and ARFs are the key factors the mediate plant response to local auxin
concentration changes [19]. Location analysis revealed that the IJAA8 and IAA26 genes
in Chinese fir were most abundantly expressed in cambial cells, while JAA13 and IAA16
concentrated their transcripts in the secondary phloem tissue, indicating that they were
the mediators of the auxin response in the Chinese fir cambial zone. Consistent with this
conclusion, all these AUX/IAAs were observed to exhibit expression profiles positively
correlated with PAT changes in the cambial zone of differently treated samples (Figure 4). In
contrast to AUX/IAAs, the selected ARF genes exhibited differential expression patterns in
Chinese fir wood-forming tissues. Both ARF6 and ARF11 focused most of their expression
in cambial cells, while ARF2 and ARF4 were expressed on both sides of the cambium
and in various wood-forming tissues, respectively. Correspondingly, the expression of
ARF6 and ARF11 was more strongly stimulated in PC shoots in the initial stage than in
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the lateral stage (especially ARF11), while ARF2 and ARF4 presented expression profiles
tightly correlated with IAA concentration change in the PC shoots (Figure 4), indicating
a differential response of these ARFs to PAT changes in Chinese fir cambial zone. In
contrast to PC, exogenous IAA treatments strongly stimulated the expression of ARF11 but
downregulated the transcriptional activity of ARF2 and ARF4 in different stages of S1 and
53 shoots (Figure 4).
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Figure 4. Expression profiles of AUX/IAAs and ARFs in differently treated samples. a, p-value < 0.001;
b, p-value < 0.01; ¢, p-value < 0.05; d, p-value > 0.05.
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3.3.3. Genes Participating in CK Production and Signal Transduction

IPT and CKX family proteins are the key mediators of CK homeostasis in plant tissues
by their involvement in the processes of CK biosynthesis and catabolism, respectively [52].
Location analysis revealed that the Chinese fir IPT2 gene concentrated most of its tran-
scripts in the secondary phloem tissue and cambial cells, while CKX5 was universally
expressed in woody tissues, indicating that they together mediate the CK homeostasis
in Chinese fir shoots. qPCR analysis showed that IPT2 presented an expression profile
positively correlated with the IJAA concentration change in PC shoots, while CKX5 ex-
hibited a downregulated expression profile (Figure 5). Connecting the self-regulatory
mechanism of CK production in plant tissues, we concluded that the expression profiles
of IPT2 and CKX5 in PC shoots could be the result of overall regulation by CK and auxin
signals. Consistent with this conclusion, similar expression profiles of CKX5 and IPT2 were
observed in samples treated by exogenous IAA (Figure 5). CK triggers plant response by a
series of phosphorylation and dephosphorylation relays, which require the participation
of the receptor kinases CRE1/AHK4 and AHKS, as well as ARRs [53,54]. In accordance
with the change in CK production in different treatment samples, we found that the CRE1
and ARR2 genes both focus most of their transcripts in Chinese fir cambial cells, as well
as ARR3 and ARR11, which were abundantly expressed in the abaxial zone of shoots and
exhibited correlated expression profiles with ZR concentration changes (Figure 5).

ARR11 ARR2

0.00
2d 4d 6d 8d 12d 16d 20d 23d 28d 2d 4d 6d 8d 12d 16d 20d 23d 28d

ARR3 CKX5

0.000
2d 4d 6d 8d 12d 16d 20d 23d 28d 2d 4d 6d 8d 12d 16d 20d 23d 28d

CRE1 X IPT2

0.0
2d 4d 6d 8d 12d 16d 20d 23d 28d 2d 4d 6d 8d 12d 16d 20d 23d 28d

Figure 5. Expression patterns of CK synthesis—and signaling-related genes in differently treated
samples. a, p-value < 0.001; b, p-value < 0.01; ¢, p-value < 0.05; d, p-value > 0.05.
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3.3.4. Genes Participating in GA Production and Signal Transduction

GA3 is a key enzyme in the GA biosynthetic pathway [55], while GAjox family
proteins are essential enzymes for GA degradation [56]. Location analysis showed that
both the GA3 and GA;0x8 genes in Chinese fir concentrated most of their transcripts in
the secondary phloem tissue, indicating that they together mediated GA homeostasis in
this woody tissue. Profiling analysis found that GA3 exhibited a stronger upregulation
of expression in PC shoots in the initial stage than in the lateral stage, while the GA;0x8
gene presented an inverse expression profile (Figure 6), consistent with the change in
GA; concentrations in PC. In contrast to PC, exogenous IAA treatments stimulated GA3
expression but decreased the transcripts of GA;0x8 in Chinese fir shoots in a concentration-
dependent manner (Figure 6). DELLAs are the inhibitors of GA signaling and GA, in turn,
triggers the degradation of DELLAs in plant tissues [57]. Our analysis showed that the
Chinese fir GAI gene was abundantly expressed in the secondary phloem and cambial cells,
while the RGL2 transcripts was concentrated in the secondary phloem tissue, indicating
that both of them mediate GA response in the Chinese fir cambial zone. qPCR analysis
revealed that these two DELLA genes exhibited opposite expression profiles in differently
treated samples, reflecting a differential change in GA production in Chinese fir woody
tissues (Figure 6).

NC === S1 ==
GA20X8

0.06
0.04 -
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0.00 -

2d 4d 6d 8d 12d16d20d23d28d 2d 4d 6d 8d 12d16d20d23d28d

GAl RGL2
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2d 4d 6d 8d 12d16d20d23d28d 2d 4d 6d 8d 12d16d20d23d28d

Figure 6. Expression patterns of genes participating in GA production and signaling transduction in
differently treated samples. a, p-value < 0.001; b, p-value < 0.01; ¢, p-value < 0.05; d, p-value > 0.05.

3.3.5. Genes Participating in ABA Production and Signal Transduction

ABA1 and NCEDs are enzymes essential for ABA production in plants [58]. Location
analysis found that the ABA1, NECED1 and NCEDb genes in Chinese fir were most abun-
dantly expressed in the adaxial zone of shoots, indicating that all of them modulate ABA
production in the Chinese fir cambial zone. qPCR analysis revealed that ABA1 and NCED1
presented a totally downregulated expression profile in PC shoots, which was opposite to
the pattern of NCEDS5 expression in PC (Figure 7), indicating that the expression of these
ABA biosynthetic genes in the Chinese fir cambial zone was mediated by different factors,
and NCED5 would be an intermediate of IAA indirectly mediating ABA production in
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Chinese fir shoots via the ethylene pathway. In contrast to PC, exogenous IAA treatments
strongly stimulated the transcription of NCED1 and NCEDS5 in S1 and S3 shoots in the
initial stage and lateral stage, respectively, indicating a differential response of these two
genes to IAA concentration changes in Chinese fir shoots. ABF1 is a key factor triggering
the expression of ABA responsive genes [59]. The ABF1 gene in Chinese fir was universally
expressed in wood-forming tissues and exhibited an expression profile positively corre-
lated with IAA concentration changes in differently treated samples (Figure 7), further
confirming an indirect role of IAA in ABA production in Chinese fir shoots.

2d 4d 6d 8d 12d 16d 20d 23d 28d 2d 4d 6d 8d 12d 16d 20d 23d 28d

NC S1 == S3mmm  pC ==
ABAl ABF1
0.075+
0.050+

NCED1 NCED5

0.00
2d 4d 6d 8d 12d 16d 20d 23d 28d 2d 4d 6d 8d 12d 16d 20d 23d 28d

Figure 7. Expression profiles of genes participating in ABA production and signal transduction in
differently treated samples. a, p-value < 0.001; b, p-value < 0.01; ¢, p-value < 0.05; d, p-value > 0.05.

To identify the synchronicity of ABA and ethylene production in Chinese fir shoots,
we also analyzed the expression profiles of genes related to ethylene biosynthesis and
signal transduction in differently treated samples. JPCR results showed that the ethylene
biosynthesis gene ACS12 and ethylene signaling genes (including EIN3, EIL1 and EBF1),
all of which focused their abundant expression in the adaxial zone of Chinese fir shoots,
exhibited tightly correlated expression profiles with IAA concentration changes in differ-
ently treated samples (see Figure 52 Expression profiles of genes participating in ethylene
production and signal transduction in Supplementary Data), confirming our conclusion of
ABA production in different samples being mediated by ethylene.

3.3.6. Genetic Regulators

To reveal the response of key cambial regulators to IAA concentration changes in
differently treated samples, we analyzed the expression profiles of PXY, WOX4 and WOX13,
both of which are key components of the ligand-receptor system involved in the control
of cambial cell niche in plant shoot tissues [24,60,61], as well as some HD-ZIP and KAN
family genes. Location analysis showed that the PXY and WOX4 genes in Chinese fir were
most highly expressed in the secondary phloem and cambial cells, while the WOX13 gene,
a redundant allele of WOX4 [62], focused its abundant expression in the secondary phloem
tissue. qPCR analysis found that PXY, WOX4 and WOX13 exhibited expression profiles
tightly correlated with IAA concentration changes in PC shoots (especially for the WOX13
gene) (Figure 8), indicating that their expression in distinct Chinese fir woody tissues
was positively mediated by IAA. In contrast to PC, exogenous IAA treatments strongly
stimulated the expression of WOX13 in S3 shoots but downregulated the expression levels
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of WOX4 in all decapitated samples, indicating a differential response of these genes to
auxin concentration gradient changes in shoot tissues. HD-ZIPs and KANs antagonistically
interact to mediate vascular formation and patterns in shoots [63-65]. In Chinese fir, the
HD-ZIP genes HBS and REV were abundantly expressed in the adaxial and abaxial zones
of shoots, respectively, while the KAN1 gene was specifically expressed in the secondary
phloem tissue, indicating that they would perform conserved roles in the regulation of
secondary growth in Chinese fir shoots. Consistent with this conclusion, we found that
these HD-ZIPs and KANs presented expression profiles positively and negatively correlated
with IAA concentration changes in differently treated samples, respectively (Figure 8).
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Figure 8. Expression profiles of genetic regulators in differently treated samples. a, p-value < 0.001;
b, p-value < 0.01; ¢, p-value < 0.05; d, p-value > 0.05.

4. Discussion
4.1. Auxin Concentration Gradient Changes Provide a Basic Cue for Cambial Activity

Based on the accurate measurement of endogenous IAA in different wood-forming
tissues of Scots pine, Uggla, Moritz, Sandberg and Sundberg [2] concluded an IAA con-
centration gradient distribution pattern across shoot tissues of woody plants, in which
the IAA peak levels are concentrated in dividing cambial cells, while the absolute IAA
concentration sharply declines toward the secondary phloem and xylem sides. The high
coincidence of auxin spatial distribution and xylem cell developmental gradients in radial
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sections of woody plants had prompted that auxin could act as ‘a plant morphogen’ to
provide a positional cue for cambial activity [2,6].

Based on variance analysis, we found that the differences in endogenous IAA concen-
trations among treatments, treatment stages and their interaction all reached extremely
significant levels. Further analysis revealed that exogenous IAA exhibited a regular fluctu-
ation pattern in PC shoots, in which two IAA peaks occurred on the 6th and 24th days of
treatment, respectively, moreover, the 1st IAA peak levels were much lower than the 2nd
ones. In contrast to PC, exogenous IAA treatments not only interfered with the first IAA
peak initiation in Chinese fir shoots, but also induced a dose-dependent change in IAA con-
centrations in the lateral stage of shoots. Molecular studies revealed that AUX1 and LAX3,
two auxin influx genes in Chinese fir and both abundantly expressed in the abaxial zone of
Chinese fir shoots, exhibited an expression profile opposite to the IAA fluctuation pattern in
PC shoots, indicating that the expression of these two genes is feedback-regulated by auxin
and therefore maintains IAA peak levels in the cambial zone adjacent to the secondary
phloem side. In contrast to AUX1/LAXs, the PINT and PIN3 genes were both abundantly
expressed in the adaxial zone of Chinese fir shoots and exhibited a greater upregulation of
expression in PC shoots in the initial stage than in the lateral stage, while the PIN2 gene,
which focused most of its expression in the secondary phloem cells presented an inverse
expression profile. Thus, a sharp and wide IAA concentration gradient distribution pattern
is established in different developmental stages of PC shoots, respectively. In contrast to PC,
exogenous IAA treatments stimulated the expression of AUX1, PINT and PIN3 but reversed
the expression profile of PIN2? in different treatment stages of Chinese fir shoots, therefore
resulted in distinct IAA gradient distribution patterns in Chinese fir radial sections during
secondary growth.

Corresponding to the change in PAT in differently treated samples, we found that PC
exhibited a stronger capacity for cambial cell amplification than samples with exogenous
IAA treatment in initial stages, while S3 presented a greater ability for tracheid cell differen-
tiation than PC and other two decapitated samples. These observations indicated that the
change in IAA concentrations in the cambial zone adjacent to the secondary phloem side
is tightly correlated with cambial developmental behaviors. When the IAA concentration
in this region exceeds a threshold, it would promote the differentiation of cambial cells
toward xylem cells, while a low IAA concentration would facilitate cambial cell prolifera-
tion. Differing from the performances of differently treated samples in the initial stage, PC
sharply reduced its cambial activity in the lateral stage of shoots, which was replaced by
tracheid cell formation at a large scale. In contrast to PC, samples treated by exogenous
IAA presented a certain capacity for cambial cell amplification in this stage of shoots, but
their production of tracheid cells was reduced in a concentration-dependent manner. These
contrasting results implied that the elevated IAA distribution in the adaxial zone of shoots
facilitates the cambial cell differentiation into secondary xylem cells.

Altogether, our physiological, cellular and molecular data strongly indicated that
changes in auxin concentration gradient across the radial section of woody plants provide
a basic cue for cambial activity and secondary growth.

4.2. Pathways of Auxin Concentration Gradient Triggering Cambial Activity
4.2.1. Auxin Signaling Pathways

Cellular response to the PAT change in local tissues is a key aspect of auxin triggering
plant growth [19]. Under low auxin levels, AUX/IAAs form heterodimers with ARFs
and prevent the activation of ARFs on auxin-responsive gene transcription. When cellular
auxin levels are high, auxin binds to and induces the configuration change of AUX/IAA
proteins and facilitates AUX/IAAs interacting with TIR1/AFB, resulting in the degradation
of AUX/IAAs and therefore releasing ARFs to activate the expression of downstream target
genes. Our qPCR data revealed that the ARF and AUX/IAA family genes displayed a
differential response to the PAT change in differently treated samples according to their
locations in Chinese fir wood-forming tissues. Thus, the expression profiles of ARFs and
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AUX/IAAs in distinct Chinese fir woody tissues would, in turn, interpret the signals of
auxin concentration gradient across shoots into detailed cambial developmental behaviors.

4.2.2. Differential Response of Other Plant Hormones to PAT Changes in Chinese
Fir Shoots

The fulfillment of actions of auxin on cambial activities requires the participation of
other plant hormones in distinct woody tissues [31]. Consistent with this conclusion, our
variance analysis found that exogenous IAA treatments on the decapitated Chinese fir
trunk induced an extremely significant change in ZR, GA3 and ABA concentrations in
Chinese fir shoots, in contrast to that in PC. ZR is an important intermediate in the tZ and cZ
biosynthesis pathways and curve analysis found that this substance exhibited a fluctuation
pattern complementary to that of IAA in PC shoots. In contrast to PC, exogenous IAA
treatments did not alter the ZR fluctuation pattern in the initial stage of Chinese fir shoots,
but resulted in overlapping ZR and IAA peaks in the lateral stage. Correspondingly, genes
related to CK synthesis, catabolism and signaling exhibited regular expression profiles
according to the change in ZR concentration in differently treated samples. According to the
self-regulatory mechanism of CK biosynthesis, we concluded that auxin could negatively
mediate CK production in Chinese fir shoots by conserved pathways [36] and therefore
relieves the role of CK in cambial cell niche to promote tracheid cell differentiation [34]. GA
is a stimulator of wood formation and has been indicated to synergistically interact with
auxin to mediate cambial activity [38]. In line with this conclusion, GA3 was observed to
exhibit a fluctuation pattern positively correlated with that of IAA in differently treated
samples (especially in the initial stage of shoots), which was further confirmed by expression
profiles of genes related to GA production and signaling. ABA is a key mediator of cambial
activity under unfavorable conditions [43—45]. Interestingly, our analysis found that either
the ABA levels or the expression of genes related to ABA production and signaling exhibited
positively correlated changes with the IAA concentration fluctuation in differently treated
samples. Based on these findings and the interconnected relationship of ethylene and ABA
production [48], we concluded that an intensive change in ethylene production could occur
in differently treated samples, moreover, which was confirmed by expression profiles of
genes participating in ethylene production and signal transduction in these samples.

4.2.3. Response of Key Genetic Regulators to PAT Changes in Chinese Fir Shoots

Auxin mediates cambial activity in plant shoots partly by interacting with key genetic
regulators, including the ligan—receptor system, HD-ZIPs and KANs [20-24,66]. Profiling
analysis revealed that WOX13, which focused most of its expression in the secondary
phloem tissue of Chinese fir shoots, exhibited positively correlated expression profiles
with PAT changes in differently treated samples, while the PXY and WOX4 genes both
concentrated their abundant expression in cambial cells and secondary xylem tissues
presented a limited response to IAA concentration changes in various samples. HD-ZIPs
and KANs antagonistically interact to mediate vasculature formation and patterns in
plants. Profiling analysis revealed that HB8 and REV presented a positive response to
IAA concentration changes in differently treated samples, distinct from the expression
profiles of KAN1. These findings implied that auxin concentration gradient participates
in cambial activity control partly by influencing the expression of key genetic factors in
distinct woody tissues.

5. Conclusions

Based on the dynamic effects of decapitation and exogenous IAA treatments on
endogenous hormone production, cambial activity and related gene expression in Chinese
fir shoots, we proposed a model of auxin spatial gradient distribution across tree trunks
acting on cambial activity control (Figure 9). In initially growing shoots, the differential
expression profiles of AUX1/LAXs and PINs in distinct wood-forming tissues drives auxin
directional flow into the cambial zone adjacent to the secondary phloem side but decreases
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the polar auxin distribution in the secondary xylem region, thereby resulting in a sharp
IAA gradient distribution across shoots. During the secondary xylem cells being largely
produced, the opposite expression profiles of AUX1/LAXs and PINs in distinct wood-
forming tissues reverse the IAA distribution patterns in cambium and the secondary xylem
side and therefore result in a wide IAA concentration gradient in radial sections. The
pattern change in IAA spatial gradient distribution in tree trunks in turn provides a basic
cue for the expression of genes related to auxin signaling, the genetic control of cambial
activity and the biosynthesis and catabolism of other plant hormones, according to their
locations in wood-forming tissues and their response to auxin signals, thereby forming a
physiological and molecular microenvironment that facilitates cambial cell amplification
and differentiation toward the xylem cell type.
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Figure 9. A proposed model whereby the auxin concentration gradient across tree trunks is involved
in the control of cambial activity. Sp, secondary phloem; Cam, cambium; Sx, secondary xylem.
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AUX1/LAX, AUXIN-RESISTANT1 (AUX1)/LIKE AUX1; ARF, AUXIN RESPONSE FACTOR; AFB,
AUXIN SIGNALING F-BOX protein; ACS, 1-AMINOCYCLOPROPANE-1-CARBOXYLATE SYN-
THASE; AHK4, ARABIDOPSIS HISTONE KINASE 4; AHK3, ARABIDOPSIS HISTONE KINASE
3; ARR, ARABIDOPSIS RESPONSE REGULATOR; ABA1, ABA-DEFICIENT 1; ABF1, ABSCISIC
ACID-RESPONSIVE ELEMENT-BINDING FACOR 1; CKX, CYTOKININ OXIDASE; CRE1, CY-
TOKININ RESPONSE 1; CLE/TDIF, CLAVATA3/ESR-RELATED/TRACHEARY ELEMENT DIFFER-
ENTIATION INHIBITORY FACTOR; EIN3, ETHYLENE-INSENSITIVE 3; EIL1, EIN3-LIKE 1; EBF1,
EIN3-BINDING F BOX PROTEIN 1; GA3, GA REQUIRING 3; GA20x, GA2-oxidase; GAI, GA INSEN-
SITIVE I; HB8, HOMEOBOX 8; HD-ZIP, HOMEODOMAIN LEUCINE ZIPPER; IPT, ISOPENTENYL
TRANSFERASE; KAN, KANAD I; MP, MONOPTEROS; NCED, NIEN-CIS-EPOXYCAROTENOID
DIOXYGENASE; PIN, PIN-FORMED; PXY/TDR, PHLOEM INTERCALATED WITH XYLEM/TDIF
RECEPTOR; RGL2, REPRESSOR OF GA (RGA) LIKE 2; REV, REVOLUTA; TIR1, TRANSPORT
INHIBITOR RESPONSE 1; WOX4, WUSCHEL-related HOMEOBOX 4; WOX13, WUSCHEL-related
HOMEOBOX 13; ZR, zeatin ribosome; cZ, cis-zeatin; tZ, trans-zeatin.
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