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Abstract
Root-synthesized cytokinins are transported to the shoot and regulate the growth, development, and stress responses of aerial
tissues. Previous studies have demonstrated that Arabidopsis (Arabidopsis thaliana) ATP binding cassette (ABC) transporter G
family member 14 (AtABCG14) participates in xylem loading of root-synthesized cytokinins. However, the mechanism by which
these root-derived cytokinins are distributed in the shoot remains unclear. Here, we revealed that AtABCG14-mediated phloem
unloading through the apoplastic pathway is required for the appropriate shoot distribution of root-synthesized cytokinins in
Arabidopsis. Wild-type rootstocks grafted to atabcg14 scions successfully restored trans-zeatin xylem loading. However, only low
levels of root-synthesized cytokinins and induced shoot signaling were rescued. Reciprocal grafting and tissue-specific genetic
complementation demonstrated that AtABCG14 disruption in the shoot considerably increased the retention of root-synthe-
sized cytokinins in the phloem and substantially impaired their distribution in the leaf apoplast. The translocation of root-syn-
thesized cytokinins from the xylem to the phloem and the subsequent unloading from the phloem is required for the shoot
distribution and long-distance shootward transport of root-synthesized cytokinins. This study revealed a mechanism by which
the phloem regulates systemic signaling of xylem-mediated transport of root-synthesized cytokinins from the root to the shoot.
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Introduction
Phytohormones such as cytokinins are small signaling mole-
cules produced by various essential metabolic pathways that
enable sessile plants to grow and adapt to highly variable
environments (Robert and Friml, 2009; Santner et al., 2009).
Cytokinins are N6-substituted adenine derivatives that are es-
sential for plant growth, development, and stress response
(Sakakibara, 2006; Hwang et al., 2012). The most common cy-
tokinin derivatives in plants are N6-(D2-isopentenyl) adenine
(iP), trans-zeatin (tZ), cis-zeatin (cZ), and dihydrozeatin, which
differ in the end of their prenyl side chains (Sakakibara, 2006;
Kiba et al., 2013). In Arabidopsis, the major active types of
cytokinins are iP and tZ (Sakakibara, 2006; Osugi et al., 2017),
and their respective precursors are iP-riboside (iPR) and tZ-
riboside (tZR), which may be systemically transported or
serve as storage forms (Hirose et al., 2008). Grafting experi-
ments and functional analyses of cytokinin biosynthesis genes
suggested that the tZ-type cytokinins are mainly synthesized
in the roots, whereas the iP-type cytokinins are synthesized in
both the shoots and the roots of Arabidopsis (Matsumoto-
Kitano et al., 2008; Kiba et al., 2013).

De novo cytokinin biosynthesis occurs only in certain cell
types (Kang et al., 2017). Newly synthesized cytokinins must
be delivered from the source to sink cells for signaling via dif-
fusion and/or active translocation (De Rybel et al., 2014; Kang
et al., 2017; Liu et al., 2019). The long-distance transport pro-
cess complemented by several short-range apoplastic, sym-
plastic, and transcellular transport mechanisms is the main
phytohormone transport pathway (Robert and Friml, 2009).
The main long-distance transport streams include root-to-
shoot xylem flow and shoot-to-root phloem flow (Robert and
Friml, 2009). Root-synthesized tZ-type cytokinins move acrop-
etally via the xylem and regulate shoot development and
stress response (Ghanem et al., 2011; Ko et al., 2014; Zhang
et al., 2014). In contrast, shoot-synthesized iP-type cytokinins
move basipetally via the phloem and regulate root develop-
ment and nodulation (Kudo et al., 2010; Bishopp et al., 2011;
Sasaki et al., 2014; Lacombe and Achard, 2016). Therefore, the
iP- and tZ-type cytokinins are directionally translocated and
transmit different biochemical messages between the under-
ground and aboveground plant organs in response to devel-
opmental cues and environmental stimuli (Kiba et al., 2013;
Ko and Helariutta, 2017; Osugi et al., 2017).

Phytohormone transporters are involved in long-distance
and short-range transport. Over the years, purine permeases
(PUPs) and equilibrative nucleoside transporters (ENTs)
have been the focus of cytokinin transporter screening
(Kang et al., 2017), and Arabidopsis PUP14 and ENT8 as well
as rice PUP4 and PUP7 have been identified as transporters
involved in cytokinin translocation in planta (Sun et al.,
2005; Qi and Xiong, 2013; Zurcher et al., 2016; Xiao et al.,
2018). Specifically, AtPUP14 was identified as a cytokinin im-
porter participating in intracellular cytokinin homeostasis
(Zurcher et al., 2016). Recently, ATP binding cassette (ABC)

transporters were identified to be essential for routing phy-
tohormones, not only within the plant body but also toward
the environment (Borghi et al., 2015). AtABCG14 is an es-
sential efflux pump for xylem loading and shootward tZ-
type cytokinin translocation (Ko et al., 2014; Zhang et al.,
2014; Borghi et al., 2015). The long-distance translocation
mediated by AtABCG14 seems to be conserved in planta, as
its rice (Oryza sativa L.) homolog OsABCG18 controls xylem
loading of root-synthesized cytokinins (Zhao et al., 2019). In
the shoot, acropetally translocated cytokinins must be
unloaded from the xylem and distributed to the target cells
via short-range cellular transport. However, the mechanisms
underlying the unloading and distribution of the root-syn-
thesized cytokinins remain unknown.

The expression of AtABCG14 in aerial tissues (Zhang et al.,
2014) indicated that this gene may play critical roles in the
shoot. Here, using pharmacological methods, grafting, phyto-
hormone profiling, stable isotope tracer, and genetic com-
plementation, we found that Arabidopsis synchronizes the
xylem loading of cytokinins in the root and their distribu-
tion in the shoot via the phloem by adjusting the tissue-spe-
cific expression pattern of AtABCG14. Thus, we revealed a
mechanism by which AtABCG14 expressed in the shoot par-
ticipates in the shoot distribution of root-synthesized cytoki-
nins via phloem unloading in Arabidopsis.

Results

Expression pattern of AtABCG14 in aerial tissues
We measured AtABCG14 expression in the shoots and
roots of Arabidopsis seedlings. At 10 d after germination
(DAG), shoot AtABCG14 expression was �36% of that in
the root (Figure 1A). This finding was consistent with b-
glucuronidase (GUS) staining and green fluorescence pro-
tein (GFP) signals in the shoots of 10-DAG transgenic
Arabidopsis seedlings harboring either ABCG14pro::GUS
(Figure 1B) or ABCG14pro::GFP (Supplemental Figure S1).
Cotyledonary GUS staining and GFP signals were detected
primarily in the veins (Figure 1C and Supplemental Figure
S1). The GFP signal driven by the ABCG14 promoter over-
lapped the mCherry signal driven by the phloem compan-
ion cell (PCC)-specific SUCROSE-PROTON SYMPORTER 2
(SUC2) promoter (Truernit and Sauer, 1995; Stadler and
Sauer, 2019) in dual reporter gene-transgenic Arabidopsis
(Supplemental Figure S1). In adult Arabidopsis, AtABCG14
was expressed mainly in the minor veins of young leaves
but only slightly expressed in the margins of old leaves
(Figure 1D). A cross-section revealed that GUS expression
in the minor veins of the young leaves of ABCG14pro::GUS
transgenic plants overlapped with SUC2pro::GUS expres-
sion in the phloem and 4-COUMARATE–COA LIGASE 1
(4CL1) pro::GUS expression in the xylem (Figure 1, E–J).
These results suggest that AtABCG14 is expressed in the
phloem companion and xylem parenchyma cells. In addi-
tion, we detected higher tZ-type cytokinin accumulation
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in the young leaves than in the mature leaves of both
wild-type (WT) and atabcg14 mutant plants. This finding
is consistent with the high AtABCG14 expression in young
leaves (Supplemental Figure S2). The unique expression
pattern of AtABCG14 in the aerial tissues indicates that
this gene may have a physiological function in the shoot.

Reciprocal grafting showed that AtABCG14 plays a
critical role in shoot growth
A micro-grafting experiment was performed to assess the
specific function of AtABCG14 in the shoot. We reciprocally
grafted WT and atabcg14 seedlings and monitored shoot

growth in the grafted plants (Figure 2). The shoots in the
heterografts with WT as the scion and atabcg14 as the root-
stock (WT/atabcg14) and in the grafts with atabcg14 as the
scion and WT as the rootstock (atabcg14/WT) were smaller
than those in the WT/WT homograft (Figure 2, A and B).
The diameter of the rosette leaves in the atabcg14/atabcg14
homograft and the atabcg14/WT and WT/atabcg14 hetero-
grafts was �45%, 25%, and 17% smaller, than that of the
WT/WT homograft, respectively (Figure 2, A and B).
Moreover, the diameter of the rosette leaves of atabcg14/
WT was �10% smaller than that of WT/atabcg14 (Figure 2,
A and B).

Figure 1 AtABCG14 expression in aerial tissues. A, AtABCG14 expression in the shoots and roots of WT seedlings. Data are presented as mean 6

standard deviation (SD) (n¼ 4; biological replicates). The transcript level of the target gene was normalized to that of ACTIN2. B, GUS staining of
transgenic ABCG14pro::GUS seedlings. Scale bar ¼ 1 mm. C, High-magnification image of single cotyledon in (A). MAV, major vein; SV, secondary
vein. Scale bar ¼ 0.2 mm. D, GUS staining of rosette leaves of transgenic ABCG14pro::GUS plants. Younger to older leaves listed from left to right.
High-magnification images show that GUS is mainly expressed in minor veins of young and growing leaves. E, GUS staining of the seventh rosette
leaves in representative transgenic SUC2pro::GUS plants. F, Ruthenium red-stained cross-sections of the minor veins of transgenic SUC2pro::GUS
plants. G, GUS staining of the seventh rosette leaves of transgenic ABCG14pro::GUS plants. H, Ruthenium red-stained cross-sections of the minor
veins of transgenic ABCG14pro::GUS plants. I, GUS staining of the seventh rosette leaves in representative transgenic 4CL1pro::GUS plants. J,
Ruthenium red-stained cross-sections of the minor veins of transgenic 4CL1pro::GUS plants. MIV, minor veins. Ph, phloem; Xy, xylem. D, E, G, and I,
scale bar ¼ 5 mm. F, H and J, scale bar ¼ 30 mm.
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Shoot cytokinins affect seed number in Arabidopsis
(Bartrina et al., 2011). The number of siliques in atabcg14/
atabcg14, atabcg14/WT, and WT/atabcg14 was �54%, 26%,
and 18% lower, than those of WT/WT, respectively. Plants
lacking root and/or shoot AtABCG14 exhibited relatively
lower shoot apical meristem (SAM) activity than WT plants
(Figure 2, C and D). At maturity, the heterografts atabcg14/
WT and WT/atabcg14 were 18% and 15% shorter, than the
WT/WT, respectively (Figure 2E). Thus, the WT root can
only partially rescue the mutant atabcg14/WT phenotype to
WT, and AtABCG14 expression in the aerial tissues is re-
quired for shoot growth.

Cytokinin signaling in the shoot of reciprocally
grafted plants between WT and atabcg14
We used GUS staining, GFP fluorescence, and/or reverse
transcription quantitative PCR (RT-qPCR) to assay the ex-
pression levels of the genes associated with cytokinin signal-
ing in the aerial tissues of the grafted plants (Figure 3). We
reciprocally grafted WT and atabcg14 harboring a cytokinin
reporter construct (ARR5::GUS) with a GUS gene driven by
the promoter of ARABIDOPSIS RESPONSE REGULATOR 5
(ARR5) gene. The atabcg14/WT graft displayed GUS staining
in the flower buds but not the leaves or inflorescences
(Figure 3A). In contrast, the same organs exhibited strong
GUS staining in the WT/atabcg14 graft but to a lesser de-
gree than those of the self-grafted WT (Figure 3A). We also
grafted plants between WT and atabcg14 harboring another
cytokinin reporter construct (ARR5::eGFP) with an enhanced
GFP (eGFP) gene driven by the promoter of ARR5 gene
(Supplemental Figure S3A). GFP fluorescence was intense in
the self-grafted WT but absent in the self-grafted atabcg14.
GFP florescence was substantially reduced in the leaf epider-
mal cells of the heterograft WT/atabcg14 and virtually unde-
tectable in those of the heterograft atabcg14/WT.

We performed a RT-qPCR assay to quantify the expression
of several cytokinin ARR genes (D0Agostino et al., 2000) in
the grafted inflorescences and rootstocks (Figure 3, B and
C). ARR expression in the WT/atabcg14 shoot was partially
rescued (range: 28%–73%) but only slightly rescued in the
atabcg14/WT (range: 6%–24%; Figure 3B). ARR expression
was considerably higher in the WT/atabcg14 shoot than in
the atabcg14/WT shoot (Figure 3B). Contrarily, ARR expres-
sion was largely rescued in the WT/atabcg14 root but not in
the atabcg14/WT root. ARR expression was significantly in-
creased (range: 0.9–5.5 folds) in the atabcg14/WT root com-
pared with that in the WT/WT root (Figure 3C). Thus,
shoot cytokinin signaling was considerably rescued to WT/
WT in WT/atabcg14 but only slightly rescued to WT/WT in
atabcg14/WT. The considerable reduction in shoot cytokinin
signaling in the atabcg14/WT indicated that shoot
AtABCG14 expression is a prerequisite for the signaling func-
tions of cytokinins transported from the root to the shoot.

Long-distance root-synthesized cytokinin transport
in plants reciprocally grafted between WT and
atabcg14
To determine whether root-synthesized cytokinins move to
the aerial tissues of various grafts and particularly in
atabcg14/WT, we fed 14C-labeled tZ to the root for 3 h and
assayed shoot radioactivity by scintillometry. The shootward
14C-labeled tZ transport was suppressed in self-grafted
atabcg14 but rescued in the WT/atabcg14 and atabcg14/WT
heterografts compared with that in self-grafted WT
(Figure 4A). To determine the extent to which the tZ-type
cytokinins delivered to the shoot were intact, we fed the
roots of various grafts 2H-labeled tZ, which could be

Figure 2 AtABCG14 disruption in the aerial tissues affects plant
growth. A, Phenotypes of rosette leaves of grafted plants at 25 DAG.
Scale bar ¼ 1 cm. WT/WT, self-grafted WT; WT/g14, WT as scion and
atabcg14 mutant as rootstock; g14/g14, self-grafted atabcg14 mutant;
g14/WT, atabcg14 mutant as scion and WT as rootstock. B, Diameters
of the rosette leaves of grafted plants at 25 DAG. Data are shown as
mean 6 SD (n¼ 38 independent plants); (C) Phenotypes of entire
grafted plants at 50 DAG. Scale bar ¼ 2 cm. D, Number of siliques in
grafted plants at 50 DAG. Data are presented as mean 6 SD (n¼ 30 in-
dependent plants). E, Height of the grafted plants at 50 DAG. Data are
presented as means 6 SD (n¼ 33 independent plants). Statistical anal-
yses were performed using the one-way analysis of variance (LSD test)
with SPSS software (v. 13.0). Different letters above each column indi-
cate significant differences (P< 0.05).
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converted to tZR (Zhang et al., 2014; Figure 4B). The quanti-
fication of 2H-labeled tZ and tZR by liquid chromatography-
mass spectrometry (LC–MS) revealed that distribution pat-
terns of tZ and tZR were similar to those of 14C-labeled tZ

(Figure 4B). Root AtABCG14 expression restored labeled tZ
transport in the atabcg14/WT grafts. However, the
atabcg14/WT plants were deficient in cytokinin signaling
and their growth was delayed (Figures 2 and 3). Hence,

Figure 3 AtABCG14 disruption in the shoot reduces cytokinin signaling. A, GUS staining of flower inflorescence (top) and rosette leaves (bottom)
of grafted plants WT/WT, atabcg14/atabcg14, WT/atabcg14, and atabcg14/WT at 35 DAG. Scale bar ¼ 1 mm. B and C, Expression levels of type-A
cytokinin response genes (ARR4, ARR5, ARR6, ARR7, ARR15, and ARR16) in the shoots (B) and roots (C) of the grafted plants at 25 DAG. The tran-
script level of the target gene was normalized to that of ACTIN2. Data are presented as mean 6 SD (n¼ 4 biological replicates; representative data
from two independent experiments). Statistical analyses were performed using the one-way analysis of variance (LSD test) with SPSS software (v.
13.0). Different letters above each column indicate significant differences (P< 0.05).
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AtABCG14 disruption in the aerial tissues suppressed long-
distance root-synthesized cytokinin translocation even after
xylem loading was rescued. Moreover, AtABCG14 plays a
pivotal role in shoot cytokinin distribution. Labeled tZ and
tZR were restored in WT/atabcg14 with an AtABCG14-defi-
cient rootstock (Figure 4, A and B). Thus, an alternative

cytokinin xylem-loading pathway independent of AtABCG14
is active in Arabidopsis roots. To quantify endogenous cyto-
kinin accumulation in the grafts, we measured tZ, tZR, IP,
IPR, cZ, and cZR in the shoots and roots by LC–MS
(Figure 4, C and D; Supplemental Figure S4, A and B). The
tZ-type cytokinins were detected mainly in the WT/WT
shoots but substantially reduced in atabcg14/atabcg14
(Figure 4C). In addition, the concentration of tZ and tZR
was approximately 9 times higher in the WT/atabcg14
shoots than in the atabcg14/atabcg14 shoots (Figure 4C),
and was rescued to 74% of the WT/WT. The concentration
of tZ and tZR in the atabcg14/WT shoots was increased by
approximately 2.5 times compared with that in atabcg14/
atabcg14 (Figure 4C). However, these concentrations were
still considerably lower than those in WT/WT. The concen-
tration of iP-type cytokinins had increased in atabcg14/
atabcg14 and substantially increased in atabcg14/WT
(Supplemental Figure S4A). Therefore, iP-type cytokinin
overaccumulation could compensate for the shortage of tZ-
type cytokinins in the shoot. Overall, the cytokinin concen-
tration in the grafted plants was consistent with shoot cyto-
kinin signaling (Figure 3).

Our 14C-tZ and 2H5-tZ assays showed that tZ transport
was fully rescued in atabcg14/WT and partially rescued in
WT/atabcg14 (Figure 4, A and B). However, the endogenous
tZ/tZR was substantially reduced in the atabcg14/WT shoots
(Figure 4C). To explain the inconsistency, we fed 2H5-tZ to
the roots of various grafts for 3 h, transferred half the plants
to mock solution, and incubated them for another 3 h. The
cytokinins in the grafted plant shoots were quantified. The
labeled tZ-type cytokinin concentrations in the atabcg14/
WT fed 2H5-tZ solution were similar to those in WT/WT
(Figure 4E). Nevertheless, the labeled tZ-type cytokinin con-
centrations were considerably lower in atabcg14/WT fed
mock solution than in WT/WT (Figure 4F), and this is con-
sistent with the endogenous tZ/tZR concentrations
(Figure 4C). Therefore, we speculated that the cytokinins in
the shoot might be retrograded to the root when
AtABCG14 was dysfunctional in the atabcg14/WT shoots.

To provide direct evidence of the retrograde transport of
root-synthesized tZ-type cytokinins to the roots, we performed
a split-root experiment in which the roots of a plant were di-
vided into two groups; one group was immersed in isotope-la-
beled 2H5-tZ. The 2H5-tZ-type cytokinins in the shoot and the
other group were quantified and the results showed that 2H5-
tZ/tZR could be transported from the roots to shoots
and then retrograded to the roots (Supplemental Figure S5,
A–C). This finding directly supports the retrograde transport of
root-synthesized tZ-type cytokinins in Arabidopsis.

The root tZ-type cytokinin concentrations in WT/
atabcg14 were similar to those in WT/WT (Figure 4D). This
finding was consistent with the results of the isotope tracer
experiments (Figure 4, A and B). However, the tZ-type cyto-
kinins hyperaccumulated in the atabcg14/WT roots, as in
the atabcg14/atabcg14 roots (Figure 4D). The cytokinin

Figure 4 Long-distance translocation of root-synthesized cytokinins in
different grafts. A, Radioactivity in the shoots of grafted plants WT/
WT, atabcg14/atabcg14, WT/atabcg14, and atabcg14/WT after 14C-tZ
feeding to the roots for 3 h. B, Quantification of 2H5-labeled tZ and
tZR in the shoots of grafted plants WT/WT, atabcg14/atabcg14, WT/
atabcg14, and atabcg14/WT after 2H5-tZ feeding to the roots for 3 h.
C, Endogenous tZ and tZR in the shoots of grafted plants WT/WT,
atabcg14/atabcg14, WT/atabcg14, and atabcg14/WT. D, Endogenous
tZ and tZR in roots of grafted plants WT/WT, atabcg14/atabcg14,
WT/atabcg14, and atabcg14/WT. Data in (A) to (D) are means 6 SD

(n¼ 3, biological replicates, representative data from two independent
experiments). E, Quantification of 2H5-labeled tZ and tZR in shoots of
WT/WT, atabcg14/atabcg14, WT/atabcg14, and atabcg14/WT after
feeding 2H5-tZ to roots for 6 h. F, Quantification of 2H5-labeled tZ and
tZR in the shoots of the grafted plants. The roots were fed 2H5-tZ
(5 mM MES; pH 5.7) for 3 h and incubated in 2H5-tZ-free mock solu-
tion for another 3 h. Data are expressed as mean 6 SD (n¼ 3 biologi-
cal replicates). Statistical analyses were performed using the one-way
analysis of variance (LSD test) with SPSS software (v. 13.0). Different
letters above each column indicate significant differences (P< 0.05).
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concentrations in the grafted plants were consistent with
root cytokinin signaling (Figure 3C). We speculated that
root-synthesized cytokinin distribution and shootward trans-
port might have been impaired and only a small quantity of
tZ-type cytokinin was retained in the atabcg14/WT shoot.
This indicated that the root-synthesized cytokinins might
have been trapped in the atabcg14/WT leaf veins and retro-
graded to the roots.

Distribution of root-synthesized cytokinins in the
shoots of plants reciprocally grafted between WT
and atabcg14
To trace root-synthesized cytokinin retention in atabcg14/
WT leaf veins, we fed exogenous tZ to the roots of various
grafts harboring the ARR5::GUS reporter and tracked tZ
transport and signaling. Three hours after feeding exogenous
tZ to the roots, tZ-type cytokinins were delivered to the
shoots (Supplemental Figure S6). ARR5 expression was mea-
sured by GUS staining in the treated plants (Figure 5, A–D).
Mock-treated WT/WT showed weak GUS staining near the
petioles and midribs (Figure 5A). After root tZ feeding, the
GUS signal spread to the laminae (Figure 5B). Hence, cytoki-
nins were successfully delivered to the target cells and in-
duced a signaling cascade there. However, mock-treated
(Figure 5C) and tZ-treated atabcg14/WT (Figure 5D) failed
to induce foliar GUS expression. This result and the afore-
mentioned observations (Figure 4, A and B) indicated that
root-fed cytokinins could be delivered to the shoot but did
not correctly distribute to the target cells or trigger signaling.
We repeated the previous experiment on ARR5::eGFP trans-
genic plants to test root-synthesized CK signaling in various
live grafts. Consistent with the previous data, we found the
GFP signal was nearly rescued in the WT/abcg14 background
but not in abcg14/WT (Supplemental Figure S3, A and C).
Furthermore, the GFP signals substantially increased in the
WT/WT and WT/abcg14 shoots after the roots were fed tZ
(Supplemental Figure S3, A–C). This finding was consistent
with the data presented in Figure 5, A–D.

To confirm abnormal root-synthesized cytokinin distribu-
tion in atabcg14/WT, we subjected WT/WT and atabcg14/
WT roots with 2H5-labeled tZ and extracted cytokinins from
the midribs and laminae (Figure 5, E and F). The quantifica-
tion of 2H5-labeled tZ and endogenous tZ-type cytokinins
(Supplemental Table S1) showed that the petiole-midrib:la-
mina tZ-type cytokinin ratios were considerably higher in
atabcg14/WT than in WT/WT. These results demonstrated
that both the 2H5-labeled and endogenous tZ-type cytoki-
nins were retained in the midribs and petioles and that their
distribution from the veins to the laminae of atabcg14/WT
was severely impaired.

To identify the recipient (xylem and phloem) cells of root-
synthesized cytokinins, we profiled the phytohormones in
apoplastic xylem and cell wall extracts (He et al., 2020) and
in phloem sap (Tetyuk et al., 2013). The concentration of
tZ-type cytokinins was relatively low in the apoplastic
extracts of atabcg14/atabcg14 and atabcg14/WT. In contrast,

the concentration of tZ-type cytokinins was relatively higher
in in WT/WT and WT/atabcg14 apoplastic extracts
(Figure 5G). The concentration of tZ-type cytokinins in the
phloem sap of atabcg14/WT was �16.6-fold higher than
that in the other three grafts (Figure 5H). For this reason,
the tZ-type cytokinins were retained in the leaf vein phloem
of atabcg14/WT. This finding validates the cytokinin efflux

Figure 5 Phloem transport is required to distribute root-synthesized
cytokinins in the shoot. A–D, GUS staining of ARR5::GUS transgenic
grafted plants WT/WT and atabcg14/WT (g14/WT) after mock and
exogenous tZ treatments of the roots. WT/WT and WT/WT (tZ) rep-
resent mock-treated (A) and tZ-treated (B) self-grafted WT, respec-
tively, for 3 h. g14/WT and g14/WT (tZ) represent mock-treated (C)
and tZ-treated (D) grafted atabcg14/WT plants, respectively, for 3 h.
Scale bars ¼ 1 cm. E, Ratios of 2H5-labeled tZ-type cytokinin in the
main veins and leaf blades of WT/WT and atabcg14/WT. F, Ratios of
endogenous tZ-type cytokinins in the major veins and leaf blades of
WT/WT and atabcg14/WT. Data in (E) and (F) are presented as means
6 SD (n¼ 3, biological replicates); ***P< 0.001 (Student’s t test). G,
Cytokinin content in the apoplastic extracts of WT/WT, g14/g14, WT/
g14, and g14/WT grafted plants. H, Cytokinin content in the phloem
saps of WT/WT, g14/g14, WT/g14, and g14/WT grafted plants. Data in
(G) and (H) are presented as mean 6 SD (n¼ 3, biological replicates
and representative of two independent experiments). Statistical analy-
ses were performed using the one-way analysis of variance (LSD test)
with SPSS software (v. 13.0). Different letters above each column indi-
cate significant differences (P< 0.05). The significant differences
shown in (G) and (H) refer to the total content of tZ and tZR
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function of AtABCG14 expressed in PCCs (Figure 1, E–H;
Supplemental Figure S1). Abscisic acid (ABA) served as a
negative control, and its distribution did not significantly dif-
fer among grafts (Supplemental Figure S7). These results col-
lectively showed that AtABCG14 expression is responsible for
the phloem unloading of root-synthesized cytokinins to apo-
ptotic cells.

Phloem-specific expression of AtABCG14 rescued
the phloem unloading of root-synthesized
cytokinins in atabcg14 shoots
AtABCG14 expression was detected in the phloem and xy-
lem of minor veins (Figure 1, E–J). We sought to determine
whether phloem- or xylem-specific AtABCG14 expression in
the aerial tissues is associated with its role in regulating cyto-
kinin distribution. We used the xylem-specific promoter
4CL1pro (Booker et al., 2003) and the PCC-specific promoter
SUC2pro (Truernit and Sauer, 1995) to express AtABCG14 in
the atabcg14 background. The root length, rosette leaf diam-
eter, and silique number of atabcg14 were substantially dif-
ferent from those of WT (Ko et al., 2014; Zhang et al., 2014).
Thus, all three phenotypes were examined to establish the
complementary roles of AtABCG14 driven by various tissue-
specific promoters (Figure 6). AtABCG14 expression under
SUC2pro complemented the defective AtABCG14 phenotypes
of atabcg14, whereas AtABCG14 expression driven by
4CL1pro did not (Figure 6, A–F). Cytokinin profiling showed
that cytokinin distribution was restored in the transgenic
plants wherein AtABCG14 expression was driven by SUC2pro

but not 4CL1pro (Figure 6, G and H; Supplemental Figure S8,
A and B). Apoplastic extract assays revealed that AtABCG14
expression driven by the SUC2 promoter rescued the
apoplastic cytokinins in atabcg14 leaves (Figure 6I;
Supplemental Figure S8C). Grafting experiments between
SUC2pro::AtABCG14 transgenic atabcg14 plants and atabcg14
mutants showed that AtABCG14 expression driven by the
SUC2 promoter in the shoot substantially rescued the
atabcg14 growth-retardation phenotype (Supplemental
Figure S9). These results showed that AtABCG14 expression
in the PCCs of aerial tissues is essential for the long-distance
root-to-shoot transport, distribution, and function of root-
synthesized cytokinins in the shoots.

Discussion
Various long-distance signaling molecules play essential roles
in root-to-shoot communication and coordinate growth
and development in response to environmental fluctuations
(Ko and Helariutta, 2017). Long-distance translocation
events of auxins, ABA, cytokinins, gibberellins, and their pre-
cursors have been described (Hartung et al., 2002; Aloni
et al., 2005; Regnault et al., 2015, 2016; Tal et al., 2016).
Some phytohormone transporters have been characterized
but their mechanisms are poorly understood. Root-synthe-
sized tZ-type cytokinins are root-to-shoot signals vital to
shoot growth. Here, we elucidated a mechanism by which
Arabidopsis uses tissue-specific expression of the transporter

AtABCG14 to synchronize xylem loading and phloem
unloading of root-synthesized cytokinins (Figure 7).

AtABCG14 expression in the vascular tissues of shoots and
roots enables the synchronization of root loading and shoot

Figure 6 AtABCG14 expression in the phloem is essential for its function
in aerial tissues. A, Phenotypes of 35-DAG transgenic plants of atabcg14
complemented with AtABCG14 under xylem-specific promoter 4CL1pro

and phloem-specific promoter SUC2pro. Scale bar ¼ 3 cm. B,
Quantification of silique number of plants in (A). Data are means 6 SD

(n¼ 9). C, Phenotype of the rosette leaf of atabcg14 complemented with
AtABCG14 under xylem-specific promoter 4CL1pro and phloem-specific
promoter SUC2pro. Scale bar ¼ 2 cm. D, Quantification of diameter of ro-
sette leaves in (C). Data are presented as mean 6 SD (n¼ 8). E, Root phe-
notype of 10-DAG seedlings of plants in (A) at T3 generation. Scale bar ¼
1 cm. F, Quantification of root length of seedlings in (E). Data are pre-
sented as mean 6 SD (n¼ 20). G–I, Cytokinin content in the shoot (G,
n¼ 4), root (H, n¼ 4), and apoplastic extracts (I, n¼ 3) of atabcg14 com-
plementary lines with AtABCG14 under xylem-specific promoter 4CL1pro

and phloem-specific promoter SUC2pro. Data in (G) and (H) are pre-
sented as mean 6 SD (n¼ 4, biological replicates). Data in (I) are pre-
sented as mean 6 SD (n¼ 3, biological replicates). g14 represents
atabcg14. 4CL1 and SUC2 indicate transgenic plants of atabcg14 comple-
mentary with AtABCG14 under 4CL1pro and SUC2pro promoters.
Statistical analyses were performed using the one-way analysis of variance
(LSD test) with SPSS software (v. 13.0). Different letters above each col-
umn indicate significant differences (P< 0.05). The significant differences
shown in (G) to (I) refer to the total content of tZ and tZR.
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distribution of root-synthesized cytokinins. In the root
AtABCG14 expression is high and localized to pericycle, pro-
cambial, and phloem cells (Ko et al., 2014; Zhang et al.,
2014). AtABCG14 expression is high in the veins of young
leaves but low in those of old leaves (Figure 1D). Leaf vein
cross-sections revealed a high expression of AtABCG14 in
the phloem and xylem parenchyma cells (Figure 1, F and G).
AtABCG14 expression driven by SUC2 rather than the 4CL1
promoter in atabcg14 shoots (Figure 6; Supplemental
Figures S8 and S9) successfully rescued the mutant pheno-
types. Hence, AtABCG14 must be expressed in the phloem
for it to perform the physiological function in the shoots.
AtABCG14 localization to the PCCs coincides with the role
of this gene in the shoot distribution of root-synthesized
cytokinins.

Grafting experiments and phloem sap profiling revealed
that AtABCG14 might be responsible for root-synthesized
cytokinin unloading from the phloem to the apoplast. The
analysis of the leaf apoplastic extracts of reciprocal grafts be-
tween atabcg14 and WT showed that the tZ-type cytokinin
concentration in atabcg14/atabcg14 and atabcg14/WT was
94% and 93% lower than that in self-grafted WT, respec-
tively (Figure 5G). A lack of shoot AtABCG14 expression sub-
stantially reduced relative shoot ARR5 and other ARR
expression (Figure 3, A and B). The phloem sap assay on
various grafts showed that the root-synthesized cytokinin
concentration was up to 16 times higher in the leaf phloem
of atabcg14/WT than in the self-grafted WT (Figure 5H). On
the contrary, both cytokinin signaling (Figure 3C) and tZ/
tZR quantification (Figure 4D) in atabcg14/WT root sug-
gested that the over-accumulated root-synthesized

cytokinins in the phloem were retrograded to the root
(Figure 7). Moreover, the 2H5-tZ tracer experiment showed
that the tZ-type cytokinins can be retrograded from the
shoot to the root (Supplemental Figure S5). A previous
study showed that AtABCG14 promotes cytokinin efflux
from the cytosol to the cell apoplast (Zhang et al., 2014).
Our results suggested that AtABCG14-driven cytokinin efflux
from the phloem cytosol to the apoplast is required for ap-
propriate root-synthesized cytokinin distribution and shoot-
ward translocation in Arabidopsis.

Although AtABCG14 is known to be involved in the xy-
lem loading of root-synthesized cytokinins in the root, evi-
dence from our experiments indicated the presence of an
AtABCG14-independent pathway that also plays an essential
role in xylem loading in the absence of root-expressed
AtABCG14. WT/atabcg14 lacked root AtABCG14, and its
shootward transport of labeled and endogenous tZ-type
cytokinins was only weakly compromised. Moreover, the lat-
ter was sufficient to rescue most of the phenotypes and sig-
naling compared with self-grafted WT (Figures 3 and 4). The
cytokinins in the WT/atabcg14 shoot apoplast and phloem
displayed similar patterns to those in WT/WT (Figure 5, G
and H). These findings contradict those of a previous study,
in which xylem cytokinin loading via AtABCG14 was indis-
pensable because a WT scion grafted onto an atabcg14 root-
stock demonstrated an atabcg14-like phenotype while an
atabcg14 scion grafted onto a WT rootstock demonstrated
a WT-like phenotype (Ko et al., 2014). In contrast, our find-
ings are consistent with those of other studies wherein grafts
with a WT scion and a rootstock of ARABIDOPSIS
ISOPENTENYLTRANSFERASE 1; 3; 5; 7 quadruple mutant

Figure 7 Schematic representation of AtABCG14 in the root loading and shoot distribution of root-synthesized cytokinins in Arabidopsis. tZR/tZ
is produced in pericycle cells (PCs) or retrieved from apoplast and loaded into root xylem by G14 (AtABCG14) or via an unknown pathway.
Cytokinins are transported via the xylem by the leaf transpiration stream and loaded into the shoot or main vein phloem by an unknown trans-
porter. In self-grafted WT, most cytokinins are transported from the source to the minor veins via the phloem and released into the apoplast by
AtABCG14 on PCCs. Small amounts of cytokinins in the phloem may be recycled to the root. In the heterograft atabcg14/WT, phloem unloading
is suppressed and the majority of root-synthesized cytokinins in the phloem may be retrograded to the roots. tZ, trans-zeatin; tZR, tZ-riboside;
G14, AtABCG14; PCC, phloem companion cells; PC, pericycle cells; ?, unknown mechanism.
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atipt1;3;5;7 or cyp735a1 and cyp735a2 double mutant
cypDM, respectively, showed WT-like phenotypes
(Matsumoto-Kitano et al., 2008; Kiba et al., 2013).

The root-synthesized cytokinin levels in the shoot and leaf
apoplasts of the atabcg14 mutant were 92% and 94% lower
than those in the WT, respectively (Figures 4, C and 5, G).
Despite its stunted growth, the atabcg14 mutant had a nor-
mal life cycle. Cytokinin signaling in the floral meristem was
partially rescued in atabcg14/WT (Figure 3A). Thus, a limited
amount of root-synthesized cytokinins can be delivered to
the SAM in the absence of AtABCG14. AtABCG14-indepen-
dent phloem unloading might occur via the symplastic
transport pathway used to unload sugar and nutrients
(Schmalstig and Geiger, 1985; Wang et al., 2012).
Considering the above results, we speculate that apoplastic
transport is the primary pathway for unloading, whereas
symplastic transport likely serves as a secondary pathway
maintaining the normal growth of plants.

Nevertheless, it remains unclear how and where root-syn-
thesized cytokinins transmitted in the xylem are exchanged
into the phloem. As the xylem is a part of the apoplast and
does not require unloading transporters (Kang et al., 2017),
putative cytokinin importers on the plasma membranes of
phloem companion or xylem parenchyma cells may be re-
quired for the xylem-to-phloem transfer. Arabidopsis PUP14
is characterized as a cytokinin importer (Zurcher et al.,
2016), and OsENT2 reportedly exhibits iPR transport activity
(Hirose et al., 2005). Hence, certain members of the PUP or
ENT family might participate in xylem-to-phloem transloca-
tion. In summary, we found that phloem unloading is re-
quired for the shoot distribution of the root-synthesized
cytokinins in Arabidopsis. Moreover, AtABCG14 serves as an
exporter in phloem unloading and synchronizes root loading
and shoot distribution of root-synthesized cytokinins
(Figure 7). This model may represent a generic mechanism
for the distribution of other shootward plant growth regula-
tors or nutrients, and this should be explored in the future.

Materials and methods

Plant materials and growth conditions
Arabidopsis ecotype Columbia (Col)-4 was used in this
study. atabcg14, atabcg14/ARR5::GUS, atabcg14/ARR5::EGFP,
ABCG14pro::GUS, ARR5::GUS, and ARR5::eGFP transgenic
plants or mutants were described previously (Zhang et al.,
2014, 2020). Seeds were sown on Petri dishes containing
half-strength Murashige and Skoog (1/2 MS) medium
(M519; PhytoTechnology Laboratories, Shawnee Mission, KS,
USA), 0.5% (w/v) gellan gum (G434; PhytoTechnology
Laboratories, Shawnee Mission, KS, USA), and appropriate
antibiotics. They were incubated at 4�C for 3 d before being
transferred to a growth chamber. Seedlings with two true
leaves were transplanted to soil (Professional growing mix;
Sun Gro Horticulture Canada Ltd., Seba Beach, AB T0E 2B0,
Canada) under a 16-h light/8-h dark light cycle and �60%
relative humidity unless otherwise indicated. The light inten-
sity was �110 lmol m�2 s�1. The WT, mutant, and/or

transgenic plants were grown simultaneously in the same
trays to minimize variations in the growth conditions.

Gene expression analysis
The total RNA was extracted using the TaKaRa Minibest
Universal RNA Extraction Kit (No. 9767; TaKaRa Bio Inc.,
Kusatsu, Shiga, Japan). The cDNAs were synthesized with
HiScript qRT Supermix for qPCR (þgDNA wiper; R123-01;
Vazyme Biotech, Nanjing, China). The RT-qPCR was per-
formed using SYBR Green (TaKaRa Bio Inc., Kusatsu, Shiga,
Japan) on the ABI PRISM 7700 System (Applied Biosystems,
Foster City, CA, USA). ACTIN2 was used as the internal con-
trol for RT-qPCR data analysis. The RT-qPCR primers are
listed in Supplemental Table S2. The transcript level of the
target genes was normalized to that of ACTIN2.

Plasmid construction
The mCherry fragment was amplified using the mCherry-F
and mCherry-R primers and then ligated to pMDC163 and
digested with XbaI and SacI. Therefore, GUS was replaced
with mCherry, and pMDC163-mCherry was generated.
SUC2pro-pDONR207 was ligated to pMDC163-mCherry us-
ing the LR reaction (11791-020; Invitrogen, Carlsbad, CA,
USA) to obtain pMDC163-SUC2pro-mCherry. AtABCG14pro-
pDONR207 was ligated to pMDC107 using the LR reaction
(Invitrogen, Carlsbad, CA, USA) to generate pMDC107-
ABCG14pro-GFP. All primers are listed in Supplemental
Table S2.

AtABCG14 was amplified using primers AtABCG14-P1 and
AtABCG14-P2 using the cDNA of WT as the template. After
digestion with XbaI and SacI, the fragment was ligated to
pMDC163, digested again with XbaI and SacI, and the GUS
gene was replaced with AtABCG14 to obtain the pMDC163-
ABCG14 plasmid. 4CLpro-pDONR207 and SUC2pro-
pDONR207 were ligated to pMDC163-ABCG14 using the LR
reaction (Invitrogen, Carlsbad, CA, USA) to form the
pMDC163-4CLpro-ABCG14 and pMDC163-SUC2pro-ABCG14
plasmids. The plasmids were transformed in Agrobacterium
tumefaciens strain GV3101 and infiltrated into the atabcg14
mutant using the floral dip method (Zhang et al., 2006). All
primers used are listed in Supplemental Table S2. The pro-
moter regions of AtABCG14, SUC2, and 4CL1 were 1,295,
2,129, and 1,001 bp in length, respectively.

Grafting
The micro-graft method used here was modified from a pre-
vious protocol (Yin et al., 2012). Briefly, the seeds were
grown on slope (slant) medium (1/2 MS, 1.5% (w/v) agar,
3% (w/v) sucrose, 15� angle) for 5 d. Under a dissecting mi-
croscope (NSZ-606, Xiamen Phio Scientific Instruments Co.,
Ltd., Xiamen, China), the seedling hypocotyls were cut verti-
cally in the middle with a sharp razor blade. The scion was
quickly moved to the target rootstock, and both scion and
rootstock were firmly squeezed together. The Petri dishes
were vertically aligned in a growth chamber. One day after
surgery, the scion and rootstock were vertically adjusted and
matched again. Two days after surgery, the roots and shoots
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were joined. Samples without an appropriate connection
were discarded. Adventitious roots on the scions were re-
moved with a pair of sharp tweezers. Well-grafted seedlings
with two true leaves were transplanted to the soil. The cut
edges were left above the soil surface and checked daily.
Any new adventitious roots were immediately removed
once they had formed.

Cytokinin quantification
Cytokinins were extracted using a previously described
method (Zhao et al., 2019). One hundred milligrams of
ground tissue was added to each 2-mL plastic microtube
(Eppendorf AG, Hamburg, Germany), frozen in liquid nitro-
gen, and homogenized in a Tissuelyser-48 (Shanghai Jingxin
Experimental Technology, Shanghai, China). The ground tis-
sues were mixed with 1 mL of 80% (v/v) methanol with 45
pg of internal standards (i.e. [2H5]tZ and [2H5]tZR;
OlChemIm s.r.o., Olomouc, Czech Republic) and extracted
twice using a laboratory rotator for 2 h at 4�C. After centri-
fugation (10 min, 15,000g, 4�C), the supernatant was col-
lected, transferred to a clean plastic microtube, and dried
with nitrogen gas flow. The pellet was dissolved in 300 lL of
30% (v/v) methanol. After centrifugation (10 min, 15,000g,
4�C), the supernatant was passed through a 0.22-lm mem-
brane filter and used in cytokinin quantification according
to a previously described method (Zhao et al., 2019).

Tracer experiments
Isotope (14C- or 2H5-tZ) tracer experiments were performed
as previously described (Zhang et al., 2014). For the 14C-tZ
isotope uptake assay, different 12-DAG grafted seedlings
were used. The seedling roots were immersed in 5 mM
MES-KOH (pH 5.6) buffer containing 14C-tZ (3,700 Bq mL�1;
final concentration 5 nM; American Radiolabeled Chemicals,
St Louis, MO, USA) under normal growth conditions. After
3 h of incubation, the roots and shoots were carefully sepa-
rated with a razor blade at their junction. The shoots from
three plants per graft type were separately collected as repli-
cates. The samples were mixed with 1.5 mL of bleach (8.25%
(v/v) sodium hypochlorite; Clorox, Oakland, CA, USA) and
incubated at 70�C for 3 h to solubilize the tissues. After cen-
trifugation (10 min, 12,000g, 4�C), the radioactivity of the su-
pernatant was quantified under a scintillometer (LS 6000;
Beckman Coulter, Pasadena, CA, USA). For the 2H5-tZ iso-
tope uptake assay, the 25-DAG grafted plants were used.
The roots were immersed in 5 mM MES-KOH (pH 5.6)
buffer containing 2H5-tZ (final concentration 50 nM;
OlChemIm s.r.o., Olomouc, Czech Republic) under normal
growth conditions for 3 h. The shoot cytokinins were
extracted and quantified according to a previously described
method, in which [2H6]iP (OlChemIm s.r.o., Olomouc, Czech
Republic) was used as the internal standard (Zhao et al.,
2019).

GUS staining
Histochemical GUS staining was performed using a previ-
ously described method (Jefferson et al., 1987). The samples

were infiltrated with 90% (v/v) acetone for 30 min on ice
and washed thrice with ultrapure water. Samples were infil-
trated under vacuum in GUS staining buffer (0.5 mg mL�1

5-bromo-4-chloro-3-indolyl glucuronide in 0.1 M Na2HPO4,
pH 7.0, 10 mM Na2EDTA, 0.5 mM potassium ferricyanide/
ferrocyanide, and 0.1% (v/v) Triton X-100) for 10 min, and
then incubated at 37�C for 3 h (Figure 1, B and C) or 12 h
(Figures 1, D–G, 3A, and 4, A–D; Supplemental Figure S4).
After removal of the staining buffer, the samples were
cleared with 70% (v/v) ethanol. Observations under the light
stereomicroscope (Discovery V12; Carl Zeiss AG,
Oberkochen, Germany) were recorded using a CANON
EOS60D camera (Canon Inc., Tokyo, Japan).

For sectioning, the plant tissues were fixed in formalin-
acetic acid alcohol (1.8% (v/v) formalin, 5% (v/v) acetic acid,
and 90% (v/v) methanol) and dehydrated with an ethanol
concentration-gradient series. The liquid was then replaced
with pre-infiltration solution (100% ethanol:Technovit 7100
resin base liquid [Kulzer GmbH, Hanau, Germany]; 1:1) and
left to stand for 2 h. The samples were transferred to the in-
filtration solution (1 g hardener I (Kulzer GmbH, Hanau,
Germany) in 100 mL of Technovit 7100 base liquid) and in-
cubated for 4 h. The samples were then embedded in infil-
tration solution by adding 1/15 volume hardener II (Kulzer
GmbH, Hanau, Germany) for 4 h at 65�C. The samples were
then cut into 4-mm-thick sections using a Leica EM UC7 ro-
tary microtome (Leica Microsystems, Wetzlar, Germany) to
observe the leaf minor veins. Images were taken under a
BX53 microscope (Olympus, Tokyo, Japan) with a DFC7000
T camera (Leica Camera AG, Wetzlar, Germany).

SUC2pro-mCherry and ABCG14pro-GFP co-
localization
The pMDC163-SUC2pro-mCherry and pMDC107-ABCG14pro-
GFP were individually transformed in WT using the flower
dipping method (Clough and Bent, 1998). Two types of
transgenic plants with GFP and mCherry florescence were
crossed to generate double-transgenic plants containing
pMDC163-SUC2pro-mCherry and pMDC107-ABCG14pro-GFP.
Ten-day-old seedlings harboring pMDC163-SUC2pro-mCherry
and pMDC107-ABCG14pro-GFP were observed under the
BX53 fluorescence microscope (Olympus, Tokyo, Japan) fit-
ted with a U-FYFP filter (exciter, 490–500 nm; barrier, 515–
560 nm) and a U-FRFP filter (exciter, 535–555 nm; barrier,
570–625 nm) and recorded using DFC7000 T (Leica Camera
AG, Wetzlar, Germany).

Apoplast and phloem sap extraction
Apoplasts were extracted according to a previously described
method (He et al., 2020) using the fifth to eighth rosette
leaves of 30-DAG grafts. The rosette leaves from two (WT/
WT and WT/atabcg14) or three (For atabcg14/atabcg14 and
atabcg14/WT) plants cut at the bases of the laminae, near
the petioles, were collected as a sample. The detached leaves
were immersed in syringes containing 30 mL of water and
the plungers were pulled and pushed repeatedly to facilitate
the penetration of water into the apoplasts. After saturation,
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the leaves were taken out, wrapped carefully with parafilm,
and fixed with a 1-mL pipette tip, which was then fastened
to a second parafilm strip, suspended above the bottom of a
15-mL centrifuge tube, and centrifuged at 2,500g for 10 min
at 4�C. The solution was then collected for phytohormone
determination according to a previously described method
(Zhao et al., 2019).

Phloem sap was extracted according to a previously de-
scribed method (Tetyuk et al., 2013) using the fifth to eighth
leaves from the 30-DAG grafts. The leaves from two (WT/
WT and WT/atabcg14) or three (atabcg14/atabcg14 and
atabcg14/WT) plants were cut at the bases of the petioles
and near the centers of the rosettes and pooled as one sam-
ple. The ends of the petioles were immediately placed in
9-cm Petri dishes containing 20 mM K2-EDTA (pH 7.0) and
incubated in the dark. The tips of the petiole were
completely submerged in the solution. After 1 h, the leaves
were gently removed from the Petri dishes, and the tips of
the petioles were rinsed thoroughly rinsed with distilled wa-
ter and immediately placed in water in 1.5-mL plastic tubes
in the dark. After 5 h, the exudates were collected for phy-
tohormone detection according to a previously described
method (Zhao et al., 2019).

Statistical analyses
The two-tailed Student’s t test (Figure 4, E and F;
Supplemental Figure S3) and one-way ANOVA (analysis of
variance) were used to analyze differences between plants
and/or treatments . In the figures, the different letters above
each column indicate significant differences (P< 0.05)
according to the LSD (least significant difference) test.

Accession numbers
Sequence data of most genes assessed in this study can
be found in the Arabidopsis Genome Initiative database
under the following accession numbers: AtABCG14
(AT1G31770), AtSUC2 (AT1G22710), ARR5 (AT3G48100),
ARR4 (AT1G10470), ARR6 (AT5G62920), ARR7
(AT1G19050), ARR15 (AT1G74890), ARR16 (AT2G40670),
and ACTIN2 (AT3G18780).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. AtABCG14 and SUC2 co-expres-
sion in the veins of Arabidopsis seedlings.

Supplemental Figure S2. Quantification of tZ and tZR in
the mature and young rosette leaves of WT and atabcg14
mutant.

Supplemental Figure S3. GFP fluorescence of ARR5::eGFP
transgenic plant in the grafts between WT and atabcg14 af-
ter root tZ treatment.

Supplemental Figure S4. Quantification of endogenous
cZ, cZR, iP, and iPR in the shoots, roots, phloem saps, and
apoplasts of the grafted plants.

Supplemental Figure S5. Retrograde transport of tZ-type
cytokinins from the shoot to the root.

Supplemental Figure S6. Shoot cytokinin concentration
in the grafted plants treated with exogenous tZ in roots.

Supplemental Figure S7. Abscisic acid concentration in
phloem saps and apoplastic extracts of grafted plants.

Supplemental Figure S8. Quantification of endogenous
cZ, cZR, iP, and iPR in the shoots, roots, and apoplast of
atabcg14 complementary lines with AtABCG14 under xylem-
specific promoter 4CL1pro and phloem-specific promoter
SUC2pro.

Supplemental Figure S9. AtABCG14 expression driven by
SUC2pro in the shoot largely rescued growth-retarded phe-
notypes of atabcg14.

Supplemental Table S1. Quantification of cytokinins in
leaf midrib and blade of WT/WT and atabcg14/WT fed 2H5-
tZ-type cytokinin in roots.

Supplemental Table S2. Primers used in this study.
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