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ABSTRACT

Cytokinins (CKs), primarily trans-zeatin (tZ) and isopentenyladenine (iP) types, play critical roles in plant
growth, development, and various stress responses. Long-distance transport of tZ-type CKs meidated by
Arabidopsis ATP-binding cassette transporter subfamily G14 (AtABCG14) has been well studied; however,
less is known about the biochemical properties of AtABCG14 and its transporter activity toward iP-type
CKs. Here we reveal the biochemical properties of AtABCG14 and provide evidence that it is also required
for long-distance transport of iP-type CKs. AtABCG14 formed homodimers in human (Homo sapiens)
HEK293T, tobacco (Nicotiana tabacum), and Arabidopsis cells. Transporter activity assays of AtABCG14 in
Arabidopsis, tobacco, and yeast (Saccharomyces cerevisiae) showed that AtABCG14 may directly transport
multiple CKs, including iP- and tZ-type species. AtABCG14 expression was induced by iP in a tZ-type CK-
deficient double mutant (cypDM) of CYP735A1 and CYP735A2. The atabcg14 cypDM triple mutant exhibited
stronger CK-deficiency phenotypes than cypDM. Hormone profiling, reciprocal grafting, and 2Hs-iP isotope
tracer experiments showed that root-to-shoot and shoot-to-root long-distance transport of iP-type CKs
were suppressed in atabcg14 cypDM and atabcg14. These results suggest that AtABCG14 participates in
three steps of the circular long-distance transport of iP-type CKs: xylem loading in the root for shootward
transport, phloem unloading in the shoot for shoot distribution, and phloem unloading in the root for root dis-
tribution. We found that AtABCG14 displays transporter activity toward multiple CK species and revealed its
versatile roles in circular long-distance transport of iP-type CKs. These findings provide new insights into the
transport mechanisms of CKs and other plant hormones.
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Cortleven et al., 2019). CKs mainly consist of four types:
trans-zeatin (tZ), isopentenyladenine (iP), cis-zeatin (cZ), and
dihydrozeatin (DHZ). In Arabidopsis thaliana or Oryza sativa (rice),
the key enzymes involved in CK biosynthesis and catabolism
are adenosine phosphate-isopentenyltransferase for iP-ribotide
phosphate (iPRP) biosynthesis (Sakamoto et al., 2006;
Matsumoto-Kitano et al., 2008), the cytochrome P450 enzymes
CYP735A1 and CYP735A2 for conversion of iPRPs to tZ-ribotide
phosphates (Kiba et al., 2013), the phosphoribohydrolase
LONELY GUY for activation of iPRPs and tZ-ribotide phosphates
to free iP and tZ (Kurakawa et al., 2007; Kuroha et al., 2009), and
CK dehydrogenase for irreversible degradation (Ashikari et al.,
2005; Bartrina et al., 2011). CK signal transduction in Arabidopsis
is a multistep two-component response system comprising CK
receptor histidine kinases, cytosol-to-nucleus transport protein
histidine phosphotransfer proteins, and downstream Arabidopsis
response regulators or CK response factors (Hwang and Sheen,
2001; Hwang et al., 2012).

After synthesis in certain cells, CKs must be transported to target
cells by long-distance or cellular transport to activate signal
transduction. It has been demonstrated that tZ-type CKs are
transported from the root to the shoot via the xylem to regulate
shoot growth, whereas iP-type CKs are transported from the
shoot to the root to regulate root development (Hirose et al.,
2007; Ko et al., 2014; Sasaki et al., 2014; Zhang et al., 2014;
Sakakibara, 2020). ATP-binding cassette (ABC) transporter sub-
family G14 (AtABCG14) participates in root xylem loading and
shoot phloem distribution of root-synthesized tZ-type CKs in
shootward transport in Arabidopsis (Ko et al., 2014; Zhang
et al.,, 2014; Zhao et al., 2021). An ortholog of AtABCG14 in
rice, OsABCG18, also functions as a transporter for root-to-
shoot transport of tZ-type CKs (Zhao et al., 2019), suggesting
that ABC transporters play a conserved role in transport of
root-synthesized CKs. When CKs reach the target cells, CK
transporters at the plasma membrane (PM) or endoplasmic retic-
ulum (ER) membrane are responsible for short-range cellular CK
transport and signaling. AZA-GUANINE RESISTANT (AZG), ABC
subfamily | (ABCI), and purine permeases (PUPs) are thought to
function as CKimporters or exporters or as bidirectional traffic fa-
cilitators. AtAZG2 is located in the ER and PM and inhibits lateral
root emergence by mediating CK cellular transport in Arabidopsis
(Tessi et al.,, 2020). AtABCI19, AtABCI20, and AtABCI21 are
involved in the CK response in the ER under transcriptional regu-
lation of ELONGATED HYPOCOTYL 5 at the seedling stage in
Arabidopsis (Kim et al., 2020). The OsPUP1 and OsPUP?7 trans-
porters are located in the ER and regulate CK homeostasis
in rice cells (Qi and Xiong, 2013; Xiao et al., 2020). AtPUP14
and OsPUP4, acting as PM-localized CK importers,
regulate cellular CK homoeostasis in Arabidopsis and rice,
respectively (Zurcher et al., 2016; Xiao et al., 2019). However,
the molecular mechanism of long-distance transport of iP-type
CKs remains unknown (Lacombe and Achard, 2016).

ABC proteins include full-size, half-size, and soluble transporters,
which contain two nucleotide-binding domains (NBDs) and two
transmembrane domains (TMDs), one NBD and one TMD, or
only NBDs, respectively (Rees et al., 2009; Banasiak and
Jasinski, 2021). The intracellular loop domains between TMDs
and NBDs transfer signals to coordinate ATP binding and
hydrolysis with continued substrate transport (Juan-Carlos et al.,

AtABCG14 transports multiple cytokinins in Arabidopsis

2021). Half-size ABC transporters must form homodimers or heter-
odimers (Rees et al., 2009; McFarlane et al., 2010; Banasiak and
Jasinski, 2021). As a half-size transporter, AtABCG14 has been
found to physically interact with AtABCG11 in Arabidopsis proto-
plasts, but the growth phenotypes of the atabcg?7 mutant were
very different from those of the atabcg74 mutant (Le Hir et al.,
2013; Ko et al., 2014; Yang et al., 2022). Although physiological
evidence supports the theory that AtABCG14 is essential for CK
transport, biochemical evidence is still lacking. Therefore, charac-
terization of the partner and substrates of AtABCG14 is essential
for understanding the transport mechanisms of CKs.

In this study, we found that AtABCG14 forms homodimers in hu-
man (Homo sapiens) HEK293T, tobacco (Nicotiana tabacum),
and Arabidopsis cells. Transporter activity assays in homologous
and heterologous expression systems showed that AtABCG14
mediated the efflux transport of various CKs, including tZ and iP-
type CK species. To eliminate conversion of iP-type CKs to tZ-type
CKs, the double mutant (cypDM) of CYP735A1 and CYP735A2, in
which tZ-type CKs were reduced by 95% (Kiba et al., 2013), was
used to study the long-distance transport mechanisms of iP-type
CKs. Based on phytohormone profiling, isotope tracer experi-
ments, grafting, and xylem sap assays, AtABCG14 was revealed
to be crucial for root-to-shoot translocation and shoot distribution
of iP-type CKs. AtABCG14 was also essential for shoot-to-root
long-distance transport of iP-type CKs. These results suggest
that AtABCG14 systemically mediates long-distance circulation
transport of iP-type CKs in vascular tissues for signal communica-
tion between the root and shoot of Arabidopsis.

RESULTS

AtABCG14 forms homodimers in human HEK293T,
tobacco, and Arabidopsis cells

To determine whether AtABCG14 forms homodimers, we tran-
siently co-expressed FLAG- and Myc-tagged AtABCG14 in
human HEK293T cells. Proper expression of FLAG-AtABCG14
and Myc-AtABCG14 fusion proteins in human HEK293T
cells was confirmed by western blotting (Figure 1A). Co-
immunoprecipitation (colP) assays showed that Myc-AtAB
CG14 pulled down FLAG-AtABCG14, whereas FLAG-AtABCG14
pulled down Myc-AtABCG14, suggesting that AtABCG14 forms
homodimers to transport CKs (Figure 1A). To confirm that
AtABCG14 forms homodimers in plants, GFP-AtABCG14 and
Myc-AtABCG14 fusion proteins were transiently co-expressed
in tobacco. Immunoblot analysis detected Myc-AtABCG14 in
the immunocomplex pulled down by anti-GFP beads but not
in the negative controls (Figure 1B and Supplemental Figure 1),
indicating that AtABCG14 forms homodimers in plants. To
confirm that AtABCG14 forms a homodimer in stable transgenic
plants, we constructed 35S::Myc-AtABCG14 and transformed
it into the atabcg?4 mutant. 35S:Myc-AtABCG14 largely
complemented the CK-deficiency phenotypes of atabcgi14
(Supplemental Figure 2). 35S::GFP-AtABCG14 has been
transformed previously into atabcg74, and the mutant
phenotype was completely rescued (Zhang et al., 2014). With F1
generation plants of 35S::GFP-AtABCG14 and 35S::Myc-
AtABCG14 transgenic plants in the atabcg14 background, we
verified homodimerization of AtABCG14. Immunoblot analysis de-
tected Myc-AtABCG14 in the immunocomplex pulled down by
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Figure 1. AtABCG14 forms homodimers in vivo.

(A) Reciprocal co-immunoprecipitation (colP) assay of Myc-AtABCG14 and FLAG-AtABCG14 in human HEK293T cells. Total protein was extracted from
human HEK293T cells transfected with Myc-AtABCG14 and FLAG-AtABCG14.

(B and C) ColP assay of GFP-AtABCG14 and Myc-AtABCG14 expression in tobacco leaves (B) and Arabidopsis (C). Total protein was extracted from
tobacco leaves (B) and 25-DAG transgenic plants (C) co-expressing GFP-AtABCG14 and Myc-AtABCG14.

anti-GFP beads in protein extracts from F1 plants, but it was not
detected in the 35S::GFP-AtABCG14 and 35S::Myc-AtABCG14
parent plants (Figure 1C). Our results revealed that AtABCG14 is
capable of forming homodimers in human HEK293T cells and in
planta.

AtABCG14 mediates efflux transport of multiple CK
species

To measure the transporter activities of AAABCG14, we gener-
ated 35S::GFP-AtABCG14 transgenic tobacco BY-2 cell lines.
gRT-PCR analysis and immunoblotting indicated that the GFP-
AtABCG14 fusion protein was highly expressed in tobacco BY-
2 cells (Supplemental Figure 3). Quantification of CKs in BY-2
cells showed that iPR, tZ-ribotide (tZR), cZ-ribotide (cZR), and
cZ levels were significantly lower in BY-2 cells harboring GFP-
AtABCG14 compared with the empty vector (Figure 2A). The
levels of tZR, iPR, cZ, and cZR exported from BY-2 cells with
GFP-AtABCG14 were higher than those exported from controls
without GFP-AtABCG14 (Figure 2B). These results indicated
that AtABCG14 displayed efflux transporter activities toward
tZR, iPR, cZR, and cZ.

To confirm the transporter activity of AtABCG14 in Arabidopsis
suspension cells, we generated calli from root segments of wild-
type (WT) and 35S::GFP-AtABCG14 transgenic plants. Suspen-
sion cells induced from the calli were used for transporter activity
assays. Quantification of CKs in the suspension cells showed that
the levels of iP, iPR, cZ, and cZR were lower in GFP-AtABCG14-
expressing suspension cells than in those of the controls
(Figure 2C), whereas tZ and tZR levels were too low to be
detected in the suspension cells. The exported CKs from the
suspension cells were collected and quantified from 0.5-8 h
(Figure 2D-2G). The levels of iP, iPR, cZ, and cZR secreted from
the GFP-AtABCG14-expressing cells were significantly higher
than those from the controls at different time points ( 0.5-8 h).
Conversely, the levels of iP, iPR, and cZR were higher in the
suspension cells of the atabcg74 mutant but lower in the

culture medium compared with that of WT cells (Supplemental
Figure 4). These results confirmed that AtABCG14 displayed efflux
transporter activities toward iP, iPR, cZ, and cZR.

Transporter activity assays in a non-plant heterologous system
can reveal the substrate of a plant-derived transporter. To gain
insight into AtABCG14 transporter activities, we expressed the
GFP-AtABCG14 fusion protein in Saccharomyces cerevisiae
(yeast) strain YPH499 (Li et al., 2017). The fusion protein GFP-
AtABCG14 with the correct size was detected by immunoblotting
using a GFP antibody (Figure 3A). After incubation with various
isotope-labeled CK substrates for 20 min, the yeast cells were
collected by centrifugation and washed to remove substrates on
the cell surface. The cellular CKs were extracted from the yeast
cell pellet and measured by liquid chromatography-mass spec-
trometry (LC-MS). The levels of tZ, tZR, iPR, cZ, and DHZ in yeast
cells expressing GFP-AtABCG14 were significantly lower than
those of the empty vector control (Figure 3B), indicating that
AtABCG14 exhibited efflux transport activity toward these CKs.
By contrast, efflux transport of these CKs from yeast cells was sup-
pressed after treatment with sodium vanadate (an H*-ATPase in-
hibitor) (Figure 3C). These results demonstrated that AtABCG14
may directly mediate the efflux of CKs.

To confirm the transport activity of AtABCG14 in yeast, we per-
formed a time-dependent export experiment using Hs-tZ as a
substrate. Yeast-expressed AtABCG14 exported high levels of
2Hg-tZ at 2, 4, 6, and 8 min (Figure 3D), confirming that
AtABCG14 displays transport activity toward tZ in yeast. There-
fore, using a heterologous expression system, we confirmed
that AtABCG14 is directly involved in transport of multiple CK
substrates, including iP-type species.

Expression of AtABCG14 is induced by iP-type CKs

It has been demonstrated that the transcription of a transporter
is generally induced by its substrates (Jasinski et al., 2001;
Zhang et al, 2014). We therefore examined whether
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Figure 2. AtABCG14 displayed efflux transport activities toward multiple CK species in BY-2 cells and Arabidopsis cells.

(A) Quantification of tZR, iP, iPR, cZ, and cZR in BY-2 cells transformed with the 35S::GFP (RCS2) and 35S::GFP-AtABCG 14 vectors. BY-2 cells were
collected 5 days after transfer to fresh culture medium. Data are means + SD (n = 4).

(B) Quantification of tZR, iP, iPR, cZ, and cZR in BY-2 cells transformed with 35S::GFP (RCS2) and 35S::GFP-AtABCG14. Cells were collected 5 days

after subculture. Data are means = SD (n = 4).

(C) Quantification of iP, iPR, cZ, and cZR in Arabidopsis cells transformed with 35S::GFP-AtABCG14 and WT cells 5 days after subculture. Data are

means + SD (n = 3).

(D-G) Quantification of the content of iP (D), iPR (E), cZ (F), and cZR (G) in 35S::GFP-AtABCG14 transformed Arabidopsis cells and WT cellscollected

5 days after subculture.

Data are means + SD (n =4). *P < 0.05, **P < 0.001, Student’s t-test. tZR, trans-zeatin ribotide; iP, isopentenyladenine; iPR, iP ribotide; cZ, cis-zeatin; cZR,

cZ ribotide; G14, AtABCG14; N.D., not detected; FW, fresh weight.

AtABCG14 was induced by iP-type CKs. cypDM is the double
mutant of cyp735a71 and cyp735a2 and is defective in trans-hy-
droxylation, resulting in a significant reduction (95%) in tZ-type
CKs and an increase in iP-type CKs in planta (Kiba et al., 2013).
gRT-PCR analyses showed that the expression level of

4

AtABCG14 in cypDM was increased 1.8-fold compared with
the WT (Supplemental Figure 5A). The expression level of
AtABCG14 in the cypDM mutant was significantly induced by
iP treatment (Supplemental Figure 5B), suggesting that
AtABCG14 expression is directly induced by iP.

Plant Communications 4, 100468, March 13 2023 © 2022 The Author(s).
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atabcg14 cypDM mutants show retardation of growth showed that the contents of ?Hg-iP and synthesized 2Hg-iPR
and development were reduced by 81% and 72% in atabcg14 cypDM shoots

compared with those of cypDM (Figure 5C), whereas the
contents of 2Hg-iP and 2Hg-iPR in the roots of cypDM and
atabcg14 cypDM did not differ significantly (Supplemental
Figure 7). To exclude the effect of vasculature development on
hormone transport, 2Hg-absisic acid (ABA) uptake was
performed with seedlings of cypDM and atabcg14 cypDM.
Shootward long-distance transport of 2?Hg-ABA did not
differ significantly between cypDM and atabcg14 cypDM
(Supplemental Figure 8). These data confirm that AtABCG14 plays
a crucial role in shootward long-distance transport of iP-type CKs.

To study the transport mechanism of AtABCG14 toward iP-type
CKs, we generated the atabcg14 cypDM triple mutant by
crossing atabcgi14 with the cypDM double mutant, thereby
reducing the effect of tZ on the study of iP transport in vivo
(Supplemental Figure 6). The roots of atabcg14 cypDM
seedlings were substantially shorter than those of cypDM
seedlings (Figure 4A and 4B). The chlorophyll content of
cotyledon leaves was also significantly reduced in atabcg14
cypDM seedlings compared with cypDM seedlings (Figure 4A
and 4C). The diameter of rosette leaves and the plant height
were strikingly reduced in atabcg14 cypDM compared with
cypDM (Figure 4D-4G). The number of primary branches was
also significantly lower in atabcg14 cypDM compared with
cypDM (Figure 4H). Finally, the number of siliques per plant was
significantly reduced in atabcg?4 cypDM triple mutants 25 DAG. The levels of iP-type CKs were significantly lower in xy-
compared with cypDM (Figure 4l). Together, these results @M sap from atabcg?4 cypDM than from cypDM plants
indicate that mutation of AtABCG74 aggravated the CK- (Figure 5D), implying that translocation of iP-type CKs from the
deficiency phenotype of cypDM, suggesting that AtABCG14 is root to the shoot was reduced in atabcg14 cypDM plants. The
responsible for transport of iP-type CKs in planta. levels of iP and iPR in xylem sap from atabcg 14 plants were mark-
edly lower than those in xylem sap from WT plants (Figure 5E).
These findings suggest that AtABCG14 participates in xylem
loading of iP-type CKs in root-to-shoot translocation.

To confirm that the shootward translocation of iP-type CKs is
dependent on AtABCG14, we quantified the CK content in xylem
sap from WT, atabcg14, cypDM, and atabcg14 cypDM plants at

AtABCG14 is responsible for xylem loading of iP-type
CKs in root-to-shoot translocation
To assess the role of AtABCG14 in translocation of iP-type CKs in
Arabidopsis, we quantified CK levels in the shoot and root of ~ AtABCG14 is responsible for phloem unloading of iP-
atabcg14 cypDM mutant seedlings using cypDM as a control 8 type CKs in the shoot
days after germination (DAG). The levels of iPR were significantly To explore whether AtABCG14 participates in distribution of iP-
reduced in the shoot (Figure 5A) but overaccumulated in the root type CKs in the shoot, cypDM and atabcg14 cypDM were grafted
of atabcg14 cypDM compared with cypDM (Figure 5B). These to generate chimeric plants with atabcg14 cypDM as the scion
results demonstrated that AtABCG14 is involved in translocation and cypDM as the rootstock (atabcg14 cypDM/cypDM) or vice
of iP-type CKs from root to shoot. versa (cypDM/atabcg14 cypDM). The diameters of the rosette
leaves in the atabcg14 cypDM/cypDM and cypDM/atabcg14
To study the long-distance transport of iP-type CKs in cypDM and cypDM heterografts were longer than those in the atabcg14
atabcg14 cypDM, we incubated the roots of cypDM and atabcg14 cypDM/atabcg14 cypDM homografts but shorter than those in
cypDM in medium containing 50 nM 2Hg-iP for 1 h. CK profiling the cypDM/cypDM homografts (Supplemental Figure 9A and
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Figure 4. Morphological phenotype of the atabcg14 cypDM triple mutant line at different developmental stages.
(A) Phenotypes of the WT, atabcg14, cypDM, and atabcg14 cypDM 8 days after germination (DAG). Scale bar, 2 cm.

(B and C) Quantification of the root lengths (B) and chlorophyll contents (C) of the plants in (A).

(D) Phenotypes of the WT, atabcg14, cypDM, and atabcg14 cypDM at 22 DAG. Scale bar, 2 cm.

(E) Quantification of rosette diameters of the plants in (D).

(G) Phenotypes of the WT, atabcg14, cypDM, and atabcg14 cypDM at 35 DAG. Scale bar, 2 cm.
(F, H, and I) Quantification of plant height (F), number of primary branches per plant (H), and number of siliques per plant (I) of the plants in (G).
Data are means + SD.n=30in (B),n=4in(C),n=15in (E),n=17in (F), n =19 in (H), n = 15in (I). Groups marked with different letters are significantly

different (P < 0.05, ANOVA). g74cypDM represents atabcg14 cypDM.

9C). Plant height, primary branch number, and silique number per
plant were higher in these heterografts than in atabcg14 cypDM/
atabcg14 cypDM but lower than in cypDM/cypDM (Supplemental
Figure 9B and 9D-9F).

Consistent with the observed phenotypes, CK quantification
showed that iP-type CK levels in the shoots of atabcgi4
cypDM/cypDM and cypDM/atabcg14 cypDM heterografts were
lower than those in cypDM/cypDM homografts but higher than
those in atabcg14 cypDM/atabcg14 cypDM homografts (Figure
5F). Conversely, iP-type CK levels in the roots of atabcg14
cypDM/cypDM and cypDM/atabcg14 cypDM heterografts
were higher than those in cypDM/cypDM homografts but
lower than those in atabcg14 cypDM/atabcg14 cypDM
homografts (Figure 5G). The phenotypes and iP-type CK levels
of atabcg14 cypDM/cypDM grafted plants were only partially
rescued to those of cypDM/cypDM, implying that AtABCG14
expression in the shoot is required for shoot distribution of iP-
type CKs.

6

To better understand the distribution of root-derived iP-type CKs
in the shoot, apoplastic extracts and phloem sap of the grafted
plants were collected and analyzed by LC-MS. The iP-type CKs
were lower in the apoplastic extracts of atabcg14 cypDM/
atabcg14 cypDM and atabcg14 cypDM/cypDM than in those of
cypDM/cypDM and cypDM/atabcg14 cypDM (Figure 5H). The
iP-type CK level was 4-fold higher in the phloem sap of atabcg14
cypDM/cypDM than in that of cypDM/cypDM grafts (Figure 5l),
suggesting that AtABCG14 is involved in transport of iP-type
CKs through the phloem and their distribution to the apoplast in
the shoot. These data demonstrate that AtABCG14 is crucial
for shoot distribution of iP-type CKs.

AtABCG14 is responsible for phloem unloading in the
rootward transport of iP-type CKs

To understand whether AtABCG14 is involved in shoot-to-root
transport of iP-type CKs, 2Hg-iP tracer experiments were per-
formed. 2Hg-iP solution was dripped onto the third and fourth

Plant Communications 4, 100468, March 13 2023 © 2022 The Author(s).
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Figure 5. Shootward long-distance transport of iP-type CK species is mediated by AtABCG14.

(A and B) Quantification of iP-type CKs in the shoot (A) and root (B) of cypDM and atabcg14 cypDM. The seedlings were grown on half-strength
Murashige and Skoog agar medium for 8 days before harvest of shoots and roots.

(C) Translocation of exogenous iP and iPR in atabcg 74 cypDM. Roots of 8-DAG cypDM and atabcg 14 cypDM seedlings were incubated with 50 nM 2Hg-iP
for 1 h. The shoots were harvested for CK quantification.

(D and E) CK concentrations of xylem sap in cypDM, atabcg14 cypDM (D), WT, and atabcg14 (E). Xylem sap was collected from 25-DAG plants.
(F-1) Quantification of CK content in the shoots (F), roots (G), apoplast (H), and phloem sap (l) of cypDM/cypDM, atabcg14 cypDM/atabcg14 cypDM,
atabcg14 cypDM/cypDM, and cypDM/atabcg14 cypDM plants at 25 DAG.

Data are means + SD. n = 3 in (A)-(E) and (1), n = 4 in (F)—~(H). Groups marked with different letters are significantly different (P < 0.05, ANOVA). *P < 0.05,
**P < 0.01 (Student’s t-test).

rosette leaves from 25-DAG plants of cypDM and atabcg14
cypDM. After 6 h, 2Hg-iP and 2Hg-iPR were quantified in the third
and fourth leaves, younger leaves (fifth to tenth), and roots of

Plant Communications 4, 100468, March 13 2023 © 2022 The Author(s).

cypDM and atabcg14 cypDM plants (Figure 6A-6D). The levels
of 2He-iP and 2Hg-iPR in atabcg14 cypDM younger leaves and
roots were significantly reduced by 53% and 66% compared
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with those in cypDM plants (Figure 6B and 6C), whereas they
were similar in the third and fourth leaves (Figure 6D),
suggesting that AtABCG14 was involved in phloem transport of
iP-type CKs. We also detected 2Hg-iP and 2Hg-iPR contents in
roots and younger leaves of WT and atabcg14 after dripping
2H¢-iP onto the third and fourth leaves. 2Hg-iP and ?Hg-iPR con-
tents of younger leaves (fifth to tenth) and roots of atabcg14
were decreased by 28% and 58% compared with those of the
WT (Supplemental Figure 10). The reduction in Hg-iP and 2He-
iPR in the roots of atabcgi14 cypDM and atabcg14 indicated
that AtABCG14 is involved in iP-type CK transport from shoot
to root.

To more precisely elucidate how AtABCG14 is involved in shoot-
to-root transport of iP-type CKs, we analyzed CKs in the phloem
sap of cypDM and atabcg14 cypDM. The levels of iP and iPR in
atabcg14 cypDM were significantly increased 1.9- and 1.8-fold,
respectively, compared with those in cypDM (Figure 6E). The
levels of iP and iPR in phloem sap were much higher in
atabcg14 than in the WT (Figure 6F). These data imply that
disruption of AtABCG14 affected phloem unloading and reduced
rootward translocation of iP-type CKs. Next, long-distance trans-
port of iP-type CKs from shoot to root was detected in the grafted
plants cypDM/cypDM, atabcg14 cypDM/atabcg14 cypDM,
atabcg14 cypDM/cypDM, and cypDM/atabcg14 cypDM
(Figure 6G). 2Hg-iP was dripped onto the third and fourth
rosette leaves of the grafted plants. After 6 h, 2Hg-iP and 2Hs-
iPR were measured in roots of the atabcg14 cypDM/atabcg14
cypDM and cypDM/atabcg14 cypDM plants, which lacked
AtABCG14 expression in the rootstock. The iP-type CK levels
were significantly lower in atabcg14 cypDM/atabcgi14 cypDM
and cypDM/atabcg14 cypDM than in cypDM/cypDM and
atabcg14 cypDM/cypDM, which did express AtABCG14 in the
rootstock (Figure 6G). Therefore, AtABCG14 is likely to play an
important role in iP-type CK unloading in the root. 2Hg-iP and
?Hs-iPR levels appeared similar in roots of the grafted plants
cypDM/cypDM and atabcg14 cypDM/cypDM (Figure 6G),
suggesting that AtABCG14 is not necessary for phloem loading
of iP-type CKs in the shoot.

Finally, we performed a split-root experiment using the ?Hg-iP
tracer to determine whether iP-type CKs can move from the
root to the shoot and then retrograde to the root (Figure 6H and
6l). Split roots of WT plants were incubated with or without 2Hg-
labeled iP (Figure 6H). After 4 h, ?Hg-labeled iP and iPR were
quantified in the shoot and the root that had not received 2He-
labeled iP. The results showed that isotope-labeled CKs were
transported to the shoot and then retrograded to the portion of
the root system that had not received the 2Hg-iP tracer
(Figure 6l). By contrast, the concentration of isotope-labeled
CKs transported to the untreated roots was significantly reduced
when the shoot was removed (Supplemental Figure 11). These
results suggest that iP-type CKs can move from the root to the
shoot and then retrograde to the root.

DISCUSSION

Long-distance transport and short-range cellular transport of
CKs play essential roles in CK signaling and regulate multiple
physiological processes (Duran-Medina et al., 2017; Kang et al.,
2017; Anfang and Shani, 2021). Mechanisms for shootward

AtABCG14 transports multiple cytokinins in Arabidopsis

long-distance transport of tZ-type CKs in Arabidopsis or rice
mediated by AtABCG14 or OsABCG18 have been addressed
previously at the physiological level (Ko et al., 2014; Zhang
et al.,, 2014; Zhao et al.,, 2019, 2021). Here we found that
AtABCG14 can form a homodimer and display transporter
activity toward multiple CKs. We revealed that iP-type CKs can
move from the root to the shoot and then back to the root, con-
firming round-trip transport of iP-type CKs in Arabidopsis. In
this process, AtABCG14 forms a homodimer and mediates root
xylem loading and shoot phloem unloading in the shootward
long-distance transport of iP-type CKs; it is also required for
root phloem unloading in the rootward transport of iP-type CKs.
We therefore propose a model for circular long-distance trans-
port of iP-type CKs, which is systemically mediated by
AtABCG14 in the root and shoot (Figure 7).

As a half-size ABC transporter involved in CK transport,
AtABCG14 must form a homodimer or heterodimer to perform
transport activities, but its partner and transport substrates
remain to be characterized (Ko et al., 2014; Zhang et al., 2014).
In this study, reciprocal colP of FLAG-AtABCG14 and Myc-
AtABCG14 fusion proteins expressed in Human HEK293T cells
showed that AtABCG14 formed homodimers (Figure 1A). ColP
of GFP-AtABCG14 and Myc-AtABCG14 confirmed this conclu-
sion in tobacco leaves and atabcg14 mutants expressing GFP-
and Myc-AtABCG14 (Figure 1B and 1C). By contrast, an earlier
report showed that the fusion proteins Myc-AtABCG14 and HA-
AtABCG14 failed to form homodimers (Le Hir et al., 2013). This
inconsistency may be caused by the fusion tags on AtABCG14
that could affect dimerization of AtABCG14 in vivo. AtABCG14
has been reported to form a heterodimer with AtABCG11 (Le
Hir et al, 2013). A recent study showed that CKs
overaccumulate in roots of the atabcg771 mutant and that its
root growth is insensitive to CK treatment, but whether
AtABCG11 is directly involved in CK translocation remains to
be determined (Yang et al., 2022).

On the other hand, transporter activities of AtABCG14 were
measured in BY2 cells, Arabidopsis suspension cells, and cells
of a non-plant system, yeast YPH499. These results clearly
showed that AtABCG14 is directly involved in transport of multi-
ple CK substrates, including tZR, iPR, tZ, and iP (Figures 2 and 3),
suggesting that AtABCG14 prefers both the free and riboside-
conjugated forms of tZ- and iP-type CKs as substrates. This is
consistent with the fact that free and riboside-conjugated CKs
are prominent forms in the long-distance transport of CKs
(Sakakibara, 2020). By contrast, CK transporters such as
PUP14 and AZG2, which are involved in short-range cellular
translocation, prefer free forms of CKs (Zurcher et al., 2016;
Tessi et al, 2020). Thus, the biochemical properties of
AtABCG14 suggest that it plays essential roles in long-distance
transport of multiple CKs.

AtABCG14 is expressed in nearly all cells in the root stele,
including phloem and procambial cells (Ko et al., 2014; Zhang
et al.,, 2014; Supplemental Figure 12), as well as xylem and
phloem cells in the leaves (Zhao et al., 2021). AtABCG14
displayed transporter activity toward multiple CK species
(Figures 2 and 3). These characteristics enable AtABCG14 to
function as an efflux transporter at multiple steps in the long-dis-
tance transport of different CK species. The cypDM mutant fails

8 Plant Communications 4, 100468, March 13 2023 © 2022 The Author(s).
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Figure 6. Rootward long-distance transport of iP-type CKs is mediated by AtABCG14.

(A) Morphological phenotypes of 25-DAG cypDM and atabcg14 cypDM. Scale bars, 1.5 cm. A solution of 5 ppm 2HgiP was dripped onto the third and
fourth leaves of plants (7 pl/cm? leaf area) and incubated for 6 h. The roots (B), younger (fifth to tenth) leaves (C), and third and fourth leaves (D) were then
harvested for CK quantification.
(E and F) Quantification of iP and iPR content in phloem sap of cypDM, atabcg14 cypDM (E), WT, and atabcg14 (F). Phloem sap from 25-DAG plants was
collected for CK quantification.
(G) A solution of 5 ppm 2Hg"F was dripped onto the third and fourth leaves of 25-DAG plants and incubated for 6 h. The roots were harvested for CK

quantification.

(H) WT plants were incubated under split-root conditions with or without 2Hg-labeled iP.
(I) Quantification of 2Hg-labeled iP and iPR contents in the shoot and untreated root (which did not receive 2Hg-labeled iP) after feeding with 2Hg-iP for 4 h

in (H).

Data are means + SD. n = 3in (B)-(E), n = 4 in (F), (G), and (l). “P < 0.5, **P < 0.01 (Student’s t-test). Groups marked with different letters are significantly

different (P < 0.05, ANOVA).

to produce tZ-type CKs (Kiba et al., 2013), making it ideal for
studying iP-type CK transport without interference from tZ-type
CKs. The triple mutant atabcg14 cypDM displayed shorter roots
and less chlorophyll than cypDM and atabacg14 plants (Figure
4A-4C). Hormone profiling and isotope tracing experiments
showed that iP-type CKs transported from root to shoot were
significantly suppressed in atabcg14 cypDM (Figure 5A-5E),

suggesting that AtABCG14 is essential for shootward long-
distance transport of iP-type CKs. On the other hand, levels of
leaf apoplastic iP-type CKs in atabcg14 cypDM/atabcg14 cypDM
appeared to be similar to those in atabcg14 cypDM/cypDM but
lower than those in cypDM/cypDM and cypDM/atabcg14 cypDM
(Figure 5H). Levels of phloem sap iP-type CKs were up to 4-fold
higher in atabcg14 cypDM/cypDM than in cypDM/cypDM

Plant Communications 4, 100468, March 13 2023 © 2022 The Author(s). 9
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(Figure 5I), suggesting that AtABCG14 is required for shoot distri-
bution of root-derived iP-type CKs. We have provided evidence
of shootward long-distance transport of iP-type CKs, in which
AtABCG14 is necessary for substrate loading and distribution.
Previous studies have shown that AtABCG14 is essential for
shootward long-distance translocation and shoot distribution of
root-synthesized tZ-type CKs (Ko et al., 2014; Zhang et al.,
2014; Zhao et al., 2021). These results reveal that AtABCG14 is
involved in shootward long-distance transport of multiple CKs
in vivo.

Previous studies have suggested that iP-type CKs transported
from shoot to root via the phloem regulate root development
and nodulation in Arabidopsis or Lotus japonicus (Bishopp
et al., 2011; Sasaki et al., 2014; Sakakibara, 2020); however,
the transporters involved in long-distance transport of iP-type
CKs have not yet been found. In this work, we show that
AtABCG14 is responsible for phloem unloading of iP-type CKs
in their shoot-to-root transport (Figure 6 and Supplemental
Figure 10). 2He-iP tracer experiments showed that the levels
of 2He-iP and 2Hg-iPR transported from roots to younger
rosette leaves were also significantly decreased in the
absence of AtABCG14 (Figure 6B and 6C). CK profiling in the
phloem sap showed that more iP-type CKs accumulated in
the phloem of atabcg14 cypDM than of cypDM (Figure 6E).
These results imply that AtABCG14 is required for rootward
transport of iP-type CKs. Grafting experiments showed that
rootward iP-type CKs were reduced by 73% when AtABCG14
was disrupted in the atabcg14 cypDM rootstock (Figure 6G),

PCC

a \ unloaded from the phloem to the apoplast by G14
on the PCC PM. Finally, the released iPR/iP can
be used for another round of circular long-
distance transport.

iP
iPR

verifying that AtABCG14 is involved in iP-
l type CK unloading in the root.

Consistent with the transporter activities of
AtABCG14 toward multiple CK substrates,
CK profiling in atabcg74 and WT plants re-
vealed that AtABCG14 was involved in
long-distance transport of various CKs be-
tween the root and shoot. Levels of total
CKs (tZ, tZR, iP, iPR, cZ, and cZR) were
significantly lower in xylem sap but higher in phloem sap of the
atabcg14 mutant than in that of WT plants (Figures 5E and 6F),
indicating that root-to-shoot and shoot-to-root transport of CKs
were impaired by AtABCG174 disruption. Compared with the
WT, levels of iP-type CKs were consistently lower in xylem sap
but higher in phloem sap of atabcg14 plants (Figures 5E and
6F), consistent with the results obtained using atabcg14 cypDM
and cypDM plants. Traditionally, root-derived tZ-type CKs are
synthesized and transported from root to shoot, and, vice versa,
shoot-derived iP-type CKs are synthesized in the shoot and
transported from shoot to root (Hirose et al., 2007; Sakakibara,
2020). However, quantification of CKs in sap of the xylem and
phloem showed that iP-type CKs also exist in xylem sap and
that tZ-type CKs also exist in phloem sap (Figures 5E and 6F).
CK quantification showed that levels of iP-type and tZ-type
CKs were lower in xylem sap but higher in phloem sap of
atabcg14 than in that of the WT (Figures 5E and 6F). Thus, we
speculate that root-to-shoot and shoot-to-root transport of tZ-
and iP-type CKs are occurring and that AtABCG14 participates
in both transport processes. A split-root experiment using
isotope-labeled iP showed that iP-type CKs were transported
from root to shoot and then retrograded from shoot to root
(Figure 6H and 6l). This result is consistent with our previous
observation that tZ-type CK can be retrograded to the root
(Zhao et al., 2021), demonstrating that multiple CKs can be
transported in the vascular system of Arabidopsis.

Phloem
\ J

We revealed that iP-type CKs exhibit circular transport in the
vascular system. AtABCG14 has various roles, including root

10 Plant Communications 4, 100468, March 13 2023 © 2022 The Author(s).
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xylem loading, shoot phloem unloading, and root phloem unload-
ing of cargoes in circular long-distance transport of iP-type CKs
(Figure 7). The biological significance of this process may be
that recirculation of CKs in the vascular system would facilitate
rapid delivery of hormones in response to growth and stress
signals. After exposure to environmental stimuli, it is much
faster for CKs to travel to the target cells from the nearby
vascular system than from their original synthesis sites. This
circular transport could be a universal mechanism for other
hormones or signals in plants, enabling them to respond
quickly to internal and external stimuli. These findings provide
new insights into CK transport and, possibly, into the transport
of other plant hormones. The transporters responsible for
phloem loading of iP-type CKs in shoot-to-root long-distance
transport remain to be characterized.

METHODS

Plant materials and growth conditions

The A. thaliana Col-0 ecotype was used as the WT. cypDM was obtained
by crossing cyp735a1 and cyp735a2 (SALK_093028C and SALK_
077856C from Arabidopsis Biological Resource Center) . The atabcg14
mutant, 356S::GFP-AtABCG14 transgenic plants, and AtABCG14,,,.:GUS
transgenic plants have been described previously (Zhang et al,
2014). The transgenic plants co-expressing SUC2..:mCherry and
AtABCG14,,,::eGFP have been described previously (Zhao et al., 2021).
The 4CL1,,0::mCherry transgenic plants were generated using the
floral dip method (Clough and Bent, 1998). Plants co-expressing
4CL1,0::mCherry and AtABCG14,,.::eGFP were obtained by crossing
4CL1p0::mCherry and AtABCG14,,,::€GFP transgenic plants. atabcg14
cypDM triple mutant was generated by crossing cypDM and atabcg14
and was characterized using the primers described in Supplemental
Table 1 (AtCYP735A1-P1, P2 and LB1.3 for the cyp735a71 mutant;
AtCYP735A2-P1, P2 and LB1.3 for the cyp735a2 mutant; AtABCG14-
P7, P8 and AtABCG14-P11, pSKTAIL for the atabcg74 mutant). Seeds
were sown on Petri dishes containing half-strength Murashige and Skoog
medium (M519; PhytoTechnology Laboratories, Shawnee Mission, KS,
USA) and 0.5% (w/v) gellan gum (G434; PhytoTechnology Laboratories,
Shawnee Mission, KS, USA). The seeds were incubated at 4°C for 3
days and then transferred to a growth chamber. Seedlings with two true
leaves were transplanted into soil (Professional Growing Mix; Sun Gro
Horticulture Canada, Seba Beach, AB TOE 2B0, Canada) and grown under
a 16-h light/8-h dark cycle and ~60% relative humidity unless otherwise
indicated. The light intensity was ~110 yumol m~2 s~'. The WT, mutant,
and/or transgenic plants were grown in parallel in the same trays to mini-
mize variations in the growth conditions.

ColP and gel blot analysis

For colP, human HEK293T cells (from the China Center for Type Culture
Collection) co-transfected with the FLAG-AtABCG14 and Myc-AtABCG 14
vectors were lysed with 500 pl NP-40 buffer (1x PBS, 0.5% NP-40, 0.5%
proteinase inhibitor cocktail) for 10 min. The lysates were centrifuged at
4°C and 12000 g for 5 min. The supernatants were incubated with
FLAG (F3165, Sigma) or Myc (M4439, Sigma) antibodies (1:100 dilution)
at room temperature for 2 h and further incubated with protein G beads
(17-0618-01, GE) for 1 h. The beads were washed three times with NP-
40 buffer. Samples were boiled in 1x SDS sample buffer for 5 min and
detected by western blotting. Tobacco (N. benthamiana) leaves and Ara-
bidopsis transformed with GFP-AtABCG14 and Myc-AtABCG14 were
homogenized in protein buffer (100 mM Tris-HCI [pH 8.0], 150 mM NaCl,
1% proteinase inhibitor, 0.05% Triton X-100). The lysates were centrifuged
at4°C and 12 000 g for 10 min. The supernatants were incubated with GFP
beads (GFP-Trap_A, gta-20, Chromotek) for 1 h. The beads were then sur-
face washed three times with protein buffer. Samples were boiled in 1x
SDS sample buffer for 5 min and detected by western blotting.

Plant Communications

For immunoblotting, the samples were probed with a 1:1000 dilution of
GFP antibodies (A-6455, Invitrogen), 1:2000 dilution of Myc antibodies
(M4439, Sigma) or FLAG (F3165, Sigma). The secondary antibodies
were goat anti-rabbit (AS09 633, Agrisera) for GFP, and goat anti-mouse
(BS12478, Bbioworlde) for Myc and FLAG . The signals were detected us-
ing the Tanon Imaging System (Tanon 6600).

Plasmid construction

For the transport activity assay in yeast, the GFP-AtABCG14 coding
sequence in pSAT6-GFP-AtABCG14 (Zhang et al., 2014) was amplified
with the AtABCG14-P3 and AtABCG14-P4 primers. It was cloned into
the pDR195 vector (Li et al., 2020) using the sequence- and ligation-
independent cloning method (Jeong et al., 2012). For the AtABCG14
colP assay in human HEK293T cells, the AtABCG14 fragment was
amplified by AtABCG14-P9 and AtABCG14-P10 primers from pSAT6-
GFP-AtABCG14 (Zhang et al., 2014), digested with Xbal, and then
ligated into the pCS2 vector (Jin et al., 2010) digested by Stul and
Xbal to obtain the Myc-AtABCG14-pCS2 and FLAG-AtABCG14-pCS2
plasmids. For the AtABCG14 colP assays in transgenic tobacco and Ara-
bidopsis, the GFP-AtABCG14-RCS2 vector and GFP-AtABCG14-RCS2
transgenic plants described in previous research (Zhang et al., 2014)
were used. Fragments of Myc-AtABCG14 and FLAG-AtABCG14 were
amplified from the Myc-AtABCG14-pCS2 vector with AtABCG14-P1
and AtABCG14-P2 primers, ligated into the PCR8 vector (Invitrogen)
using the sequence- and ligation-independent cloning method, and
finally cloned into the binary vector pMDC32 (Curtis and Grossniklaus,
2003) by the LR reaction using Gateway LR Clonase Il enzyme
mix (11791-020, Invitrogen). For 4CL1,.,::mCherry transgenic plants,
4CL15,-pDONR207 was ligated to pMDC163-mCherry using the LR reac-
tion to obtain pMDC163-4CL1,,-mCherry. All primers are listed in
Supplemental Table 1.

Gene transcription analysis

Total RNA was extracted with a MiniBEST Universal RNA Extraction Kit
(9767, TaKaRa Bio, Kusatsu, Shiga, Japan). cDNA was synthesized with
HiScript gRT Supermix for gPCR (+gDNA Wiper) (R123-01, Vazyme
Biotech, Nanjing, China). gRT-PCR was performed using SYBR Green
(TaKaRa Bio, Kusatsu, Shiga, Japan) on a gTOWER 2.2 real-time PCR
thermal cycler (Analytik Jena, Germany). ACTIN2 was used as the internal
control for gRT-PCR data analysis. The gRT-PCR primers are listed in
Supplemental Table 1. The transcript levels of the target genes were
normalized to that of ACTIN2.

Hormone quantification

CKs and ABA were extracted, quantified, and analyzed using a previously
described method (Cao et al., 2015; Zhao et al., 2021). In brief, the
hormones were extracted using 80% methanol with internal standards
(i.e., 45 pg [PHgliP and [?HgliPR or 250 pg [*HglABA); after drying with
nitrogen gas, the pellet was dissolved in 300 pl 30% (v/v) methanol.
After centrifugation, the supernatant was passed through a 0.22-um
membrane filter and used for CK quantification. The CKs and ABA were
separated with the LC (ExionLC™,AB SCIEX) and analyzed with the triple
quadruple MS QTRAP 5500 system (AB SCIEX). The data were processed
using MultiQuant software (version 3.0.2, AB SCIEX).

Transporter activity assays using AtABCG14-expressing BY-2
cells and Arabidopsis cells

Transformation of BY-2 cells with the 35S::GFP and 35S::GFP-AtABCG14
vectors was performed according to methods described previously
(Staub, 2014). The suspension cells were prepared by transferring
calli transformed with the 35S::GFP and 35S::GFP-AtABCG14 vectors to
liquid medium. The liquid medium contains 4.3 g/l Murashige and Skoog
basal salts (M524; PhytoTechnology Laboratories, Shawnee Mission, KS,
USA), 30 g/l sucrose, 0.18 g/l KH,PO,4, 0.001 g/ thiamine, 0.1 g/| myo-
inositol, 0.001 mM 2,4-dichlorophenoxyacetic acid (A600166-0100, San-
gon Biotech, China), and 20 mg/l hygromycin B (CH6361, Coolaber, China),

Plant Communications 4, 100468, March 13 2023 © 2022 The Author(s). 11



Plant Communications

adjusting the pH to 5.7. After 7 days of growth, 1 ml of BY-2 cells trans-
formed with 35S::GFP and 35S::GFP-AtABCG14 were transferred to
20 ml of new medium for subculture. The BY-2 cells were subcultured three
times and then used for the transport activity assay. One milliliter of BY-2
cells transformed with 35S::GFP and 35S::GFP-AtABCG14 were trans-
ferred to 20 ml of new medium and grown for 5 days. For CK quantification,
500 pl of liquid medium was collected following the methods described
above. About 0.1 g of BY-2 cells transformed with 35S::GFP and
35S::GFP-AtABCG 14 were collected for CK extraction and quantification
following the methods described above.

WT and 35S::GFP-AtABCG14 Arabidopsis calli were induced from the
root segments of Arabidopsis seedlings using methods described previ-
ously (Li et al., 2020). The culture of suspension cells was initiated by
transferring the calli to B5 liquid medium (Gamborg’s B-5 medium,
HB8487-2, Qingdao Hope Bio-Technology, China) supplemented with
30 g/l sucrose and 1 mg/I 2,4-dichlorophenoxyacetic acid, adjusting the
pHto 5.7. After 7 days of growth, 2 ml of Arabidopsis cells were transferred
to 20 ml of new medium for subculture. The Arabidopsis cells were subcul-
tured three times and then used for the transport activity assay. One milli-
liter of suspension cells were transferred to 20 ml of new medium and
grown for 5 days. Two milliliters of WT and 35S::GFP-AtABCG14 Arabi-
dopsis cells were transferred to 10 ml of new medium and incubated for
0.5, 1, 2, 4, and 8 h. For CK quantification, 500 pl of liquid medium was
collected following the methods described above. Approximately 0.1 g
of Arabidopsis cells were collected for CK extraction and quantification
following the methods described above.

Transporter activity assay in yeast cells

CK transport experiments were performed as follows. Yeast YPH499 cells
(optical density 600 [ODgqo] = 0.6) grown in yeast medium (6.7 g/l yeast ni-
trogen base [A610507, Sangon Biotech, China], 20 g/l glucose, and 0.77
g/l —uracil dropout supplement [630416, TaKaRa Bio, USA]) were har-
vested, washed twice with uptake buffer (100 mM potassium phosphate
buffer [pH 5.8]), re-suspended in the same buffer to a final ODggg of 50,
and kept on ice for use in uptake assays. The 0.2-ml cell suspensions
for one sample were pre-incubated at 28°C for 2 min and then incubated
in 0.2 ml uptake buffer with H-labeled tZ, tZR, iP, iPR, DHZ, and "°N-
labeled cZ (50 nM, OIChemIm, Olomouc, Czech Republic) at 28°C for
20 min. After centrifugation (15 s, 10 000 g), the yeast cells were quickly
surface washed with 1.5 ml uptake buffer and then centrifuged (15 s,
10 000 g) to collect the yeast cells for CK extraction and quantification.
For CK extraction, 500 pl 80% methanol and 0.2 g glass beads
(A500478-0050, Sangon Biotech, China) were added to 2.0-ml tubes con-
taining yeast cells, and the tubes were placed under severe vortex move-
ment for 90 s for cell breakage. After centrifugation (10 min, 15 000 g, 4°C),
the supernatant was passed through a 0.22-um membrane filter, and
300 pl was used for CK quantification following the methods described
above. For the efflux transport assay, the yeast cells were incubated in
0.2 ml uptake buffer with 2H-labeled tZ at 28°C for 20 min. After centrifu-
gation (15 s, 10 000 g), the yeast cells were quickly surface washed with
1.5 ml uptake buffer and then centrifuged (15 s, 10 000 g) to collect the
yeast cells for the efflux transport assay. The yeast cells were resus-
pended in 1 ml incubation buffer (100 mM potassium phosphate buffer
[pH 5.8]). After incubation for 0, 2, 4, 6, and 8 min at 28°C, 200 pl solution
was collected for CK quantification by LC-MS/MS.

Micro-grafting and chlorophyll assay

The Arabidopsis micro-graft method from a previous protocol was used
(Zhao et al., 2021). Chlorophyll was extracted from shoots of 10-DAG
seedlings of Col-0, atabcg14, cypDM, and atabcg14 cypDM and quanti-
fied as described previously (Zhang et al., 2017).

Isotope tracer experiments

Isotope (2Hg-iP) tracer experiments were performed as described pre-
viously (Zhang et al., 2014). 8-DAG seedlings were used to trace the
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shootward transport of the 2Hg-iP isotope. Roots were immersed in
5 mM MES-KOH (morpholineethanesulfonic acid-potassium hydroxide)
(pH 5.6) buffer containing 2Hg-iP (final concentration, 50 nM; OIChemIm,
Olomouc, Czech Republic) under normal growth conditions for 1 h. The
roots were washed with distilled water twice to remove the solution on
the surface. CKs were then extracted from the roots and shoots
and quantified according to the method described above, using ['°N4]
cZ (OlIChemIm, Olomouc, Czech Republic) as an internal standard.

To trace 2Hg-iP transport from shoot to root or from adult leaves to
younger leaves, experiments were performed using 25-DAG plants as fol-
lows. Five millimolar MES-KOH (pH 5.6) buffer containing 2He-iP (final con-
centration, 20 uM) and 0.1% (v/v) Triton X-100 was dripped onto the third
and fourth leaves of the WT, atabcg14, cypDM, and atabcg14 cypDM
(approximately 7.0 pl/cm?) and incubated for 6 h. The third and fourth
leaves, fifth and sixth leaves, and roots from one (Col-0), two (atabcg14,
cypDM), or four (atabcg14 cypDM) plants were harvested as one biolog-
ical replicate for CK extraction and quantification according to the method
described above. ['°N,]cZ was used as an internal control.

The split-root experiment followed a previous protocol (Poitout et al.,
2018). In brief, plants were grown on half-strength Murashige and
Skoog medium. On day 10, the primary root was cut off below the
second lateral root to obtain two new primary roots. On day 20, plants
with the shoot or with the shoot removed were transferred to half-
strength Murashige and Skoog medium with or without 50 nM 2Hg-iP.
After 4 h, the shoots and untreated roots were collected for CK
extraction.

SUC2,,,-mCherry, 4CL1,,,-mCherry, and AtABCG14,,-GFP
co-expression

10-DAG seedlings harboring pMDC163-SUC2,,,,-mCherry and pMDC
107-AtABCG14,,-GFP or pMDC163-4CL1,-mCherry and pMDC107-
AtABCG14,,,-GFP were observed under an LSM 880 confocal micro-
scope system (Carl Zeiss, Jena, Germany) using the following excitation
or emission settings: 488 nm/505-550 nm for GFP and 561 nm/600-
660 nm for mCherry. Images were processed using LSM image process-
ing software (Carl Zeiss).

Phloem sap, apoplast, and xylem sap extraction

Phloem sap and apoplasts were extracted and quantified according to a
previous protocol (Tetyuk et al., 2013; Zhao et al., 2021). Xylem sap was
collected as described previously (Ko et al, 2014) with minor
modifications. The shoots of 25-DAG plants were excised using a blade
at the hypocotyl. The xylem sap was collected using a filter for 2 h after
decapitation of the shoot. The total CKs in the sap were extracted with
300 pl 30% methanol and measured following the methods described
above.

Statistical analyses

Two-tailed Student’s t-test and one-way analysis of variance (least signif-
icant difference test) were used to analyze differences between plants
and/or treatments in SPSS v.13.0 (IBM, Armonk, NY, USA). Different let-
ters above the bars indicate significant differences (P < 0.05) according
to the least significant difference test.
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