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Cytokinins Stimulate
Plasmodesmatal Transport in Leaves
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"Department of Plant and Microbial Biology, University of California, Berkeley, Berkeley, CA, United States, ?Plant Gene
Expression Center, USDA Agricultural Research Service, Albany, CA, United States, 3Laboratory of Genetics, University of
Wisconsin — Madison, Madison, WI, United States

Plant cells are connected by plasmodesmata (PD), nanoscopic channels in cell walls that
allow diverse cytosolic molecules to move between neighboring cells. PD transport is
tightly coordinated with physiology and development, although the range of signaling
pathways that influence PD transport has not been comprehensively defined. Several
plant hormones, including salicylic acid (SA) and auxin, are known to regulate PD transport,
but the effects of other hormones have not been established. In this study, we provide
evidence that cytokinins promote PD transport in leaves. Using a green fluorescent protein
(GFP) movement assay in the epidermis of Nicotiana benthamiana, we have shown that
PD transport significantly increases when leaves are supplied with exogenous cytokinins
at physiologically relevant concentrations or when a positive regulator of cytokinin
responses, ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 5 (AHPS5), is
overexpressed. We then demonstrated that silencing cytokinin receptors, ARABIDOPSIS
HISTIDINE KINASE 3 (AHK3) or AHK4 or overexpressing a negative regulator of cytokinin
signaling, AAHPS6, significantly decreases PD transport. These results are supported by
transcriptomic analysis of mutants with increased PD transport (ise 7-4), which show signs
of enhanced cytokinin signaling. We concluded that cytokinins contribute to dynamic
changes in PD transport in plants, which will have implications in several aspects of plant
biology, including meristem patterning and development, regulation of the sink-to-source
transition, and phytohormone crosstalk.

Keywords: plasmodesmata, cytokinin, AHP6, AHP5, AHK4, AHK3, cell-cell signaling, phytohormones

INTRODUCTION

Plasmodesmata (PD) are narrow, membrane-lined channels in plant cell walls that connect
the cytosols of neighboring cells (Brunkard and Zambryski, 2017; Faulkner, 2018; Azim
and Burch-Smith, 2020). Diverse cytosolic molecules move through PD, including metabolites,
small RNAs, proteins up to ~80 kDa, and viruses. The size of molecules that can move
through PD and the rate of trafficking through PD varies considerably during plant
development and in response to physiological cues. However, little is known about how
PD transport is regulated at the molecular level. To discover genetic pathways that coordinate
PD transport, the Zambryski lab conducted forward genetic screens for mutants with
increased or decreased PD transport at the mid-torpedo stage of Arabidopsis embryogenesis
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(Kim et al.,, 2002; Xu et al.,, 2012). These screens led to
the discovery and characterization of five mutants so far:
four with increased PD trafficking (isel-ise4; Kobayashi
et al, 2007; Stonebloom et al., 2009; Burch-Smith and
Zambryski, 2010; Burch-Smith et al., 2011; Brunkard et al., 2020)
and one with decreased PD trafficking (dsel; Xu et al., 2012).

To identify pathways that could contribute to the increased
PD transport phenotype observed in ise mutants, we took a
comparative transcriptomic approach. Previously, we used this
approach to discover that chloroplast retrograde signaling
(Burch-Smith et al.,, 2011; Burch-Smith and Zambryski, 2012;
Brunkard et al., 2013) and target of rapamycin (TOR) signaling
(Brunkard et al., 2020) coordinate PD transport in embryos
and leaves. One of the most strongly repressed genes in both
ise] and ise2 embryos is ARABIDOPSIS HISTIDINE
PHOSPHOTRANSFER PROTEIN 6 (AHP6; Burch-Smith et al.,
2011). AHP6 is expressed during wild-type embryogenesis from
the heart stage through the torpedo stage; later in development,
AHP6 is most strongly expressed in inflorescence and root
meristems (Bishopp et al., 2011; Besnard et al., 2014). In both
isel and ise2, AHP6 expression is reduced by >20-fold at the
mid-torpedo stage of development compared to wild-type plants,
one of the most strongly repressed genes in these transcriptomes
(Burch-Smith et al., 2011).

ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN
6 is a member of the AHP family (Hutchison et al., 2006;
Mahonen et al, 2006), which is composed of histidine
phosphotransfer proteins that mediate responses to a
phytohormone, cytokinin, via a two-component system (Hwang
and Sheen, 2001). Briefly, cytokinins directly bind to and
stimulate a family of histidine kinases (ARABIDOPSIS HISTIDINE
KINASE (AHK) 2, AHK3, and AHK4) that phosphorylate AHPs,
which then transfer phosphorylation and thus activate
ARABIDOPSIS RESPONSE REGULATORs (ARRs), a large family
of diverse transcription factors (Miiller and Sheen, 2007).
Cytokinins regulate diverse developmental and physiological
processes, with especially important roles in cell fate and
proliferation (Amasino, 2005; Hwang et al., 2012; Wybouw
and De Rybel, 2019). AHP6 is unique in this pathway because
it is a pseudo-histidine phosphotransfer protein with a mutation
in the conserved histidine residue that prevents it from relaying
the phosphorylation to response regulators (Mahonen et al.,
2006). Instead of facilitating cytokinin signaling, AHP6 interferes
with the phosphorelay and attenuates cytokinin responses.
Detailed studies of AHP6 have revealed that it is transcriptionally
induced by another phytohormone, auxin, which often
antagonizes cytokinin signaling (Bishopp et al, 2011). After
transcription and translation, the small (17.9 kDa) cytosolic
AHP6 protein freely moves to neighbor cells via PD, effectively
establishing an inhibitory field that limits cytokinin responses
and thereby locally enhances the formation of auxin maxima
(Bishopp et al., 2011; Besnard et al.,, 2014). In meristems, the
mobile AHP6 signal helps to define boundaries and establish
robust developmental patterning (Besnard et al, 2014). In
embryos, AHP6 is expressed primarily in cotyledons and
differentiating vasculature (Bishopp et al., 2011), but given the
small size of AHP6, we suspect that the AHP6 protein may

spread to an even larger domain when it is briefly transcriptionally
induced during the heart-to-torpedo stages.

Phytohormones can play crucial roles in regulating PD
transport during plant development and physiological responses
to biotic and abiotic stresses (Lee, 2014; Brunkard et al., 2015b).
For example, salicylic acid (SA) triggers membrane remodeling
and callose deposition in the cell wall surrounding PD, limiting
PD trafficking in response to pathogen infection (Lee et al,
2011; Wang et al., 2013; Lim et al., 2016; Huang et al., 2019).
Auxin also stimulates callose deposition in the cell wall
surrounding PD, restricting PD transport during developmental
transitions, such as lateral root formation (Benitez-Alfonso
et al, 2009; Han et al, 2014). Little is known about the
connections between other phytohormones and PD, although
there is evidence that other hormones can at least conditionally
regulate PD trafficking. For example, abscisic acid promotes
dormancy in Populus buds during winter, in part by decreasing
PD transport to isolate buds from growth signals (Tylewicz
et al, 2018); gibberellins antagonize abscisic acid signaling
and can therefore impact PD transport, at least in this context
(Singh et al., 2019). Cytokinins can stimulate PD formation
in some circumstances (Ormenese et al., 2006), but it is not
known whether cytokinins dynamically impact PD transport
in plant cells. In this study, using an established model system
for functional studies of PD transport, the leaf epidermis of
Nicotiana benthamiana, we directly tested how the cytokinin
signaling network affects PD transport.

MATERIALS AND METHODS

Plant Growth Conditions

For trans-Zeatin application experiments, N. benthamiana
(accession Nb-1) plants were grown in a greenhouse at 22°C
and in 16-h daylengths for 4 weeks prior to infiltration. For
transient overexpression experiments, growth conditions were
identical, but plants were grown for 4 or 5 weeks before
infiltration, depending on the size of the plant. For virus-
induced gene silencing (VIGS) experiments, plants were grown
in autoclaved soil and in isolation from other plants to prevent
the presence of pathogens and pests at 22°C and in 16-h
daylengths for 3 weeks prior to silencing. All plants used in
the VIGS experiments were photographed prior to infiltration
to assess phenotypic differences among AHK3-, AHK4-, and
mock p-glucuronidase (GUS)-silenced plants and validate
effective silencing with PHYTOENE DESATURASE (PDS)-
silenced plants. As previously described (Brunkard et al,
2015a), plants that have effectively silenced PDS exhibit
photobleached leaves.

Cloning Silencing Triggers

Silencing triggers were cloned as previously described (Brunkard
et al, 2015a). Briefly, RNA was isolated from N. benthamiana,
Nb-1, with the Spectrum Plant Total RNA kit (Sigma-Aldrich,
St. Louis, MO, United States), treating RNA with on-column
DNase I digestion (New England Biolabs, Ipswich, MA, United
States). Complementary DNA (cDNA) was synthesized from
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isolated RNA using random hexamers and SuperScript III reverse
transcriptase (Fisher Scientific, Waltham, MA, United States).
Silencing triggers were amplified with Phusion DNA polymerase
(New England Biolabs). Triggers and the TRV2 plasmid pYL156
were digested with Xbal and Xhol (New England Biolabs) and
ligated with Promega T4 DNA ligase (Fisher Scientific). Ligations
were transformed into XL1-Blue Escherichia coli, were mini-
prepped (New England Biolabs, Ipswich, MA, United States),
and were Sanger sequenced to confirm insertion sequences. The
AHK4 trigger was cloned with oligonucleotides 5'-gat TCT AGA
AAC TAT GGA GGA ACG GG-3' and 5'-gat ctc GAG GTT
TCA TTA TCA CCG C-3' to silence the two AHK4 homologues,
Niben101Scf08855¢02013 and Niben101g09260¢03002. The AHK3
trigger was cloned with oligonucleotides 5'-cat TCT AGA TGT
GAC ACA ACA AGA TTA TGT C-3' and 5'-gat ctC GAG
CAA TAG AAG GAC CAA C-3' to silence the two AHK3
homologues, Niben10103911g05013 and Niben101Scf02711g00003.

Cloning AHP Overexpression Constructs
As with the silencing triggers, AHP5 and AHP6 were amplified
with Phusion DNA polymerase (New England Biolabs) from
N. benthamiana cDNA that was synthesized as above. AHP5
was cloned using oligonucleotides 5'-aattacaggcctcccgggacc
ATGAACACCATCGTCGTT-3' and 5-TTCGCTTCCTGAccc
CTAATTTATATCCACTTGAGGAATT-3', while AHP6 was
cloned wusing oligonucleotides  5'-aattacaggcctcccgggacc
ATGTTGGGGTTGGGTGTG-3" and 5-TTCGCTTCCTGAccc
CTACATTGGATATCTGACTCCTGC-3'. All oligonucleotides
contained 15 bp of homology compatible with the Smal digestion
site of binary vectors containing a CaMV 35S promoter, TMV
Omega enhancer sequence, and CaMV 35S terminator for
transient gene expression. The plasmid was digested with Smal,
and both genes were treated with T5 DNA exonuclease (New
England Biolabs) as previously described (Xia et al, 2019).
These reactions were used to transform chemically competent
DHI10B E. coli, were mini-prepped, and were Sanger sequenced
to confirm insertion sequences.

Agroinfiltration
Agrobacterium tumefaciens strain, GV3101, was grown overnight
in a lysogeny broth medium at 28°C, 250 rpm, with kanamycin,
gentamicin, and rifampicin (each at 50 mg ml™). Cultures were
centrifuged at x700 g for 10 min and then resuspended in an
infiltration medium [10 mM MgCl,, 10 mM 2-(N-morpholino)
ethanesulfonic acid (MES), and 200 pM acetosyringone, pH 5.6,
adjusted with KOH] to ODgynn = 1.0. Agrobacteria were then
left to induce virulence at room temperature for 2-4 h with gentle
shaking prior to infiltration. Immediately before infiltrating, cultures
were then further diluted in infiltration media to ODgyppn = 107°
for green fluorescent protein (GFP) movement assays or
ODggonm = 0.1 for overexpression. Cultures were left at ODgyppp = 1.0
for VIGS, as previously described (Brunkard et al., 2015a).
Briefly, for VIGS experiments, the first two true leaves of
N. benthamiana plants were infiltrated with equal induced
inocula of A. tumefaciens carrying the previously described
binary vectors: pYL192 (which expresses the TRV1 subgenome)

and pYL156 (which expresses the TRV2 subgenome with
silencing triggers). A TRV2-GUS trigger was used as a negative
control for VIGS, and a TRV2-NbPDS trigger was used as a
positive control for VIGS. About 14 days after infiltration of
the VIGS inocula, the fourth leaf of each plant was infiltrated
with an induced inoculum containing the 35Spro:GFP binary
vector diluted to ODgypum = 107°. Each plant was left under
normal growing conditions (22°C and 16-h daylengths) for
48 h prior to GFP movement assays (described below).

For overexpression experiments, the fourth leaf from 4-to-5-
week-old N. benthamiana plants was infiltrated with an induced
inoculum containing the 35Spro:GFP binary vector diluted to
ODgoonm = 107 and the transient overexpression vector diluted
to ODsgonm = 0.1, with an empty transient overexpression plasmid
used as a negative control. These plants were left under normal
growing conditions (22°C and 16-h daylengths) for 72 h prior
to GFP movement assays (described below).

Trans-Zeatin Infiltration

A 1 mM stock solution of trans-Zeatin (Cayman Chemical
Company) in DMSO was diluted to several concentrations
(1.0 nM, 10 nM, and 100 nM) in infiltration media, with the
infiltration media containing no trans-Zeatin used as a negative
control. The 35Spr0:GFP binary vector was then diluted to
ODgyonm = 107° in these solutions and infiltrated into the fourth
leaf from 4-week-old N. benthamiana plants, as above. These
plants were left under normal growing conditions (22°C and
16-h daylengths) for 48 h prior to GFP movement assays
(described below).

Assaying PD Transport With GFP
Transformation

Plasmodesmata movement assays were performed using the
fourth leaf from either 4-week-old (for trans-Zeatin treatment
experiments) or 4-to-5-week-old (for VIGS and overexpression
experiments) N. benthamiana plants. GFP movement assays
were conducted as previously described (Brunkard et al., 2015a;
Figure 1), observing GFP movement in only the proximal
25% of the leaf. Briefly, leaves were infiltrated with very low
inocula of Agrobacterium (ODgynm < 107 carrying a binary
vector to transform cells to express GFP under the CaMV
35S promoter. Only a handful of individual, isolated cells are
transformed by the low inocula of Agrobacterium. About 48 h
after agroinfiltration, the genetically transformed cells show
bright GFP fluorescence and are surrounded by “rings” of cells
with lower fluorescence, indicating that GFP has moved into
these cells via PD. In this study, we report the greatest distance,
in numbers of cells, that GFP has spread.

In all experiments, leaves that were previously infiltrated
with the 35Spro:GFP vector were infiltrated with water
immediately prior to harvesting. For VIGS experiments, leaves
were harvested from plants infiltrated with media containing
the 35Spr0:GFP vector 48 h after infiltration. For trans-Zeatin
experiments, leaves were similarly harvested from plants
infiltrated with media containing trans-Zeatin and the 35Spr0:GFP
vector 48 h after infiltration. For overexpression experiments,
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was used for each experiment; white scale bars = 100 pm.
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FIGURE 1 | Trans-Zeatin (cytokinin) stimulates plasmodesmata (PD)-mediated green fluorescent protein (GFP) movement in Nicotiana benthamiana leaves.

(A) Cytokinins (e.g., trans-Zeatin, whose structure is shown) stimulate the cytokinin receptors, ARABIDOPSIS HISTIDINE KINASES (AHKs, light teal), to
phosphorylate ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEINS (AHPs, teal), which transfer phosphorylation to B-class ARABIDOPSIS RESPONSE
REGULATORS (ARRs, dark teal), which then promote transcription of cytokinin response genes, including the A-type ARR genes, ARR4, ARR16, and ARR17. AHP6
(orange) acts as a decoy AHP, preventing phosphorylation of AHPs and thus antagonizing cytokinin signaling. Transcriptomic analysis of four mutants with increased
PD trafficking, ise1 through ise4, revealed the induction of AHP genes that promote cytokinin signaling, induction of A-type ARR genes that indicate elevated
cytokinin responses, and repression of the AHP6 gene that inhibits cytokinin signal transduction (Burch-Smith et al., 2011; Brunkard et al., 2020). Fold-changes in
mRNA levels of these genes are indicated. (B) Infiltration of 100 nM solutions of trans-Zeatin significantly increased PD transport (n = 53, **p < 0.01; error bars
indicate SEM). 10 or 1.0 nM trans-Zeatin somewhat increased PD transport, but not to statistically significant thresholds (n = 51 or n = 56, respectively).

(C) Representative confocal images of transformed N. benthamiana cells for different treatments of the trans-Zeatin show the range of GFP movement from
transformed cells. In mock-treated leaves, GFP rarely moved 1-2 cells beyond the transformed cell. After applying trans-Zeatin, GFP movement tended to increase,
often moving to three cells or more beyond the transformed cell in leaves treated with 100 nM trans-Zeatin. The fourth leaf from 4-week-old N. benthamiana plants

leaves were harvested from plants infiltrated with media
containing the 358pro:GFP vector 72 h after infiltration. For
all conditions, small sections were cut from each infiltrated
leaf (~1 X 2 cm), mounted abaxial side up on microscope
slides, and imaged (as shown in “Microscopy” below).

For each experiment, at least 5, and as many as 24, plants
were assayed for each condition per replicate, and each experiment
was replicated three times, resulting in each experiment being
conducted in at least 70 plants. GFP movement from 1 to 5
randomly selected transformed cells per plant was observed,
depending on how many transformed cells were found in the
section used for microscopy. The movement was scored by
counting the distance in rings of cells to which GFP had
moved from the originally transformed cell (e.g., no movement
was scored as zero, since GFP remained only in the transformed

cell; movement into one or all cells immediately touching the
originally transformed cell but none beyond was scored as
one; and so on). The total number of cells containing GFP
was also counted for each sample.

Microscopy

GFP was observed in the epidermis of N. benthamiana leaves
using a Leica DM6 CS confocal laser scanning microscope,
with settings as described by Brunkard et al. (2015a). To ensure
no artifacts were introduced during microscopy, identical settings
(such as laser strength, gain, emission filters, and aperture)
were used in all experiments, and samples were imaged in
randomized order to avoid any bias during experimentation.
All movement assays were scored by both authors to
ensure reproducibility.
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Quantification and Statistical Analysis
Movement assay results are presented as the average movement
of GFP and SEM. Differences in GFP movement between two
given conditions were compared using unpaired heteroscedastic
Student’s t-tests in Excel, with p < 0.05 being considered
significantly different.

RESULTS

Based on the previous finding that the cytokinin signaling
inhibitor, AHP6, is severely transcriptionally repressed in isel
and ise2 (Burch-Smith et al.,, 2011), we explored whether the
transcriptomes of ise mutants reveal any clear changes in the
gene expression that could reflect enhanced cytokinin signaling,
which would support the hypothesis that cytokinin signaling
could contribute to the ise phenotype. Indeed, ise2 shows several
additional signatures of elevated cytokinin signaling, including
a 9-fold increase in the messenger RNA (mRNA) level of a
standard transcriptional reporter for cytokinin responses, ARR4
(ARABIDOPSIS RESPONSE REGULATOR 4), and >3-fold
induction of cytokinin phosphorelay proteins, AHPI and AHP2,
that promote cytokinin responses. The cytokinin response
reporter gene, ARR4, is also induced >5-fold in both ise3 and
ise4, suggesting that elevated cytokinin signaling could be a
common feature of ise mutants.

Cytokinin Can Stimulate PD Movement in
Leaves

Given the evidence of enhanced cytokinin signaling and increased
PD transport in the ise mutants, we next tested whether
exogenous application of cytokinin is sufficient to increase PD
transport. To this end, we infiltrated leaves of 4-week-old
N. benthamiana plants with infiltration media containing a
low inoculum of Agrobacterium (ODgypm < 107%) carrying a
358pro:GFP binary vector and a range of concentrations (1.0,
10, or 100 nM) of the cytokinin trans-Zeatin (Letham and
Miller, 1965). Infiltration media with no trans-Zeatin was used
as a negative control. About 48 h post-infiltration, we excised
sections of infiltrated leaves, imaged GFP foci with confocal
microscopy, and statistically analyzed the results to quantitatively
assess GFP movement. The final results are expressed as the
maximal distance that GFP had spread from the transformed
cell into neighboring cells.

We found that higher concentrations of trans-Zeatin
correspondingly increased the movement of GFP in leaves
(Figure 1). On average, GFP moved 1.36 + 0.12 cells from
the transformed cell in the presence of no exogenous trans-
Zeatin. With the addition of 100 nM of trans-Zeatin, GFP
moved 1.91 + 0.14 cells from the transformed cell; when
compared with results from the control, we found that this
difference is statistically significant (n = 53, p < 0.01). Even
with smaller concentrations of trans-Zeatin application, GFP
movement also apparently increased, though to proportionately
smaller degrees (1.73 + 0.14 cells with 10 nM of trans-Zeatin,
1.59 + 0.12 cells with 1.0 nM of trans-Zeatin).

Overall, these results demonstrate that cytokinins promote
PD movement.

Silencing Expression of Cytokinin
Receptor Genes Reduces PD Transport
Following these results, we took a genetic approach and tested
whether silencing the expression of genes directly involved in
cytokinin sensing would result in lowered PD movement. Using
VIGS, we silenced AHK3 and AHK4, which encode cytokinin
receptors that initiate the cytokinin-AHK-AHP-ARR signal
transduction pathway in plant cells. We used a TRV2-GUS
trigger as a negative control for silencing and a TRV2-NbPDS
trigger as a positive control for silencing. After plants were
infiltrated with the VIGS constructs, we allowed 2 weeks for
silencing to establish before infiltrating leaves on each plant
with the same 35Spr0:GFP construct used in other experiments.
Immediately prior to this, we took photographs of each plant
to document phenotypic differences among conditions.
We observed no obvious morphological or physiological
differences between mock silenced and AHK-silenced plants,
so we experimented in the same manner as above for the
trans-Zeatin experiments.

In both AHK3- and AHK4-silenced plants, we observed
a significant decrease in GFP movement relative to the GUS
mock treatment (Figure 2). Whereas GFP moved 1.61 + 0.07
cells from the transformed cell in mock-silenced (TRV-GUS)
plants, GFP movement in AHK3-silenced plants was reduced
to 1.31 = 0.07 cells and to 1.35 % 0.06 cells in AHK4-
silenced plants. We found that both results were statistically
significant (n = 124, p < 0.01; n = 133, p < 0.01). These
findings further bolstered the hypothesis that the regulation
of PD transport is intimately linked to the cytokinin
signaling pathway.

AHP5 and AHP6 Antagonistically Regulate
PD Transport in Leaves

Given the findings regarding the influence of upstream members
of the cytokinin signaling pathway on GFP movement, we asked
whether overexpressing proteins downstream of AHKs in the
cytokinin signaling pathway would alter PD transport. To test
this hypothesis, we cloned AHP5 and AHP6 into binary vectors
for transient expression in N. benthamiana leaves. Agrobacteria
carrying 358ppo:AHP5 or 35Spro:AHP6 were then co-infiltrated
with 358pr0:GFP into N. benthamiana leaves.

When compared to control plants infiltrated with empty
vector, we found that leaves overexpressing AHP5 exhibited
significantly increased levels of PD transport, whereas leaves
overexpressing AHP6 exhibited significantly decreased levels
of PD transport (Figure 3). In leaves agroinfiltrated with empty
vector, GFP moved 1.58 + 0.07 cells from the transformed
cell vs. 2.13 + 0.07 for plants overexpressing AHP5 and
1.38 + 0.06 for plants overexpressing AHP6. The change in
GFP movement was significant for both AHP5-overexpressing
plants (n = 141, p < 0.001) and AHP6-overexpressing plants
(n = 161, p < 0.05) relative to control plants. Together, these
results indicate that manipulating the expression of different

Frontiers in Plant Science | www.frontiersin.org

May 2021 | Volume 12 | Article 674128


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Horner and Brunkard

Cytokinins Promote PD Transport

>
foe)
L

—
»
1

RN
SN
1

TRV-GUS

—_
N
1

GFP movement (cells)

-
o
L

FIGURE 2 | Virus-induced gene silencing (VIGS) of cytokinin receptor expression reduces PD-mediated GFP movement in N. benthamiana leaves. (A) Compared
to control TRV-GUS plants, GFP movement from transformed cells was significantly lowered in plants where the cytokinin receptors AHK3 or AHK4 were silenced
(n =124, *p < 0.01; orn = 133, **p < 0.01; respectively; error bars indicate SEM). (B) Representative confocal images of transformed N. benthamiana cells and
examples of 5-week-old VIGS-treated plants indicate that GFP movement was reduced in AHK3 and AHK4-silenced plants, but there were no obvious phenotypic
effects on the plants themselves. In mock-treated TRV-GUS plants, GFP typically moved 1-3 cells beyond the transformed cell; in AHK3 and AHK4-silenced plants,
GFP movement rarely exceeded two cells. The fourth leaf from 5-week-old N. benthamiana plants was used for each experiment; white scale bars = 100 pm.
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FIGURE 3 | Cytokinin phosphorelay proteins AHP5 and AHP6 regulate PD transport. (A) Compared to mock-infiltrated plants, GFP movement from transformed
cells significantly increased in leaves overexpressing AHP5 (n = 141, ***p < 0.001; error bars indicate SEM). Overexpressing the negative regulator of cytokinin
signaling, AHP6, had the opposite effect, decreasing PD transport in leaves (n = 161, *p < 0.05; error bars indicate SEM). (B) Representative confocal images of
transformed N. benthamiana cells demonstrate the difference in GFP movement between conditions. GFP moved 1-3 cells beyond the transformed cell in mock-
treated leaves. In leaves overexpressing AHP5, GFP regularly moved more than two cells and often as many as four cells from the transformed cell. In leaves
overexpressing AHP6, GFP movement was confined to one, or sometimes two, cell(s) beyond the transformed cell. The fourth leaf from 4-to-5-week-old N.

members of the cytokinin signaling pathway phosphorelay chain
directly impacts the rate of PD transport.

DISCUSSION

In this study, we provide evidence that cytokinins can stimulate
intercellular trafficking through PD in plants. We demonstrated
that manipulating the cytokinin signaling pathway produces
consistent observable effects on GFP movement in the leaf
epidermal tissue. Directly infiltrating cytokinins increased the
rate of GFP movement, as did overexpression of the gene
encoding a phosphotransfer protein, AHP5, that promotes
cytokinin responses. Conversely, overexpressing AHP6, which

encodes a protein that lacks the phosphotransfer capability of
AHP5 and thus suppresses cytokinin responses, or silencing
AHK3 or AHK4, which encodes two cytokinin receptors,
decreased PD-mediated GFP movement. Given the transcriptomic
signs that cytokinin signaling is enhanced in ise mutants, it
is plausible that increased cytokinin levels contribute to the
elevated PD transport observed in ise embryos.

Previous studies in non-model systems demonstrated that
cytokinin treatment can induce the de novo formation of PD
in cell walls (Ormenese et al., 2006), but this is the only
direct experimental evidence that cytokinin signaling affects
PD trafficking. Cytokinins can now be added to the growing
list of physiological and developmental cues that dynamically
regulate PD transport, including auxin, SA, abscisic acid, light,
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and the circadian clock, metabolic status, and oxidative stress,
among others. Admittedly, in this report, we have not determined
how cytokinins promote trafficking through PD. The best-defined
mechanisms that mediate changes in PD trafficking are the
reversible hyperaccumulation of callose in the cell wall
surrounding PD, which is believed to occlude the PD channel
and prevent trafficking, or de novo PD biogenesis, which is
consistently  correlated with increased PD transport.
We hypothesize that cytokinins could act through multiple
mechanisms to alter PD transport. For example, cytokinin
could stimulate rapid de novo PD biogenesis, which will require
further investigation in the future. We should note that there
are more PD in the cell walls of isel and ise2 embryos; if
cytokinin indeed does stimulate the formation of new PD in
cell walls, the additional PD in isel/ise2 embryos could correlate
with the induction of transcriptional responses to cytokinin
in these mutants.

Although a relationship between cytokinin levels and PD
transport in leaves has not been previously explored, cytokinin
is known to impact sink-source relations in plants (Peleg et al.,
2011; Kieber and Schaller, 2014). As young leaves develop,
they transition from rapidly-growing “sinks” that import sugars
to mature “sources” that export sugars for long-distance transport
via the phloem (Turgeon, 2010). PD transport rapidly decreases
during the sink-to-source transition, which is thought to
contribute to the sink-to-source transition by limiting the
diffusive backflow of sugars from the phloem into the exporting
source leaf (Roberts et al., 1997, 2001; Imlau et al., 1999;
Brunkard, 2020; Brunkard et al., 2020). Genetic and physiological
experiments have shown that cytokinins increase so-called “sink
strength” in leaves, the rate of sugar import into growing leaves.
For example, tobacco transformed to overexpress cytokinin
oxidases, which degrade cytokinins and thus reduce cytokinin
signaling, decreased the concentrations of glucose, fructose,
and sucrose by as much as 10-fold in sink leaves without
comparably affecting the sugar concentrations in source leaves
(Werner et al., 2008). While the defect in sink strength is
likely due to multiple pathways impacted by cytokinin signaling,
we speculate that PD transport could be limited in cytokinin-
deficient plants, effectively reducing the rate of phloem import
to sink leaves.

Plasmodesmata transport dynamics are especially crucial
for patterning in the shoot apical meristem (SAM; Rinne
and Van der Schoot, 1998; Gisel et al., 1999; Kitagawa and
Jackson, 2019). Multiple transcription factors that determine
whether SAM cells proliferate, differentiate, or remain quiescent
readily move between cells via PD, including the homeobox
proteins Knottedl (Knl, sometimes called SHOOT
MERISTEMLESS or STM in Arabidopsis; Lucas et al.,, 1995)
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