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Abstract

The phytohormone cytokinin (CK) was first discovered over sixty years ago, and the
decades following have produced an enormous amount of data about the various roles CK plays
in intracellular signaling, gene expression, and plant development. An often-overlooked
characteristic of this phytohormone is that it is not one single molecule; “cytokinin” is a
generalized term for dozens of molecules which occur naturally in plants. Much of CK research
has used synthetic CKs or only a single form of CK because it has long been believed that only a
small subset of CKs display biological activity. Much of this dissertation focuses on CK-N-
glucosides (CKNGs), long believed to be inactive forms of CK.

Chapter 1 provides a broad overview of CK biology and their functions in plants, with
particular focus on the model plant species Arabidopsis thaliana, which the rest of this
dissertation work is completed in. Chapter 2 reviews recent advances in understanding of
Cytokinin Response Factors, a family of transcription factors involved in response to a variety of
environmental signals. Chapter 3 focuses on trans-Zeatin-N-glucosides, revealing that this
subclass of CKNGs are capable of delaying leaf senescence and altering gene expression.
Chapter 4 focuses on another subclass of CKNGs, isopentenyladenine-N-glucosides, revealing
one of these compounds is capable of delaying leaf senescence and mildly altering gene
expression in an overlapping manner with isopentenyladenine, a highly active form of CK.
Chapter 5 explores potential mechanisms by which trans-Zeatin-N-glucosides delay leaf
senescence and suggests they are capable of regulating levels of an active CK, trans-Zeatin.
Chapter 6 combines CK measurement data from twelve studies, revealing CKNGs are the most

abundant forms of CK in young Arabidopsis thaliana plants.
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Chapter 1: Introduction to Cytokinins and Cytokinin Conjugates in Plant Development

and Stress Response

H. Tucker Hallmark
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Abbreviations and Definitions

AHK2/AHK3

AHK4

AHP

AMP/ADP/ATP

AP2/ERF

ARR

CKX

CRE1

CRF

CRISPR-Cas9

Cv.

cZ

Dz

HPt

I1AA

IPT
LOG

Arabidopsis Histidine Kinase 2 and 3 - cytokinin receptors

Arabidopsis Histidine Kinase 4 - cytokinin receptor, also known as WOL and
CRE1

Arabidopsis Histidine-containing Phosphotransfer protein - relay signal from
AHKSs to ARRs

Adenosine monophosphate/diphosphate/triphosphate

APETALAZ2/Ethylene Response Factor - large family of transcription factors,
of which CRFs are a member

Arabidopsis Response Regulator - transcription factors (type B) and nuclear
localized proteins (type A) which act downstream of AHKs and AHPs

Cytokinin Oxidase - class of cytokinin degrading enzymes
Cytokinin Response 1 - cytokinin receptor, also known as AHK4 and WOL

Cytokinin Response Factor - class of transcription factors, some of which are
involved in response to cytokinin

Clustered Regularly Interspaced Short Palindromic Repeat - recently
developed method of targeted DNA mutagenesis

Cultivar
cis-Zeatin - one form of the plant hormone cytokinin
Dihydrozeatin - one form of the plant hormone cytokinin

Histidine-containing phosphotransfer protein - general name for non-
Arabidopsis AHP

Indole-3-acetic acid - one form of the plant hormone auxin
Isopentenyl adenine - one form of the plant hormone cytokinin

Isopentenyltransferase - class of enzymes that catalyze the first step of iP, tZ,
and DZ synthesis
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gPCR

ROS

SAM

T-DNA
tRNA
tZ
tZ0G
tZ7G

tZ9G

UGT
WOL

WT

Lonely Guy - class of enzymes required to convert cytokinin nucleotides into
cytokinin bases

Quantitative Polymerase Chain Reaction - A variant of PCR in which
transcript abundance can be estimated by using fluorescence as a marker of
how much product is generated with each PCR cycle

Reactive Oxygen Species - oxygen containing compounds such as hydrogen
peroxide and superoxide prone to reacting with cellular components such as
lipids and DNA

Shoot Apical Meristem - region in which pluripotent stem cells divide and
differentiate to form shoot tissues

Transfer-DNA - Plasmid DNA from the bacterium Agrobacterium
tumafaciens which integrates into plant DNA and interrupts wildtype DNA
sequences

transfer RNA

trans-Zeatin - one form of the plant hormone cytokinin
trans-Zeatin-O-glucoside

trans-Zeatin-7-glucoside

trans-Zeatin-9-glucoside

UDP-glucosyl transferase - enzyme catalyzing the transfer of a glucose
molecule from UDP to a substrate

Wooden Leg - cytokinin receptor, also known as AHK4 and CRE1

Wildtype - Nontransgenic organism
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I. Discovery of Cytokinin as a Plant Hormone

Cytokinin is a plant hormone first identified as “kinetin” by Miller and Skoog in the mid-
twentieth century through a series of experiments attempting to identify substances that would
promote cell division in plant tissue culture (Miller et al., 1955). Based on previous findings that
DNA derived compounds may promote cell division, the authors autoclaved DNA-rich herring
sperm as well as DNA from calf thymus; these solutions were added to media also containing the
then-known plant growth regulator auxin, or IAA (Miller et al., 1955). These DNA derived
compounds, which the authors named “kinetin,” promoted cell division and growth of tobacco
callus in conjunction with IAA (Miller et al., 1955), and shortly after, kinetin was determined to
be a purine-based compound and the class of growth regulators of which it was a member was
named “kinins,” later renamed “cytokinins” (Miller et al., 1956).

Over the next decade, Miller and others identified and characterized the first naturally occurring
cytokinin in Zea mays and noted its structure was similar to adenine (Miller, 1961). This was an
important discovery, as it was the first evidence cytokinins were produced endogenously in
plants. Using fruitlets from Prunus domestica, Letham purified another compound referred to as
Al. Al was noted as having the same cell division promoting activity as kinetin while being a
separate compound (Letham, 1963a), one of the early indications that multiple structurally
distinct cytokinins exist. Shortly after, Letham isolated a compound from Zea mays seeds that
was chromatographically and physiologically indistinguishable from Al; he proposed calling this
compound Zeatin. Letham noted this was possibly the same compound that Miller partially
purified two years earlier, and that it was likely an adenine molecule with an additional chemical

group attached at the N6 position (Miller, 1961; Letham, 1963b).
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Since their discovery, cytokinins have been implicated in a number of biological processes
ranging from promotion of cell proliferation in meristematic regions to delaying senescence in
leaf tissues (as reviewed by Mok and Mok, 2001; Sakakibara, 2006; Kieber and Schaller, 2014).
Due to advances in molecular biology, biochemistry, and the establishment of the model plant
system Arabidopsis thaliana (hereafter referred to as Arabidopsis), the cytokinin biosynthetic
and signaling pathways have been well dissected genetically.

I1. Cytokinin Biosynthesis

Il.a. History

Four major classes of cytokinins are known to exist in plants: trans-Zeatin (tZ), cis-Zeatin (cZ),
isopentenyl adenine (iP), and dihydrozeatin (DZ) (Sakakibara, 2006). One of the earliest
examinations of cytokinin biosynthesis was performed in Pisum sativum, where it was found that
cytokinin, specifically cis-Zeatin, could be isolated from tRNAs (Vreman et al., 1972). One idea
of how cytokinins were synthesized was that cis-Zeatin was released from tRNA and then
converted into the more active trans-Zeatin (Bassil et al., 1993). However, it has since been
shown that, though interconversion of cis- and trans-Zeatin can occur enzymatically, it does not
appear to be a major contributor to the pool of cytokinins other than cis-Zeatin (GajdoSova et al.,
2011). Cytokinins are not plant-specific compounds; in fact, one of the first steps of cytokinin
biosynthesis, which is conserved in plants, appears to be that first identified in an amoeba system
and shortly after identified in the bacterium Agrobacterium tumafaciens. The reaction identified
in both studies was the addition of an isopentenyl group to an adenosine monophosphate (AMP)
to form isopentenyl adenine nucleotide (Taya et al., 1978; Akiyoshi et al., 1984). In the case of
Agrobacterium, the gene responsible for the conversion of adenosine monophosphate to

isopentenyl adenine nucleotide was identified as the IPT gene (Akiyoshi et al., 1984).
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The first plant IPT genes were identified at the start of the new millennium using in silico
analysis to identify genes in the then-newly sequenced Arabidopsis genome that showed
homology to the bacterial IPT genes; the activity of several Arabidopsis IPT (AtIPT) genes was
confirmed in a bacterial system (Takei et al., 2001). Concurrently, Kakimoto showed that at least
one AtIPT used ATP and ADP instead of AMP to form isopentenyl adenine nucleotide
(Kakimoto, 2001). These studies demonstrated strong evidence for the formation of isopentenyl
adenine nucleotide, but the question of how trans-Zeatin was synthesized as well as how the
nucleotide forms were activated remained unanswered.

In 2004, a genetic screen looking to identify genes capable of converting iP nucleotide to tZ
nucleotide led to the identification of two genes, CYP735A1 and CYP735A2, which encode for
enzymes that catalyze this reaction (Takei et al., 2004). A few years later, the first gene involved
in activating these cytokinin nucleotides was identified and named Lonely Guy (LOG); shortly
after, several more LOG genes were identified in Arabidopsis (Kurakawa et al., 2007; Kuroha et
al., 2009). LOGs cleave the ribophosphate group from the cytokinin nucleotide, converting the
molecule into the active base form (Kurakawa et al., 2007; Kuroha et al., 2009).

I1.b. Current State

The current understanding of the cytokinin biosynthetic pathway (summarized in Figure 1) is
that ATP, ADP, or AMP are converted to iP nucleotide by the addition of an isoprenoid
sidechain, and this reaction is performed by a set of genes in Arabidopsis known as IPTs
(Kakimoto, 2001; Takei et al., 2001). Isopentenyl adenine nucleotides can be hydroxylated by
CYP735A2 to form tZ nucleotides. Both iP and tZ nucleotides can be converted to active
cytokinin bases by one of the several LOG genes, which cleave off the ribose and phosphate

groups (Kurakawa et al., 2007; Kuroha et al., 2009). Another form of cytokinins, cZ, are
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synthesized in a similar manner, but the starting point is tRNA-derived adenosine
monophosphate (Vreman et al., 1972). Though conversion between trans- and cis-Zeatin is
possible (Bassil et al., 1993), it requires a poorly characterized enzyme, and does not appear to

be a major contributor to the overall cytokinin composition of a plant (GajdoSova et al., 2011).
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Figure 1. Abbreviated Arabidopsis cytokinin biosynthetic pathway: from precursorsto active
cytokinin bases. Red circled “P” represents a phosphate group. Blue circled “R” represents a
ribose. Text in purple boxes indicates known genes responsible for reactions. Base forms of each
cytokininare boxed in green. Abbreviationsare as defined in the text.
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I11. Cytokinin Signaling

I11.a. History

The field of cytokinin signaling began largely with the identification of Arabidopsis genes
believed to be cytokinin receptors. The first of these was CKI1, or Cytokinin Independent 1,
which was identified in an activation tagging screen in the mid-1990s (Kakimoto, 1996).
Kakimoto transformed tens of thousands of Arabidopsis calli with an activation tagging construct
and looked for calli that would form shoots even in the absence of cytokinin (Kakimoto, 1996).
A handful of transformants fit this phenotype, and when the genes near the activation tags were
sequenced, it was found that four of the transformants harbored activation tags near a receptor
like gene which the group aptly named Cytokinin Independent 1 for its ability to grow shoot-like
structures without exogenously applied cytokinin (Kakimoto, 1996). As exciting as this finding
was, the mechanism behind the phenotype remained elusive; it was not until the discovery of
another receptor gene that cytokinin signaling became more clear.

Arabidopsis Histidine Kinase 4 (AHK4, also known as Cytokinin Response 1 and Wooden Leg)
was identified by several independent groups (Scheres et al., 1995; Méhdnen et al., 2000; Inoue
et al., 2001; Ueguchi et al., 2001b; Ueguchi et al., 2001a) for its role in vascular tissue
development and ultimately cytokinin perception. Scheres et al. reported that a wooden leg
(WOL) mutant exhibited reduced root growth and disrupted vascular patterning, but this
phenotype was not yet correlated with cytokinin (Scheres et al., 1995). WOL was further
characterized by Mahonen et al. who showed that WOL acts as a histidine kinase receiver in a
two-component signaling system, but did not specify a ligand (Mahonen et al., 2000). Shortly
after, Inoue et al. performed a mutagenesis screen similar to that performed by Kakimoto (1996);

however, in this screen, researchers grew calli from their mutagenized seed on media containing
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cytokinin and isolated individuals that did not respond (Inoue et al., 2001). This screen led to the
identification of Cytokinin Response 1 (CRE1); the group performed a number of cytokinin
bioassays and determined crel mutants to be insensitive to cytokinin (Inoue et al., 2001). Based
on sequence homology, CRE1 was believed to be a receptor kinase, and by expressing CREL in
yeast and supplying cytokinin, the group was able to show that CRE1 bound cytokinin which
activated the receptor (Inoue et al., 2001). Concurrently with the first publication of CREL,
Ueguchi et al. published two papers showing that Arabidopsis has three highly related histidine
kinase receptors (AHK2, AHK3, and AHK4) and also reported that AHK3 was capable of
rescuing a yeast receptor kinase mutant (Ueguchi et al., 2001a). The second paper connected
AHKSs to cytokinin signaling by recapitulating many of the results seen by Inoue et al. (2001),
including the insensitivity of Arabidopsis ahk4 mutants to cytokinin as well as the ability of
AHKA4 to bind cytokinin in a yeast system (Ueguchi et al., 2001b).

There has been further biochemical characterization of the AHKSs. Yamada et al. performed a
series of binding assays in yeast and showed that AHK4, AHK3, and possibly AHK2 are capable
of binding cytokinin and transducing a signal through a membrane (Yamada et al., 2001).
Romanov et al. further dissected the biochemical properties of AHK3 and AHK4 through a
series of direct binding assays performed in bacteria (2006). They found that pH played an
important role in cytokinin binding, and they also tested a variety of cytokinins and demonstrated
the ability of AHK3 and AHKA4 to bind trans-Zeatin, trans-Zeatin riboside, dihydrozeatin, cis-
Zeatin, and isopentenyl adenine; interestingly trans-Zeatin-O-glucosides showed no binding to
either receptor (Romanov et al., 2006). There are several caveats to the Romanov et al. study:
AHK2 was not tested, no N-conjugated cytokinins were tested, and all binding assays were

performed in bacteria expressing only a single receptor at 0°C, which clearly is quite a different
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environment than what would be seen in nature. Additionally, the cytokinin benzyladenine,
which is often used in cytokinin experiments because of its high potency, showed incredibly low
binding to AHK3 and AHK4; this may reflect idiosyncrasies in the experimental system or may
indicate there are more important aspects to cytokinin perception than binding alone (Romanov
et al., 2006). A more rudimentary study was performed and published as a short communication
by the same group years two earlier (Spichal et al., 2004). Trans-Zeatin-N-glucosides were
shown not to bind AHK3 or AHKA4 in bacteria, but the compounds did have moderate activity in
planta as determined by a cytokinin gene-reporter assay; it is also worth noting that this is
possibly a different bacterial system than was used by Romanov et al. as no methodology is
reported (Spichal et al., 2004). More recently, it was shown that the cytokinin receptors are
localized to the endoplasmic reticulum, not solely the plasma membrane as previously thought
(Caesar et al., 2011; Wulfetange et al., 2011).

While some groups were searching for cytokinin receptors, others were identifying additional
parts of the signaling pathway. After discovery of CKI1, a histidine kinase receptor (Kakimoto,
1996), some groups hypothesized that two-component signaling similar to that seen in bacterial
systems may exist in plants (Imamura et al., 1998). Two-component signaling is a common
feature of bacterial signaling and is characterized by a sensor (i.e. receptor) which is activated by
an environmental stimulus or signaling molecule; the sensor is phosphorylated and passes its
phosphoryl group to a response regulator which then mediates the organism’s response to the
environmental cue (Parkinson and Kofoid, 1992). After the identification of CKI1, Imamura et
al. searched Arabidopsis EST databases for genes encoding proteins with sequence similarity to
known response regulators in hopes of identifying a clear two-component signaling pathway in

plants (Imamura et al., 1998). After finding five candidate genes which the group named
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Arabidopsis Response Regulators (ARRS), the genes were cloned, expressed in bacterial
systems, and the proteins were purified; after incubating ARR proteins with a phosphoryl-
donating protein, it was evident the ARRs were capable of acting as true response regulators in
vitro (Imamura et al., 1998). To further strengthen the role of ARRs as true response regulators,
the authors also performed an in vivo experiment in which they rescued an E. coli strain with a
mutated two-component signaling system by expressing ARRs (Imamura et al., 1998). Further
examination of the ARRs led to the determination that there are two classes of ARRs; type-A
response regulators are transcriptionally induced by cytokinin treatment and lack DNA-binding
domains while type-B response regulators generally are not transcriptionally induced by
cytokinin but do contain a DNA-binding domain (Imamura et al., 1999).

Even after the identification of possible histidine kinase receptors, a missing link in the cytokinin
signaling cascade remained: how was the message transduced from an activated receptor to a
response regulator? Similar questions were being answered in non-plant organisms in the 1990s
(Appleby et al., 1996), and some groups seized this new knowledge and applied it to
Arabidopsis. In 1998, two groups published similar works identifying the missing link as
histidine-containing phosphotransfer proteins (Miyata et al., 1998; Suzuki et al., 1998), also
known as HPts, or AHPs in Arabidopsis. Suzuki et al. used known histidine-containing
phosphotransfer domain sequences to search the Arabidopsis EST database for proteins with
high sequence similarity to known HPts (1998). This led to the identification of AHP1, AHP2,
and AHP3; Northern blot analysis showed unique expression profiles of each of the AHPs and a
functional complementation experiment showed the ability of AHP1 to complement a mutant
yeast strain lacking a HPt gene required for survival on glucose containing media (Suzuki et al.,

1998). These sequence data and in vivo experimental data, along with in vitro data showing the
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ability of AHP1 to receive phosphoryl groups from a donor, are strong evidence that the AHP
genes identified are, in fact, capable of relaying a phosphoryl group from a receptor kinase to a
response regulator (Suzuki et al., 1998). In an incredibly similar set of experiments, Miyata et al.
showed that AHP1, AHP2, and AHP3 were capable of rescuing the same mutant yeast strain as
described above (Miyata et al., 1998).

With the major players identified (receptor kinases, histidine-containing phosphotransfer
proteins, and response regulators), it became important to prove involvement of these
components with cytokinin or with each other. With the receptors, early studies confirmed
cytokinin activation of the receptors in yeast systems (Inoue et al., 2001; Ueguchi et al., 2001b).
Some of the earliest evidence of the involvement of the AHPs with cytokinin came from a yeast
two-hybrid experiment which showed interaction between several AHPs and ARR10, as well as
an in vitro experiment showing the donation of a phosphoryl group from AHP2 to ARR3 and
ARR4 (Imamura et al., 1999). A more extensive yeast two-hybrid screen expanded these
findings and determined a larger number of interactions between AHPs and ARRs (Suzuki et al.,
2001). To further elucidate the role of AHPs in cytokinin signaling, Suzuki et al. overexpressed
AHP2 and performed a number of cytokinin bioassays, revealing that when AHP2 is expressed
at high levels, a plant is hypersensitive to cytokinin; this result indicates AHPSs act as positive
regulators of cytokinin signaling (Suzuki et al., 2002). In the same publication, the authors
demonstrated interaction between AHK4 and AHP2 by co-expressing the two genes in E. coli;
when expressed alone, AHK4 is capable of activating the downstream signaling cascade leading
to beta-galactosidase activity, but when AHK4 is co-expressed with AHP2, beta-galactosidase

activity is diminished (Suzuki et al., 2002). The authors interpret this result to mean that AHP2 is
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competing for interaction with AHK4, preventing AHK4 from activating the downstream
signaling cascade (Suzuki et al., 2002).

Hwang and Sheen provided a clear, detailed description of cytokinin two component signaling
through a series of gene expression analyses and fluorescence microscopy experiments (Hwang
and Sheen, 2001). Generally, upon binding cytokinin, a membrane-bound AHK is activated and
phosphorylated at an aspartate residue; this phosphoryl group is then passed to AHPs which then
translocate to the nucleus and phosphorylate ARRs, of which type-B ARRs become
transcriptionally active upon phosphorylation. Upon activation, these ARRs alter gene
expression leading to cytokinin-mediated processes (Hwang and Sheen, 2001).

I11.b. Cytokinin Response Factors

AHKs, AHPs, and ARRs are not the only players in cytokinin signaling in Arabidopsis. In the
few years after the identification of these major signaling components, a transcriptome study by
Rashotte et al. led to the identification of a separate group of transcription factors which act in
concert with the other members of the two component signaling pathway (Rashotte et al., 2006).
A few genes from the ERF (Ethylene Response Factor) family of transcription factors were
shown to be upregulated by cytokinin treatment; phylogenetic analysis revealed a group of six
closely related AP2/ERF transcription factors which authors named Cytokinin Response Factors,
or CRFs (Rashotte et al., 2006). CRF2 and CRF5 are rapidly induced by cytokinin treatment,
however this induction is not seen in an arrl,arrl2 mutant background; since ARR1 and ARR12
are major type-B response regulators, this result indicates CRF2 and CRF5 are direct or indirect
targets of ARRs, placing them in the same two component signaling pathway (Rashotte et al.,
2006). The authors also showed rapid accumulation of CRFs in the nucleus after treatment with

cytokinin; again, this phenomenon was dependent on AHKs and AHPs (i.e. no nuclear
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accumulation was observed in a receptor mutant background), placing CRFs in the same
signaling pathway as AHKs and AHPs (Rashotte et al., 2006). This connection was strengthened
when physical interaction between CRFs and AHPs was detected using bimolecular fluorescence
complementation (Cutcliffe et al., 2011). Phenotypic analysis revealed weakly penetrant
phenotypes for single crf loss of function mutants, however the crf5,6 double mutant is embryo
lethal indicating these factors are required for proper development and may act redundantly
(Rashotte et al., 2006).

Further characterization of CRFs led to the determination of a canonical CRF protein structure
and expression pattern. A CRF is an AP2/ERF protein which contains, at its N terminus, a highly
conserved amino acid sequence known as the CRF domain which has known roles in protein-
protein interaction (Cutcliffe et al., 2011). The AP2/ERF domain toward the center of the protein
sequence is a DNA binding domain, and the C terminus of most CRFs contains a clade-specific
sequence which groups CRFs into five clades based on C terminus similarity (Zwack et al.,
2012). In the same publication, reporter constructs were generated for the CRFs, and it was
shown that CRFs are primarily expressed in the vasculature (Zwack et al., 2012).

Perhaps the most well studied member of this gene family is CRF6. In Arabidopsis, CRF6 has
been shown to play a role in leaf senescence as well as response to reactive oxygen species
(Zwack et al., 2013; Zwack et al., 2016b). CRF5 is a member of the same clade as CRF6 (Zwack
et al., 2012), and CRF5 has also been tied to stress response. Overexpression of CRF5 in
Arabidopsis has also been shown to increase resistance to a bacterial pathogen by increasing
expression of pathogen defense related genes (Liang et al., 2010). Both CRF5 and CRF6 were
identified as being direct targets of the key retrograde signaling transcription factor ANAC017,

which relocates to the nucleus to affect gene expression during mitochondrial dysfunction (Ng et
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al., 2013). Recently, a deletion series was performed and it was determined that the C-terminal
end of the CRF5 protein is responsible for its transcriptional activity (Striberny et al., 2017).
CRFb5 has also been shown to be repressed by the evening complex, a protein complex which
modulates gene expression in response to light and temperature to regulate growth (Ezer et al.,
2017). Together these results may point to a role of CRF5 in altering gene expression in response

to environmental cues such as oxidative stress.

Figure 2. Simplified Arabidopsis cytokinin
signaling pathway. Cytokinin binds the ER-
bound AHK receptor which causes a
phosphoryl group (red circle) to be
transferred from a Histidine (H) residue to
an Aspartate (D). The phosphoryl group is
then passed to an AHP which translocatesto
the nucleus to phosphorylate type-B ARRs.
This activates type-B ARRs to induce the
transcription of type-A ARRs which are
Nucleat Membrane phosphorylated by AHPs but are not capable
of binding DNA to alter gene expression.
Downstream of AHPs are CRFs, which
é accumulate in the nucleus upon cytokinin
ARR signaling to alter gene expression.

ER Membrane

(Type-A)

I11.c. Current State

The current model of cytokinin signaling is that Arabidopsis has three major
cytokinin receptors, AHKSs, which are capable of binding cytokinin bases and transducing a
signal in a manner similar to bacterial two component signaling pathways (Inoue et al., 2001;
Ueguchi et al., 2001a; Ueguchi et al., 2001b). Arabidopsis also has a set of histidine-containing
phosphotransfer proteins (AHPs) (Miyata et al., 1998; Suzuki et al., 1998) which transduce the

signal originating at the activated AHK to response regulators (Imamura et al., 1999; Suzuki et
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al., 2001). These response regulators (ARRSs) are transcription factors that mediate transcriptional
response to cytokinin stimulus (Hwang and Sheen, 2001). In addition to the signal being
transduced from AHK to AHP to ARR, cytokinin signaling can lead to the nuclear localization
and activity of Cytokinin Response Factors, a set of transcription factors which act downstream
of AHPs and AHKSs (Rashotte et al., 2006). A simplified model of the cytokinin signaling
pathway is presented in Figure 2.

IV. Biological Activity of Cytokinin

IV.a. Roles in Development

The earliest function attributed to cytokinins was their ability to promote cell division in plant
tissue cultures (Miller et al., 1955). Shortly after, it was noted that cytokinins could promote
shoot formation in plant tissue culture (Skoog and Miller, 1957). These remained the key
features of cytokinin for many years before further investigation of plant physiology in
connection to the hormone. It was not until Miller determined cytokinins were endogenously
produced in plants (Miller, 1961) that more cytokinin-related physiology was explored. One
early function attributed to cytokinin was its role in vascular development. By excising
cotyledons and culturing them in different concentrations of hormones, it was shown that
cytokinin promoted xylem differentiation (Aloni, 1982). The Arabidopsis mutant wooden leg
displays vascular disorganization in the root meristem (Scheres et al., 1995) which was later
attributed to the positive role of WOL in asymmetric cell divisions (Mahonen et al., 2000); wol
was actually a mutant of the AHK4/CREL1 cytokinin receptor (Inoue et al., 2001), and
examination of ahp mutants as well as plants overproducing cytokinin degrading enzymes also
displayed disorganized vasculature (Mahonen et al., 2006), further strengthening the relationship

between cytokinin and vascular development.
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Another early study focused on chlorophyll and protein degradation and suggested cytokinin
could delay senescence in detached leaves (Richmond and Lang, 1957). To show that this
phenomenon was not specific to exogenously applied cytokinins, one group genetically
engineered Nicotiana tabacum (tobacco) to increase production of cytokinins during senescence;
this successfully delayed senescence, allowing plants to live and photosynthesize longer than
tobacco containing normal levels of cytokinins (Gan and Amasino, 1995). However, the
molecular mechanism of cytokinin retarding senescence was still relatively unknown. In a
mutagenesis screen looking for regulators of senescence, Kim et al. identified ORE12, later
determined to be AHKS3, as being a key protein involved in leaf senescence (Kim et al., 2006).
The authors showed ORE12 was a gain of function mutant of AHK3, and that it constitutively
phosphorylated the response regulator ARR2; by using both loss- and gain-of-function mutants,
the group determined that phosphorylation of ARR2 by AHK3 played a central role in delaying
senescence (Kim et al., 2006).

A set of experiments by Werner et al. used transgenic Nicotiana tabacum overexpressing
cytokinin oxidases, the enzymes responsible for cytokinin degradation (Werner et al., 2001). The
transgenic plants displayed an array of phenotypes: plant height, total number of leaves, leaf
surface area, leaf cell number, xylem and phloem size, and shoot apical meristem size were all
decreased relative to wildtype (Werner et al., 2001), indicating a positive role for cytokinin in
these processes. Interestingly, root tissue showed the opposite phenotypes: increased overall root
growth and root meristem size relative to wildtype (Werner et al., 2001), suggesting cytokinin
may have opposing effects on shoots and roots. The majority of the phenotypes seen in the
transgenic tobacco lines were seen again in transgenic Arabidopsis overexpressing cytokinin

oxidase genes (Werner et al., 2003).
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A detailed study of the shoot apical meristem (SAM) revealed that a number of type-A ARRs are
downregulated by the transcription factor WUSCHEL (WUS), a positive regulator of shoot
meristem development (Leibfried et al., 2005). Because the SAM functions as the source of cells
for shoot tissues, it is vital that the SAM maintains regular cell proliferation and division, of
which WUS is a key regulator. A type-A response regulator multiple mutant showed reduced
expression of WUS, indicating there may be a feedback loop in which type-A ARRs positively
regulate WUS which in turn negatively regulates type-A ARRSs; because cytokinin induces type-
A ARRs, cytokinin may positively regulate WUS (Leibfried et al., 2005), suggesting cytokinin is
indispensable for proper shoot formation.

IV.b. Role in Stress Response

Over the past decade or more, a number of studies have found connections between cytokinin,
cytokinin signaling, and stress response (O’Brien and Benkova, 2013; Zwack and Rashotte,
2015; Pavlu et al., 2018). CRF6, a clade 111 member of the Cytokinin Response Factors, has been
shown to be connected to oxidative stress response in Arabidopsis (Zwack et al., 2016b). Upon
treatment with a general oxidative stress agent such as hydrogen peroxide, expression of CRF6 is
induced and crf6 loss of function mutants are less capable of dealing with oxidative stress than
wildtype as revealed by their significant decrease in chlorophyll content, fluorescence, and root
growth (Zwack et al., 2016b). CRF6 overexpressing plants display the opposite phenotype and
are significantly more resistant to oxidative stress using the same parameters (Zwack et al.,
2016b). A transcriptome study was performed in which wildtype and crf6 mutants were treated
with or without hydrogen peroxide for six hours. Analysis revealed that 147 genes affected by
the treatment did so in a CRF6-dependent manner. GO term enrichment analysis revealed that, of

genes downregulated in a CRF6-dependent manner during oxidative stress, genes involved in
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“response to cytokinin stimulus” and “cytokinin mediated signaling” were overrepresented
(Zwack et al., 2016b). Among the genes repressed in a CRF6-dependent manner are one AHP,
multiple ARRs, one LOG, and ABCG14 (Zwack et al., 2016b), the latter of which has been
implicated in transport of cytokinins (Ko et al., 2014; Zhang et al., 2014). Some of these targets
were confirmed by yeast one-hybrid and protoplast luciferase assays, and the general model the
authors propose is that CRF6 downregulates cytokinin-associated genes in order to promote
tolerance to oxidative stress (Zwack et al., 2016b).

This is far from the only study that demonstrates a connection between cytokinin and stress.
Cytokinin signaling was also connected to salt and drought stress by Tran et al. (2007).
Arabidopsis mutants lacking AHK2, AHKS, or both receptors have significantly higher survival
rates than wildtype under both drought and salt stress, suggesting cytokinin signaling is involved
with salt and drought stress response (Tran et al., 2007). It is unclear whether the increased
survival rate of these mutants is due directly to cytokinin signaling or due to the pleiotropic
developmental effects seen in these mutants.

Another cytokinin-stress connection was shown by Jeon et al. who examined the role of ARR7 in
cold and freezing response (Jeon et al., 2010). By measuring survival rate and electrolyte
leakage, the authors showed that arr7 loss of function mutants fared better than wildtype under
freezing stress, while ARR7 overexpressing plants were more susceptible to freezing stress (Jeon
et al., 2010). Surprisingly, overall cytokinin levels were not altered by this treatment, which
indicates there may be crosstalk between the cytokinin signaling pathway and temperature
signaling networks (Jeon et al., 2010).

Wang et al. demonstrated a connection between cytokinin and reactive oxygen species (ROS)

through a series of salt stress experiments (Wang et al., 2015). The authors generated a
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conditional IPT overexpressor; when these transgenics were treated with dexamethasone, IPT
expression increases, leading to increased cytokinin levels. When plants were co-treated with
dexamethasone and salt, the transgenics exhibited significantly reduced growth, decreased
chlorophyll, and increased mortality relative to wildtype plants which were also co-treated with
salt and dexamethasone (Wang et al., 2015). The authors determined that the transgenics
accumulated more ROS than wildtype during the co-treatment, and that the transgenics also had
decreased activity of antioxidant enzymes catalase and superoxide dismutase (Wang et al.,
2015), signifying a potential role for cytokinin in regulating these enzymes.

Though it is not regulated by cytokinin, CRF4, a member of the Cytokinin Response Factors, has
been shown to mediate cold response; crf4 loss of function mutants have significantly lower
survival rate during freezing stress than wildtype, while plants overexpressing CRF4 have
significantly higher survival rate (Zwack et al., 2016a). A survey of CRFs in Solanum
lycopersicum (tomato) showed that a number of SICRFs have altered expression during various
stresses including heat, cold, salt, osmotic, flooding, and oxidative stress, as well as with
treatment with stress-related hormones (Shi et al., 2012; Gupta and Rashotte, 2014; Shi et al.,
2014).

In all, these data suggest that cytokinin signaling may be closely associated with stress signaling,
and further investigation of this connection is necessary to fully understand the role of cytokinin
in stress response.

V. Cytokinin Degradation and Conjugation

V.a. History

After a cytokinin base (e.g. tZ) is synthesized, it may bind a receptor and signal for downstream

changes in gene expression. Alternatively the molecule can enter one of three main fates:
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degradation, conjugation at the O position in the sidechain, or conjugation at an N position in the

adenine ring (Figure 3).

Figure 3. Fates of cytokinin bases. A trans-Zeatin molecule is shown entering three
potential pathways: N-glucosylation (trans-Zeatin-9-glucoside is shown, but N7 circled in
green may be glucosylated to form trans-Zeatin-7-glucoside), O-glucosylation which can be
reversed by beta-glucosidase, and degradation. Genes responsible for these reactions are
providedin italics. Abbreviations are as defined in the text. N-glucosylationand
degradation are possible in all four main forms of cytokinin bases; O-glucosylationcan

occurin tZ, cZ, and DZ. @
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V.a.i. Cytokinin Degradation

The observation that cytokinins are degraded by oxidation was first noted decades ago (Whitty
and Hall, 1974; Brownlee et al., 1975; McGaw and Horgan, 1983). Cytokinin oxidation results in
the terminal degradation of cytokinin bases or ribosides into adenine or adenosine and a side
chain derivative (Whitty and Hall, 1974). The first cytokinin oxidase cloned was from maize
(Houba-Heérin et al., 1999; Morris et al., 1999). After the sequencing of the Arabidopsis genome,

seven cytokinin oxidase (CKX) genes were identified and unique characteristics including

29



subcellular localization and preference for different types of cytokinins was examined
(Schmiilling et al., 2003; Werner et al., 2003).

V.a.ii. O-Conjugation

Early evidence of cytokinin-O-glucosides became known when Kende chromatographically
identified two factors from Helianthus annus, one which acted like cytokinin in bioassays and
one which showed weak cytokinin activity until hydrolysis, at which point the compound
promoted cell division and chlorophyll retention like other cytokinins (Kende, 1965). Similarly,
Yoshida and Oritani isolated a compound from roots of Oryza sativa that, when boiled in acid or
exposed to beta-glucosidase, released zeatin and a glucose molecule (Yoshida and Oritani,
1972). The compound itself had some cytokinin activity in chlorophyll retention assays but little
activity in callus growth assays until the glucose molecule was cleaved by acid hydrolysis or a
beta-glucosidase (Yoshida and Oritani, 1972). Structurally, cytokinin conjugation at the O
position in the sidechains of zeatin molecules was first identified using mass spectrometry in the
late 1970s (Morris, 1977; Duke et al., 1979). The principle molecule attached at this position
appears to be a glucose, though some studies have indicated xylose may also be conjugated at
this position (Dixon et al., 1989; Martin et al., 1999). These cytokinin-O-glucosides may
represent a storage form for cytokinin, as it has been demonstrated that the glucose residue can
be cleaved off by beta-glucosidase enzymes to release a glucose and a free base cytokinin
(Yoshida and Oritani, 1972; Brzobohaty et al., 1993; Falk and Rask, 1995).

V.a.iii. N-Conjugation

Another form of conjugation that can occur is glucosylation at one of the N positions in the
adenine ring of the cytokinin molecule. This type of conjugation was first reported by Parker et

al. who supplied Raphanus raphanistrum with radiolabeled zeatin and hours later performed
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chromatographic analysis to determine if the supplied zeatin had been metabolized; results
showed a large portion of the zeatin had been converted to a zeatin molecule with a sugar moiety
attached to the purine ring, most likely at the N7 position, which they named Raphanatin (Parker
et al., 1972). The next year, the same group performed a highly similar assay in Zea mays
seedling and showed that the majority of the radiolabeled zeatin was converted to an N9-
glucoside form, though N7-glucosides were also formed (Parker et al., 1973). Deleuze et al. also
isolated an N7-glucosylated cytokinin and characterized it by performing a series of enzymatic
assays; it was shown that the N7-glucosylated cytokinin molecule was not readily converted
back to cytokinin and glucose when treated with either an alpha- or beta-glucosidase (Deleuze et
al., 1972).

In the early 1980s, the Letham group began physiological examination of the relevance of the N-
conjugated cytokinins. One early attempt at physiological characterization of these compounds
was a Glycine max callus assay in which radiolabeled cytokinins were supplied to soybean
callus; it was determined that the N-conjugates zeatin-7-glucoside and zeatin-9-glucoside had
minimal activity in promoting callus growth, but it was also shown that these calli did not
appreciably take up the compounds (Palni et al., 1984). The small amount of N-conjugates that
were taken up were not metabolized to other cytokinin metabolites or degradation products
(Palni et al., 1984), indicating these compounds are highly stable. Perhaps the most
comprehensive study of the biological activity of these compounds suggested that N-conjugates
have similar activity to cytokinin bases in some physiological contexts but not all (Letham et al.,
1983). N9-glucosylated benzyladenine was stronger than benzyladenine in delaying senescence
in Raphanus raphanistrum leaves, and N9-glucosylated zeatin displayed some activity in

Raphanus callus assay and an Amaranthus betacyanin assay (Letham et al., 1983).
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Decades later, a screen was performed to identify the Arabidopsis genes responsible for
conjugating trans-Zeatin into trans-Zeatin-N-glucosides (Hou et al., 2004). The group cloned
more than 100 UDP-glucosyl transferase (UGT) genes from Arabidopsis, recombinantly
expressed them in bacteria, purified the enzyme, and assayed the enzymes for their ability to
conjugate cytokinins and glucose; this in vitro study implicated UGT76C2 and UGT76C1 as the
cytokinin N-conjugating enzymes (Hou et al., 2004). This hypothesis was strengthened by a
study in which cytokinin levels were measured in single mutants of ugt76c2 and ugt76cl, and it
was shown that ugt76c2, and to some extent ugt76c1, mutants displayed significantly decreased
cytokinin-N-glucoside levels (Smehilova et al., 2016). Analysis of the ugt76c2 single mutant
revealed some developmental phenotypes such as greatly decreased N-conjugated cytokinin
levels (approximately 10% of wildtype), slightly increased chlorophyll and anthocyanin content
relative to wildtype, and modestly decreased seed weight (Wang et al., 2011). Recently, the
Werner group from Free University of Berlin generated a double mutant, ugt76c2,ugt76cl, using
both traditional T-DNA mutagenesis and CRISPR-Cas9. Cytokinin measurements revealed these
plants have less than 1% of N-conjugate levels as compared to wildtype (Werner group,
unpublished data); these plants will be indispensable for further examination of the physiological
roles of N-conjugates.
V.b. Current State

Free cytokinin bases are subject to one of three main fates: degradation, conjugation
at the O position in the side chain, or conjugation at an N position in the adenine ring. Cytokinin
degradation has been a known occurrence since the mid-1970s (Whitty and Hall, 1974), and a

number of cytokinin oxidase genes have been identified in Arabidopsis (Schmilling et al., 2003).
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A possible storage form of cytokinin comes in the form of cytokinin-O-glucosides, where a sugar
moiety is conjugated to the O atom in the cytokinin side chain (Morris, 1977; Duke et al., 1979).
Evidence for these compounds being a storage form includes their minimal cytokinin activity
(Yoshida and Oritani, 1972) which is dramatically increased when a glucose molecule is cleaved
by a beta-glucosidase enzyme (Yoshida and Oritani, 1972; Brzobohaty et al., 1993; Falk and
Rask, 1995).

Though understanding of cytokinin oxidases has greatly increased in the past two decades and it
seems evident O-conjugates are reversible storage forms of cytokinins, the majority of what is
known about N-conjugates is limited to the work from more than three decades ago. Thus,
conjugation of cytokinins at an N position in the adenine ring represents a poorly understood
metabolic path for the plant hormone. N-conjugated cytokinins have been identified in a number
of species (Deleuze et al., 1972; Parker et al., 1972; Parker et al., 1973; Letham et al., 1975;
Letham and Palni, 1983) but their function has remained elusive due to inconsistencies in
activity between species and bioassays. Despite many contemporary reviews making
overreaching statements that these compounds are inactive (Sakakibara, 2006; Kieber and
Schaller, 2014), evidence for at least some cytokinin activity has been previously shown (Letham
et al., 1983; Palni et al., 1984). N-conjugated cytokinins are resistant to cleavage by alpha- or
beta-glucosidase enzymes, indicating the glucose moiety may be irreversibly attached to the
cytokinin molecule (Deleuze et al., 1972) eliminating the likelihood that N-conjugates are a
storage form of cytokinin. An examination of cytokinin stability revealed that N-conjugated
cytokinins are significantly more stable than other forms of the hormone (Palni et al., 1984),
raising into question what the function of these irreversibly conjugated, highly stable compounds

may be. Most recently, two Arabidopsis genes, UGT76C1 and UGT76C2, have been identified
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as encoding the enzymes that likely perform the glycosylation of cytokinins (Hou et al., 2004;
Smehilova et al., 2016). Phenotypic analysis of an Arabidopsis ugt76c2 mutant that produces
approximately one-tenth the N-conjugates of wildtype revealed potential roles for N-conjugates
in maintaining chlorophyll and anthocyanin levels as well as regulating seed mass (Wang et al.,

2011).
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Abstract

Cytokinin Response Factors (CRFs) are a family of transcription factors which make up a side
branch of the classical cytokinin two-component signaling pathway. CRFs were originally
identified and have been primarily studied in Arabidopsis thaliana, although orthologs have be
found throughout all land plants. Research into the evolution of CRFs as sub-group members of
the larger APETALAZ2/Ethylene Response Factor (AP2/ERF) family has yielded interesting and
useful insights related to the functional roles of CRFs in plants. Recent studies of CRFs suggest
that these transcription factors are a lot more than just a group of cytokinin related genes and
play important roles in both plant development and environmental stress response. This review
focuses on recent advances in understanding the roles of CRFs beyond cytokinin, in reproductive

development and abiotic stress response, as well as to other environmental cues.
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1. Introduction

First described in 2006, Cytokinin Response Factors (CRFs) are a small gene family found
ubiquitously in land plants as part of the larger AP2/ERF transcription factor (TF) family [1,2].
CRFs are composed of a single AP2/ERF TF DNA binding domain, a highly conserved CRF
domain, involved in protein-protein interaction, that distinguishes CRFs from other AP2/ERF
members, and a variable C-terminal region [1,2]. In addition, the roughly 10-12 CRF genes
found in most Angiosperms are not a monolithic group; instead they can be further divided into 5
distinct groups or clades (I-V), mostly easily identified by conservation of their C-terminal
protein regions [3]. CRFs serve as a side-branch of a two-component signaling system, in which
cytokinin binds to a HISTIDINE KINASE receptor which becomes autophosphorylated, then
passes is phosphoryl group to a HISTIDINE PHOSPHOTRANSFER PROTEIN (HPT), which
passes its phosphoryl group to a TF, a TYPE-B RESPONSE REGULATOR (RRB).
Phosphorylation of these TFs leads to their activation, causing them to bind DNA and activate
transcription of cytokinin-related genes. The exact relationship of CRFs with the rest of the two-
component pathway is complex, as some CRFs appear to be targets of RRBs and some appear to
interact directly with HPTs [reviewed in 4]. Yet despite the CRF designation, not all CRFs are
cytokinin-responsive; instead, expression of CRFs is broadly regulated by a range of
environmental cues and even other hormones such as auxin and abscisic acid [5-10]. The diverse
signals that lead to induction of CRF expression suggest CRFs play pleiotropic roles in plant
development and stress response as opposed to solely mediating cytokinin-regulated processes.
Recent studies, primarily in the model species Arabidopsis thaliana (hereafter referred to as
Arabidopsis), have indicated broader functional roles for CRFs in processes related to

reproductive development and embryogenesis [11-14], as well as abiotic stress response,
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including salt [12,15,16], oxidative [6,10,17], and cold stress [9,18,24]. Additionally, the
mechanisms behind different CRF functions are starting to be revealed, largely from detailed
molecular studies, but also from computational studies implicating CRF4 as a key part of
nitrogen responsive signaling [10,19-21,33]. Together, these findings suggest CRFs contribute

significantly to proper regulation of plant development and stress response.

2. Cytokinin Response Factors and Plant Reproductive Development

Reproductive development including proper embryo formation is critical to formation of seeds in
the next generation. The first evidence for a functional role of CRFs in reproduction came from
the inability to obtain a viable double homozygous knockout of crf5 and crf6 in Arabidopsis,
despite other double and triple CRF mutant combinations showing no such defects [1].
Approximately 25% of seeds abort in the F2 generation of a crf5 x crf6 cross, and microscopy
revealed a similar 25% of embryos were unable to develop beyond heart or early globular stage
[1]. This indicated that at least some CRFs might be required for normal embryo development.
This issue was further explored in a later study [14], where it was shown that three Arabidopsis
CRFs (CRF2, CRF3, and CRF6) are embryonically expressed and that their loss-of-function
mutants display embryo phenotypes, such as atypical cell divisions and even the formation of
two embryos from a single fertilization event [14]. Even though the penetrance of these embryo
phenotypes is relatively low, they still occur in crf2, crf3, and crf3crf6 at a frequency which is
approximately ten times greater than in wildtype [14]. The authors note this phenotype resembles
that found in the auxin transporter mutants, pinl and pin7, two genes which the authors show are
under transcriptional control of CRFs [14]. An additional study in cork oak, Quercus suber,

identified an ortholog of CRF3 as having a role in embryogenesis, and the authors suggest it may
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be important for cytokinin-mediated embryonic development [22]. These studies reveal CRFs
play a role, at times with the auxin-related PIN genes, in regulating embryo development [14,
22].

The importance of CRFs for proper seed development was further established when it was
revealed that some multiple or higher order crf mutant combinations (crf2,5,6, crfl,3,5,6, and the
segregating crfl-/+,2,5,6) have smaller siliques with fewer seeds than that of wildtype [13]. In
this study [13], several multiple mutants examined contain crf5,6 combinations that were
previously noted as embryo lethal [1]. However, in this more recent study [13], only a
knockdown crf5 mutant allele was used as opposed to the crf5 knockout allele used previously
[1], potentially explaining how the authors were able to isolate viable plants with both crf5 and
crf6 mutations. There is lethality in the attempt to generate a homozygous knockout mutant
crfl,2,5,6 containing both crfl and crf2 knockouts and data from controlled crosses involving the
crfl-/+,2,5,6 mutant suggest a sporophytic effect as the cause of infertility [13]. Recent work in a
similar mutant, crf2,3,6, has provided interesting insights into what phases of reproductive
development these TFs are involved [11]. The triple mutant, which displays fewer ovules per
pistil, decreased placental length, and decreased ovule density relative to wildtype, lacks
functional copies of the three CRFs expressed during embryo development [11,14].

While the mechanism behind this reproductive embryo lethality it is not specifically
clear, our best hints at this are based on evolutionary relationships within the CRFs. In
Arabidopsis, mutant lines have been examined in three distinct evolutionary CRF clades, each
with two members: Clade | - CRF1, CRF2, Clade Il - CRF3, CRF4, and Clade 11l - CRF5,
CRF6 [3; Figure 1]. At no point is there a multiple mutant knockout combination that completely

eliminates CRF expression from one clade. The crf2,3,6 triple mutant is missing one CRF from
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Clades I, Il, and 111 [11]. A homozygous quadruple crfl,2,5,6 mutant was never obtained; CRF1
and CRF2 are both Clade | members, and CRF5 and CRF6 are Clade 111 members, yet the
mutant allele of crf5 used in this higher order was not a full knockout [13]. A full double
knockout of crf5,6 or elimination if Clade Il is embryo lethal [1]. This may suggest that
Arabidopsis requires at least one copy of a CRF from each clade to remain viable. These studies
would minimally indicate that both Clade I and 111 are important for normal reproductive

development.

3. Cytokinin Response Factors and Abiotic Stress

Though first discovered as being a part of the cytokinin signaling cascade, CRFs have been
increasingly identified as being key TFs in abiotic stress response, including response to
oxidative, cold, salt, drought, and flooding stress [5,7,9,10,12,23; Fig. 1]. A study on
mitochondrial retrograde signaling found that, after treatment of Arabidopsis with the
mitochondrial inhibitor Antimycin A, a membrane-bound TF, NACO017, relocalizes to the
nucleus and physically binds the promoters of CRF5 and CRF6 to activate their transcription [6].
A detailed study of CRF6 revealed that, in addition to negatively regulating senescence as
previously shown [23], this TF is capable of negatively regulating oxidative stress independently
of the cytokinin signaling pathway [10]. Arabidopsis plants lacking a functional copy of CRF6
have decreased photosystem Il efficiency and chlorophyll content after treatment with oxidative
stress agents than wildtype, and the opposite is true of plants overexpressing CRF6 [10].
Interestingly, CRF6 downregulates several cytokinin associated genes during stress response,
possibly as a protective measure against oxidative stress [10]. There has been some previous

work in tomato connecting other orthologous CRFs (other Clade I11 CRFs) to oxidative stress
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[5]. Recently, expression of another Clade 111 CRF from the Asteraceae in Marshallia also shows
induction by oxidative stress, possibly suggesting Clade-specific functions for CRFs across
Angiosperms [17].

Cold and freezing stress response has also been linked to CRFs in Arabidopsis, where the
majority of work focused on Clade Il (CRF3 and CRF4), primarily CRF4 [9]. After noticing both
CRF3 and CRF4 expression increased after exposure to cold, the authors focused on comparing
crf4 knockout mutants and CRF4 overexpressing plants to wildtype and found that CRF4
overexpressing plants have significantly decreased germination at 4°C [9]. Interestingly, a
different effect was noted when plants were exposed to freezing stress: crf4 mutants and CRF4
overexpressing plants showed decreased and increased survival, respectively, compared to
wildtype after exposure to freezing temperatures [9]. This work also placed CRF4 downstream of
the standard cold response pathway as potential targets of CBF TF proteins [9]. CRF4 is not the
only CRF connected to cold stress; transcriptome analysis performed as part of a natural
variation study revealed that CRF2 and CRF3 are among the “first-wave transcription factors”
whose expression is induced in response to exposure to 4°C for twenty-four hours [18]. This
study further connects these CRFs into the cold stress response pathway like CRF4 [18]. Cold-
induction of CRF2 expression is dependent on the two-component signaling pathway,
specifically ARR1, whereas cold-induction of CRF3 is not [24]. Furthermore, mutants of crf2
and crf3 grow fewer lateral roots than wildtype under cold conditions, and the effect of these two
mutations is additive, suggesting a role for these TFs in cold-regulated root development [24].
Salt stress is an increasing issue in agriculture, which occurs when plants are exposed to salt that
builds up over time in irrigated fields [25]. Both CRF1 and CRF2 have been connected to salt

stress; in Arabidopsis, crfl and crf2 loss of function mutants have higher photosystem Il
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efficiency than wildtype after treatment with salt [12]. Since plants lacking a functional CRF1 or
CRF2 appear more resistant to the damage caused by salt stress, one may hypothesize that these
TFs negatively regulate response to salt stress. Interestingly, another CRF (ThCRF1) from
Tamarix hispida has also been connected to salt stress [16]. Electrolyte leakage measurement and
Evans blue staining reveal that plants overexpressing ThCRF1 are more resistant to negative
effects of salt stress [16]. A potential mechanism for this stress resistance is an increase in
antioxidant capacity; ThCRF1 overexpression lines have increased expression of superoxide
dismutase and peroxidase genes as compared to wildtype under both normal and salt stress
conditions [16]. This oxidative stress resistant phenotype also resembles that seen in Arabidopsis
plants overexpressing CRF6 [10]. ThCRF1 is an example of a CRF from a non-model species
having a role in stress response, similar to the tomato CRFs (SICRF1, SICRF2, SICRF3, and
SICRF5) which have been connected to heat, cold, drought, flooding, salt, and osmotic stress
response [5,7,8, reviewed in 26; Table 1]. These data seem to suggest that CRFs are not only
important for development under standard conditions, but that CRFs are important regulators of

plant-environment interactions.

4. Cytokinin Response Factors and Auxin

It has long been known that auxin and cytokinin have significant often opposing interactions
[27]. In some cases, genes primarily responsive to one of these hormones, often are also
secondarily responsive to the other hormone as part of a feedback loop, making it difficult to
determine such interactions are direct or indirect [27]. Recent studies of CRFs and the auxin
transporters, PINs, suggest a more direct role for CRFs in regulating auxin distribution

throughout the plant [11,14]. PINs are responsible for the polar transport of auxin from cell to
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cell, and some PINs, such as PIN1 and PIN7, have been shown to be regulated by cytokinin [14].
To further understand the way in which cytokinin regulates PINs, serial deletions of the PIN7
promoter from Arabidopsis were performed, and the cytokinin responsive element in the
promoter was tested in a yeast one-hybrid assay to determine what TFs might bind to it [14].
Results of the yeast one-hybrid revealed CRF2, CRF3, and CRF6 are capable of binding the
cytokinin responsive elements found in some PIN promoters [14]. Chromatin
immunoprecipitation and luciferase reporter assays provided further proof that both CRF2 and
CRF6 are capable of binding to elements found in the promoters of some PIN genes, suggesting
roles for CRFs in controlling auxin distribution [14]. Analysis of the cytokinin responsive
elements revealed that the CRF-regulated PIN promoters lack the canonical GCC box previously
thought to be the target of AP2/ERF TFs; instead, it is suggested that CRF2 and CRF6 recognize
motifs with a conserved G2, G5, and C7 core bases [14]. The occurrence of double embryos, as
well as decreased size of roots and root meristems in certain crf mutants are similar to that of
auxin transport mutants, further indicating CRFs play a key role in regulating auxin
concentrations [14]. These findings were followed up with physiological analysis of the crf2,3,6
mutant (discussed above), revealing that this mutant has significantly decreased PIN1 expression
in inflorescences even after exogenous cytokinin treatment, establishing these three CRFs are
involved in proper cytokinin-dependent PIN1 expression [11].

Earlier work on auxin signaling connected CRF2 to auxin, as it was identified as being a
downstream target of MONOPTEROS (CRF2 = TARGET OF MONOPTEROS 3), a key auxin-
regulated TF [28]. MONOPTEROS and CRF2 both affect organogenesis, and a functional copy
of CRF2 is required for de novo shoot formation in plants with a gain-of-function allele of

MONOPTEROQOS [29]. Furthermore, both genes are expressed in inflorescence shoot apices, with
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CRF2 expression requiring MONOPTEROS and two chromatin remodeling ATPases [30].
Altogether, these data suggest CRF2 acts as a central bridge between cytokinin and auxin
signaling with effects on development, and, more generally, CRFs play roles in auxin signaling
as well as auxin transport via PINs.

A recent publication further connects auxin and cytokinin responses through some CRFs with
their involvement in response to gravity during root development [31]. Results of a genome-wide
association study in Arabidopsis implicated cytokinin metabolism as having an important role in
gravitropic setpoint angle, the angle at which lateral roots develop relative to the main root, and
the authors investigated multiple cytokinin mutants [31]. CRF2 and CRF3 were found to be
expressed in lateral roots from emergence to maturity, so crf2 and crf3 loss-of-function mutants
were examined [31]. Both loss-of-function mutants displayed more lateral root bending than
wildtype, while plants overexpressing these genes had lateral roots more perpendicular to the
main root [31]. This implicates CRF2 and CRF3 as having some effect on the development of
lateral roots with regards to gravity, usually thought of as a process controlled by auxin transport.
However, the lack of asymmetrical distribution of CRF2 and CRF3 as observed by GFP
promoter lines in gravity responding lateral roots indicates that other unknown factors are

involved in the connection between CRFs, PIN auxin transport, and gravity response.

5. Other advances in understanding Cytokinin Response Factors: Nitrogen signaling, Root
development, Biotic stress, CUC2-interactions

Nitrogen is indispensable for plant growth and development, and plants have developed a variety
of methods to ensure their nitrogen needs are satisfied [32]. A recent study using computational

modeling to identify the most important genes involved in plant nitrogen response found that the
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earliest nitrogen responsive TF in Arabidopsis is CRF4 [21]. The authors grew plants on media
containing minimal amounts of nitrogen before transferring the plants to media containing
standard levels of nitrogen, and RNA was collected at ten timepoints between zero and 120
minutes after transfer for transcriptome analysis [21]. Through machine learning and
computational analyses, the authors showed that CRF4 is rapidly induced after exposure to the
nitrogen rich media, and CRF4, along with two other TFs (SCHNARCHZAPFEN and
CYCLING DOF FACTOR 1), regulates more than half of genes associated with nitrogen uptake
and assimilation [21]. The importance of CRF4 in nitrogen response was confirmed in planta by
overexpressing CRF4, which led to decreased nitrate uptake and decreased shoot biomass
relative to wildtype [21]. Further analysis of CRF4 and the nitrogen signaling network validated
the TF as being a key factor in nitrogen response, controlling five key nitrogen-responsive TFs,
and revealed that a large number of CRF4-induced genes were regulated by a cis-regulatory
element in the 5’UTR [33].

Though all connections between CRFs and environmental cues described above involve abiotic
factors, there is also evidence for CRFs having roles in biotic stress response. Arabidopsis plants
overexpressing CRF2 show increased expression of pathogenesis related genes, and, as a result,
are more resistant to bacterial infection by the pathogen Pseudomonas syringae than wildtype
Arabidopsis [34]. CRF2 overexpressing plants also show accelerated senescence when compared
with wildtype; this finding was further examined by using Trypan blue staining and measuring
expression of senescence-associated genes, both of which indicate high expression of CRF2 is
correlated with early senescence [34]. These results are similar to a previous study in which

Arabidopsis plants overexpressing CRF5 display increased resistance to the pathogen Pst
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DC3000 as well as upregulation of pathogenesis related genes [35]. It would seem that a more
thorough examination of CRFs to biotic stress is warranted.

Several advances in the understanding of CRFs at the molecular level have recently been
published. A study on gene expression in axillary meristems and organ boundaries cells revealed
that the translatome, i.e. transcripts that are bound by a ribosome, in boundary regions was
enriched for cytokinin related genes [20]. To confirm their translatome results and further clarify
the gene regulatory network associated with boundary regions, a yeast one-hybrid screen was
performed which showed that CRF5 binds upstream of CUP-SHAPED COTYLEDON 2
(CUC2), a key boundary formation transcription factor, which then binds upstream of
LATERAL SUPPRESSOR, a key axillary meristem transcription factor [20]. These data suggest
an important role for CRF5 in boundary and organ formation, though it is also worth noting that
CUC2 regulates PIN1 and formation of ovules and other organs [36, 37]; this may implicate
CRFb5 as having a role in reproductive development similar to CRF2, 3, and 6 (discussed above)
or connections to auxin that are as yet unknown. A separate study of CRF5 utilized a modified
yeast two-hybrid assay and a series of amino acid deletions to demonstrate that specific regions
the C-terminal of the protein are responsible for its TF activity [19], supporting previous findings

that the C-terminal was important for activation [35].

6. Conclusions and Future Directions

Despite the name, Cytokinin Response Factors have roles that extend far beyond response to
their namesake phytohormone, as summarized in Figure 1. As evidenced by the many studies
reviewed in this article, CRFs have clearly been established as having roles in response to abiotic

and biotic stressors, nitrogen uptake and assimilation, and reproductive development in
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Arabidopsis. Yet there are still outstanding questions with regards to the functional significance
of CRFs. One key unresolved question is why CRFs have evolved as important players at the
interface of plant-environment interactions. Though first discovered as being players in cytokinin
signaling [1], it may stand to reason that CRFs originally evolved as TFs regulating stress
responses, and millions of years of duplication and divergence led to new roles for CRFs,
including cytokinin response. However, the opposing argument may be equally valid; perhaps
CRFs originally evolved as a part of the cytokinin signaling pathway but eventually became
players in stress response. Regardless of which of these theories is accurate, one question still
lingers. Is the function of CRFs to integrate cytokinin response and stress response to control
development, or are some CRFs performing strictly cytokinin duties and other strictly stress
response? It is worth noting that CRFs are expressed throughout plant vasculature [3], which
may be an ideal location to integrate hormone signals with environmental conditions.

Moving forward, CRF researchers might consider incorporating some of the following ideas into
their research. First, researchers should be mindful of hormone crosstalk; as discussed in this
review, cytokinin and CRFs regulate components of other hormone pathways as well particularly
auxin. Therefore, processes which involve CRFs may not directly involve cytokinin, but other
hormones instead. Second, phylogenetic analyses have revealed interesting information about the
evolution of CRFs, in particular the existence of five distinct clades. More exploration of CRFs
across taxa, particularly from an evolutionary standpoint, could be highly informative and may
lead to the discovery clade-specific functions of CRFs. Deeper analysis of the cis-regulatory
elements controlling CRF expression may also shed light on functional similarities between
members of the same CRF clade. This subject is particularly interesting considering that there

has yet to be an Arabidopsis mutant line that has fully lost an entire clade of CRFs (e.g. full
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knockout of both CRF1 and CRF2 or both CRF5 and CRF®6), suggesting there may be functional
redundancy within the clades. Finally, despite only some CRFs being directly regulated by
cytokinin, pairing stress experiments with hormone measurements could be illuminating since
little is known about how phytohormones not typically associated with stress, like cytokinin, are

affected by various stressors.
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Figure 1. Cytokinin Response Factors (CRFs) are involved in a variety of environmental
responses and developmental processes. Arabidopsis CRFs are divided into five clades, three of
which have been investigated for roles in physiological processes. Clade | (CRF 1 and 2), Clade
Il (CRF3 and 4), and Clade 11l (CRF5 and 6) show somewhat distinct patterns of regulation.

Darkened boxes indicate involvement of that CRF in the noted biological process, and numbers

indicate the associated reference.
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Gene name | Clade Reference

Solanum lycopersicum SICRF1 v Response to cytokinin, cold, heat, salt, and drought 7.8
SICRF2 | Response to cytokinin, oxidative stress, and cold 7,8
SICRF3 Uncladed  Response to cytokinin, drought, and oxidative stress 5,8
SICRF5 1 Response to cytokinin, abscisic acid, flooding, drought, cold, and 5,8

oxidative stress
Root, leaf, and flower development

Marshallia caespitosa McCRF1 1] Response to cytokinin and oxidative stress 17
Marshallia mohrii MmCRF1 1 - 17
Tamarix hispida ThCRF1 - Response to salt stress 16
Quercus suber QsCRF3 n Embryonic development 22

Table 1. Cytokinin Response Factors from non-Arabidopsis species.
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Abstract

Cytokinin is an indispensable phytohormone responsible for physiological processes ranging
from root development to leaf senescence. The term “cytokinin” refers to several dozen adenine-
derived compounds occurring naturally in plants. Cytokinins (CKs) can be divided into various
classes and forms; base forms are generally considered to be active while highly abundant
cytokinin-N-glucosides (CKNGs), composed of a CK base irreversibly conjugated to a glucose
molecule, are considered inactive. However, results from early CK studies suggest CKNGs do
not always lack activity despite the perpetuation over several decades in the literature that they
are inactive. Here we show that exogenous application of trans-Zeatin-N-glucosides (tZNGs, a
specific class of CKNGs) to Arabidopsis results in CK response comparable to the application of
an active CK base. These results are most apparent in senescence assays where both a CK base
(tZ) and tZNGs (tZ7G, tZ9G) delay senescence in cotyledons. Further experiments involving
root growth and shoot regeneration revealed tZNGs do not always have the same effects as tZ,
and have largely distinct effects on the transcriptome and proteome. These data are in contrast to
previous reports of CKNGs being inactive and raise questions about the function of these
compounds as well as their mechanism of action.

Introduction

Cytokinin (CK) is an adenine derivative which acts as a phytohormone and has roles in a variety
of developmental processes, including shoot growth, senescence, and root growth [1]. However,
the word “cytokinin” is an umbrella term which includes dozens of compounds naturally
occurring in plants [2]. In Arabidopsis thaliana (hereafter referred to as Arabidopsis), abundant
isoprenoid CKs fall into one of four classes: trans-Zeatin (tZ), isopentenyladenine (iP), cis-Zeatin

(cZ), or dihydrozeatin (DZ) These four classes of CK are distinguished by their N6 side chains
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[2]. The side chains of tZ, cZ, and DZ are hydroxylated forms of the iP side chain; tZ and cZ
differ from one another in their side chain stereochemistry, and DZ lacks a double bond in its
side chain [2].

Within each class of CKs, several forms exist. For example, tZ exists in a ribophosphate form
(tZRP), a riboside form (tZR), a base form (tZ), an O-glucoside form (tZOG), and N-glucoside
forms (tZ7G, tZ9G) [2]. Each form of CKs has a different function: generally speaking, the
ribophosphate form is a precursor to bioactive CKs [2], the riboside form is a transported form
with some bioactivity [3,4], the base form is the canonical active form [3-5], the O-glucoside
form serves as an inactive but convertible storage form [6-9], and N-glucosides have historically
been referred to as being permanently inactive and irreversibly conjugated to a glucose molecule
[2,7,10-12]. One exception to this is kinetin-N3-glucoside, which has been demonstrated to be
reversibly conjugated [6]. Though these compounds are generally present in minuscule amounts,
recent advances have allowed researchers to accurately measure CKs, and many studies in
Arabidopsis have revealed that the majority of whole-plant CK is in the N-glucoside form [13-
19].

Early work on cytokinin-N-glucosides (CKNG) revealed mixed results about the activity of these
molecules; some bioassays performed using soybean suggested these compounds lacked activity,
while other studies in Raphanus and Amaranthus suggested otherwise [20-22]. Perhaps the most
insightful finding from these studies was that CKNGs have high metabolic stability and do not
seem to be converted to bases, ribosides, or other CK forms typically considered to have
biological activity [21-23].

In recent years, two genes from Arabidopsis, UGT76C2 and UGT76C1, have been identified as

being glucosyltransferases responsible for conversion of CK bases to CKNGs [24]. Mutation of
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UGT76C2 leads to a significant reduction in CKNG, though they are not fully abolished, and
plants harboring this mutation have increased sensitivity to the CK benzyladenine (BA),
decreased seed size, and sensitivity to drought [25,26].

Recently, a metabolic study suggested that tZNGs are converted to active tZ in Arabidopsis
within minutes of exogenous application [27] but it is important to note the fact that HoSek et al.
used Arabidopsis cell lines for some of their work. CKNGs are largely localized to the
extracellular space [28], so using a liquid-grown cell line may have significant impacts on CK
homeostasis.

In this study, we examined the biological effects of trans-Zeatin-7-glucoside (tZ7G) and trans-
Zeatin-9-glucoside (tZ9G), referred to collectively as tZNGs. We show that exogenous
application of two highly abundant tZNGs can mimic exogenous application of a canonically
active CK base, tZ, in senescence assays, where tZ7G and tZ9G delay senescence in detached
leaves. However, these compounds do not appear to function as active CK in the inhibition of
root growth or as a major factor in shoot regeneration like tZ. Interestingly, tZ7G and tZ9G
appear to have many distinct transcriptional and proteomic regulatory targets separate from tZ.
Since CKNGs have been previously shown to be non-convertible to CK base forms, this would
indicate a different mechanism is responsible for the activity of tZ7G and tZ9G in CK bioassays.
Together, these data suggest that tZNGs display context-dependent CK bioactivity, as well as
having their own effects on gene expression.

Materials and Methods

Plant material and growth conditions

Unless otherwise stated, all plants were wildtype Col-0 Arabidopsis. Seeds were surface

sterilized using 70% ethanol and 20% bleach with Tween prior to plating on full strength MS
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agar plates. Seeds were stratified for 2-4 days before being moved into the growth chamber,
which uses a 16h/8h light cycle (1004E) with temperatures of 22°C/18°C. Mutant cypDM seed
was provided by RIKEN BRC through the National BioResource Project of the MEXT/AMED,
Japan.

Cotyledon senescence assay

The cotyledon senescence assays were modified for use with Arabidopsis from previously
established CK bioassays [29,30] and were performed at least three times. Cotyledons (15 per
treatment) of wildtype Col-0 Arabidopsis seedlings were excised 12 day after germination at the
petiole and floated on 3mM MES buffer at pH 5.7. Cytokinin (tZ, tZ7G, tZ9G) was added to a
final concentration of 1uM (with the exception of in the dose curve experiments in which the
indicated concentration was used) or an equivalent volume of DMSO was added as a solvent
control. CKNGs used in this study were obtained from OlIChemIm (Olomouc, Czech Republic)
as analytical standards with >95% purity guaranteed; no CK bases contaminated these standards.
Previous work with CKNGs obtained from OlIChemIm has revealed there is no conversion to
active CKs during chlorophyll retention assays [31]. Once in solution, the cotyledons were
placed in the dark at 20°C for six days, at which point chlorophyll was extracted and quantified
according to a previously established protocol [32]. Briefly, cotyledons were transferred to
twenty volumes of methanol and were placed at 4°C overnight. The next morning, 100uL of
each solution was added to 900uL methanol and absorbance was measured at A652 and A665 to
quantify chlorophyll concentration.

Root growth inhibition assay

Wildtype Col-0 Arabidopsis seedlings were germinated on full strength MS agar. Four days after

germination, seedlings of uniform size were transferred to full strength MS plates supplemented
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with 1uM cytokinin (tZ, tZ7G, tZ9G) or an equivalent volume (0.1%) DMSO. The transferred
seedlings were allowed to continue to grow under standard conditions until day 9. Root growth
from day 4 to day 9 was measured using ImageJ (NIH). Three biological replicates consisting of
at least ten plants per treatment were performed.

Shoot regeneration assay

Shoot regeneration assay was completed similarly to previous assays [33]. Wildtype Col-0
Arabidopsis seedlings were grown for five days in the dark for the seedlings to become etiolated.
The hypocotyl was excised, avoiding tissue within 2mm of the root-shoot junction and
cotyledons. Hypocotyls were then placed on full strength MS agar supplemented with 5uM
cytokinin (tZ, tZ7G, tZ9G) or an equivalent volume of DMSO (0.5%) and 5uM NAA.
Development was tracked over 45 days and final callus masses were measured. Three biological
replicates consisting of at least four calli per treatment were performed.

Transcriptomic analysis

Whole Col-0 Arabidopsis seedlings, ten days after germination, were transferred from MS agar
plates to petri dishes containing 3mM MES buffer at pH 5.7 supplemented with either 1uM
cytokinin (tZ, tZ7G, tZ9G) or an equivalent volume of DMSO (0.1%). Plant were gently shaken
during a two-hour treatment before seedlings were removed and snap-frozen in liquid nitrogen.
RNA was extracted using a Qiagen RNeasy Plant Mini Kit, according to manufacturer’s
instructions. RNA was sent to Novogene, Inc. for quality check, library preparation, and 150x
paired end sequencing on an Illumina HiSeq X. At least 20 million paired end reads were
generated per sample. Each treatment had three biological replicates with at least 5 seedlings per
treatment. Read quality was evaluated with FastQC [34]. Trimming was performed using

Trimmomatic [35]. Read mapping, transcript assembly, and differential expression analysis was
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performed using HISAT?2, StringTie, and DESeq?2 [36,37]. The significance threshold was padj <
0.05. GO analysis was performed using AgriGO 2.0 [38]. Raw sequence data is available for
download at NCBI Sequence Read Archive under the BioProject ID PRINA588257. qRT-PCR
confirmation of RNAseq data was completed using SYBR-green and sequence-specific primers
on an Eppendorf Realplex2 as previously described [39]. Subcellular localization analysis was
performed by running DEG lists through SUBA4 and using the SUBA consensus location [40].
Full transcriptome results and primer sequences can be found in Supplementary Information.
Protein extraction and LC-MS analysis

Plants for proteomic analysis were grown and treated in a manner similar to that done for
transcriptomic analysis, then flash frozen in liquid analysis for further sample preparation as
detailed above. Each treatment had four biological replicates. Total protein extracts were
prepared as described previously [41] with some modifications. Briefly, 100 mg of homogenized
tissue was precipitated with 1 ml of methanol/methyl tert-butyl ether/water (1:3:1), pellets were
solubilized [2% (w/v) SDS, 30% (w/v) sucrose, 5% (v/v) B-mercaptoethanol, 5 mM EDTA, 100
mM Tris, pH 8.0], proteins were extracted with phenol, precipitated, and the resulting pellets
were solubilized. Next, aliquots corresponding to 100 ug of protein were reduced, alkylated with
iodoacetamide, digested with trypsin (1:100, Promega) and desalted by C18 SPE. Finally,
aliquots corresponding to 2.5 ug of peptide were analyzed by nanoflow C18 reverse-phase liquid
chromatography using a 15 cm column (Zorbax, Agilent), a Dionex Ultimate 3000 RSLC nano-
UPLC system (Thermo) and the Orbitrap Fusion Lumos Tribrid Mass Spectrometer. Peptides
were eluted with up to a 120-min, 4% to 40% acetonitrile gradient. Spectra were acquired using
the default settings for peptide identification, employing HCD activation, resolution 60000 (MS)

and 15000 (MS2), and 60 s dynamic exclusion. The measured spectra were recalibrated and
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searched against Araport 11 protein database by Proteome Discoverer 2.3, employing Sequest
HT, Mascot 2.4 and MS Amanda 2.0 with the following parameters: Enzyme - trypsin, max two
missed cleavage sites; MS1 tolerance - 5 ppm; MS2 tolerance - 15 ppm (MS Amanda), 0.1 Da
(Sequest, Mascot); Modifications - carbamidomethyl (Cys) and up to three dynamic
modifications including Met oxidation, Asn/GIn deamidation, N-terminal acetylation. Only
proteins with at least two unique peptides were considered for the quantitative analysis. The
quantitative differences were determined by Minora, employing precursor ion quantification
followed by normalization and background based t-test, and the resulting data were evaluated in
Skyline 19.1 (MacCossLab Software, https://skyline.gs.washington.edu). The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (Vizcanzio et

al., 2016) with the dataset identifier PXD016087.

Results

trans-Zeatin-N-glucosides delay senescence in detached cotyledons

Active cytokinins are known to delay senescence in detached cotyledons [21,29,42,43].
Chlorophyll content can be a proxy to determine if a leaf has senesced or if senescence has been
delayed because chlorophyll degradation occurs during senescence [44]. In this assay, cotyledons
from 12 day after germination (12dag) seedlings were floated in buffer supplemented with 1uM
tZ, tZ7G, or tZ9G. Hormones were dissolved in DMSO (0.1% DMSO treatment was included as
a solvent control). The treated cotyledons were placed in the dark for six days to allow
senescence to take place. As expected, cotyledons treated with the known active cytokinin tZ

retained significantly more chlorophyll than the solvent control (Fig 1). Interestingly, both tZ7G-
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and tZ9G-treated samples also retained similar levels of chlorophyll (Fig 1). To test if this effect
was dose dependent, a range of hormone concentrations were tested, starting at 10pM (Fig 2).
Both tZ7G and tZ9G retained more chlorophyll than the DMSO control even at 1nM
concentration (Fig 2). This indicates that tZ7G and tZ9G are effective in this bioassay at similar

levels as tZ.

trans-Zeatin-N-glucosides do not affect root elongation

Active cytokinins are known to inhibit root elongation [45,46]. Here, seedlings were germinated
on standard media and transferred to the same media supplemented with 1uM tZ, tZ7G, tZ9G, or
a 0.1% DMSO solvent control. Root growth was measured from day 4, when the seedlings were
transferred to the new media, until day 9. The tZ-treated seedlings had significantly inhibited
root growth relative to the DMSO control, whereas the tZNG-treated seedlings saw no difference
from the control at the tested concentration (Fig 3). This suggests tZ7G and tZ9G do not

significantly influence root elongation in seedlings of this stage.

trans-Zeatin-7-glucoside modestly influences shoot regeneration

A classical test of cytokinin activity is the shoot regeneration assay in which hypocotyls are
exposed to cytokinin and auxin. If the cytokinin is “active” and present in proper concentration,
then a callus should develop, begin to turn green, and produce shoot-like structures such as
leaves [47]. In this assay, hypocotyls were excised from the etiolated Arabidopsis seedlings and
were subjected to a treatment with the synthetic auxin NAA and an equal amount of tZ, tZ7G,
tZ9G, or DMSO as a negative control. Hormone concentrations used in this experiment were

chosen based on Rashotte et al., 2006. To quantify shoot regeneration, callus weight was
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determined after 45 days on the hormone-containing media. Samples treated with NAA and tZ
produced significantly higher callus weight than those with NAA and DMSO (Fig 4). Though
the difference is modest, samples treated with NAA and tZ7G also had a slight but statistically
significant increase in weight, relative to the control treatment. No significant change was seen in

tZ9G samples.

trans-Zeatin-N-glucosides alter the transcriptome distinctly from trans-Zeatin

To determine if tZNGs affect the transcriptome of Arabidopsis, RNA sequencing was performed.
Ten-day old seedlings were floated in buffer supplemented with 1uM tZ, tZ7G, tZ9G, or a 0.1%
DMSO control treatment for two hours. After the two-hour treatment, tissue was flash frozen in
liquid nitrogen and RNA was extracted and sequenced. The sequencing data was mapped to the
Arabidopsis reference genome, and transcript level differential expression analysis was
performed to determine Differentially Expressed Gene (DEG) lists for comparison. Each
treatment group had hundreds of differentially expressed transcripts, but overlap between
treatments was minimal (Fig 5A). Treatment with tZ, tZ7G, and tZ9G led to 340, 190, and 216
transcripts being uniquely regulated, respectively (Fig 5A). The regulation of cytokinin-related
DEGs are presented in Table 1, revealing tZ to induce most of these. To validate the overall
findings of the RNAseq analysis, gRT-PCR was performed and results generally mirrored
transcriptome findings (Fig 5C). These results suggest tZNGs do not tend to regulate CK-related
genes in a similar manner to tZ, though there are some notable exceptions such as CKX4 (Table
1, Fig 5C).

To better understand the generated gene lists, Gene Ontology (GO) term enrichment was

performed using agriGO v2.0 [38]. As expected, the tZ-treated group had several GO terms
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associated with cytokinin (Fig 5B). The tZ7G and tZ9G groups did not have any directly
cytokinin-related GO terms, but did include “Nucleobase, nucleoside, nucleotide, and nucleic
acid metabolic process,” and “Adenyl nucleotide binding” (Fig 5B). It is worth noting that tZ,
tZ7G, and tZ9G are all adenine-derived compounds. Although DEGs from neither tZ7G nor
tZ9G were enriched for CK-related GO terms, it is of particular interest that tZ9G induced the
CK receptor AHK4, specifically a transcript isoform with an extended 5’UTR, compared to the
isoform induced by tZ (Table 1). Both tZNGs induced CKHL1, a histidine kinase that regulates
CK response [48,49], and tZ7G induced CKX4, a cytokinin degrading enzyme which has been
shown to degrade CK bases and ribosides, but likely not CKNGs [50,51] (Table 1). Several other
potentially interesting transcripts were found as DEGs after tZ7G and tZ9G treatments (Table
S2). These include SEN2/AtCATS3, a catalase gene connected to senescence response, which was
repressed in tZ7G and tZ9G as well as in tZ; PAC (Pale Cress), a gene involved in chloroplast
and leaf development, which was repressed in tZ7G and tZ9G only; and SOD1 (superoxide
dismutase 1) that was induced only in tZ9G treatment (Table S2) [52-54]. While subcellular
localization of DEGs appears to be quite similar between all CK treatments, there is a slight

increase in plastid localization for tZNG treatment, relative to tZ treatment (Figure S1).

tZ tZ7G tZ9G

Gene ldentifier | Gene Name log2FC padj log2FClpadj log2FC padj CK Function
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AT2G01830.4 |AHK4 1.31 1.05E-07 0.77 [0.99 0.53 1 Receptor
AT2G01830.6 [AHK4 20.78 NA 1.87 [NA 9.75 9.27E-11 Receptor
AT1G59940.1 |ARR3 6.39 0.004 1.47 |NA 3.76 1 Response Regulator
AT1G10470.2 |ARR4 2.37 2.74E-33 0.09 |1 0.29 1 Response Regulator
AT3G48100.1 |ARR5 3.17 5.60E-14 0.17 |1 0.15 1 Response Regulator
AT5G62920.1 | ARR6 3.01 1.31E-17 0.64 |1 0.37 1 Response Regulator
AT1G19050.1 |ARR7 2.8 3.79E-14 -0.21 [1 0.01 1 Response Regulator
AT2G41310.1 |ARRS 2.1 2.46E-05 0.2 1 0.4 1 Response Regulator
AT1G74890.1 |ARR15 4.05 1.34E-09 -0.29 [1 0.01 1 Response Regulator
AT2G40670.1 |ARR16 1.52 1.83E-06 -06 [1 -0.13 1 Response Regulator
AT3G44326.1 (CFB 2.07 0.001 -0.04 [1 0.27 1 Signaling F-Box
AT2G46310.1 |CRF5 1.56 0.002 -0.13 [1 -0.02 1 Signaling CRF
AT1G17440.1 |CKH1 1.05 0.366 1.75 10.002 |1.53 0.048 Signaling Response
AT2G17820.1 [AHK1 1.36 6.17E-13 -0.1 [ 0.01 1 Ortholog of Receptor
AT5G05860.1 [UGT76C2 1.56 3.34E-07 -0.27 [1 -0.01 1 N-Conjugation
AT1G67110.1 |CYP735A2 3.01 3.96E-13 0.19 |1 0 1 Biosynthesis
AT5G56970.1 |CKX3 3.13 0.029 052 |1 0 1 Degradation
AT4G29740.3 [CKX4 6.59 5.94E-16 4.16 10.027 [3.01 0.907 Degradation

Table 1. List of select differentially expressed CK-related transcripts after two-hour treatment
with tZ, tZ7G, and tZ9G relative to the DMSO control. Values in bold indicate a significant
difference (adjusted p-value < 0.05) between the CK-treated and control-treated samples. NA

indicates read counts that were too low to establish statistical significance.
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trans-Zeatin-N-glucosides alter the proteome distinctly from trans-Zeatin

In order to determine if tZNGs might be connected to gene regulation beyond the transcriptional
level, a proteomic analysis was performed. Seedlings were treated with tZ, tZ7G, tZ9G, or a
DMSO control in the same manner as for the transcriptome analysis, then frozen in liquid
nitrogen for additional preparation and examination. Once prepared, 2119 protein families were
identified, and the relative abundances of 14,412 peptides representing 1,629 proteins were
quantified. The liquid chromatography/mass spectrometry (LC/MS) shotgun proteomic analysis
yielded 81 proteins with a significant (P < 0.05; background based t-test) difference from
DMSO-treated control samples in three biological replicates. In detail, 49, 58, and 36 proteins
were identified to be regulated by tZ, tZ7G, and tZ9G, respectively (Fig 6). There was a nearly
even split between induced (42) and repressed (39) proteins (Table S1). The list of tZ-regulated
proteins shares some overlap with previously noted CK-regulated proteins from other proteomic
analyses (Table 2) [55-60]. While there is only moderate overlap between the significantly
regulated proteins between tZ7G and tZ9G (only 16 shared between the two treatments), both
treatments overlap heavily with tZ (Fig 6). Each treatment had several uniquely regulated
proteins.

Interestingly, tZ, tZ7G, and tZ9G treatment all led to the differential regulation of ACP4,
ERD14, PAE2, AT3G26450, AT4G10300, which have all previously been shown to be CK
responsive proteins [55-58] (Table 2). The three proteins regulated by tZ, but not tZNGs, were
MAPR2, AT3G15450, AT2G45180, none of which appear to be functionally characterized to
date. Among the protein regulated by tZ7G are EDD1, TUB5, NADP1;1, which have been
shown to be CK-regulated in previous studies [55,59,60] (Table 2). Proteins regulated by tZ9G

included RPL4 and AT5G43830, which have also previously shown CK-regulation [55,57,58]
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(Table 2). These data indicate that while tZNGs appear to have some distinct effects on the

proteome, treatment with tZNGs may affect the proteome in a manner consistent with previously

tested CKs (Table 2). Novel targets of the tZNGs include multiple ribosomal proteins for tZ9G

(Fig 6C) and several amino acid metabolism proteins for tZ7G (Fig 6B).

Relative Relative Previous

Relative abundance | abundance studies showing
abundance tZ7G vs tZ9G vs # Unique[CK-regulation | ypiprot
IAccession Response Protein name (UniProt) tZ vs DMSO DMSO DMSO | Gene Symbol |Peptides Accession

Lochmanova et

al., 2008; Cerny

et al., 2013;

IAT3G26450 (tZ-|tZ7G-|tZ9G- |Polyketide cyclase/dehydrase and lipid transport superfamily protein 03 05 0.5 AT3G26450 6 down QILINO
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0.2

0.2

0.4

Cerny et al.,

IAT4G10300 |tZ-|tZ7G-|tZ9G- [RmIC-like cupins superfamily protein AT4G10300 2014; down Q9sVval
Cerny et al.,
. . i 0.5 0.6 0.3
IAT4G25050 |tZ-|tZ7G-|tZ9G- |Acyl carrier protein 4, chloroplastic ACP4 2013; up Q9sSwW21
Cerny et al.,
2011; Cerny et
al., 2014; down
IAT1G76180 |tZ- |tZ7G-|tZ9G- |Dehydrin ERD14 03 0.2 0.2 ERD14 / up P42763
Proteasome subunit alpha type-5-B, EC 3.4.25.1 (20S proteasome Cerny et al.,
IAT3G14290 |tZ+|tZ7G+|tZ9G+ [alpha subunit E-2) (Proteasome component Z) 22 22 14 PAE2 2011; down Q42134
IAt2g45180 (At2g45180/T14P1.1) (Bifunctional inhibitor/lipid-
transfer protein/seed storage 2S albumin superfamily protein)
. . o i 2.9 1.6 0.8
IAT2G45180 |tZ+ (Expressed protein) (Putative proline-rich protein) AT2G45180 Q42044
IAT3G15450 |tZ- IAluminum induced protein with YGL and LRDR motifs 01 05 03 AT3G15450 F41YS4
Probable steroid-binding protein 3, AtMP3 (Membrane-
i - . 0.2 0.6 0.7
IAT2G24940 |tZ- associated progesterone-binding protein 2, AtMAPR2) MAPR2 QISK39
Glycine--tRNA ligase, chloroplastic/mitochondrial 2, EC Zd'arska et al.,
6.1.1.14 (Glycyl-tRNA synthetase 2, GlyRS-2) (Protein EMBRYO- 2013; up
2.8 4.5 0.7
IAT3G48110 (tZ7G+ DEFECTIVE-DEVELOPMENT 1) EDD1 Q8L785
Cerny et al.,
2011; Zhang et
Nucleosome assembly protein 1;1, al., 2012; up
) 1.1 0.5 0.8
IATAG26110 (tZ7G+ IAtNAP1;1 (Nucleosome/chromatin assembly factor group Al) NAP1;1 Q9SZI12
Cerny et al.,
IAT1G20010 |tZ7G- Tubulin beta-5 chain (Beta-5-tubulin) 07 03 0.7 TUB5S 2011; up P29513
Cerny et al.,
2011; écmy et
al., 2014; down
R - ) 0.9 11 0.4
IAT5G43830 |tZ9G- IAluminum induced protein with YGL and LRDR motifs AT5G43830 QIFG81

Table 2. List of select differentially expressed proteins after two-hour treatment with tZ, tZ7G,

and tZ9G relative to the DMSO control. Numbers in bold and italicized indicate a statistically

significant difference in the abundance of the protein between the CK treatment and the DMSO

control, background based t-test p-value < 0.05.

trans-Zeatin-N-glucosides do not appear to be hydrolyzed to trans-Zeatin in cotyledons

It was recently reported that within minutes of exogenous application, tZNGs were hydrolyzed to

tZ base [27]. While the physiological, transcriptomic, and proteomic data above appear to refute
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this claim, or at least suggest tZNGs are not fully converted to tZ, we decided to also use a
genetic approach to test this hypothesis. Mutants which lack functional copies of CYP735A1 and
CYP735A2, the enzymes responsible for hydroxylation of iP-type cytokinins and thus
production of tZ-type cytokinins, have been previously generated and described [16]. Use of
these mutants in the cotyledon senescence assay, in which tZNGs display the effect most similar
to that of tZ, revealed that tZNGs are not capable of delaying senescence in the cypDM mutant
background, while tZ is (Fig 7). While this result has many implications, it suggests tZNGs are
not converted back to tZ in an appreciable amount during this assay. Additionally, a previous
study utilized tZ9G obtained from OIChemIm (same manufacturer as the CKs used in this study)
to perform a chlorophyll retention assay in wheat; HPLC analysis confirmed no conversion of

tZ9G was detected during the assay [31].

Discussion

trans-Zeatin-N-glucosides have physiological activity in Arabidopsis

Though often over-generalized as inactivated forms of cytokinin [2,20], findings here indicate
that tZNGs appear to have some cytokinin-like capabilities when exogenously applied to
Arabidopsis tissues. What is particularly interesting is that the tZNGs tested do not mimic tZ in
every assay (Figs 1-4), suggesting that while there is overlap between the activities of these
compounds, they are not identical in their biological roles.

One important prerequisite to examining effects of exogenously applied tZNGs is ensuring purity
of the compounds. While no synthesized compounds are 100% pure, as noted in the Methods, the
tZNGs used in this study were purchased as analytical standards from OlChemIm (Olomouc,

Czech Republic) and are >95% pure with no detectable tZ. Previous analysis of these standards
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found that no tZ was detectable in tZ9G solution before, during, or after conducting chlorophyll
retention assays similar to what is described in this study [31]. This, along with the overall

results of our study, strongly suggest that any effects observed were due to the exogenous
application of untainted tZNGs.

Results from the senescence assay suggest exogenous application of tZ7G and tZ9G is capable of
delaying senescence to a similar degree as tZ (Fig 1), and the dose curve similarly reveals it is
not only at a micromolar concentration that these compounds display activity (Fig 2). The similar
trend of the dose curve for tZ, tZ7G, and tZ9G may suggest the same anti-senescent pathway is
being activated in each treatment, though separate mechanisms cannot be ruled out. When the
same bioassay was performed using mutants which lack endogenous tZ, tZ7G and tZ9G were not
capable of delaying senescence, suggesting activity of exogenously applied tZNGs relies on the
presence of endogenous tZ (Fig 7).

In the root growth assay, tZ7G and tZ9G displayed effects different from that of tZ. While tZ
significantly inhibited root growth in seedlings, neither tZ7G nor tZ9G altered root length (Fig
3). The difference in effects of tZ and the tZNGs suggests that conversion back to tZ, which has
previously been shown to not occur [6,22], is also not a reason for the active effects seen in the
senescence assay. While tZ7G and tZ9G mimic tZ during cotyledon senescence, it is possible
that these compounds have no effect, or a different effect, on roots. Life stage of the plants may
also play a role; the pathway in which tZ7G and tZ9G are perceived may not be active early on
during seedling development.

During shoot initiation, tZ7G displayed only minor ability to increase callus mass as opposed to
the robust increase in mass seen with tZ (Fig 4). Regeneration did not occur in the tZ9G

treatment, nor with the negative auxin-only control. Similar to the root growth assay, these data
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suggest tZ, tZ7G, and tZ9G do not function identically when exogenously applied to tissue; it is
possible each compound only exerts notable effects under particular conditions, i.e. during a
specific developmental stage or in a particular organ or tissue.

These bioassay results are strong evidence that tZNGs are not simply converted to tZ as recently
reported [27]; one would expect nearly identical results in all bioassays if this were the case.
Instead, these data suggest some type of context-dependent cytokinin activity for tZNGs, though

the exact nature of this is not yet understood.

trans-Zeatin-N-glucosides have differing effects on gene expression in Arabidopsis

In the transcriptomic analysis (Fig 5), tZ treatment resulted in gene expression changes quite
similar to those seen in other CK transcriptome studies, as many genes from the “Golden list”
were affected, and cytokinin-related GO terms were strongly enriched [61,62]. The lack of
overlap between tZ with tZ7G and tZ9G, as well as the lack of overlap between the two tZNGs,
suggests distinct transcriptional roles for all three compounds. There are some similar targets,
however, such as CYTOKININ OXIDASE 4 (CKX4, an extracellular CK degrading enzyme)
which is induced by both tZ and tZ7G (Table 1). Though it may seem that induction of CKX4 by
tZ7G is possible evidence that CKX4 is capable of degrading CKNGs, previous in vitro studies
suggest CKNGs are largely resistant to degradation by the AtCKX enzymes, with tZ9G only
being degraded by two of seven tested CKXs under acidic conditions and at much lower rates
than tZ and tZR [63]. A study in which radiolabeled tZNGs were exogenously applied to
soybean tissue revealed that tZNGs do not appear to be degraded in planta [22]. Also,
ARABIDOPSIS HISTIDINE KINASE 4 (AHK4, CK receptor) is regulated by both tZ and

tZ9G, although the two induce different transcript isoforms which differ in their 5’UTR, but not
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in their protein coding region (Table 1). These data suggest some overlap between the tZ and
tZNG perception and/or signaling pathways, despite the largely different transcriptional effects.
One characteristic of tZNGs that should be noted is their size. As mentioned earlier, tZNGs are
composed of tZ and a glucose molecule. Therefore, tZNGs are significantly larger than tZ which
is likely to impact their transportability. While few CK transporters are known and have not been
studied with regards to CKNG transport [15,19,64-66], it may stand to reason that tZNGs are not
able to cross membranes into cells as efficiently as tZ. This may be one reason for the different
transcriptional effects observed.

An interesting difference between treatments is a difference in subcellular localization of the
DEGs. While the subcellular distribution of DEGs between treatments is largely the same, there
is a visible increase in percentage of DEGs which localize to the plastid during tZ7G (15% of
DEGs) and tZ9G (12.3%) treatment relative to tZ treatment (8.6%) (Fig S1); this is reflected in
GO Enrichment Analysis, as the term “plastid” was significantly enriched in tZ7G DEGs (FDR <
0.014) but was not significant in tZ or tZ9G DEGs. Treatment with tZ7G also has decreased
extracellular-localized DEGs (3.7%) relative to treatment with tZ9G (7%) (Fig S1).

Little overlap was seen between results of the transcriptome and proteome, though this may be
unsurprising due to the short treatment time (2h), during which the compounds had to be taken
up by the plants, activate signaling pathways, and activate or repress transcription before
translation of induced transcripts could take place. The two hour timepoint was chosen as it has
previously shown to be effective for determining CK response at the transcriptional level
[61,62]. Transcriptional control is of course only one of many levels of gene expression
regulation. As noted in other studies of both plant transcriptomes and proteomes, correlation

between mRNA and protein levels is influenced by a large number of factors including
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biological reasons, such as protein turnover, as well as technical reasons, such as difficulty
extracting low molecular weight and hydrophobic proteins [67,68]. Future studies will pair early
transcriptomes of tZNG-treated plants with proteomes from later timepoints, possibly increasing
the overlap between the two datasets, as two hours may not be enough time for the
transcriptional changes observed to be observed at the protein level as well. What is striking
between the transcriptome and proteome results is how neither show fully unique, nor entirely
distinct, effects of the tZNGs; both sets of results show some degree of overlap as well as some
unique targets (Fig 6). As noted with the subcellular localization in the transcriptome findings,
there are also some differences in subcellular localization of differentially affected proteins
identified as being CK-regulated; the proportion of CK-affected proteins which localize to the
mitochondria is decreased relative to the total number of proteins identified in the analysis,

possibly suggesting organelle-specific responses to CK treatment (Fig S2).

Many possible mechanisms may be responsible for CKNG activity

Though CKNGs have not been shown to bind to any tested CK receptors, there may be a number
of reasons for this: not all CKNGs have been tested, not all CK receptors have been tested, and
the binding experiments have been carried out in microbes which may not be an ideal system for
detecting these interactions [5,69,70]. These receptor binding studies have been invaluable to our
understanding of CK signaling, but it is noteworthy that BA, a highly potent CK, has shown low
binding potential in these assays [69,70] while showing high activity in planta. When tested,
tZ7G and tZ9G showed no AHK3 or AHK4 binding but still displayed minimal activity in planta
[70], perhaps pointing toward a role for AHK2 in tZNG perception. This suggests at least the

possibility that CKNGs may be acting through the established CK signaling pathway despite no
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receptor binding assay detecting interaction. However, the lack of similar transcriptional effects
between tZ, tZ7G, and tZ9G (Fig 5) may suggest tZNGs, at least at the developmental stages
tested, act through different signaling pathways.

It may be possible that the mechanism of CKNG action is a yet undiscovered signaling pathway.
Perhaps tZ7G and tZ9G have their own receptors separate from the canonical CK receptors
(AHK2, AHK3, and AHK4), though admittedly there is no evidence supporting this hypothesis.
However, other histidine kinases such as CYTOKININ INDEPENDENT 1 are known to activate
the cytokinin two component signaling pathway despite not being shown to bind to the
cytokinins tested [5,71,72], further suggesting our current understanding of the CK signaling
pathway is incomplete.

Perhaps the most likely mechanism for the activity of CKNGs is that they act to regulate
cytokinin levels. The key cytokinin-N-glucosylating enzyme UGT76C2 has been previously
reported to play a role in cytokinin homeostasis [26], and it may stand to reason that exogenous
application of CKNGs makes it unfavorable for UGT76C2 to convert CK bases to CKNGs,
causing a buildup of CK bases which are responsible for the CK-like phenotypes observed in the
senescence assays. One study utilizing an inducible cytokinin oxidase whose preferred substrate
is tZ demonstrated that 6h after induction of the enzyme, tZ levels significantly decreased,;
however, levels of tZ7G surprisingly increased [56]. While it is not clear how increasing
degradation of tZ leads to an increase of tZ7G, these data reflect the complex relationship
between CK bases and CKNGs and may suggest some type of regulatory role for CKNGs. The
authors hypothesize that induction of cytokinin oxidase may have led to an increase in CK
biosynthesis; newly synthesized tZ would either be quickly degraded by cytokinin oxidase or

converted to the degradation-resistant tZ7G form [56].This may also raise the question of
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whether CKNGs play some role in stimulating CK biosynthesis, which could be one explanation
for the tZ-like effects seen in chlorophyll retention assays (Figs 1, 2). One approach that could
clarify the mechanism by which tZNGs exert effects would be through pairing the CK bioassays
with LC-MS measurements to determine CK levels after treatment.

While it is unclear how tZNG might activate an anti-senescent pathway and lead to the delay of
senescence in detached cotyledons, it should be noted that DEGs connected to senescence,
chloroplast development, and oxidative stress were found to be regulated in the transcriptome
analysis (Table S2). These include some DEGs that overlap with tZ treatment like
SEN2/AtCAT3 as well as unique tZNG targets such as PAC and SOD1.

Senescence assays involving the tZ-deficient cypDM mutants revealed that tZNGs are not
capable of delaying senescence in cotyledons which do not produce endogenous tZ (Fig 7). This
suggests that exogenous application of tZNGs alone is not sufficient to delay senescence. This
may allude to the possibility that exogenous tZNG application increases endogenous levels of tZ.
This possible tZ increase does not appear to be the result of hydrolysis of tZNGs to tZ base, as
this would likely result in an effect similar to that of exogenous tZ application, which is not
observed (Fig 7). This result also appears to provide genetic evidence countering that described
in a recent metabolic study showing conversion of tZNGs to tZ [27]. It must be noted, however,
that this assay only included cotyledon tissue; while it does not appear that tZNGs are
hydrolyzed to tZ in cotyledons, this data cannot be generalized other organs.

It is important to note that the data presented here do not suggest that the addition of tZNGs
always leads to an increase in tZ, as one would expect nearly identical results between all assays
if this were the case; tZNG treatment appears to affect plants quite differently from tZ treatment

in most experiments (Figs 3-6).
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Further study of CKNG function is necessary

Whatever the mechanism, it is apparent that CKNGs merit further investigation and should not
always be assumed to be inactive compounds. Past and current work in cytokinin measurement
and phylogenetics has revealed CKNGs are absent or present at extremely low levels in algae
and cyanobacteria [73], present at low or moderate levels in some Byrophytes [74], and present
at high levels in vascular plants, suggesting an important role for these compounds in the
evolution of higher plants [75]. There is almost certainly an evolutionary advantage to explain
why plants expend a valuable resource like glucose in making CKNGs, but further investigation

is warranted into what exactly these advantages are.
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Fig 1. trans-Zeatin-N-glucosides delay chlorophyll degradation in detached cotyledons.

Total chlorophyll (ug/mL)

- * %

tZ7G 179G DMSO

Cotyledons from 12dag WT Arabidopsis seedlings were excised and floated abaxial side down in
3mM MES buffer (pH 5.7) supplemented with 1uM of the indicated hormone or 0.1% DMSO as
a control. Solutions were placed in the dark for six days, after which chlorophyll was extracted
and quantified according to Sumanta et al., 2014. Average + SE of three biological replicates is

presented. * p-value < 0.05, ** p-value < 0.01, paired two-tailed Student’s t test.
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Fig 2. trans-Zeatin-N-glucosides delay chlorophyll degradation in detached cotyledons in a dose-
dependent manner. Experiment performed identically to that in Figure 1 but with different
concentrations of hormones. Average = SE of three biological replicates is presented as a
normalized level of chlorophyll relative to the chlorophyll content in the DMSO control
cotyledons. Significance was determined by a two-way ANOVA (treatment factor, p-value =
0.0005) followed by post-hoc t-tests comparing hormone treatments to DMSO control. * p-value

< 0.05, ** p-value < 0.01. Significance asterisk colors correspond to the line of the same color.

102



w
=3

~
o

Root growth day 4 to day 9 (mm)

-
=

: I I I_
| J
[

tz

tZ7G tZ9G DMSO

Fig 3. trans-Zeatin-N-glucosides do not inhibit root growth. Arabidopsis seedlings were
transferred from standard MS + 1% sucrose at 4dag to the same media supplemented with 1uM
of the indicated hormone or 0.1% DMSO as a control. Root growth since being transferred to the
new media was measured on day 9. Average + SE of three biological replicates is presented (n >

10 per treatment per replicate). *** p-value < 0.001, Student’s two-tailed t test.
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Fig 4. Trans-Zeatin-7-glucoside mildly promotes shoot initiation. Hypocotyls from etiolated
Arabidopsis seedlings were transferred to MS + 1% sucrose supplemented with equimolar
amounts of NAA and the indicated cytokinins. The negative controls were supplemented with an
equal volume of DMSO in lieu of cytokinin. After 45 days, callus weight was measured.
Average + SE of three biological replicates is shown (n > 4 per treatment per replicate). *** p-

value < 0.001, * p-value < 0.05, Student’s two-tailed t test.
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Response to 1.7e-13 Phosphotransfer activity 7.8e-11 Post-translational protein 11e-15
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Hormone-mediated 6.0e-12 Nitrogen-containing 12e-10 Phosphotransfer activity 27e-08
signaling pathway metabolic process
Cytokinin-mediated 1.6e-09 Kinase activity 7.9e-07 Transcription factor 55e-07
signaling pathway activity
Phosphotransfer 3.1e-08 Nucleobase, nucleoside, 2.8e-06 Nucleobase, nucleoside, 5.1e-06
activity nucleotide, and nucleic nuclectide, and nucleic

acid metabolic process acid metabolic process
Two-component 43e-08 | Adenyl nuclectide binding | 0.0002 | Adenyl nucleotide binding | 0.0001
response regulator
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Fig 5. Trans-Zeatin-N-glucosides alter the Arabidopsis transcriptome distinctly from trans-

ARR7

ARR16 CYP735A2

AHK4

CKX4

CKH1

Zeatin. A, Venn diagram showing number of differentially expressed transcripts after two-hour

treatment of 10dag WT Arabidopsis seedlings with 1uM hormone. B, tZ-treated seedlings are

enriched for CK-related Gene Ontology terms, unlike tZ7G- and tZ9G-treated seedlings. C, gRT-

PCR confirmation of RNAseq results; data presented is average + SE of three independent

biological replicates. Treatment with tZ7G or tZ9G does not mimic treatment with tZ with

regards to regulation of most tested CK-related genes.
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Fig 6. Trans-Zeatin-N-glucosides alter the Arabidopsis proteome in a partially overlapping
manner with trans-Zeatin. A, Proportional Venn diagram showing number (in parentheses) of
differentially expressed proteins after two-hour treatment of 10dag WT Arabidopsis seedlings
with 1uM hormone. B, Treatment with tZ7G affects amino acid metabolism, terpenoid
biosynthesis, and other pathways. C, Treatment with tZ9G affects largely plastid proteins,

including those involved in chloroplast biogenesis and photosystem (PS) repair.
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Figure 7. Trans-Zeatin-N-glucosides do not delay senescence in trans-Zeatin biosynthetic
mutants. Cotyledons from 12dag cypDM mutants, which are deficient in tZ-type cytokinins, were
subjected to a 6d-long cotyledon senescence assay. While exogenous tZ delayed senescence,
tZNGs did not. Average + SE of four independent biological replicates is presented. *p<0.05,

Student’s two-tailed t test.
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Figure S1. Subcellular distribution of DEGs is similar between tZ, tZ7G, and tZ9G treatment.
Results from the transcriptome analysis were analyzed for subcellular distribution using SUBAA4.
Data presented is the percent of DEGs from each treatment group which localize to the noted

organelle.
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Figure S2. Cytokinin treatment results in a change in localization of detectable proteins. Results
from the proteome analysis were analyzed for subcellular distribution using SUBAA4. Data in
blue represents the percent of differentially affected proteins showing CK responsiveness (i.e.
responded to tZ, tZ7G, or tZ9G) which localize to the noted organelle. Data in black indicates the
percent of all proteins identified in the analysis (i.e. both CK-responsive and non-CK-responsive)

which localize to the noted organelle.
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AT3G08940 | Chiorophyll a-b binding protein CP29.2 18 19E-02 28 11606 10 6.86-01
AT3G22960 | Plastidial pyruvate Kinase 1 19 5.6E-03 18 6.6E-02 1.0 6.36-01
ATS5G13450 | ATF synthase subunit © 15 12E01 21 2.0E-03 11 5.0E-01
AT1G13030 | Oleasin-B3-like pratein o5 1AE01 5] 8.26-03 () 6.76-01
AT2GA7710 | Adenine alpha ke protein 0.6 5.8E-01 o5 2.06-02 07 94601
AT3G52500 | Eukaryotic aspartyl protease family protein 03 2.76-03 05 2.aE-01 07 95601
AT3G02780 | lsoper ate Ds [ 0.2 3.3E-02 05 4.6E-01 07 9.76-01
AT2G38140 | 30S ribosomal protein 531 0.4 13601 07 5.4E-01 0a 1.6€:02
AT2641530 | S-formylglutathione hydrolase 0.6 63601 08 8.86-01 03 3.5603
AT3607720 repeat protein 05 4.4E01 07 5.6E01 0a 3.0E02
AT3G09500 | 605 ribosomal protein L35-1 X 14E-02 07 3.76-01 05 A4.76-01
AT3GA8930 | 405 ribosomal protein 511-1 6.4 SS5E02 67 @.aE-01 65 Z.4E-01
A carboxyl Subunit
AT2G38040 | alpha 0a 1.86-01 1.0 9.86-01 03 1.5E-02
AT2GA0740 | WRKY transcription factor 55 02 2.56-04 o8 9.26-01 (X 1.0E-01
ATAG29590 | superfamily protein 0.2 2.6€-04 os 9.08-01 02 3.1E-04
ATSGE6680 | 48 kDa subunit 29 1.96-03 28 3.06-02 17 2.36-01
AT5GA7030 | ATP synthase subunit delta 2.4 1.0E-04 a1 2.0E:07 18 3.56-04
ATAG10450 | 605 ribosomal protein Lo-2 21 16E01 18 9.4E-01 21 7.9€-03
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Table S1. List of all proteins differentially affected by tZ, tZ7G, and tZ9G treatments. Ratio is

the relative abundance of protein in the treated sample compared to the DMSO negative control.

111



[rranscript [Gene symbol Log2FC__|Name/Function

IAT2G36250.2 ‘F[SZZ-l 1271 FtsZ 2; Involved in plastid division

IATAG38160.1 \IMLEIQI MTERF6 12.46 MitochDr\driEltrEnsEriEtiDn termination factor

IAT5G26030.2 FC1 10.87 Plastid ferrochelatase |; involved in heme biosynthesis

IAT1G67740.1 PsBY 8.32 psbY precursor; mRNA imported to chloroplastto form integral membrane proteins
IAT5G04330.1 CYPB4A4 7.83 Cytochrome P450 84A4

IATaG29740.3 cxxa 416 Cytokinin Oxidase 4; degrades cytokini

IAT1G66980 1 [sNC4; GDPDL2 395 lsupressor of npri-1; atypical receptor-like kinase

IAT2G01320.1 |ABCGT 3.87 Putative plastid envelope metal transporter

IAT3G53920.1 |SIG3 2.74 |5igma 3; plastid RNA polymerase subunit, involved in psbN transcription
AT1G17440.1 ICKH1; TAF128 1.75 Cytol n Hypersensitive; putative negative cytol n regulator

AT3G28970.1 |AARS -2.47 |Anti-Auxin Resistant3; involved inresponseto 2,4-0

IAT1G20620.1 CATS; SEN2 -2.83 Catalase; breaks hydrogen peroxide into water and oxygen

IATSG13960.2 [SUVH4; KYP -3.36 Kryptonite; Histone-lysine N-methyltransferase; involved in histone mod
IATSG10490.2 MSLZ -3.46 MscS-like 2; Involved in plastid division

IAT4G34430.2 ISWI3D -3.57 Putative chromatin remodelling protein

IAT5G06530.1 |ABCG22 -4.80 Invelved in transpiration, mutantis more susceptibleto drought

IAT1G02850.4 BGLU11 -7.87 Beta glucosidase 11; putatively cleaves cytokinin-O-glucosides back into cytokinin bases
IAT1G22300.2 |GRF10 -8.85 |General Regulatory Factor 10; 14-3-3 protein, interacts with BZR1

IAT2G48120.1 PAC -g.29 Pale Cress; mutant isd ntin chlorophyll, carotencids, and ABA

IAT4G32250.3 KOC1 -8.30 Kinase of Outer ChlnroElEi membrane; contributes to Ehloroplastbiogenesis
lAT4G35790.1 PLDDELTA 1356  |[Phospholipase D Delta; involved in responseto drought, hydrogen peroxide, cell death
IT2G32530.1 [ZFN2 10.16 inc Finger Nuclease 2

AT1GO8830.2 |S0D1; CSD1 5.16 Buperoxide Dismutase 1; detoxification of superoxide radicals.

IMT5G41315.1 |GL3 9.04 Glabrous 3; bHLH, involved in trichome initiation

AT5G15410.2 DND1; CNGC2 8.43 Defense No Death 1; cAMP gated ion channel involved in pathogen response
AT4G25110.2 MCP1c 7.93 Type | Metacaspase; negatively regulates programmed cell death

IT2G36120.1 DOT1 791 Defective Organized Tributaries 1;involved in leafvascular patterning

ISTS5G20380.1 PHT4;5 7.90 norganic phosphate transporter

AT1G55900.2 M50 6.56 IComponent of mitochondrial inner membrane translocase

IMT4G31010.2 MCSF1 6.29 itchondrial CAF-like Splicing Factor 1; processes mitochondrial introns
AT1G17440.1 ICKH1; TAF128 1.53 i ve; putative negative cytol regulator

IAT4G32980.1 |ATH1 -2.12 Homeohox Gene 1; involved in photomorphogenesis, GA biosynthesis, floweringtime
IWT2G27230.1 LHW -2.15 Lonesome Highway; transcriptionalactivator required for proper vascular development
ATSGE7385.1 INCH1 -2.90 RL Protein for Chloroplast Movement; plasma membrane localized

IT1G20620.1 ICAT3;SEN2 -4.59 (Catalase; breaks hydrogen peroxide into water and oxygen

AT4G16890.1 |SNC1; BAL -5.57 Supressor of npri-1 constitutive; mutants constitutively express PR genes.
AT5G15250.2 FTSHE. 576 FtsH Protease 6; chloroplast localized, involved in degradation of Lheb3 and Lhebl
IT2G47240.2 LACS1 -6.48 Long-chain Acyl-CoA Synthase 1; involved in cuticular wax and cutin biosynthesis
AT5G20935.1 ICRR42 -6.81 Chlororespiratory Reduction 42; stromal protein involved in accumulation of NDH
IKT2G48120.1 IPAC -8.91 Pale Cress; involved in chloroplast and leaf development, mutants are ABA deficient

Table S2. Trans-Zeatin-N-Glucosides regulate the transcriptome uniquely from trans-Zeatin. All

transcripts listed here are significantly (padj < 0.05) regulated by tZ7G (yellow) or tZ9G (red).
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Primer Forward/Reverse |Sequence (5'>3’)

AHK4
AHK4
ARR5
ARR5
ARR7
ARR7
ARR16
ARR16
CYP735A2
CYP735A2
CKX4
CKX4
CKH1
CKH1
PDF1
PDF1

XX M XXV M U M X M XDV M IV M D M D M

CCTCTCACAACTCATTACAGCTC
CAACCCCGAACGCCAAAAAT
CTACTCGCAGCTAAAACGC
GCCGAAAGAATCAGGACA
CTGGCATTGAGTAATCCGTCACTATC
TGACGACTGTAGAAGGTGGAACTAGG
TCAGGAGGTTCTTGTTCGTCTT
AACCCAAATACTCCAATGC
ACTTTACCCTCCTGCCACAC
GAACTCGTTCGCATCTTCGC
ACTATTGTCTCCAGGACAAGACA
TTCTGAGAGACCTATACCGCT
TGGAGAGTTGAAGGCACAAGT
TCAAGCTTAAAATGGAGAGGACA
CCATTAGATCTTGTCTCTCTGCT
GACAAAACCCGTACCGAG

Table S3. Primer sequences used in gRT-PCR reactions. For analysis, all genes were normalized

to PDF1.
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Abstract

It has long been reported that cytokinins (CKs), a class of phytohormones, are capable of
delaying senescence in detached leaves. However, CKs are often treated as a monolithic group of
compounds even though dozens of CK species are present in plants with varied degrees of
reported biological activity. One specific type of CK, isopentenyladenine base (iP), has been
demonstrated as having roles in delaying leaf senescence, inhibition of root growth, and
promoting shoot regeneration. However, its N-glucosides isopentenyladenine-7- and -9-
glucoside (iP7G, iP9G) have remained understudied and have been largely ignored for several
decades, despite their relatively high concentrations in plants including the model species
Arabidopsis thaliana. Here we show that iP and one of its glucosides, iP9G, are capable of
delaying senescence in leaves, though the glucosides having little to no activity in other
bioassays. Additionally, we performed the first transcriptomic study of iP-delayed cotyledon
senescence which shows that iP is capable of upregulating photosynthetic genes and
downregulating catabolic genes in detached cotyledons. Transcriptomic analysis also shows
iP9G has mild effects on gene expression similar to that of iP during senescence, suggesting the
label of “inactive” is a vast over-generalization with regards to iP-N-glucosides. These findings
call into question the long-held belief that iP-N-glucosides, and possibly CK-N-glucosides as a
whole, are inactive compounds. Future studies should not be so dismissive of these compounds,
as they have apparent biological activity and are active in at least some biological processes

similarly to “active” CKs.

Key Words: Cytokinin, Cytokinin-N-Conjugates, Isopentenyladenine, Isopentenyladenine-9-

glucoside, Senescence, Transcriptome
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1 Introduction

Cytokinins (CKs) are a class of phytohormones involved in a wide range of plant processes
(Kieber and Schaller, 2014; Mok and Mok, 2001; Sakakibara, 2006; Skoog and Armstrong,
1970). Arabidopsis thaliana (hereafter referred to as Arabidopsis) has been a model species for
the examination of CKs and understanding the molecular basis of cytokinin signaling and
activity. Briefly, after biosynthesis and transport, a CK base binds to a CHASE-domain
containing histidine kinase receptor initiating a modified two-component phosphorelay
ultimately resulting in the activation of type-B Response Regulators, transcription factors (TFs)
which mediate the transcriptional response to cytokinin (Hwang et al., 2012; Keshishian and
Rashotte, 2015; Kieber and Schaller, 2014; Mok et al., 2000). Despite the impressively detailed
understanding of the CK signaling pathway, mysteries about CK response and activity linger; in
particular, what forms of CK are active, and do different types of CK lead to different effects in
planta?

In Arabidopsis, detailed CK measurements have revealed nearly 30 different CK forms, with the
two most abundant classes being isopentenyladenine-type (iP) and trans-Zeatin-type (tZ) CKs
with each class composed of a several metabolites. (Kiba et al., 2013, 2019; Ko et al., 2014; Nam
et al., 2012; Nishiyama et al., 2011; Sakakibara et al., 2005; Svacinova et al., 2012; Tokunaga et
al., 2012; Werner et al., 2010; Zhang et al., 2014). The iP-type CKs detected in Arabidopsis
include the following: iP riboside 5’monophosphates (iPRP), the first product in the CK
biosynthetic pathway and a precursor to active CK; iP riboside (iPR), generally considered a
transported form of iP with some bioactivity; iP (base form of CK), capable of binding CK
receptors and initiating CK signaling; and iP-7- and iP-9-glucoside (iP7G, iP9G), composed of

iP bases irreversibly conjugated to a glucose molecule by UGT76C2/1 and generally considered
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permanently inactivated (Hou et al., 2004; Kieber and Schaller, 2014; Mok et al., 2000; Wang et
al., 2011). Both iP7G and iP9G are N-glucosides, meaning the glucose molecule is attached via a
nitrogen atom; these differ from O-glucosides which occur in tZ-type CKs and can be
hydrolyzed back to tZ bases. Based on previous CK measurement data in Arabidopsis, iP7G is
the most abundant iP-type CK, and is often the most abundant of all CKs (Kiba et al., 2019;
Nishiyama et al., 2011; Sakakibara et al., 2005; Simura et al., 2018; Sva¢inova et al., 2012;
Tokunaga et al., 2012). Although iP9G is far less abundant than iP7G, it is often present at
appreciable levels, and significantly more concentrated than other metabolites such as iP and iPR
(Kiba et al., 2013, 2019; Ko et al., 2014; Nishiyama et al., 2011; Simura et al., 2018; Tokunaga
etal., 2012).

Despite the high abundance of iP7G and iP9G, collectively referred to as iPNGs, little is known
about the activity of these compounds. Work from the 1980’s demonstrated that Cytokinin-N-
glucosides (CKNGs) are metabolically stable and do not appear to be converted into other forms
of CK (Deleuze et al., 1972; Palni et al., 1984). One recent study using radiolabeled isotopes
confirmed this is the case in Arabidopsis cell cultures (HoSek et al., 2019). Other classes of CK
such as tZ also have N-glucoside forms, and previous work has shown that trans-Zeatin-N-
glucosides have bioactivity in some assays, yet show distinct effects on the transcriptome and
proteome of Arabidopsis seedlings (Hallmark et al., 2020).

Here we show that exogenous application of iP, as well as iP9G, is capable of delaying
chlorophyll degradation in detached cotyledons senescence assays. To investigate the mechanism
behind this phenomenon, RNA-sequencing was performed on cotyledons following a detached
leaf senescence CK-bioassay. Surprisingly only three genes were differentially expressed after

iP9G treatment as opposed to more than 10,000 genes from iP treatment. Genes differentially
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expressed after iP treatment were enriched for roles in photosynthesis, translation, and CK
response. Fv/Fm and protein content analysis validated that iP treatment leads to higher
photosystem 11 efficiency and protein content than mock treatment. Altogether, these data
suggest CK compounds should not be labelled binarily as active or inactive; modifications to CK
bases, as seen in the formation iPNGs by glucosylation of iP, may simply alter or dampen the
function of the molecule as opposed to fully eliminating its activity as previously believed.
Additionally, this is the first published senescence transcriptome to include a naturally occurring

CK base and its glucosides and reveals potential mechanisms by which iP delays senescence.

2 Results

2.1 Isopentenyladenine and one of its glucosides delays chlorophyll degradation in detached
cotyledons

A hallmark of active CKs is their ability to delay senescence in leaves (Biddington and Thomas,
1978; Gan and Amasino, 1996; Singh et al., 1992a, 1992b). As the process of chlorophyll
degradation is intrinsically linked with leaf senescence, measuring chlorophyll serves as a proxy
for measuring how much senescence has occurred (Hortensteiner, 2006). Here, cotyledons from
12 day after germination (12dag) seedlings were excised and floated on buffer supplemented
with 1uM CK, either iP, iP7G, or iP9G, or a DMSO control. After six days in the dark,
cotyledons treated with iP retain roughly three times as much chlorophyll as the control, while
iP9G-treated cotyledons retain approximately twice as much as the control. The reduction in
chlorophyll degradation by iP and iP9G treatment suggests both compounds are capable of

delaying senescence in detached cotyledons. The difference between iP7G and the control was
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not statistically significant, though iP7G retained approximately 40% more chlorophyll than the

control.

2.2 Isopentenyladenine-N-glucosides do not promote shoot regeneration nor inhibit root growth
Other key features of active CKs include their abilities to promote shoot regeneration in calluses
and inhibit root growth (Kieber and Schaller, 2014; Mok and Mok, 2001; Skoog and Miller,
1957). To assess whether iPNGs are functionally active as CKs in shoot regeneration, a
regeneration assay was performed similarly to previously described protocols (Pernisova et al.,
2018). Hypocotyls from etiolated 5dag seedlings were placed on shoot regeneration media (MS
containing 1uM NAA and either 1.5uM iP, iP7G, or iP9G) and were grown under standard
conditions. After three weeks on this new media, fresh weight of calluses was measured. If the
CKs are active, one would expect a significant increase in callus weight, as the combination of
active CK and auxin in the media promote shoot regeneration; this results in growth of the callus
through reprogramming of the callus tissue to become shoot tissue (Gordon et al., 2007,
Pernisova et al., 2018). Calluses on plates containing iPNGs were of similar weight to calluses
grown on media containing DMSO control, while calluses on iP plates weighed significantly
more, indicating only iP was promoting shoot regeneration (Fig 2).

To evaluate the effect of iPNGs on root growth, 4dag plate-grown seedlings of uniform size were
transferred to media containing 1uM iP, iP7G, or iP9G, or a 0.1% DMSO control for 5 days,
where root growth as length from day 4 to day 9 was measured. The concentration of 1uM was
chosen as it is a common concentration for this bioassay because it is a “saturating”
concentration without being immediately toxic to the plants. Only plants on iP-containing plates

showed a significant reduction of root growth, approximately 74% compared to the DMSO
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control (Fig 3). While iP7G and iP9G treatments led to modest reduction in root growth, 12%
and 7%, respectively, neither treatment was statistically significant compared to the control (Fig
3). These data suggest iPNGs do not have roles in shoot initiation nor root growth inhibition at

the concentrations tested.

2.3 Isopentenyladenine-9-glucoside minorly alters gene expression in an overlapping manner as
isopentenyladenine while isopenteneyl-7-glucoside does not

To determine if iPNGs regulated gene expression similarly to iP during cotyledon senescence
bioassays, tissue was collected at the end of cotyledon senescence bioassays and snap frozen.
RNA was extracted and sequenced, and RNA-sequencing (RNAseq) was performed on
cotyledons after 6d dark treatment with 1uM iP, iP7G, iP9G, and 0.1% DMSO. Three replicates
of each treatment were performed, and at least twenty million paired-end reads per replicate were
generated; reads were mapped back to the Arabidopsis reference genome with a mapping rate
>97% for every sample (Anders et al., 2015; Cheng et al., 2017; Pertea et al., 2016). Differential
Expression Analysis was performed using DESeqg2 (Love et al., 2014). More than 10,000
differentially expressed genes (DEGs) were identified between iP and DMSO (Fig 4A).
Surprisingly, only three DEGs were identified between iP9G and DMSO, and no DEGs between
iP7G vs DMSO (Fig 4A). It is worth noting that treatment with iP9G and iP7G led to a non-
statistically significant two-fold change difference in expression of approximately 1800 and 1400
genes, respectively. What is of particular interest is that the three statistically significant iP9G
DEGs were key CK response genes: type-A response regulators ARR6, ARR7, and CK
degrading enzyme CKX4. Each of these genes appears on the “Golden List” of transcripts

routinely upregulated by CK treatment (Bhargava et al., 2013), so a heatmap was generated to
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determine if other genes from this list were transcriptionally affected by iPNGs, regardless of
statistical significance (Fig 4C). Based on a previous meta-analysis, a list of 38 genes was
identified which show nearly universal upregulation following CK treatment (Bhargava et al.,
2013). This subset of “Golden List” genes were upregulated by CK treatment in at least six
microarray experiments and were also validated by a method other than microarray such as
RNA-seq or gRT-PCR (Bhargava et al., 2013). Many of the 38 genes show upregulation by iP9G
compared to DMSO, though mostly these changes are not as dramatic as what is seen with iP
treatment (Fig 4C). Additionally, gRT-PCR confirmation of RNAseq results was performed on
common CK-responsive genes as well as markers of leaf senescence including SAG12, SEN4,
and NAC17 (Fig 4D). As expected, CK-responsive genes were upregulated in iP while
senescence genes were downregulated (Fig 4D). Though the effects were mild, iPNGs also
appeared to induce expression of CK-responsive genes and had mild, variable effects on the

subset of selected senescence markers (Fig 4D).

2.4 Isopentenyladenine treatment significantly alters expression of senescence-associated
transcription factors

Leaf senescence is a tightly regulated process which relies on highly coordinated gene regulation
(Lim et al., 2007). As such, proper expression of TFs, and as a result their target genes, is
necessary for senescence to occur. To determine if any previously identified senescence-
responsive or senescence-mediating TFs were altered by iP treatment, a list of 48 TFs was
generated and the effect of iP was evaluated (Chen et al., 2002; Kim et al., 2018, 2013; Miao et
al., 2004; Ulker et al., 2007; Yang et al., 2011; Zwack et al., 2013) (Table 1). All TFs in the list

have shown upregulation during leaf senescence, with the exception of CRF6 whose expression
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decreases during senescence (Zwack et al., 2013). Just over half (25/48) of the TFs were
significantly regulated by iP treatment as compared to the DMSO control, and a majority of
those (21/25) displayed expression patterns opposite to what is typically seen during senescence
(Table 1).

Of particular interest are CRF6, NAC017, WRKY6. CRF6 is a CK-responsive TF which
negatively regulates senescence and is downregulated during senescence (Zwack et al., 2012,
2013). Interestingly CRF6 is also induced by oxidative stress and promotes stress tolerance by
modulating the expression of CK-associated genes (Zwack et al., 2016). Treatment with iP led to
significant upregulation of CRF6 (Table 1). Notably, CRF6 is a direct target of NAC017 (Ng et
al., 2013). NACO017 is one member of the “NAC troika” involved in senescence response and is
upregulated during leaf senescence (Kim et al., 2018). Further study of NACO017 has identified it
as a key player in organellar stress response and retrograde signaling, and it is an activator of
many genes involved in senescence, cell death, and autophagy (Meng et al., 2019). WRKY6 was
identified in a screen for transcriptionally upregulated TFs during leaf senescence, and deeper
analysis has characterized it as being a positive regulator of leaf senescence by directly activating
expression of senescence genes; overexpression of WRKY®6 leads to an early senescent
phenotype (Chen et al., 2002; Robatzek and Somssich, 2002; Zhang et al., 2018). Both NACO017

and WRKY6 are significantly downregulated by iP treatment (Table 1).

2.5 Isopentenyladenine upregulates genes involved in photosynthesis and ribosome biogenesis
while downregulating senescence and catabolism associated genes
After identifying key senescence TFs possibly responsible for the high number of DEGs seen

between iP and DMSO treatment, further analysis of the 10,163 DEGs was performed to identify
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potential mechanisms by which iP may be delaying senescence in detached cotyledons. Gene
Ontology (GO) enrichment analysis was performed on both upregulated and downregulated gene
lists. GO terms significantly enriched in the upregulated gene lists include cell components such

as “chloroplast,” “ribosomal subunit,” and “chloroplast photosystem 11”’; enriched molecular

functions include “structural constituent of ribosome” and “chlorophyll binding”; and enriched

biological processes include “photosynthesis,” “ribosome biogenesis,” “response to cytokinin,”
and “photosystem Il assembly” (Fig 5A). GO terms significantly enriched in the downregulated
gene lists include cell parts such as “authophagosome” and “proteasome complex”; enriched

molecular functions include “endopeptidase activity,” “hydrolase activity,” and “ubiquitin-

protein transferase activity”; enriched biological processes include “proteolysis,” “catabolic
process,” and “leaf senescence” (Fig 5B). These data indicate significant roles for iP in delaying
leaf senescence by upregulating photosynthetic and translation machinery during CK response,
while downregulating catabolic processes like proteolysis and autophagy often associated with
senescence and cell death (Bassham, 2007; Hildebrandt et al., 2015).

To evaluate the degree of co-expression and potential physical interaction between some of the
most significantly regulated DEGs, gene networks were generated with the top 250 up- and
downregulated genes from each list using geneMANIA in Cytoscape (Mostafavi et al., 2008;
Shannon et al., 2003). As expected, multiple nodes associated with “photosynthetic membrane”
and “response to cytokinin” were found clustered in the upregulated network (Fig 5C, E) while
nodes associated with “organ senescence” and “amino acid catabolic processes” were found in
the downregulated network (Fig 5D, F).

To evaluate the physiological impacts of changes seen from transcriptomic analysis of

cotyledons from 6d dark senescence assays, three examinations were performed. First,
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cotyledons from this assay were measured for chlorophyll fluorescence as a proxy for
photosynthetic response and photosystem Il integrity, as genes associated with photosynthesis
were significantly upregulated by iP treatment. As expected, cotyledons treated with iP have
significantly higher photosystem |1 efficiency as determined by Fv/Fm compared to that of
DMSO control (Fig 6A). Second, iP-treated cotyledons were examined for overall protein levels,
as genes associated with translation and ribosome biogenesis were significantly upregulated by
iP treatment. The iP-treated cotyledons were found to have higher protein content than their
DMSO counterparts (Fig 6B). Finally, amounts of cell death was examined in post-senescence
assay cotyledons with Trypan Blue vital staining, as genes associated with senescence and cell
death were significantly downregulated by iP treatment. iP-treated cotyledons appear to have the
least staining of any treatment while DMSO-treated cotyledons stained the most heavily (Fig
6C). Interestingly, both iP7G and iP9G appear to have an intermediate amount of staining (Fig

6C).

3 Discussion

3.1 Isopentenyladenine-N-glucosides do not mimic isopentenyladenine in most bioassays
Active CKs have canonical activities such as inhibiting root growth, promoting shoot
regeneration, and delaying senescence (Kieber and Schaller, 2014; Mok and Mok, 2001; Skoog
and Miller, 1957). In each of these CK-bioassays conducted in this study, the CK base iP has
strong and standard CK functional activity, similar to other CK examined in similar assays (Figs
1-3). In direct contrast, the iP N-glucoside iP7G did not have significant effects in any of these
bioassays examined here at the tested concentration (Figs 1-3). While this cannot fully rule out

potential CK activity or functions for iP7G in any of these processes, as higher concentrations of
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iP7G could be further examined. The concentrations used in this study were chosen because they
are on the higher end of what is commonly used in CK assays, but considering the fact that iP7G
is routinely measured at orders of magnitude more highly concentrated than iP (Kiba et al., 2019;
Nishiyama et al., 2011; Sakakibara et al., 2005; Simura et al., 2018; Sva¢inova et al., 2012;
Tokunaga et al., 2012), analysis of higher concentrations of exogenously applied iP7G might be
more fruitful in identifying potential functions. It is worth noting that trans-Zeatin-N-glucosides
both showed high activity at 1uM in a detached leaf senescence assay, and these compounds
have comparable endogenous concentration relative to iPNGs (Hallmark et al., 2020), potentially
indicating iP7G truly does not have significant anti-senescent capability. With regards to iP9G,
there was a significant increase in chlorophyll retention during the detached leaf senescence
assay (Fig 1), but no significant activity was detected in root growth inhibition or shoot initiation
(Figs 2,3). This may point to a role for iP9G in delaying leaf senescence, and it is noteworthy
that though iP9G is often measured at much higher concentrations than iP, iP9G levels are
typically significantly less than iP7G levels (Kiba et al., 2013, 2019; Ko et al., 2014; Nishiyama
etal., 2011; Simura et al., 2018; Tokunaga et al., 2012). These data suggest iP9G is an active
CK, albeit not as robustly active as its respective base; iP7G, however, does not appear to be an

active CK as determined by these bioassays.

3.2 Isopentenyladenine-9-glucoside has modest effects on the senescing leaf transcriptome

Following a 6d detached leaf senescence experiment, iP9G treatment surprisingly only led to the
differential expression of three genes (Fig 4A). Perhaps more surprisingly, however, is that these
three genes are ARR6, ARR7, and CKX4, all of which are commonly upregulated by active CK

treatments and play roles in CK signaling and degradation (Fig 4B) (Bhargava et al., 2013;
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Galuszka et al., 2007; Rashotte et al., 2003). While these were the only three genes to be found
significantly differentially expressed, several other key CK-responsive genes showed
upregulation following iP9G treatment as compared to mock treatment, including ARR4, ARRS,
ARR15, CRF6, ASL9, and GRXS13 (Fig 4C). The modest upregulation of these genes by iP9G
as compared with their significant upregulation by iP furthers the notion that iP9G has iP-like

activity, but this activity is decreased relative to the base.

3.3 Isopentenyladenine treatment significantly alters the transcriptome of senescing leaves

It has long been known that active CKs delay senescence, and key regulators of CK-delayed
senescence have been previously identified. Phosphorylation of ARR2 as a result of CK binding
to AHKS3 has been shown to be necessary for CK to delay senescence (Kim et al., 2006).
Additionally, the CK-responsive TF CRF®6 is required for CK treatment to delay senescence
(Zwack et al., 2013, 2016). There has been extensive characterization of the senescing leaf
transcriptome in Arabidopsis (Breeze et al., 2011; Guo et al., 2004; Kim et al., 2018; Woo et al.,
2016), yet, to the authors knowledge, no transcriptome of detached leaves treated with natural
CKs has been performed. A previous CK senescence transcriptome used the synthetic CK
benzyladenine riboside and its halogenated forms over a 48h treatment (Vylicilova et al., 2016).
This novel experiment allows one to see potential mechanisms of the anti-senescence activity of
naturally-occurring CKs and how this classic CK bioassay functions.

Many TFs typically upregulated during senescence showed significant downregulation with iP
treatment as compared to the DMSO control (Table 1). Several of these transcription factors
including WRKY®6 and NACO017 are known to positively regulate genes involved in senescence

associated processes such as autophagy and cell death (Kim et al., 2018; Meng et al., 2019;
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Robatzek and Somssich, 2002; Zhang et al., 2018). Therefore, the repression of these TFs by iP
treatment is likely one of the mechanisms by which iP treatment led to downregulation of
senescence-associated genes and inhibited leaf senescence.

Because such a large number of genes (10,163) were affected by iP treatment, gene ontology
(GO) analysis was performed to gain a big-picture view of what types of genes were affected.
Because a similar number of genes were up- and downregulated by iP relative to DMSO (5106
and 5057, respectively), GO analysis was performed on both lists independently of one another
(Fig 5A,B).

It has previously been noted that chloroplast and photosystem genes plays a key role in leaf
senescence (Woo et al., 2016), so it is unsurprising that there is enrichment for chloroplasts and
photosystems in the Cell Component GO terms (Fig 5A). Enriched Biological Process GO terms
reveal some intriguing trends: upregulation of genes involved in photosynthesis, ribosome
biogenesis, chlorophyll biosynthesis, response to CK, and photosystem Il assembly (Fig 5A).
Genes associated with the GO terms “photosynthetic membrane” and “response to cytokinin”
were present in gene networks generated using the top 250 iP-upregulated genes (Fig 5C, E).
GO analysis of the downregulated gene list led to several interesting enriched GO terms that
were distinct from the upregulated list, suggesting that CK may both induce and repress a
number of processes to delay senescence. GO terms for both the Cellular Component
“autophagasome” and the Biological Process “autophagy” are significantly enriched in the
downregulated gene lists (Fig 5B). Autophagy is known to play an important role in leaf
senescence as it is a catabolic process which aids in recycling nutrients and macromolecules
(Bassham, 2007; Xiong et al., 2005). Degradation of macromolecules including proteins by

endopeptidases and the proteasome are common hallmarks of senescence (Hildebrandt et al.,
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2015; Lim et al., 2007; Lohman et al., 1994), so unsurprisingly GO terms for the Biological
Processes “catabolic process” and “proteolysis,” the Molecular Functions “endopeptidase
activity” and “ubiquitin-protein transferase activity,” and the Cellular Component “proteasome
complex” and “lytic vacuole” are enriched in the downregulated gene list. Important to note is
the GO term enrichment for “aging” and “leaf senescence” in the downregulated gene list as one
would expect. Genes associated with both “organ senescence” and “amino acid catabolic
processes” are enriched in gene networks generated using the top 250 iP-downregulated genes
(Fig 5D, F). Catabolism of proteins and ultimately amino acids is a consequence of senescence
as cells use the breakdown of these molecules for energy (Avin-Wittenberg et al., 2015;

Hildebrandt et al., 2015).

3.4 Examination of cotyledons after senescence bioassays supports transcriptome findings

As many biological processes were affected by iP treatment of iP as a CK according to
transcriptome findings, we decided to assay some of these processes in planta following the
detached leaf senescence assays. One of the most significantly upregulated biological processes
in this assay by iP was photosynthesis, specifically photosystem Il assembly (Fig 5A). It had
already been determined that iP treatment led to higher chlorophyll retention than DMSO
treatment in these assays (Fig 1), however measurement of chlorophyll fluorescence can
determine the efficiency of photosystem Il. Based on transcriptome results, one would expect
higher photosystem Il efficiency in iP treatment relative to DMSO, and this result was borne out
in Fv/Fm measurements revealing iP-treated cotyledons had approximately double the Fv/Fm of
that of DMSO-treated cotyledons (Fig 6A). This supports previous findings that CK treatment

increases photosynthetic capability in detached leaves, though the previous work was performed
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with synthetic CK ribosides and halogenated derivatives (Vyli¢ilova et al., 2016) as opposed to a
natural CK base and its glucosides as performed here. While not statistically significant, it is
interesting to note that the median Fv/Fm of the iP9G treatment group is 15% higher and shows
less variability than the DMSO treatment group (Fig 6A), which may possibly relate to the
higher chlorophyll retention seen with iP9G in earlier assays (Fig 1).

Genes involved in ribosome biogenesis were found to be significantly upregulated while genes
involved in various protein degradation processes including proteasome-mediated degradation
and autophagy were downregulated. To determine if these changes in gene expression were
mirrored in protein level, cotyledons were collected following senescence assays and subjected
to protein extraction and quantification using methods previously established by Li et al., 2017.
As visualized by Coomassie Brilliant Blue staining, iP-treated cotyledons appear to have higher
overall protein content relative to the other treatments (Fig 6B). While not as drastic, iP7G and
iP9G have slightly more protein than DMSO treatment (Fig 6B). These data suggest the
upregulation of translation-associated genes and downregulation of proteolysis-related genes
leads to increased protein production, or decreased protein degradation, in the detached
cotyledons. This finding is consistent with previously reported decreases in leaf protein during
senescence (Lim et al., 2007; Lohman et al., 1994; Noodén et al., 1997).

Treatment of cotyledons with iP led to a significant downregulation of genes associated with leaf
senescence and cell death. To determine if these transcriptional changes led to a change in cell
death, Trypan blue staining was performed and revealed limited cell death as compared to the
DMSO control (Fig 6C). Treatment with iPNGs appeared to also lead to less cell death than

DMSO, though to a lesser degree than iP. Again, these findings support both the transcriptome
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findings (Fig 5) and support the role for iP in delaying senescence and cell death in detached

cotyledons.

3.5 iIPNGs are not identical in their activity to tZ-N-glucosides

Previous work with tZ-N-glucosides (tZNGs) revealed the compounds are capable of delaying
senescence in senescence assays similarly to iP9G, but, like iPNGs, tZNGs had minimal to no
effect on root growth or shoot regeneration (Hallmark et al., 2020). A stark difference between
tZNGs and iPNGs, however, is their effects on gene expression; a two-hour treatment with
tZNGs led to hundreds of DEGs (Hallmark et al., 2020), while only three DEGs were identified
with iP9G treatment and zero with iP7G (Fig 4A). While the conditions of the transcriptome
experiment differ greatly, one may hypothesize that tZNGs play their own more unique roles in
gene expression, whereas iPNGs have minimal but overlapping effects with iP (Fig 4A). The
ability of iP9G and tZNGs to delay senescence in detached leaves may indicate a role for

CKNGs collectively in delaying senescence or regulating levels of CK bases.

3.6 Mechanism of iP9G activity remains unclear

While showing some activity in the detached leaf chlorophyll retention assay (Fig 1) along with
upregulation of CK-related genes in the senescence transcriptome (Fig 4), the exact mechanism
by which iP9G displays activity is unclear. As previously reported, conversion of CK-N-
glucosides to CK bases is an unlikely culprit (Hallmark et al., 2020; HoSek et al., 2019; Palni et
al., 1984). As iP9G appears to act as a less active form of iP at the transcriptional level (Fig 4), it
stands to reason that iP9G is somehow activating the cytokinin response pathway, at least during

the senescence assay. Two non-mutually exclusive mechanisms may be in play. First, exogenous
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treatment with iP9G may make it unfavorable for iP base to be converted to iP9G, leading to an
increase in iP levels and concomitantly activation of the cytokinin signaling pathway. Second,
iP9G may directly bind CK receptors albeit with much lower affinity than iP. Previous tests of
Arabidopsis CK receptor binding activity have not included iP-N-glucosides (Romanov et al.,
2006; Spichal et al., 2004; Yamada et al., 2001). There is also the issue of subcellular
localization. CKNGs have been previously shown to be located largely in the apoplast and
vacuole in leaves (Jiskrova et al., 2016), while CK receptors are primarily localized to the
endoplasmic reticulum (Caesar et al., 2011; Wulfetange et al., 2011). Recent work, though,
suggests CK receptors also appear to be present at the plasma membrane under certain conditions
(Kubiasova et al., 2019), possibly placing them in a better position to interact with CKNGs.
Whatever the mechanism, it is clear iP9G has CK activity which has gone previously
unrecognized. While glycosylation of iP certainly dampens its effects, data presented here
suggest this glycosylation is not fully inactivating. Moving forward, cytokinin biologists should
reassess the generalization that CK-N-glucosides are biologically inert and consider that CK
activities previously thought to be performed by CK bases alone might also be performed by

their respective glucosides.

4 Materials and Methods

4.1 Plants Material and Growth Conditions

Seeds were sterilized with 70% ethanol and 20% bleach with 0.05% Tween before being plated
on full strength MS agar plates. Seeds were then stratified 4 days at 4°C in the dark before being
moved to a growth chamber running a 16h/8h light cycle (100pE) with diurnal temperature of

22°C/18°C. All plants were of the wildtype Col-0 ecotype of Arabidopsis.
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4.2 Cotyledon Senescence Assay

The cotyledon senescence assays were carried out as described in Hallmark, et al. 2020. Briefly,
cotyledons of 12 day after germination Arabidopsis seedlings were excised at the petiole and
floated on 3mM MES buffer, pH 5.7. Buffer was supplemented with either 1uM CK (iP, iP7G,
iIP9G) or an equivalent volume of DMSO as a solvent control. CK were obtained as analytical
standards from OIChemIm (Olomouc, Czech Republic). Previous work with CKNGs obtained
from OIChemIm revealed no contamination with CK bases including no conversion of CKNGs
to CK base during chlorophyll retention assays (GajdosSové, 2011). Once in solution, cotyledons
were placed in the dark at 20°C for six days, after which chlorophyll was extracted and
quantified as previously described (Sumanta et al., 2014). Three independent biological

replicates were performed with 15 cotyledons per replicate.

4.3 Root Growth Assay

Seedlings were germinated on full strength MS agar. Four days after germination, seedlings of
uniform size were transferred to MS plates supplemented with 1uM CK (iP, iP7G, iP9G) or an
equivalent volume DMSO (0.1%). Transferred seedlings continued to grow until day 9, at which
point root growth since day 4 was measured using ImageJ (NIH). Three independent biological

replicates were performed with at least 8 seedlings per replicate.

4.4 Shoot Regeneration Assay

Shoot regeneration was completed similarly to a previously described assay (Pernisova et al.,

2018) with modifications. The assay was carried out under standard growth conditions described
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above 1uM NAA and 1.5uM CK (iP, iP7G, iP9G) or an equivalent volume of DMSO (0.15%).
Fresh weight of calluses were measured 21 days after hypocotyls were transferred to hormone
containing media. Three independent biological replicates were performed with at least 5

calluses per replicate.

4.5 Transcriptome and Gene Expression Analysis

Cotyledons (n = 20 per replicate) were collected from three biologically independent cotyledon
senescence assays performed as described above. RNA was extracted using a Qiagen RNeasy
Plant Mini Kit according to manufacturer’s instructions. RNA was sent to Novogene, Inc. for
quality check, library preparation, and sequencing on an Illumina HiSeq X. Read quality was
evaluated using FastQC and trimming was performed using Trimmomatic (Andrews, 2010;
Bolger et al., 2014). Read mapping, quantification, and differential expression analysis were
carried out using HISAT2, HTSeq, and DESeqz2, respectively (Anders et al., 2015; Love et al.,
2014; Pertea et al., 2016). At least 20 million paired-end reads were generated per sample, and
these reads mapped back to the TAIR10 Arabidopsis reference genome with a mapping rate of
>97% for every sample (Cheng et al., 2017). The significance threshold for differential
expression was set at adjusted p-value < 0.05. GO analysis was performed using AgriGO 2.0
(Tian et al., 2017). Raw sequencing data is available for download at NCBI Sequence Read
Archive under BioProject ID PRINA616296. qRT-PCR confirmation of RNAseq was completed
using Sybr-green and sequence-specific primers on an Eppendorf Realplex2 as previously
described (Zwack et al., 2013). Gene networks were visualized in Cytoscape using the
geneMANIA plugin (Mostafavi et al., 2008; Shannon et al., 2003). Heatmap was generated using

Heatmapper (Babicki et al., 2016).
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4.6 Chlorophyll Fluorescence Analysis

Following three biologically independent cotyledon senescence assays performed as described
above, cotyledons had Fv/Fm measured using standard settings from FluroCam?7 software on a
Handy FluorCam (Photon Systems Instruments) as previously described (Zwack et al., 2016).

Three independent replicates consisting of ten cotyledons per treatment were performed.

4.7 Protein Content Determination

To measure protein content following cotyledon senescence assays, described above, cotyledons
were collected from three independent replicates (n = 10 per treatment per replicate). Protein
content was determined using a previously described protocol with minor modifications (Li et
al., 2017). Cotyledons were ground in protein sample buffer (62.5mM Tris-HCI, 2% [w/v] SDS,
10% [v/v] glycerol, 5% beta-mercaptoethanol, 0.005% [w/v] bromophenol blue). Solutions were
then boiled for five minutes and centrifuged for 10 minutes at 10,000g. Supernatant was
collected and 25uL per sample was loaded into an Invitrogen 12% NuPAGE Bis-Tris gel.
Electrophoresis was carried out at 115 V for 100 minutes. Proteins were visualized with

Coomassie Brilliant Blue staining, and ImageJ (NIH) was used to quantify staining.

4.8 Histochemical Staining
For visualization of cell death in tissue following cotyledon senescence assays, described above,
cotyledon tissue was stained with Trypan Blue as previously described (Fernandez-Bautista et

al., 2016). Briefly, cotyledons were submerged in Trypan Blue stain for 25 minutes and gently
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shaken before stain was removed and cotyledons were de-stained. Three independent biological

replicates were performed using ten cotyledons per treatment.

4.9 Data and statistical analyses
Unless otherwise stated, physiological data presented is the mean + SE of at least three

independent biological replicates, and statistical significance was determined by Student’s two-

tailed t-tests.
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log2FC log2FC log2FC

AGI Gene Name iP iP7G iP9G Previous identifying study
AT3G28210 SAP12 -4.31 -0.18 -0.09 | Chen etal., 2002
AT2G28710 AT2G28710 -3.15 -0.08 -0.24 | Chen etal., 2002
AT2G46680 HB-7 -3.07 0.03 -0.15 | Chen etal., 2002
AT2G47190 MYB2 -3.06 0.08 -0.14 | Chen etal., 2002
AT1G62300 WRKY6 -2.74 -0.09 -0.16 | Chen etal., 2002
AT1G56650 PAP1 -2.41 -0.42 0.36 | Chenetal., 2002
AT3G23250 ATMYB15 -2.21 0.15 0.06 | Chenetal., 2002
AT1G06180 MYB13 -2.10 -0.13 0.00 | Chenetal., 2002
AT4G39780 AT4G39780 -2.05 0.14 -0.04 | Chen etal., 2002
AT5G47230 ERF5 -1.64 0.06 -0.02 | Chen etal., 2002
AT1G46768 RAP2.1 -1.53 -0.10 -0.24 | Chen etal., 2002
AT3G51960 BZIP24 -1.25 -0.06 -0.33 | Chen etal., 2002
AT2G27580 SAP3 -1.22 0.01 -0.16 | Chen etal., 2002
AT5G65210 TGAl -1.19 -0.04 -0.14 | Chen etal., 2002
AT1G30490 PHV -1.17 -0.02 -0.05 | Chen etal., 2002
AT5G06960 OBF5 -0.79 -0.08 -0.08 | Chen etal., 2002
AT3G14230 RAP2.2 -0.79 -0.02 -0.06 | Chen etal., 2002
AT4G34990 MYB32 -0.75 0.05 -0.01 | Chen etal., 2002
AT5G06100 MYB33 -0.71 0.01 -0.06 | Chen etal., 2002
AT2G40950 BzIP17 -0.67 0.02 0.11 | Chenetal., 2002
AT4G01910 AT4G01910 -0.65 0.03 -0.05 | Chen etal., 2002
AT1G34190 NACO017 -0.58 0.05 -0.01 | Kimetal., 2018
AT3G01470 HB-1 -0.46 -0.03 -0.07 | Chen etal., 2002
AT4G11680 AT4G11680 -0.41 0.11 0.07 | Chenetal., 2002
AT5G10030 TGA4 -0.36 -0.04 -0.17 | Chen etal., 2002
AT2G23340 DEAR3 -0.35 0.08 0.09 | Chenetal., 2002
AT2G25000 WRKY60 -0.35 -0.03 0.15 | Chenetal., 2002
AT1G13960 WRKY4 -0.34 -0.04 0.05 | Chenetal., 2002
AT5G13180 VNI2 -0.22 0.03 0.04 | Yangetal., 2011
AT1G78080 RAP2.4 0.15 0.20 0.24 | Chenetal., 2002
AT4G01250 WRKY22 0.16 -0.01 0.04 | Zhou etal., 2011
AT2G46270 GBF3 0.19 -0.16 0.00 | Chenetal., 2002
AT3G23240 ERF1 0.22 0.06 0.18 | Chenetal., 2002
AT1G13260 RAV1 0.26 -0.19 -0.05 | Woo etal., 2010
AT5G09330 NAC082 0.30 0.01 0.01 | Kim etal., 2018
AT4G23810 WRKY53 0.38 -0.10 0.26 | Miao et al., 2004
AT4G24240 WRKY7 0.40 -0.30 -0.03 | Chen etal., 2002
AT3G56400 WRKY70 0.49 -0.06 -0.10 | Ulker et al., 2007
AT2G31180 MYB14 0.57 0.56 0.02 | Chenetal., 2002
AT5G22380 NAC090 0.57 0.77 1.91 | Kim etal.,, 2018
AT1G34180 NACO016 0.61 0.02 0.14 | Kim etal., 2013
AT4G01720 WRKY47 0.64 -0.18 0.18 | Chenetal., 2002
AT2G33310 1AA13 0.72 0.02 -0.01 | Chen etal., 2002
AT2G02820 MYB88 0.82 0.02 -0.16 | Chen etal., 2002
AT4G38620 MYB4 1.19 -0.04 -0.08 | Chen etal., 2002
AT3G46130 MYB48 1.61 -0.81 0.50 | Chenetal., 2002
Zwack et al., 2013 (CRF6 is
AT3G61630 CRF6 2.23 0.03 0.56 | downregulated during senescence)
AT2G01940 SGR5 2.31 0.23 -0.16 | Chen etal., 2002
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Table 1. Treatment with iP leads to downregulation of many TFs typically upregulated during
senescence. All TFs listed in this table, except CRF6, have been previously reported to be
upregulated during leaf senescence and/or play roles in leaf senescence. Approximately half of
the list show downregulation as noted by blue colored cells. Darker blue and darker yellow
indicate more severe down- and upregulation, respectively. The log2FC is log-2-based fold
change relative to DMSO control. Bold-faced values indicate the differential expression is

statistically significant (padj < 0.05).
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Figure 1. Isopentenyladenine and its 9-glucoside delays senescence in detached cotyledons.
Cotyledons from 12dag seedlings were floated on 3mM MES buffer supplemented with 1uM of
indicated hormone or 0.1% DMSO as a solvent control. Average + SE of three independent

replicates. Student’s t test, *p<0.05 **p<0.01.

145



110 EE2 33
100 [
90
80
a
©
g 70
5
= 60
3
[
2 50
©
T
e 40
30
I Il
20 T
1 I
10
0
iP iP7G iP9G DMSO

Figure 2. Isopentenyladenine-N-glucosides do not promote shoot regeneration. Hypocotyls from
5dag etiolated seedlings were placed on MS+1% sucrose media supplemented with 1luM NAA
and 1.5uM of the indicated CK, or an equivalent volume of DMSO as a negative control. Plates
were incubated at standard growth conditions for 21d, after which point callus mass was
measured. Average + SE is presented from three biological replicates of at least five calli per

replicate. Student’s t test, ***p<0.001.
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Figure 3. Isopentenyladenine-N-glucosides do not inhibit root growth. Plants were germinated
vertically on standard MS + 1% sucrose and transferred to the same media supplemented with
1uM of the indicated CK or 0.1% DMSO as a negative control on day 4. Root growth from day 4
to day 9 was measured. Data presented are averages + SE of 4 independent biological replicates,

with at least 8 plants per replicate. Student’s t test, ***p<0.001.
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log2FC padjf log2FC padj
0 [] ARRG 12.29 1.60e-25 7.94 3.45e-12
ARR7 1210  1.72e-32 7.45 3.86e-06

CKX4 4,82 1.12e-28 2.38 0.021

iP iP9G

Bnlative ts DMSC

Transcript Abundance

DI [eaes DDDD § I DDDDHHH

& ol - el 1 w3 ] L} 1 ul o 1 1 & 1
W @t o o ot (ol 3 W o o G o o P iP9G iP7G DMSO

P P76 iP9G
Figure 4. iP9G has minimal effects on the transcriptome of senescing cotyledons. Cotyledons
from 12dag seedlings were floated on 3mM MES buffer supplemented with 1uM of indicated
hormone or 0.1% DMSO as a solvent control for six days, after which RNA was extracted and
sequenced. A, Venn diagram showing the number of significantly differentially expressed genes
between treatment groups as compared to the DMSO control. B, The three DEGs altered by both
iP and iP9G with log2-based fold change and adjusted p-value. C, heatmap showing expression
of canonically CK-upregulated genes. D, gPCR confirmation of RNAseq results. Green bars
represent genes typically upregulated by CK treatment, yellow bars represent genes upregulated

during leaf senescence.
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Figure 5. iP treatment of senescing cotyledons has significant effects on transcriptional
regulation. Select GO terms significantly enriched in (A) iP-upregulated and (B) iP-
downregulated list. Green bars associated with Cell Part GO terms, Blue with Molecular

Function GO terms, Gold with Biological Process GO terms. C-F are predicted Gene Networks
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generated using geneMANIA in Cytoscape. C and E are based on top 250 iP-upregulated genes;
D and F are based on top 250 iP-downregulated genes. Nodes in yellow represent genes
associated with GO terms “photosynthetic membrane” (C), “organ senescence” (D), “response to

cytokinin” (E), and “cellular amino acid catabolic processes” (F).
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Figure 6. Senescing cotyledons treated with iP have higher photosystem Il efficiency, higher
protein content, and less cell death than mock-treated cotyledons. A, Cotyledons were treated
identically to figure 1; at the end of six days, cotyledons were subjected to Fv/Fm measurement
to determine photosystem Il efficiency. Black bars represent median, grey dots indicate raw data
points, opaque boxes represent inter-quartile range. Results are from three independent replicates

with 10 cotyledons per treatment per replicate. Student’s t test, ***p-value<0.001. B, Protein
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content from cotyledons in A was determined according to Li et al, 2017. Protein was extracted
from 10 cotyledons per treatment group from three independent replicates. 25uL protein extract
was run on NuUPAGE Bis-Tris gel, stained with Coomassie Blue, and protein was quantified in
ImagelJ. C, Cotyledons were stained with Trypan blue to visualize cell death. Images are
representative of three independent replicates of ten cotyledons per replicate. All images taken at

the same magnification, scale bar = 3mm.
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Abstract

A key feature of active cytokinins is their ability to delay senescence in detached leaves.
Recently it was shown that trans-Zeatin-N-glucosides (tZNGs), previously believed to be
biologically inactive, are capable of delaying senescence when exogenously applied to
cotyledons. In this short communication, we further dissect this finding through the use of
senescence assays in different mutant backgrounds as well as cytokinin (CK) measurements.
Evidence suggests tZNGs delay senescence by increasing levels of trans-Zeatin base (tZ),
thought to be a main active form of cytokinin. The increase in tZ does not appear to be a result of
conversion of tZNGs back to tZ, but rather through the stimulation of new CK production,
leading to an overaccumulation of all tZ-type CKs. These findings suggest a potential role for

tZNGs in finetuning levels of other CKs, possibly through regulation of enzymatic activity.

Introduction

Cytokinins (CKs) are phytohormones involved in many plant processes, including leaf
senescence (Mok et al., 2000; Sakakibara, 2006; Kieber and Schaller, 2014). CKs are a family of
hormones composed of dozens of forms of adenine-derived molecules, though perhaps the most
commonly studied forms of CKs are the base forms, in particular trans-Zeatin (tZ). Base forms
of CK, including tZ, have long been shown to delay senescence in detached leaves (Biddington
and Thomas, 1978; Smart et al., 1991; Gan and Amasino, 1995; Zwack et al., 2013). However,
tZ can be irreversibly conjugated to a glucose molecule via a nitrogen atom, producing a trans-
Zeatin-N-glucoside (tZNG), of which there are two main species: trans-Zeatin-7- and -9-
glucoside (tZ7G, tZ9G) (Mok et al., 2000; Hou et al., 2004; Sakakibara, 2006; Kieber and

Schaller, 2014; Li et al., 2015). tZNGs are often considered inactive forms of CK, but
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interestingly they are some of the most abundant CKs in Arabidopsis and other Angiosperms
(Auer, 1997, Sakakibara et al., 2005; Nishiyama et al., 2011; Svacinova et al., 2012; Kiba et al.,
2013). Recent work from our lab has demonstrated roles for tZNGs in delaying senescence in
cotyledons (Hallmark et al., 2020), yet the mechanism behind this process was not immediately
apparent.

Here, we use Arabidopsis mutants in the CK biosynthetic and signaling pathways to dissect the
mechanism of how CKNGs are delaying senescence. Results suggest tZ7G and tZ9G delay
senescence in a manner dependent on endogenous tZ base and the CK receptors AHK?2 and
AHK3. UGT76C2 and UGT76C1, the enzymes responsible for the conversion of tZ to tZNGs,

may also play a role in tZNG-delayed senescence.

Results

Endogenous tZ is required for tZNGs to delay senescence

Based on current knowledge of tZNG-delayed senescence, the mechanism of this process likely
falls into one of two mutually exclusive categories: tZNGs are directly capable of delaying
senescence (i.e. they bind a receptor and trigger the delayed senescence response) or tZNGs are
indirectly capable of delaying senescence. In the latter case, the most probable way in which
tZNGs would indirectly delay senescence is through conversion to tZ base. Though it has been
widely reported that tZNGs are in fact not convertible, a recent study has claimed that within
minutes of exogenous application, tZNGs are converted to tZ base (HoSek et al., 2019); these
data are refuted by previously presented results (Hallmark et al., 2020).

To test if reconversion of tZNGs to tZ is responsible for tZNG-delayed senescence, a cotyledon

senescence assay was performed using the previously described Arabidopsis cypDM mutant line.
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The cypDM mutant (dm denotes double mutant) lacks functional copies of CYP735A1 and
CYP735A2, the enzymes responsible for converting iP-type CKs to tZ-type CKs, causing the
plant to endogenously lack tZ (Kiba et al., 2013). If senescence is still delayed in cypDM
cotyledons after treatment with tZNGs, this would indicate one of two primary possibilities:
either tZNGs are capable of delaying senescence directly, or tZNGs are converted to tZ, which in
turn delays senescence. If senescence is not delayed, this is strong evidence that tZNGs do not
directly delay senescence and that they are not converted to tZ.

As seen in Figure 1, treatment with tZ, but not tZNGs, caused chlorophyll retention relative to

the DMSO control in cypDM cotyledons.

Cytokinin receptors are required for tZNGs to delay senescence

In Arabidopsis, three CK receptors have been identified: AHK2, AHK3, and AHK4 (Inoue et al.,
2001; Nishimura et al., 2004). Analysis indicated each receptor differed in their ligand
specificity, and AHK2 and AHK3 appear to be involved more in response to tZ than AHK4
(Spichal et al., 2004; Romanov et al., 2006; Kiba et al., 2013).

To evaluate the role of CK receptors in response to tZNG treatment, a cotyledon senescence
assay was performed using double receptor mutants, ahk2ahk3, ahk2ahk4, ahk3ahk4. This way,
each double mutant only has one functional receptor, allowing us to determine if one specific
receptor is more or less involved in response to these hormones. As previously reported
(Hallmark et al., 2020), treatment with tZ, tZ7G, and tZ9G significantly delayed senescence in
wildtype; each of these treatments led to approximately twice as much chlorophyll retention as
the DMSO control (Figure 2). For ahk2ahk3, treatment with tZ nor tZNGs significantly delayed

senescence relative to DMSO, though there was roughly twice as much chlorophyll retention in
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tZ as compared to DMSO (Figure 2). Treatment of ahk2ahk3 with tZ7G and tZ9G led to non-
significant increases of 14% and 7% in chlorophyll retention, respectively (Figure 2). These
results support previous findings that ahk2ahk3 is unresponsive to tZ (Nishimura et al., 2004).
Treatment of ahk2ahk4 with tZ led to a significant 321% increase in chlorophyll retention, while
treatment with tZ7G and tZ9G led to non-significant increases of 64% and 121%, respectively
(Figure 2). Finally, Treatment of ahk3ahk4 with tZ led to a significant 364% increase in
chlorophyll retention, while treatment with tZ7G and tZ9G led to non-significant increases of
14% and 57%, respectively (Figure 2). The tZ treatment data suggest AHK2 and AHK3 are
stronger positive regulators of tZ signaling than AHK4, as the ahk2ahk3 double mutant showed
the least responsiveness to tZ out of all genotypes; this supports previous reports of AHK2 and
AHK3 as the primary tZ receptors (Nishimura et al., 2004; Spichal et al., 2004; Romanov et al.,
2006; Stolz et al., 2011). The trend is similar with the tZNGs, with AHK3 showing the most
responsiveness to tZ7G and tZ9G in the ahk2ahk4 mutant background, though the response was
still not statistically significant.

The responsiveness, or lack thereof, of receptor double mutants to tZNGs suggests a combination
of receptors must be present for tZNG response. This could indicate tZNG response requires
heterodimers of AHKSs. A simpler and possibly more likely scenario, however, is that tZNG
response requires tZ response; as the data shows, when both AHK2 and AHK3 are absent, there
is not a significant response to tZ (Figure 2).

It should be noted that the four genotypes differed in their chlorophyll level following DMSO
treatment. This could be due to differences in chlorophyll levels in the seedlings prior to the
assay, or it could be due to differences in senescence response. Further examination is required

to determine the cause of this difference.
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Levels of all tZ-type cytokinins increase following tZ and tZNG treatment

To determine if treatment with tZNGs does in fact lead to an increase in tZ content, cotyledons
from a senescence assay were subjected to CK measurement via LC-MS. Treatment with tZ,
tZ7G, and tZ9G led to an increase in concentration of all tZ-type CKs compared to the DMSO
control (Figure 3). Following tZ treatment, levels of tZ, tZ7G, and tZ9G rose 755%, 4700%, and
14,160%, respectively, as compared to DMSO (Figure 3A). Following tZ7G treatment, levels of
tZ, tZ7G, and tZ9G rose 418%, 6483%, and 11,493%, respectively, as compared to DMSO
(Figure 3B). Following tZ9G treatment, levels of tZ, tZ7G, and tZ9G rose 761%, 2511%, and
30,129%, respectively, as compared to DMSO (Figure 3C). It is again worth noting tZNGs do
not appear to be converted to tZ (Deleuze et al., 1972; Palni et al., 1984; Hallmark et al., 2020),
though much of the rest of the tZ biosynthetic pathway is made up of reversible steps (Mok et al.,
2000; Sakakibara, 2006). A potential mechanism by which tZNG treatment leads to an increase
in tZ is presented in Figure 3D, showing that elevated levels of tZNGs, the products of tZ
glucosylation, may inhibit the glucosylation of tZ, over time leading to an accumulation of tZ.
This could be a form of product inhibition of enzyme kinetics (Walter and Frieden, 2006). There
are changes in other CK metabolite levels as well, particularly DZR, though tZ-type CK are the
only CKs which show universal increases across all treatments relative to DMSO. Importantly,
additional replicates of this experiment are required to confirm these findings, but initial results
suggest treatment with any of the tested tZ-type CKs leads to an increase in tZ, potentially

leading to the CK effects seen in the senescence assays.

UGT76C2 and UGT76CL1 are not required for tZNGs to delay senescence
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One hypothesis of how tZNGs delay senescence includes a process requiring cytokinin-
glucosylating enzymes, UGT76C2 and UGT76CL1. In the CK-glucosylating reaction, tZ
(substrate) is converted by these UGT enzymes into tZNGs (product). One hypothesis is that
exogenous application of product causes the reaction to become metabolically unfavorable, so
substrate builds up (Walter and Frieden, 2006); in turn, the built-up tZ may lead to delayed
senescence. To test this hypothesis, cotyledon senescence assays were carried out in two separate
alleles of the ugtDM mutant which lacks functional copies of both UGT76C2 and UGT76C1. A
transgenic line overexpressing UGT76C2 (UGT76C20X50) was also included. As shown in
Figure 4, tZNG treatment delays senescence in ugtDM mutants, though not as severely as tZ
treatment. In ugtDM-A, tZ treatment leads to a significant increase in chlorophyll retention of
425%, while treatment with tZ7G and tZ9G lead to non-significant increases of 150% and 217%,
respectively (Figure 4). In ugtDM-B, tZ treatment leads to a non-significant increase in
chlorophyll retention of 250%, while treatment with tZ7G and tZ9G lead to non-significant
increases of 100% and 119%, respectively (Figure 4). In UGT76C20X, tZ treatment leads to a
significant increase in chlorophyll retention of 290%, while treatment with tZ7G and tZ9G lead
to non-significant increases of 36% and 45%, respectively (Figure 4).

While much of these data are not statistically significant, the trend suggests that tZNGs still have
some ability to delay senescence regardless of the presence of UGT76C1 and UGT76C2, though
lacking these enzymes clearly leads to a less dramatic response to tZNGs. The lack of tZNG-
responsiveness seen in UGT76C2-overexpressing plants may be due to the endogenously
elevated levels of tZNGs caused by overexpressing the enzyme, though cytokinin measurement
analysis would be required to confirm this. Overall these data suggest potential roles for the UGT

enzymes in mediating response to tZNGs.
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Discussion

Previous studies cast doubt on the ability of tZNGs to be converted to tZ. Treatment with a
variety of glucosidase enzymes has been shown to not convert CKNGs back to CK bases;
radiolabelled CKNGs have not shown conversion to other CK metabolites; and tZNGs have
shown distinct biological and gene expression activity relative to tZ (Deleuze et al., 1972; Palni
et al., 1984; Brzobohaty et al., 1993; Hallmark et al., 2020). Further evidence to support the
hypothesis that tZNGs are not converted to tZ is presented here in that exogenous application of
tZNGs does not lead to tZ-like effects in plants lacking endogenous tZ (Figure 1). However, it
must be noted all data presented in this short communication are from cotyledons, so the
possibility that tZNGs are converted to tZ in other organs cannot be fully ruled out.

Work on CK receptors has indicated AHK2 and AHKS3 are key tZ responders which are
primarily localized to shoot tissue while AHK4 is more involved in iP response and is primarily
localized to root tissue (Spichal et al., 2004; Romanov et al., 2006; Stolz et al., 2011; Kiba et al.,
2013). Furthermore, AHK3 has been identified as being required for proper CK-delayed
senescence (Kim et al., 2006). We tested double receptor mutants to determine if any receptor in
particular was responsible for response to tZNGs during senescence assays; while none of the
receptor mutants responded significantly to tZNGs, ahk2ahk3 had the most dampened response
(Figure 2). This suggested AHK?2 and AHK3 were more important in response to tZNGs than
AHK4, which falls in line with previous findings of the tZ- and senescence-specificity of AHK2
and AHKS3 (Spichal et al., 2004; Romanov et al., 2006; Stolz et al., 2011; Kiba et al., 2013).
These results also furthered the notion that tZNGs may be delaying senescence via a tZ-

dependent mechanism.
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To determine if tZ levels are affected by tZNG treatment, cotyledons were collected following a
senescence assay and subjected to cytokinin measurement. Interestingly, levels of all tZ-type
CKs were increased by tZ and tZNG treatment (Figure 3A-C). This may reflect an attempt by the
cotyledons to “equilibrate” their tZ levels. One potential mechanism for this is that treatment
with tZNGs makes it unfavorable for UGT76C2 and UGT76C1, the enzymes responsible for
cytokinin-N-glucosylation, to convert tZ to tZNGs due to inhibition of the enzymes due to
overaccumulation of product (Walter and Frieden, 2006) (Figure 3D). In turn, this may lead to a
buildup of tZ which then leads to the senescence delay; this type of product inhibition of enzyme
activity is seen in many organisms. It is important to note that this is only the result of two
technical replicates from one single biological replicate, and further CK measurement should be
performed to validate this finding.

To determine if UGT76C2 and UGT76C1 are involved in modulating tZNG-delayed senescence,
senescence assays were performed using two independently transformed ugtDM lines which lack
functional copies of both enzymes. If tZNG treatment does lead to an accumulation of tZ via
inhibition of the UGT enzymes, it would be expected that tZNG treatment would not delay
senescence in ugtDM cotyledons. While variability was high, tZNGs did not significantly delay
senescence in most cases (Figure 4). One exception is tZ9G delaying senescence in ugtbDM-B. A
line overexpressing UGT76C2 was also subjected to the assay and appeared to have no response
to exogenous tZNG application, as well as a decreased sensitivity to tZ (Figure 4).

These data suggest anti-senescent activity seen during exogenous application of tZNGs is likely
a result of increased tZ levels. The accumulation of tZ following tZNG treatment possibly
involves the UGT enzymes responsible for glucosylating tZ, but other mechanisms certainly

cannot be ruled out. These findings may implicate tZNGs, highly abundant forms of CK, act as a
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regulator of other CK levels, potentially finetuning the levels of receptor-binding CK such as tZ.

Further study is warranted to test this hypothetical role for tZNGs, and CKNGs as a whole.

Materials and Methods

Plants Material and Growth Conditions

Seeds were surface sterilized with 70% ethanol followed by 20% bleach with 0.05% Tween for
ten minutes prior to plating on full strength MS agar plates containing 1% sucrose. Seeds were
stratified in the dark at 4°C for four days before being moved to a growth chamber with a diurnal
light and temperature cycle of 16h/8h 22°C/18°C. Plants used were Col-0 background
Arabidopsis thaliana, and ugtDM and UGT76C2-overexpressing lines were a kind gift from Dr.

Tomas Werner.

Senescence assay

Detached cotyledon senescence assays were carried out as previously described (Hallmark et al.,
2020). Briefly, cotyledons of 12 day after germination (12dag) seedlings were excised at the
petiole and floated on 3mM MES buffer, pH 5.7. Buffer was supplemented with 1uM tZ, tZ7G,
or tZ9G, or an equivalent volume (0.1%) DMSO as a solvent control. Solutions were placed in
the dark at 20°C for 6 days before being removed. For chlorophyll extraction and determination,

an established methanol-based protocol was used (Sumanta et al., 2014).

Cytokinin measurements
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Cotyledons were collected following a senescence assay and lyophilized before being sent to
Institute of Experimental Botany, Czech Republic, for CK determination by UPLC-MS/MS as

previously described (Dobrev et al., 2017).
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Figure 1. trans-Zeatin-N-glucosides do not delay senescence in trans-Zeatin biosynthetic
mutants. Cotyledons from 12dag cypDM mutants, which are deficient in tZ-type cytokinins, were
subjected to a 6d senescence assay with either 1uM CK or 0.1% DMSO. After six days in the
dark, chlorophyll was extracted and quantified according to Sumanta et al., 2014. While
exogenous tZ delayed senescence, tZNGs did not. Mean + SE of four independent biological
replicates is presented, *p<0.05, Student’s t test.
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Figure 2. Cytokinin receptors are required for tZNGs to delay senescence. Cotyledons from
12dag seedlings of the noted genotypes were subjected to a 6d senescence assay with either 1uM
CK or 0.1% DMSO. After six days in the dark, chlorophyll was extracted and quantified
according to Sumanta et al., 2014. Mean £ SD of three independent replicates, *p<0.05,
**p<0.01, Student’s paired t-test.
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Figure 3. Treatment with tZ and tZNGs leads to increased levels of all tZ-type cytokinins.
Cotyledons treated with tZ (A), tZ7G (B), and tZ9G (C) were subjected to cytokinin
measurement via LC/MS. Levels of tZ base, tZ7G, and tZ9G are highlighted in green, blue, and
yellow, respectively. Values shown are percentage of each CK species relative to the DMSO
negative control. Each column represents a specific class of CKs, and each row represents a
specific form of CK present in that class, i.e. cells in green are representative of tZ base. Values
are from a single biological replicate. tZ base, tZ7G, and tZ9G are highlighted in green, blue, and
yellow, respectively. ND, not detected in any sample, NDD, not detected in negative control
treatment but detected after treatment. D, possible mechanism by which tZNG treatment leads to
increase in tZ. Weight of the black arrow indicates favorability of UGT76C1/2-mediated
glucosylation of tZ. Size of the text indicates relative abundance of tZ, tZ7G, and tZ9G. Blue
arrow indicates progression of time.
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Figure 4. Cytokinin-N-glucosylating enzymes UGT76C2 and UGT76C1 may be involved in
response to tZNGs. Cotyledons from 12dag seedlings were subjected to a 6d senescence assay
with either 1uM CK or 0.1% DMSO. Genotypes ugtDM-A and ugtDM-B are separate alleles of
double mutants lacking UGT76C1 and UGT76C2. Genotype 76C20X50 is a transgenic line
overexpressing UGT76C2. After six days in the dark, chlorophyll was extracted and quantified
according to Sumanta et al., 2014. Mean £ SD of three independent replicates, *p<0.05,
**p<0.01, Student’s paired t-test.
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Abstract

The term cytokinin (CK) refers to a class of adenine-derived phytohormones which plays key
roles in plant development, including regulation of shoot growth, root elongation, and
senescence. CK compounds consist of an adenine molecule with an N8-substituted sidechain;
however many modifications can be made to this simple structure which alter the functionality or
activity of the metabolite. Though CKs were discovered more than half a century ago, highly
accurate and quantitative measurements of these molecules have only been possible for less than
two decades. At least two dozen CKs are known to occur in Arabidopsis thaliana, the species in
which much of the CK biosynthetic and signaling pathway has been studied. Many published
studies of Arabidopsis physiology have included detailed CK measurement data, though
typically only a few CK forms are discussed due to the complexity of CK metabolism. Here, we
present a brief meta-analysis of CK concentrations in Arabidopsis through comparing twelve
distinct CK measurement datasets. Plants used in these studies varied in age and growth
conditions, and as such, this is a heuristic analysis with the goal of roughly determining the
relative abundance of different CKs. We find that CK-N-glucosides (CKNGS), a class of CKs
recently shown to have roles in regulation of leaf senescence, are typically the most concentrated

form of CKs. CK bases, the most active form of the hormone, are the least abundant form.

Keywords: cytokinin, cytokinin measurement, phytohormone, meta-analysis, Arabidopsis
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Introduction

The first cytokinin (CK) was first identified more than half a century ago (Miller et al., 1955). In
the more than sixty years since, CKs have been identified as having key roles in physiological
processes such as shoot growth, root growth, and delaying leaf senescence (Mok and Mok, 2001;
Sakakibara, 2006; Kieber and Schaller, 2014). As key regulators of such important biological
activity, it was important to establish protocols by which to accurately measure these CKs to
fully understand their role in these processes. CKs are a class of dozens of endogenous adenine-
derived hormones which all have the same general structure of an adenine base with an N°-
substituted side chain. The four main groups of CKs (the isoprenoid classes) differ in the
composition of their sidechains, and additional modifications can be made to those sidechains or
the adenine backbone to alter the activity or functionality of the CK (Yoshida and Oritani, 1972;
Fox et al., 1973; Letham et al., 1983; Sakakibara, 2006; Kiba et al., 2013). The four isoprenoid
classes of CKs are trans-Zeatins (tZ), cis-Zeatins (cZ), dihydrozeatins (DZ), and
isopentenyladenines (iP); each form has a precursor form (CK-ribomonophosphate), a
transported form (CK-riboside), a base form (CK base, typically considered the most active
form), a storage form (CK-O-glucoside, not present in iP), and CK-N-glucosides (CKNGS),
which were previously believed to be inactive though recent work suggests this is not entirely
correct (Sakakibara, 2006; Hallmark et al., 2020; Vyli¢ilova et al., 2020). Table 1 shows the
different CK forms included in this meta-analysis adapted from Novék et al., 2003.

In 2003, a protocol for the extraction and quantification of CKs by high performance liquid-
chromatography followed by single-quadrupole mass spectrometry (HPLC-MS) was established
(Novék et al., 2003). This was a major advance in CK determination because of the high

sensitivity of the assay combined with the relative simplicity of being able to test for many CK

174



forms in a single analysis (Novék et al., 2003). This method was later improved upon by
incorporating ultra-performance liquid chromatography followed by tandem mass spectrometry
(UPLC-MS/MS), leading to increased sensitivity and higher throughput analysis (Novék et al.,
2008). Just a year later, an independently developed method very similar to the UPLC-MS/MS
protocol was established which allowed similar quantification of CKs in addition to other
hormones in the same analysis (Kojima et al., 2009). These have protocols have been utilized to
generate a large amount of CK measurement data in a variety of species. Here, we selected
twelve examinations, detailed below, to compare findings from studies in perhaps the most well-

examined species with regards to CK measurement, Arabidopsis.

Methodology

In determining which CK datasets to include in this meta-analysis, certain criteria had to be
applied to remove potential confounding variables. First, all measurements had to be performed
on whole wildtype Arabidopsis thaliana plants, excluding studies which measured only leaves or
other specific organs. Second, plants that were examined must be between ten days and three
weeks post-germination. At this age, true leaves should be present as well as lateral roots, but
bolting will not have yet occurred. Third, plants had to be grown under typical conditions,
excluding studies of plants grown under continuous light or dark regimes. Fourth, all isoprenoid
type CKs must be measured and provided either in the main text or in supplemental data. This
resulted in twelve studies being identified for use in the meta-analysis, with three CK
examinations performed labs in the Czech Republic and nine in Japan. Studies which met these

qualifications and are included in the analysis are listed in Table 2.
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Mean concentrations of each CK metabolite were collected from figures and tables, then total
isoprenoid CK content was summed and each CK concentration was normalized as a percentage
of total measured isoprenoid CKs. CKs that were not detected were assigned a value of 0. Each
study had at least 3 replicates, and the value included in the meta-analysis was the mean of those
replicates.

In the case that roots and shoots were measured separately, these means were combined. We
acknowledge that shoot tissue and root tissue are not of equal masses, so adding these
concentrations will not lead to the precise concentration. However, because the data are
normalized by percentage, we assume general trends will remain unaffected. Because multiple
replicates were performed for each experiment, there is a degree of variability noted in each

publication; only the means from each study were considered in this meta-analysis.

Results and Discussion

Dihydrozeatins are the least abundant CK bases and ribosides

Among the twelve datasets included in the analysis, the four base CK forms are similar in
concentration with the exception of DZ base (Figure 1). Median levels of tZ, iP, and cZ bases are
0.69%, 0.42%, and 0.35%, respectively. DZ base, however, had a median level of 0%
(tZ>iP>cZ>>DZ). Only three of the twelve studies detected DZ base, and when detected, DZ
was present at only 0.01-0.06%. This trend continued with the riboside forms, generally
considered to be transportable forms of CK with some CK activity (Spichal et al., 2004;
Romanov et al., 2006; Hirose et al., 2008; Kudo et al., 2010). The median levels of tZR, iPR, and
cZR are 1.53%, 0.61%, and 0.98%, respectively. Yet the median level of DZR is less than 0.01%

(ZR>CZR>iPR>>DZR).
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It is interesting to find cZ-type and tZ-type CKs present at similar levels, as cZ-type CKs are
generally considered inactive in Arabidopsis due to low binding affinity in receptor-binding

assays and low activity in gene expression analyses (Spichal et al., 2004; Romanov et al., 2006).

Precursor and glucoside forms make up the majority of measured CKs

One of the most abundant classes of CKs are the precursor forms consisting of tZRP, iPRP,
cZRP, and DZRP (Figure 1). These forms have median levels of 4.58%, 10.04%, 4.73%, and
0.03%, respectively (iPRP>cZRP>tZRP>>DZRP). This continues the trend of lowly abundant
DZ-type CKs, but the finding also shows a higher abundance of iP precursors to tZ- and cZ-type
precursors. This may be unsurprising, as the main commitment step of the CK biosynthetic
pathway is the formation of iPRP via isopentenyltransferase enzymes (Kakimoto, 2001; Takei et
al., 2001; Miyawaki et al., 2006). From this point on in the pathway, iP-type CKs can be
hydroxylated to form tZ-type CKs (Takei et al., 2004). It is worth noting that cZ-type CKs are
synthesized via a distinct pathway in Arabidopsis involving tRNA (Kasahara et al., 2004).
Therefore, it is interesting that cZ- and tZ-type precursors are present at similar concentrations.
By far the most abundant class of CKs is CKNGs, which make up over half of the CKs
measured. The two most abundant forms of CKNGs are iP7G and tZ7G, which combined make
up roughly half of all CK in the plants tested (Figure 1). Median levels of these CKs are 25.05%
and 17.54%, respectively. The next most abundant CKNGs are tZ9G and iP9G, which have
median levels of 7.28% and 1.61%, respectively (iP7G>tZ7G>tZ9G>iP9G). CKs have been
shown to be N-glucosylated via two enzymes, UGT76C2 and UGT76C1 (Hou et al., 2004; Wang
etal., 2011; Wang et al., 2013; Li et al., 2015). The results of this meta-analysis support the in

vitro finding that these enzymes prefer N’ glucosylation over N° glucosylation, though the
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precise mechanism for this preference is unknown (Hou et al., 2004). This preference appears to
be even more apparent with regards to iP-type CKs, where iP7G is over ten-fold more abundant
than iP9G, versus tZ-type cytokinins where tZ7G is just over twice as abundant as tZ9G. These
findings may suggest a role of the side chain in deciding enzyme preference.

Though historically labelled as inactive, recent published work and much of this dissertation
(Hallmark et al., 2020, Chapter 4, Chapter 5) suggest that CKNGs are not inactive forms, and
likely play roles in modulating levels of other CKs. Perhaps the most intriguing finding of this
meta-analysis is that the most active forms of CKs, CK bases, are the least abundant class of CK.
CK ribosides, a transported form of CK which also show some ability to bind CK receptors and
initiate CK signaling (Spichal et al., 2004; Romanov et al., 2006), are the second least abundant
class. The most abundant classes appear to be the CKNGs, which are irreversible products of the
glucosylation of CK bases, and CK ribomonophosphates, which are precursor forms of CK
ribosides and bases. These data may suggest that both precursor and “dead-end” products of CK
metabolism are important regulators of the metabolites most involved in CK signaling. We posit
that these “inactive” CK forms, including glucosides and precursors, are acting to buffer the
levels of active CK compounds. As illustrated in Figure 2, the “Active Zone” of CK metabolites
in the CK biosynthesis pathway is composed of CK bases and ribosides which have been
demonstrated to have receptor binding capabilities. Metabolites in the “Active Zone” are much
less abundant than those in the “Buffer Zone,” which is composed of canonically “inactive” CK
forms. Perhaps the ability of plants to convert active CK bases to CKNGs or back to precursors
allows for finer control of active CK levels as opposed to simply degrading CK bases when they
are in excess. Finer tuning of CK levels via these mechanisms could mean better programmed

development and stress response without the energy and resource requirements involved in
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activating expression of cytokinin biosynthetic or degrading enzymes. More research in this area
is required to determine if this hypothesis is accurate. What is certain, though, is that CKNGs are
highly abundant in Arabidopsis thaliana; in eleven of the twelve datasets analyzed in this study,
the most concentrated CK was either tZ7G or iP7G. This points toward something interesting,
which is that the twelve datasets were relatively homogenous. Less than half of the metabolites
have statistical outliers, despite the variations in age and growth conditions of the plants (Table
2).

Future examinations of CK levels would ideally focus on plants across their developmental
lifespan, as well as organ and even cell-type specific measurements. While some of this is
already being done in Arabidopsis (Rybel et al., 2014; Antoniadi et al., 2015; Cucinotta et al.,
2018), expanding these types of targeted CK measurements across taxa would likely be

illuminating with regards to the function and evolution of different CK compounds.
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HN
R
~ N4
P
=~
v
HZ
R, R, R, R, |Compound Abbreviation
H - - N8-isopentenyladenine iP
CH:3 R - - Né-isopentenyladenosine iPR
— H - G N8-isopentenyladenine-7-glucoside |iP7G
—C CHa G Ne-isopentenyladenine-9-glucoside | iP9G
H2 RP - - N8-isopentenyladenine-5’- iPRP
monophosphate
H H - trans-Zeatin tZ
R H - trans-Zeatin riboside tZR
CH,OR, , ,
H G - trans-Zeatin-O-glucoside tZ0G
C H H G trans-Zeatin-7-glucoside tZ7G
H CH3 G H - trans-Zeatin-9-glucoside tZ9G
2 RP H - trans-Zeatin-5’-monophosphate tZRP
H H - cis-Zeatin cZ
CH3 R H - cis-Zeatin riboside cZR
— H G - cis-Zeatin-O-glucoside cZ0G
—C CH20R3 G H - cis-Zeatin-9-glucoside cZ9G
H2 RP H - cis-Zeatin-5’-monophosphate cZRP
H H - Dihydrozeatin DZ
CH20R3 R H - Dihydrozeatin riboside DZR
H G - Dihydrozeatin-O-glucoside DZOG
H H G Dihydrozeatin-7-glucoside DZ7G
—C CH, , , ,
H2 G H - Dihydrozeatin-9-glucoside DZ9G
RP H - Dihydrozeatin-5"-monophosphate | DZRP

Table 1. Adapted table from Novak, et al., 2003, showing structures, names, and abbreviations of

CKs included in the meta-analysis. Shown above the table is a skeleton cytokinin structure. Ry is

the N6 substituted side chain. R2 represents a group attached to N9. Rs represents a group

attached to the hydroxyl group of the side chain. R4 represents a group attached to N7. H:
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Hydrogen, R: B-D-ribofuranosyl, G: B-D-glucopyranosyl, RP: B-D-ribofuranosyl-5’-

monophosphate.

184



CK Measurement Datasets Used in Meta-analysis

Reference Plant age | Plant Growth Conditions

(Simura et al., 2018) 14 days | MS agar plates, 16h-light/8h-dark

(Zhang et al., 2014) 10 days | Half-strength MS agar plates, 16h-light/8h-dark
(Svacinova et al., 2012) 10 days | MS agar plates, 16h-light/8h-dark

(Sakakibara et al., 2005) 18 days | MS agar plates, 16h-light/8h-dark

(Nishiyama et al., 2011) 10 days | GM agar plates, 16h-light/8h-dark

(Wang et al., 2011) 14 days | MS agar plates, 16h-light/8h-dark

(Nam et al., 2012) 11 days | LSM agarose plates, 16h-light/8h-dark

(Wang et al., 2013) 14 days | MS agar plates, 16h-light/8h-dark

(Kiba et al., 2013) 18 days | MGRL agar plates, 16h-light/8h-dark

(Ko et al., 2014) 14 days | MGRL agar plates, 16h-light/8h-dark

(Kiba et al., 2019) 12 days | Half-strength MS agar plates, 12h-light/12h-dark
(Keshishian et al., in 10 days | Soil grown, 16h-light/8h-dark

revision)

Table 2. List of studies used in the meta-analysis. All plants were Arabidopsis thaliana Col-0

ecotype. Age and growth conditions are indicated.
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Figure 1. Analysis of twelve CK measurement datasets reveals CKNGs are the dominant forms
of CK in Arabidopsis thaliana plants between ten and 18 days old. Least abundant group are the
CK bases, followed by ribosides. The most abundant group are the CKNGs, with N’-glucosides
being more concentrated than N°-glucosides. Dark bar represents median, blue rectangle
represents interquartile range, dashed lines represent minimum and maximum, open circles

represent outliers.
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Figure 2. Proposed model of potential roles of precursors and CKNGs in regulating active CK
levels. The area of each circle is proportional to its median abundance across the twelve studies
analyzed. Both bases and ribosides are included in the “Active Zone” while precursors and
glucosides make up the “Buffer Zone.” Green, blue, brown, and purple circles represent tZ-, iP-,

cZ-, and DZ-type CKs, respectively.
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