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Abstract 
Plants are remarkable at healing. Humankind has long known about this and has 
exploited it by grafting different plants together for crop propagation and crop 
improvement. During graft formation, the surfaces of the cut tissues attach, the cells 
proliferate, and the vasculatures reconnect to form a chimeric plant. Although 
grafting is extensively used in fruit and vegetable crop production, our fundamental 
understanding of how a graft forms is limited. In this current thesis, we described 
the cellular mechanisms of graft regeneration. We found that auxin signalling is 
crucial in the procambial cells during tissue adhesion, callus formation, phloem 
reconnection, to form a successful graft connection (Paper I). Investigating the 
effects of environmental factors on graft regeneration demonstrated that high 
temperatures promoted graft formation via leaf-derived auxin signaling (Paper II). 
Additionally, we found that plant parasitism, a grafting-like process, also shared a 
common feature by enhancing inter-plant vascular connections upon elevated 
temperatures. Lastly, we showed that parasitic plants regulated their infection organ 
development in the presence of nitrogen via abscisic acid (Paper III). Altogether, the 
work in this thesis expands our fundamental knowledge of tissue regeneration by 
highlighting plant’s developmental plasticity.  

Keywords: regeneration, grafting, auxin signaling, elevated temperature, 
Arabidopsis, parasitic plant, developmental biology, plant adaptation.  
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Abstrakt 
Växter har en anmärkningsvärd förmåga att läka. Detta har vi känt till länge och 
utnyttjat genom att ympa samman delar från olika individer för förökning och för 
ökad kvalitet. Vid ympning fäster snittytorna vid varandra, cellerna förökar sig och 
kärlen återansluts för att bilda en chimär växt. Även om ympning används flitigt i 
produktion av frukt- och grönsaker, är vår grundläggande förståelse för hur en ymp 
bildas begränsad. I den här avhandlingen beskrivs de cellulära mekanismerna för 
regeneration vid ympning. Vi fann att auxinsignalering är avgörande i de 
prokambiala cellerna under vävnadsvidhäftning, kallusbildning, floemåterkoppling, 
vilket bidrar till en framgångsrik ympanslutning (Paper I). Undersökning av 
miljöfaktorernas effekt på regeneration vid ympning visade att höga temperaturer 
främjar ympanslutning via bladmedierad auxinsignalering (Paper II). Dessutom fann 
vi att förhöjda temperaturer också förbättrar kärlkopplingar mellan växter vid 
växtparasitism, som är en ympliknande process. Slutligen visade vi att parasitiska 
växter reglerar utvecklingen av sina infektionsorgan i närvaro av kväve via 
abscisinsyra (Paper III). Sammantaget utökar arbetet i denna avhandling vår 
grundläggande kunskap om vävnadsregeneration genom att påvisa växternas 
utvecklingsmässiga plasticitet. 

Nyckelord: ympning, regenerering, auxinsignalering, förhöjd temperatur, 
Arabidopsis, parasitväxt, utvecklingsbiologi, växtanpassning. 
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Figure 1. Evolution of grafting methods. (A) A third-century Roman mosaic 
showing tree grafting from St. Roman-en-gal, France (Source: last-of-the-
romans.tumblr.com). (B) The 17th-century grafting technique technique (Sharrock 
1672). (C) Modern day apple grafting (University of Massachusetts Amherst). (D) 
Automated grafting machine developed in the Netherlands for tomato and eggplant 
grafting (Bayer AG). (E) Grafted vines in a vineyard in Queenstown, New Zealand 
(Photo taken by P.T. Serivichyaswat). (F) Tree of Forty Fruit #84 at The RockWell 
Museum created by an artist Sam Van Aken producing over 40 varieties of fruit 
including peach, plum, nectarine, apricot, cherry, and almond (Source: 
rockwellmuseum.org)…………………………………………………………………….15 
 
Figure 2. Comparing and contrasting graft formation and plant parasitism. (A) 
Morphology of graft development at 1, 3, 5, 7 days after grafting. Yellow arrowheads: 
cut surface positions. White asterisks: cortical cell expansion. White arrows: 
differentiated xylem (Matsuoka et al 2016). (B) Development of parasitic plant 
Phtheirospermum japonicum (left) infecting its host Arabidopsis (right). XB: xylem 
bridge. Dashed line indicates the epidermis of the parasite. Scale bars = 100 µm 
(Kokla & Melnyk 2018) …………………………………….…………………………….17 
 
Figure 3. History of graft junction imaging. (A) A geranium graft junction drawn 
from an observation made under a light microscope (Wright 1893). (B) An image of 
tomato graft junction at 48 hours after grafting taken by SEM. Scale bar: 200μm 
(Jeffree & Yeoman 1983). (C) Fluorescent image of Arabidopsis graft junction at 3 
day after grafting taken on a laser scanning confocal microscope (Melnyk et al 
2015)…………………………………………………………………………………….…21 
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Domestication of wild plants into food crops marks the origin of agriculture, 
an invention that transformed humankind from a hunter-gather to a sedentary 
species. Since then, we have been collectively progressing with innovations 
in plant production. Early domestication of trees plants involved clonal 
propagation, as some plant species root from cuttings easily. Ancient 
gardeners took notes that other woody species did not root as easily, and 
invented grafting to allow asexual propagation of desirable tree varieties that 
could not otherwise be propagated (Mudge et al. 2009). The grafting 
technique is defined by the cutting and joining of two plants resulting in a 
single chimeric plant with different genetic composites. Grafting involves 
attaching the cut shoot, referred to as the scion, that will continue to grow 
branches and the cut root or stem, referred to as the rootstock, that will 
function as the root system. The scion-rootstock interphase is where the 
tissues and vascular connection occurs, referred as the graft junction. 
Grafting is still being practiced today for crop production, from trees to 
vegetables (Warschefsky et al. 2016). Grafting is therefore a significant tool 
in the history of plant domestication and modern-day agriculture. Even 
though grafting has been practiced for millennia and largely contributed to 
humankind, our fundamental understanding of how plants graft is still not 
well described. The work presented in this thesis aims to understand the 
biological basis of graft development.  

 
 
 
 
 

1. Introduction 
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1.1 Grafting in agriculture 

Arguably one of the most ancient plant production technologies, the origin 
of grafting is still uncertain due to the lack of substantial written records. To 
date, the earliest evidence of deliberate grafting has been suggested to be 
from ancient Chinese literature dating back to as early as 2205-2197 BCE, a 
mention of grafting citrus plants likely for dwarfing (Cooper & Chapot 
1978). Thereafter, the transfer of technology westward may have been done 
though the silk industry with mulberry grafting in 300 BCE (Juniper & 
Mabberley 2006), then became wide spread throughout the Roman era 
(Mudge et al. 2009) (Fig 1A). Grafting was first practiced with tree species 
such as citrus, apple, and plum (Fig 1B-C, E), and was later also adopted for 
vegetable production, including pepper, eggplants, tomato, and melons (Lee 
et al. 2010b). Today, vegetable grafting on the commercial scale is done 
through nurseries rather than individual farmers. Grafting robots have been 
developed for robust graft production, with as little as 4.5 sec per graft with 
95% survival rates (Lee & Oda 2002; Kubota et al. 2008) (Fig 1D).    

Traditionally, grafting has been used for vegetative propagation where clonal 
propagation is difficult to achieve (Mudge et al. 2009), but grafters later 
discovered other desirable effects of grafting. These include size 
manipulation such as apple scion dwarfing when a size-controlled rootstock 
is used (Juniper & Mabberley 2006). Grafting can also promote systemic 
vigor, for instance, the amount of fertilizers needed for grafted watermelon 
is reduced by half (Lee & Oda 2002). Rootstocks are often used to confer 
resistance against several soil-borne pathogens including Fusarium, 
Verticillium, Phytophthora, Pseudomonas, Didymella bryoniae, 
Monosporascus cannonballus, and nematodes (Edelstein et al. 1999; 
Ioannou 2001; Cohen et al. 2005). Rootstocks can also improve abiotic stress 
tolerance such as extreme temperature, heavy metal contaminant, salinity, 
and flooding (Lee et al. 2010b). In many vegetable crops, significant yield 
increase, regardless of diseases and abiotic stresses, can be achieved by 
grafting vegetables crops with selected rootstocks, as reported in tomato 
(Chung & Lee 2007), watermelon, and cucumber (Lee & Oda 2002). Besides 
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food production, ornamental plants are also grafted to create unusual growth 
form, called arboriculture, for aesthetic purposes (Mudge et al. 2009) (Fig 
1F).   

 

Figure 1 Evolution of grafting methods. (A) A third-century Roman mosaic showing 
tree grafting from St. Roman-en-gal, France (Source: last-of-the-romans.tumblr.com). 
(B) The 17th-century grafting technique technique (Sharrock 1672). (C) Modern day 
apple grafting (University of Massachusetts Amherst). (D) Automated grafting machine 
developed in the Netherlands for tomato and eggplant grafting (Bayer AG). (E) Grafted 
vines in a vineyard in Queenstown, New Zealand (Photo taken by P.T. Serivichyaswat). 
(F) Tree of Forty Fruit #84 at The RockWell Museum created by an artist Sam Van Aken 
producing over 40 varieties of fruit including peach, plum, nectarine, apricot, cherry, and 
almond (Source: rockwellmuseum.org). 

Grafting may be an invaluable tool to agriculture, but it also comes with dark 
sides. Although grafting has been used extensively to introduce resistance 
against several diseases, ironically, it is also responsible for the spread of 
many important plant diseases that have serious impacts on crop production. 
Several plant viruses and bacteria can be transmitted through graft junctions. 
Even mechanical contact from using contaminated grafting tools can easily 
spread pathogens (Barbosa et al. 2005; Bausher 2013). Apple phytoplasma 
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diseases are transmitted from the infected rootstock to the scion (Aldaghi et 
al. 2007). Grafting was reported to introduce a citrus viroid disease to 
avocado from an interspecific graft (Hadas et al. 1992; Thomas et al. 2022). 
Another practical challenge is graft incompatibility. Intra-species grafting is 
generally compatible and successful, but inter-species grafting is often 
problematic and incompatible. The scion of incompatible grafts may survive 
for years but without forming vasculature with the rootstock, resulting in 
stunted growth and reduced fruit size (Proebsting 1928). For example, 
peppers and tomato graft combinations result in a complete graft 
incompatibility (Kawaguchi et al. 2008; Thomas et al. 2022). Eggplant 
rootstock is compatible with tomato scion but not vice versa, as eggplant 
scion on tomato rootstock produces reduced eggplant fruit size (Suzuki & 
Komochi 1974). Furthermore, plant parasitism, a process which is 
biologically similar to grafting (Fig 2A-B), is tremendously devastating to 
agriculture. Like grafting, parasitic plants, such as dodder and mistletoes, 
fuse their tissues and form vascular connections with their host (Kokla & 
Melnyk 2018). Through the connected vasculatures, the plant parasites draw 
water and nutrients from their hosts (Birschwilks et al. 2006). They are also 
a pathogen vector that can readily transmit pathogens between their infecting 
host plants, even among different host species (Mikona & Jelkmann 2010; 
Leblanc et al. 2012) 
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Figure 2. Comparing and contrasting graft formation and plant parasitism. (A) 
Morphology of Arabidopsis graft development at 1, 3, 5, 7 days after grafting. Yellow 
arrowheads: cut surface positions. White asterisks: cortical cell expansion. White arrows: 
differentiated xylem (Matsuoka et al 2016). (B) Development of parasitic plant 
Phtheirospermum japonicum (left) infecting its host Arabidopsis (right). XB: xylem 
bridge. Dashed line indicates the epidermis of the parasite. Scale bars = 100 µm (Kokla 
& Melnyk 2018) 

 

1.2 Grafting in science 

Grafting is an invaluable tool in agriculture as well as in scientific research. 
Because the grafted plant is comprised of two or more plant parts, botanists 
are keen to use the technique to study the movement of biological molecules 
and communication between the plant organs. However, the use of grafting 
for scientific purposes was not popular because most grafting techniques 
were mostly reported in crop plants that have limited genetic information and 
manipulation tools. Attempts have been made to develop grafting techniques 
in model organisms for this purpose. The first report of Arabidopsis grafting 
was done with inflorescence stems (Tsukaya et al. 1993) and later a grafting 
protocol in petunia was established (Napoli 1996 ). However, it was not until 
the report of micrografting technique, ie grafting of seedlings, in Arabidopsis 
(Turnbull et al. 2002), that the plant science community started widely 
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adopting this grafting technique into their studies, demonstrated by more 
than 100 publications including ‘plant micrografting’ per year (Tsutsui & 
Notaguchi 2017). Following this, we saw a rapid improvement of the 
Arabidopsis grafting protocol (Notaguchi et al. 2008; Bausher 2013; 
Marsch-Martinez et al. 2013; Yoo et al. 2013; Melnyk 2017) as well as 
development of micro-grafting in other model species such as tobacco and 
tomato (Marsch-Martinez et al. 2013; Notaguchi et al. 2020).  

The advancements in our understanding of systemic and long-distance 
signaling were acclerated since the early 2000s largely due to grafting. 
Grafting of model species has enabled botanists to study systemic and long-
distance signaling in plants including hormones, systemic pathogen 
resistance, flowering, stress responses, as well as macromolecule transport. 
In the original report of Arabidopsis micrografting, Turnbull et al (2002) 
showed that the shoot branching phenotypes of max1 (more axillary growth) 
and max3 mutants could be restored by a wild-type rootstock. Later studies 
demonstrated that MAX1 and MAX3 are strigolactone biosynthesis genes, 
and stringolactone is the mobile hormone (Gomez-Roldan et al. 2008; 
Umehara et al. 2008). Later works have used micrografting to provide 
supports for the mobile nature of other classes of phytohormones including 
auxin, gibberellin, cytokinin, and jasmonic acid (Lee & Howe 2003; Ragni 
et al. 2011; Ko et al. 2014; Li et al. 2017; Serivichyaswat et al. 2022).   

The plant defense system and biotic interactions are thought to rely on 
systemic signaling. Upon infection, infected tissues signal to surrounding 
and distant organs for the activation of defense responses to prevent further 
infection. Plants infected with viruses produce small interfering RNAs 
(siRNAs) to contain viral spread (Ruiz et al. 1998), and this effect was 
observed to spread systemically (Voinnet & Baulcombe 1997). The 
movement of siRNAs against viruses was demonstrated by grafting 
transgenic rootstock producing siRNA to confer virus resistance in the wild-
type scion (Song et al. 2013). Pathogenic bacteria also induce plant systemic 
defense. Plants express CONSTITUTIVE DISEASE RESISTANCE 1 (CDR1) 
upon Pseudomonas syringae infection to activate defense (Xia et al. 2004). 
Transgenic rootstocks expressing CDR1 could activate defense responses 
and confer resistance to the wild-type scions, but whether or not CDR1 is 
graft-transmissible is unclear. Grafting experiments were used to better 
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describe the symbiotic interaction between legumes and nitrogen-fixing 
bacteria through cytokinin signaling (Sasaki et al. 2014). Another ground-
breaking discovery in plant biology is the identification of a mobile 
flowering inducing agent, ie florigen. Grafting was used to initially 
demonstrate that a hypothetical florigen was produced in leaves and then 
tranmitted to the shoot apical meristem (SAM) to induce flower development 
(Chailakhyan 1937). Later works then discovered the FLOWERING 
LOCUS T (FT) protein as the long-sought florogen, and its transport from 
leaves to SAM was also identified in part by using grafting (Corbesier et al. 
2007; Jaeger & Wigge 2007; Lin et al. 2007; Notaguchi et al. 2008). Using 
cotyledon grafting, researchers found that a cotyledon of wild-type plant 
rescues the late-flowering phenotype of ft mutants, showing that the floral 
signaling from cotyledons is sufficient for early flowering in Arabidopsis 
seedlings under the long-day conditions  (Yoo et al. 2013).  

Movement of other macromolecues that systemically regulate long-distance 
gene expression such as peptides, including small-sized proteins and 
transcription factors (Rim et al. 2011; Okamoto et al. 2015), and RNAs, 
including small RNAs, miRNAs, mRNAs (Kim et al. 2001; Molnar et al. 
2010), was all demonstrated using grafting. Exchange of genetic material 
between the scion and rootstock was also reported, but the movement is 
restricted to the tissues surrounding the graft juntion (Stegemann & Bock 
2009). A work later showed that cells at the graft junction of two different 
tobacco varieties can fuse their genomes and generate a new stable polyploid 
species (Fuentes et al. 2014). Recent evidence has shown the long-distance 
movement of entire plastid organnels across the graft junction (Hertle et al. 
2021). All of these observations suggest that grafting may contribute to 
horizontal gene transfer and speciation events during the evolution of plants.  

1.3 Biology of graft formation 
Although plant grafting has been adopted and extensively used to facilitate 
agriculture and scientific discoveries, to date, our understanding of graft 
development as a biological process is still lacking. Graft formation is a 
unique developmental process that requires tissue damage to activate 
developmental programming. Understanding graft junction formation could 
provide a better understanding of plant tissue regeneration, but studies are 
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limited by the lack of non-destructive and precise experimental methods. 
Nonetheless, several attempts have been made with available tools to 
elucidate the cellular and genetic mechanisms of grafting. The cellular 
structure of grafted plant tissues were first observed and reported in tomato 
and potato using a light microscope, describing the formation of a callus 
mass between the cut tissues aiding the reconnection (Fig 3A) (Wright 1893).   
The parenchyma cells just beneath the wounded sites were proposed to be 
giving rise to undifferentiated cells which then formed the callus. With the 
invention of scanning electron microscopy in the following century, we 
could observe the formation of pectinaceous beads on the cell surface during 
early graft formation, and also plasmodesmata connections between the 
opposing cells, followed by vascular formation (Fig 3B) (Jeffree & Yeoman 
1983). After the establishment of Arabidopsis as a model organism, 
anatomical and histological analyses were used to examine graft junctions of 
Arabidopsis inflorescence grafts (Flaishman et al. 2008). The observations 
led to the proposal of four sequential developmental stages of graft healing: 
initial attachment of cut surfaces, callus proliferation at the graft junction, 
differentiation of new vasculatures within the scion, and full vascular 
connection.  
 
The plant vascular system is critical for plant function as it is responsible for 
the relocation of resources throughout the plant as well as providing 
structural support. Upon being damaged, plants rapidly initiate regeneration 
processes to resume vascular transport. After cutting and re-joining, 
damaged cell walls at the cut site sites secrete oligosaccharide substances to 
activate defence and regeneration responses (Nuhse 2012). These 
oligosaccharides are thought to be the first step in graft healing by gluing the 
scion and rootstock together. The damage tissues also induce expression of 
auxin-induced cell-wall modifying enzymes XTH19 (xyloglucan 
endotransglucosylase/hydrolases19) and XTH20 to catalyse cell wall 
reconstruction and facilitate tissue adhesion (Pitaksaringkarn et al. 2014).  A 
recent study done in a tobacco relative Nicotiana benthamiana (N. 
benthamiana) has shown that β-1,4-glucanases, a different group of cell-wall 
modifying enzymes, are also extracellularly released to the graft interface to 
facilitate the attachment. Transgenic Arabidopsis overexpressing this 
enzyme shows improved grafting. Moreover, using N. benthamiana as a 
middle section, called interstock, can facilitate grafting between a wide range 
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of distantly related species, concluding that initial tissue attachment is the 
key factor in graft success (Notaguchi et al. 2020). However, tissues of 
incompatible grafts also adhere similarly to their compatible counterparts 
(Moore 1984; Thomas & Frank 2019), arguing that tissue attachment is 
unlikely the sole factor for successful graft healing. Damage and 
modification of cellulose and pectin in the cell wall matrix also activates 
DNA-binding with one finger (DOF) transcription factors, which in turn up-
regulate downstream regeneration genes to facilitate the subsequent graft 
healing processes (Zhang et al. 2022). In addition to grafting, wounding in 
Arabidopsis roots activates the transcriptional responses in the wound-
adjacent cells to activate healing through auxin signaling (Hoermayer et al. 
2020). These reports consistently suggest that perception of damaged tissues 
leads to activation of regeneration mechanism.  
 

 
Figure 3. History of graft junction imaging. (A) A geranium graft junction drawn from 
an observation made under a light microscope (Wright 1893). (B) An image of tomato 
graft junction at 48 hours after grafting taken by SEM. Scale bar: 200μm (Jeffree & 
Yeoman 1983). (C) Fluorescent image of Arabidopsis graft junction at 3 days after 
grafting taken on a laser scanning confocal microscope (Melnyk et al 2015). 

 
After successful tissue attachment, cells at the cut tissues expand and a mass 
of undifferentiated cells, referred to as callus, forms to fill the intercellular 
space, and promotes adhesion between the scion and rootstock (Jeffree & 
Yeoman 1983). While plants can generally develop callus from either 
wounded tissues or from exogenous hormone treatments, each of which has 
a different developmental mechanism (Ikeuchi et al. 2013), the 
developmental identity of the graft junction callus is still unclear. Because 
both wound-induced and graft junction formation has a common activating 
factor, ie mechanical damaging, it is speculated that graft-junction callus is 
similar to the wound-induced callus, as large amounts of callus are observed 
at the cut but ungrafted shoot (Melnyk et al. 2015). However, suppressing 
would-induced callus genes resulting in reduced callus size does not affect 
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graft formation (Melnyk et al. 2015), which may suggest that the size of 
callus formed is not necessarily corelated with grafting efficiency. On the 
other hand, ABERRANT LATERAL ROOT FORMATION 4 (ALF4), a gene 
that is important for hormone-induced callus, is also required in the rootstock 
for graft formation (Sugimoto et al. 2010; Melnyk & Meyerowitz 2015), 
showing their similarity to a certain degree. Altogether, the literature 
suggests that graft-junction callus may follow a unique developmental 
program. 

 
For over a century, researchers have been trying to investigate and find an 
answer to what cell types or tissues give rise to the graft junction callus. The 
first documented investigation reported an elongation of parenchyma cells 
toward the graft interphase and thus proposed that the parenchymal cells in 
the cortex may be responsible for callus formation at the graft junction. Later 
works using confocal microscopy of Arabidopsis graft junction revealed that, 
in addition to cortex, the epidermal cells are also expanding during graft 
healing (Melnyk et al. 2015; Matsuoka et al. 2016; Melnyk et al. 2018). The 
vascular cells of the scion near the graft junction start to proliferate prior to 
those in the rootstock during graft connection (Melnyk et al. 2015), 
consistent with the shoot-to-root directional auxin transport (Lomax et al. 
1995). Meristem is a plant tissue consists of undifferentiated cells, also 
known as plant stem cells, that are capable of cell division and 
differentiation, ultimately gives rise to all plant tissue. Shoot apical meristem 
(SAM) generate the above-ground organs while root apical meristem is 
responsible for root development during the primary growth (Traas & Bohn-
Courseau 2005). The meristem in the vasculature, called vascular cambium, 
accounts for secondary growth. In the vascular bundle, cambium is the layer 
of meristematic tissue that separates xylem and phloem. Through 
coordinated and oriented cell division programs, cambium divides and 
differentiate into xylem and phloem cells. PHLOEM INTERCALATED 
WITH XYLEM (PXY) is an important cambial regulator gene that maintains 
the cell polarity and division orientation during vascular development. 
Vascular bundles of pxy mutant lose the cell polarity, and thus phloem and 
xylem are interspersed and not separated by a distinct cambial layer (Fisher 
& Turner 2007). Because of its totipotency, cambium is widely assumed to 
give rise to the graft junction callus. However, up to date, the evidence 
supporting this assumption is still insufficient. This is largely due to the 
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technical difficulty of physically removing the cambial tissue and its function 
without killing the plant.    

 
One key hormone in graft formation is auxin (Melnyk et al. 2015). Auxin is 
known for its role in promoting cell expansion, division, and wound healing 
(Asahina et al. 2011). Auxin functions through the TRANSPORT 
INHIBITOR RESPONSE1/ AUXIN SIGNALING F-BOX (TIR1/AFB) 
auxin response pathway. In low auxin conditions, Auxin/INDOLE-3-
ACETIC ACID (Aux/IAA) and TOPLESS (TPL) proteins repress the 
activity of auxin response factors (ARFs) (Chapman & Estelle 2009; Leydon 
et al. 2021). When cellular levels of auxin elevate, TIR1/AFB binds to the 
conserved degradation domain II on Aux/IAA, and consequently triggers 
Aux/IAA polyubiquitylation and degradation by the proteasome. Once 
released from the repressors TPL and Aux/IAA, ARFs are free to recruit 
transcriptional machinery and initiate or repress gene expression (Kepinski 
& Leyser 2005; Chapman & Estelle 2009; Figueiredo & Strader 2022). In 
Arabidopsis, mutations in several Aux/IAA genes have been identified. One 
example is a gain-of-function mutation in INDOLE-3-ACETIC ACID 
INDUCIBLE 12 (IAA12) called bodenlos (bdl). bdl blocks the auxin 
signaling pathway with a point mutation in its degradation domain, which 
prevents the binding of TIR1/AFB, and therefore prevents the subsequent 
protein degradation and ARFs remain sequestered (Hamann et al. 2002; 
Figueiredo & Strader 2022). Several works have suggested the involvement 
of auxin in graft formation. The activity of the auxin-responsive promoter 
DR5 was detected at the graft junction, and mutants that perturb auxin related 
genes also showed graft failure (Melnyk et al. 2015). Consistently, inhibiting 
auxin transport from the shoot suppresses expression of an auxin responsive 
gene, NAC DOMAIN CONTAINING PROTEIN 71 (ANAC071), which is 
involved in graft formation, and reduces cell proliferation and vascular 
reconnection at the graft junction (Matsuoka et al. 2016). Auxin is also 
crucial for vascular formation and phloem and xylem cell differentiation 
(Scarpella et al. 2006; Heo et al. 2014; Mäkilä et al. 2022), however 
increasing auxin levels by grafting with transgenic plants overexpressing 
auxin biosynthesis genes or exogeneous application of auxin did not improve 
vascular reconnection rates (Melnyk et al. 2015). In contrast, grafting with 
auxin-signaling mutants such as aberrant lateral root formation 4 (alf4), 
auxin resistany 1 (axr1), and bodenlos (bdl) mutants significantly inhibit 
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graft formation, suggesting that auxin signaling, rather than the excess 
cellular auxin levels, is critical for vascular reconnection (Melnyk et al. 
2015). Auxin signaling is also required for coordination of wound healing in 
the outer layer of roots by activating a regeneration transcription factor 
ETHYLENE RESPONSE FACTOR 115 (ERF115) in the wound-adjacent 
cells to replenish the wound (Hoermayer et al. 2020). Moreover, parasitic 
plant infection, a process highly similar to graft connection, also employs 
auxin to facilitate the development of the infection organ (Ishida et al. 2016), 
known as the haustorium, highlighting the fundamental and conserved role 
of auxin signaling in plant regeneration.    

 
Although our current knowledge of vascular reconnection during graft 
formation is still limited, understanding a closely related developmental 
process such as vein development can shed some light on how graft vascular 
reconnection occurs. During plant growth and development, veins form and 
connect new organs to the existing vasculatures. Vein patterning in leaves is 
controlled by auxin, as the hormone transported from the existing veins 
activates ARABIDOPSIS THALIANA HOMEOBOX8 (ATHB-8) gene, a 
marker for procambial specification, in the adjacent undifferentiated ground 
meristematic cells, which consequently differentiate into procambium and 
veins, respectively (Scarpella et al. 2004; Donner et al. 2009). Root and leaf 
vascular developments share similar genetic mechanisms, and identification 
of several leaf vascular development genes were aided by root gene 
expression profiles (Gardiner et al. 2011). Based on the conserved 
developmental regulation between leaf and root vascular development, it has 
therefore been proposed that vascular formation during graft formation may 
also rely on the same genetic mechanisms (Melnyk 2016).  
 
Graft regeneration is a coordination of multiple sequential regenerative 
processes, including initial tissue adhesion, callus proliferation, and 
vasculature formation, each of which employs a different genetic 
programming. Since auxin signaling is crucial in graft development, one 
creative approach to untangle the grafting role of different tissues without 
devastating the plant is by blocking auxin signaling in each cell type during 
each step of graft formation.  
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1.4 Environment and tissue regeneration 
 
Plants are immobile and are hence constantly exposed to fluctuating 
environments. To survive and thrive, plants have an exceptional intrinsic 
ability to detect changes from the surroundings, such as gravity, light, 
temperature, humidity, and nutrients, then compute them to accurately 
optimize their growth and developmental programs. Tissue regeneration is a 
developmental response to physical damage, induced by stresses including 
wind, snow, herbivory, cutting, requiring to maintain tissue integrity and 
functionality (Ikeuchi et al. 2019) for completion of their life cycle. Although 
environment is a source of physical damage, certain conditions can 
encourage tissue regeneration.  
 
Plants live in environments with variations in temperatures both daily and 
annually. Temperature is a key signal that governs plant growth and 
development. According to the thermodynamic principle, the rate of a 
biochemical reaction increases proportionally to the rise of temperature 
within the biological relevant range. Temperatures affect properties of 
biomolecules such as lipid membrane fluidity and protein conformations 
(Somero 1995; Mansilla et al. 2004). However, to maintain their 
physiological functions at multiple temperatures despites the nature of 
thermodynamic entropy, plants also actively regulate their biochemical 
reactions by integrating changes in physical properties of biomolecules to 
the downstream signal transduction to create a signal regulating process 
(Franklin et al. 2014). Well described examples of temperature signaling in 
plant physiology and development include seed germination rates (Hageseth 
& Joyner 1975), respiration rate (Hansen et al. 1994), hypocotyl elongation 
(Gray et al. 1998), and flowering time (Blazquez et al. 2003; Amasino 2010). 
Through cascades of signal networks, plants use the active signal 
transduction to fine tune the magnitude of temperature effects to adjust their 
physiology to adapt to different temperature environment. Arabidopsis 
hypocotyl and petiole elongate upon sensing warm temperatures and move 
upwards (Quint et al. 2016) to promote cooling by allowing better air 
circulation (Crawford et al. 2012). Under long day conditions, warm 
temperatures can also substantially induce early flowering (Balasubramanian 
et al. 2006). Both thermo-responsive hypocotyl elongation and flowering are 
controlled by a common transcription factor regulator,  PHYTHOCHROME 
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INTERACTING FACTOR 4 (PIF4) (Proveniers & van Zanten 2013), which 
serves as the central hub for warm temperature responses (Wigge 2013). 
Upon sensing warm temperatures, plants increase PIF4 expression which in 
turn coordinates the morphological responses through converging 
transcriptional and post translational regulations of auxin biosynthesis and 
auxin signalling genes, essentially resulting in SMALL AUXIN UP RNA 
(SAUR)- and YUCCA (YUC)-mediated elongation growth and induction of 
EXPASIN genes (Quint et al. 2016). PIF4 is regulated by EARLY 
FLOWERING 3 (ELF3) at the transcriptional and post translational levels 
(Nieto et al. 2015), and a recent work shows that temperatures directly 
change ELF3 protein biophysical property and its functions correspondingly 
to temperature responsiveness of the plant, suggesting that ELF3 serves as a 
thermosensor (Jung et al. 2020). Moreover, chromatin modification also 
plays a role in temperature regulation as nucleosomes containing H2A.Z 
histone protein sequester the promoter regions from RNA polymerase II and 
suppress gene expression at low temperatures (Kumar & Wigge 2010). The 
expression and structural modification of several microRNAs are also 
influenced by temperature (Kim et al. 2016; Serivichyaswat et al. 2017), 
suggesting that plants also employ post-transcriptional mechanisms to 
regulate temperature responses.  
 
While the genetic networks and molecular mechanisms of temperature 
sensing and response in plant growth and development have been well 
described, the current understanding of how environmental conditions and 
temperature impact regeneration has not yet been thoroughly investigated. A 
growing number of recent reports show that temperatures also regulate 
several aspects of tissue regeneration. During in vitro tissue culture for 
micropropagation, incubation of explants in high temperature increases 
callus formation efficiency in several plant species (Skoog 1944; Wang et al. 
2014; Sharma et al. 2018). Investigations in Arabidopsis showed that 
exposure to warm temperatures upregulates expression of 
BRASSINOSTEROID-INSENSITIVE 2 (BIN2), an activator of ARF 
transcription factors, which subsequently activates callus formation genes 
LATERAL ORGAN BOUNDARIES-DOMAIN 16 (LBD16) and LBD29, 
resulting in a higher callus formation rate. Conversely, bin2 and arf mutants 
show temperature insensitivity of callus formation, suggesting that thermo-
induced callus formation relies on the BIN2-ARF-LBD pathway (Lee & Seo 
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2017). A recent study has reported that de novo shoot organogenesis is 
temperature dependent. High temperatures during shoot regeneration 
enhance expression of several regeneration genes, including a transcription 
factor involved in shoot meristem formation encoded by CUP-SHAPED 
COTYLEDON 1 (CUC1) and auxin biosynthesis genes YUCs, as well as 
reducing transcriptional repressor H2A.Z occupancy on several loci 
(Lambolez et al. 2022).  
 
In commercial grafting, elevating temperatures during graft recovery 
promotes graft success rates in plants such as watermelon, eggplants, walnut, 
and tomato (Avanzato & Tamponi 1988; Shibuya et al. 2007; Shibuya et al. 
2008; Yang et al. 2016). Graft success in Arabidopsis, both in the hypocotyl 
and cotyledon, is also promoted by warm temperatures (Turnbull et al. 2002; 
Bartusch et al. 2020; Serivichyaswat et al. 2022). As mentioned in the 
previous chapter, several regeneration processes occur during graft 
formation, and it is therefore highly likely that temperature regulates multiple 
levels of graft formation including callus formation and vascular 
regeneration. The central role of PIF4 and auxin signaling in warm 
temperature responses further suggests that graft development may employ 
the same genetic pathway for temperature enhancement. The molecular 
mechanism by which plants use to enhance graft reconnection in response to 
warm environments has yet to be thoroughly investigated. 
 
Parasitic plants are plants that invade other plants to uptake their resources 
such as nutrients, water, and photosynthate. Parasitic plants that are 
completely dependent on their hosts to complete their life cycles are referred 
to as obligate parasites, while those that can grow and reproduce without 
hosts are facultative parasites. Phtheirospermum japonicum (P. japonicum) 
is a model species for facultative root parasitic plants due to its wide range 
of well-studied hosts, short life cycle, ease of maintenance, and availability 
of genomic data (Ishida et al. 2011; Cui et al. 2016). During the infection 
process, parasitic plants develop a haustorium, an invasive organ, to invade 
hosts’ tissues and form a vascular connection with the hosts (Heidejorgensen 
& Kuijt 1995). Plant hormones play an important role in the formation of 
haustoria. During infection or chemical haustoria induction, parasitic plants 
produce more hormones such as ethylene, gibberellins, abscisic acid, auxin, 
and cytokinin (Tomilov et al. 2005; Zhang et al. 2012; Spallek et al. 2017). 
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In P. japonicum, an auxin biosynthesis gene PjYUC3 increases expression in 
the epidermal cells during haustoria formation (Ishida et al. 2016). Silencing 
of PjYUC3 by RNAi reduces haustoria number and blocking auxin 
biosynthesis completely arrests haustoria formation (Ishida et al. 2016; 
Wakatake et al. 2020). Despite the extensive agricultural damage the 
parasitic plants cause (Spallek et al. 2013), there is no effective control 
method to date. Understanding the mechanisms of parasitic plant infection 
and their interactions with hosts and environments may aid the pest 
management strategy.  
 
The availability of nutrients in soil is another important environmental factor 
that influences plant physiology such as root growth, shoot growth, and 
flowering (Zhang & Forde 2000; Alboresi et al. 2005; Castro Marin et al. 
2011). Although plants can convert light energy and inorganic compounds 
into chemical energy stored in organic molecules such as sugars and starch, 
they also require nutrients from soil environments to synthesize cellular 
components to grow and repair damaged tissues. Essentially, nutrients 
function as substrates for plants to metabolize into their biomass. Tissue 
regeneration during tissue culture requires proper amount and ratio of 
macronutrients including nitrogen, potassium, and phosphorus, and 
micronutrients such as iron, manganese, and copper (Mengel 2001). Another 
intriguing aspect of tissue regeneration that is affected by nutrient 
availability is parasitic plant infection. While reducing most plant growth 
and development, poor nutrient levels, in contrast, promotes infection of the 
parasitic plant Striga to its host (Yoneyama et al. 2007a; Yoneyama et al. 
2007b; Mwangangi et al. 2021). Moreover, soils rich in nutrients reduce 
parasitic plant growth and infection rate (Cechin & Press 1993; Igbinnosa et 
al. 1996). Phosphorus rich soil reduces growth of  parasite Rhinanthus minor, 
while Phtheirospermum japonicum fails to infect its host in nutrient rich in 
vitro media (Davies & Graves 2000; Cui et al. 2016; Ishida et al. 2016; 
Spallek et al. 2017), suggesting that poor nutrient levels may promote 
parasitic plant infection by reducing host plant fitness and defence while 
activating the parasite growth (Kokla 2022). The high similarities between 
parasitic plant infection and graft formation, including vascular connections 
and auxin signaling, suggest that plant parasitism may also be temperature 
dependent, and graft formation may vice versa be affected by nutrient 
availability.   
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The objectives of this study are summarized as follows: 

1. To investigate what cell types and tissues are involved during graft 
regeneration (Paper I).  

2. To investigate how plant regeneration adapts to environmental 
conditions such as temperature and nutrient availability (Paper II 
and III).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. The aims of the study 
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3.1 Cellular requirements for graft formation 
During graft formation, plants rely on several cellular processes to aid tissue 
reconnection. The study of cellular mechanisms of graft formation has been 
difficult due to technical limitations. In Paper I, we investigated what cell 
types or tissues are being employed to facilitate the graft healing process with 
a novel non-invasive approach. Since auxin is crucial for graft formation 
(Melnyk et al. 2015), we miss-expressed a mutant version of BDL (Paper I, 
Fig 1A) to block auxin signaling in each cell type, including epidermis 
(pML1), endodermis (pCASP1 and pSCR), phloem (pAPL), phloem 
precursor (pSMXL5), procambium (pATHB8, pPXY, and pWOX4), xylem 
precursor (pTMO5), and xylem pole pericycle (pXPP), by employing a 
recently developed synthetic tool that allows gene expression in an inducible 
and tissue specific manner (Schürholz et al. 2018) (Paper I, Fig 1). Our 
experiments showed that tissue attachment and callus formation rates were 
drastically reduced in grafted plants expressing bdl in procambium 
(pATHB8>>bdl and pPXY>>bdl) (Paper I, Fig 2). These findings suggested 
that procambial tissues below the graft junction required auxin signaling to 
form graft junction callus. Since tissue attachment and callus formation were 
prerequired for the subsequent vascular reconnection, phloem reconnection 
rates were consistently affected in these grafted plants. To overcome this 
barrier and test if auxin signaling in procambium directly affected phloem 
reconnection, we allowed grafted plants to attach and develop callus before 
inducing bdl expression. We then observed a significant reduction in phloem 
reconnection rates (Paper I, Fig 3), suggesting that the regenerated graft 
junction callus also required auxin signaling in the procambium to form and 

3. Results and discussion 



32 

reconnect phloem. In contrast, bdl induction in phloem precursors 
(pSMXL5>>bdl) showed normal tissue attachment and callus formation but 
failed to reconnect phloem (Paper I, Fig 2), indicating the specific role of 
phloem precursor cells in phloem reconnection. Since blocking auxin 
signaling in the procambial cells after callus formation did not allow phloem 
reconnection, we concluded that phloem differentiation occurred within the 
graft junction callus via procambium cells and subsequently linked the 
phloem from both sides of the graft junction. Our reasoning is supported by 
the notion that auxin signaling facilitates procambial cell dividing and 
differentiating into phloem precursor (Smetana et al. 2019). Furthermore, 
spatial analysis with heterografting showed that auxin responsive 
procambium on either side of the graft junction was sufficient to rescue tissue 
adhesion phenotype of mutant plants (Paper I, Fig 4). However, pATHB-
8>>bdl prevented phloem formation regardless of whether the miss-
expression was in the scion or rootstock whereas pPXY>>bdl inhibited 
phloem reconnection when in the scion but not the rootstock (Paper I, Fig 3), 
most likely due to the different expression domains of pATHB8 and pPXY 
that drove bdl expression in different cell populations within the graft 
junction callus. Our results additionally suggested that scion and rootstocks 
may employ different cell types to perceive auxin during graft regeneration. 
Although previous reports suggest that auxin signaling is more important in 
the rootstock for phloem reconnection (Melnyk et al. 2015; Serivichyaswat 
et al. 2022), a probable explanation for our results is that the synthetic pOP 
promoter implemented for bdl expression in our study is conjugated with a 
cauliflower mosaic virus (CaMV) 35S minimal promoter (Craft et al. 2005), 
whereas the previous reports rely on the native promoters of the mutanted 
genes, which likely contribute to differences in transcriptional activity. 
Nonetheless, our results suggested that procambial cells, particularly within 
ATHB-8 and PXY domains, required auxin signaling for tissue adhesion, 
callus formation, and phloem reconnection, ultimately highlighting the 
central role of procambium in graft formation.  
 
During growth and development, plants rely on auxin signaling to promote 
tissue expansion and cell division (Campanoni & Nick 2005). Conversely, 
when auxin signaling was blocked in the procambial cells, procambium 
expansion at the scion graft junction was significantly reduced (Paper I, Fig 
5 and Fig 6). Instead, we observed the enlargement of epidermal and cortical 
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cells in the scion extending to form a callus-like mass toward the graft 
junction, but without the presence of procambial cells. A previous study has 
reported the expansion of epidermis and cortex during graft healing (Melnyk 
et al. 2015), but our data suggest that their expansion, without the presence 
of procambium in the graft junction, was insufficient to facilitate tissue 
connection (Paper I, Fig 6). Although bdl induction in phloem precursors 
allowed tissue adhesion, no proper vascular connection was formed (Paper 
I, Fig 6). Furthermore, bdl miss-expression also reduced procambial cell 
division, suggesting that auxin signaling was important for procambial cell 
proliferation and the subsequent vascular reconnection, consistent with the 
notion of auxin signaling requirement in the procambium for vascular 
differentiation (Smetana et al. 2019). Although auxin is required for xylem 
differentiation (Mäkilä et al. 2022), xylem reconnection rates were not 
affected our tested plants (Paper I, Fig 1). This may imply that xylem 
reconnection may employ auxin signaling through other Aux/IAA homologs 
in Arabidopsis (Luo et al. 2018), or require signal magnitudes below the 
threshold of bdl blockage. 
 
A successful graft formation requires a proper and precise coordination of 
multiple regeneration processes. By employing a novel genetic approach that 
allows a non-invasive examination of the plant tissues, together with high 
resolution imaging techniques, we were able to investigate the role of 
individual cell types during graft formation. Through a series of experiments, 
we consistently observed that blocking auxin signaling in procambium 
during graft formation arrested tissue adhesion, callus formation, phloem 
reconnection, and cell proliferation. Taken together, we confirm that 
procambium is the key tissue that facilitates tissue adhesion, gives rise to the 
graft junction tissue, and connects the vasculatures, serving the central role 
of graft formation.  
 
The horticultural industry heavily relies on grafting for crop propagation and 
trait improvement. To date, at least 70 commercial fruit crops are produced 
from grafted plants (Warschefsky et al. 2016). With the introduction of 
automated grafting machines (Fig 1D), billions of plants are being grafted 
globally (Lee et al. 2010a). Nonetheless, climate change is an alarming threat 
that exposes crops to extreme weather and increasing diseases (Burdon & 
Zhan 2020). Plant breeding, especially for tree crops, is time consuming but 
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grafting can readily improve and introduce traits without extensive breeding 
programs. Moreover, grafting may potentially be used to produce new crop 
varieties through genome fusion at the graft junction tissues (Fuentes et al. 
2014). Therefore, a fundamental understanding of grafting mechanisms is 
tremendously crucial for crop and technique improvement. For the first time, 
the findings in Paper I present direct evidence confirming that procambium 
is the important tissue in graft formation. Application of compounds that 
promote procambial proliferation may improve graft efficiency and 
potentially overcome graft incompatibility.  

3.2 Environmental influences on tissue regeneration 
Another aspect of grafting that is worth investigating is how environmental 
condition such as temperature affects graft development. Grafters have long 
known that elevating temperature during graft healing can improve graft 
success rates (Lagerstedt 1982), but the biology behind such enhancement 
has not been described. In paper II, we aimed to investigate the genetic 
mechanism by which plants use to accelerate tissue regeneration upon high 
temperature exposure. Experiments with Arabidopsis grafting showed that 
elevating recovery temperature from 20°C to 27°C significantly accelerated 
phloem and xylem connection rates (Paper II, Fig 1). In contrast, reducing 
recovery temperature to 16°C delayed phloem reconnection rates, suggesting 
that temperature played a significant role in graft development. Since 
cambium is associated with graft formation (Paper I), we examined the 
expression of the cambium-related reporter pDOF6::Venus (Smet et al. 
2019), at the graft junction and observed a significant expression increase 
with the increasing temperature (Paper II, Fig S3). Morphological analysis 
of the graft junction revealed that elevated temperatures also increased the 
size of the scion vascular bundle immediately above the graft junction (Paper 
I, Fig 1). Moreover, 48 hours of warm recovery after grafting was sufficient 
for the enhancing effect, but increasing the temperature prior to grafting did 
not produce a significant enhancement effect on vascular connectivity (Paper 
II, Fig S3), suggesting that thermo-responsiveness of graft healing occured 
at an early stage after cutting. To investigate the genetic mechanism of this 
process, we used a reverse genetics approach and tested various mutant and 
transgenic genotypes associated with temperature response or auxin 
signaling (Paper II, Table S1). We found that grafted pif4 single mutant did 
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not respond to elevated temperatures (Paper II, Fig 2), suggesting that the 
pif4 mutation specifically desensitized temperature responsiveness without 
perturbing normal grafting dynamics. To investigate the spatial requirement 
of PIF4, we grafted pif4 scions to wild-type rootstocks, or vice versa, and 
found that only grafted plants with pif4 scions did not respond to the elevated 
temperatures (Paper II, Fig 2). Since cotyledons are important for 
temperature sensing and thermomorphogenesis (Bellstaedt et al. 2019), we 
furthermore contained the effect of pif4 within the cotyledons by generating 
a graft combination whereby pif4 cotyledons were grafted to the 
pSUC2::GFP scions (for the ease of vascular connectivity detection), and, 
after healing, the hypocotyls were grafted to wild-type rootstocks. Grafted 
plants with pif4 cotyledons did not respond to elevated temperatures, 
suggesting that PIF4 function in the leaves was sufficient to enhance 
hypocotyl graft healing. Moreover, PIF4 activates an auxin-biosynthesis 
gene YUC8 (Sun et al. 2012), and we found that YUC8 expression was up-
regulated by elevated temperatures but down-regulated and non-responsive 
in the pif4 mutant (Paper II, Fig 2). Staining of pYUC8::GUS also increased 
with elevated temperatures, particularly in the epidermis, vasculature, and 
mesophyll, consistent with the expression pattern of PIF4 (Kim et al., 2020). 
Similar to pif4 mutants, plants grafted with yuc2 yuc5 yuc8 yuc9 quadruple 
mutant (yucQ) scions lost the temperature enhancement effect (Paper II, Fig 
2). Although yucQ mutant carries yuc2, yuc5, yuc8, and yuc9 mutations, only 
YUC8 expression was responsive to warm temperatures (Paper II, Fig S4), 
suggesting that YUC8 was responsible for the temperature effect. Our data 
suggested that PIF4 and YUC8 in the cotyledons were required for 
temperature-induced enhancement of graft formation at hypocotyls. Auxin is 
known to promote graft formation and wound healing (Asahina et al. 2011; 
Ikeuchi et al. 2017; Canher et al. 2020; Matosevich et al. 2020), so we 
speculated that auxin may also involve in the temperature enhancement 
effect. Blocking auxin transport from the cotyledon by applying an auxin 
transport inhibitor 1-N-naphthylphthalamic acid (NPA) on the petiole 
significantly reduced the temperature effect (Paper II, Fig 3), suggesting that 
auxin transported from the cotyledon was crucial for this effect. Warm 
temperatures also increased auxin response at the graft junction, as observed 
by fluorescent changes in the auxin responsive pDR5::GFP reporter 
(Ulmasov et al. 1997; Friml et al. 2003). Our data suggested that the 
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observed temperature enhancement of graft regeneration at the hypocotyl 
resulted from the long-distance transport of auxin from the leaf.  

 
Since graft formation comprises multiple regeneration processes (Yin et al. 
2012; Melnyk et al. 2015), we furthered our investigation by examining the 
temperature effect on tissue adhesion and callus formation. With warm 
recovery, tissue attachment rates significantly improved in both wild-type 
plants and  pif4 mutants (Paper II, Fig 4). The size of wound-induced callus 
was also increased by the elevated temperatures in all the tested genotypes 
including wild type, pif4, pifQ, and yucQ (Paper II, Fig4, S5), suggesting that 
temperature enhancement on tissue adhesion and callus formation may rely 
on genetic pathways other than PIF4 and YUCCAs. 
 
Plant parasitism and grafting are conceptually similar whereby both 
processes rely on successful vascular connections (Kokla & Melnyk 2018). 
Analogous to graft junction callus, parasitic plants develop their invasive 
structures, called haustoria, connecting xylem, called xylem bridge, to their 
hosts to withdraw nutrients and water. Like vascular reconnections in 
grafting, elevated temperatures also enhanced xylem bridge formation from 
parasite Phtheirospermum japonicum (P. japonicum) to its host Arabidopsis 
(Paper II, Fig 4). However, haustoria numbers remained unaffected by warm 
temperatures, suggesting that the temperature effect was specific to vascular 
formation. Blocking auxin transport from the parasite shoot using NPA 
significantly reduced the temperature enhancement on xylem bridge 
formation (Paper II, Fig 4). Moreover, expression levels of auxin-
biosynthesis genes PjYUC2 and PjYUC4 were also up-regulated by warm 
temperatures in parasite shoots but not in roots (Paper II, Fig 4), suggesting 
that grafting and parasitic plants shared a common feature in temperature 
sensing in leaves and long-distance transport of auxin to promoting vascular 
formation in distant tissues. These findings further emphasize the similarity 
between grafting and plant parasitism. 
 
Another environmental condition that affects plant parasitism is nutrient 
availability. While high nutrients promote most plant growth and 
development, environments rich in nutrient reduce parasitic plant grow and 
virulency (Cechin & Press 1993; Igbinnosa et al. 1996). It has been 
suggested that nutrient increases host fitness and defence mechanism while 
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lowering host production of parasite germination stimulants (Yoneyama et 
al. 2007a; Yoneyama et al. 2007b; Mwangangi et al. 2021). We found that 
haustoria formation in the parasitic plant P. japonicum was inhibited in 
environments rich in nitrate (Paper III, Fig 1). Expression levels of several 
genes associated with haustoria development were suppressed with nitrate 
application (Paper III, Fig 2-4). Together with the reduction of ROS 
accumulation and cell division at the haustorium forming site by nitrate 
application, these data suggested that nitrogen blocked haustoria formation 
at an early organ developmental stage (Paper III, Fig 1-4). The hormone 
abscisic acid increased during nitrate application, and exogenous application 
of the hormone reduced haustoria formation while blocking abscisic acid 
biosynthesis partially rescued the phenotype (Paper III, Fig 5, Fig 6). 
Moreover, transgenic P. japonicum roots with their abscisic acid signaling 
blocked could form haustoria even in the presence of nitrate, overcoming the 
nitrogen inhibitory effect (Paper III, Fig 6). In many plant species, nitrate 
application increases cytokinin, a hormone that promotes plant development 
(Takei et al. 2001; Takei et al. 2004; Kamada-Nobusada et al. 2013; 
Landrein et al. 2018; Mwangangi et al. 2021). However, cytokinin levels in 
P. japonicum did not respond to nitrogen (Paper III, Fig 5), suggesting that 
the haustoria development in response to nitrogen relies on a different 
mechanism. Although previous studies have reported the increase of abscisic 
acid levels in other parasitic plants (Kamada-Nobusada et al. 2013; Landrein 
et al. 2018), the relationship between nitrogen and abscisic acid in parasitic 
plants is reported for the first time in Paper III.  
 
Fluctuating environmental conditions have selected plants for high degrees 
of developmental plasticity. In Paper II, we demonstrated that plant grafting 
and parasitism share a common developmental program by which 
temperature sensing in leaves accelerates regeneration rates in distant tissues. 
The ecological implication of the acceleration in response to rising 
temperatures may be explained by the resource competition theory (Tilman 
1982), predicting that competition between species for limited resources 
increases selection pressure for resource-acquiring traits. In the temperate 
zones where the warm period is annually limited, such a trait that optimizes 
tissue regeneration rates, maximizing light, water, and nutrient acquirement, 
may confer competition advantages to the species, and is therefore selected. 
In climates with extended warm periods, the selection pressure for 
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temperature enhancement may be lower, and we predict that plants in such 
locations may maintain such traits to lesser degrees. As PIF4 transcription 
factor is a regulatory hub for high temperature sensing (Wigge 2013) and 
light signaling (Huq & Quail 2002), our finding in tissue regeneration (Paper 
II) further emphasized its essential role in plant adaptation for seasonal 
changes. PIF4 orthologues of plants from different climate zones may likely 
be selected by the local temperature and photoperiod conditions and have 
varying degree of responsiveness, possibly via the ELF3 thermosensory 
regulation (Jung et al. 2020).  The resource competition theory may further 
explain parasitic plants behaviour observed in nutrient rich environments 
(Paper III). Soils rich in nutrients such as nitrate may lower the degree of 
resource competition, and the interaction between parasite P. japonicum and 
their hosts therefore become less competitive, resulting in less infective 
capability. As resource competition drives diversification (Tilman 1982),  we 
speculate that some ecotypes of the parasite P. japonicum populating the 
nutrient rich ecosystems may reduce, or completely lose, the virulency.  
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This current thesis attempted to elucidate the cellular and genetic 
mechanisms of tissue regeneration through a series of scientific 
investigation. In Paper I, we presented direct evidence of procambium as the 
key tissue for graft formation. We demonstrated that auxin signaling is 
required for graft-adjacent procambial cells to form a successful graft. Future 
studies may also investigate how the graft junction cells are reorganized and 
differentiated into other cell types to complete the healing. It is likely that 
the graft junction callus may share features with stem-cell organizers of 
vascular cambium (Smetana et al. 2019), but further experiments are needed 
to confirm this notion, potentially with cell-lineage tracing and molecular 
genetic studies. Tissue ablation by inducing apoptosis in specific tissues, 
especially procambium, during graft development will additionally provide 
a complementary information. Comparative transcriptomic analyses may 
potentially identify the genes and genetic pathways involved in each 
regenerative process, from tissue adhesion to xylem reconnection. 
Furthermore, the inducible tissue-specific auxin resistant materials generated 
in this study can be readily implemented to study other aspects of plant 
regeneration and development including would healing, hormone and 
wound-induced callus formation, plant organogenesis, graft incompatibility, 
as well as parasitic plant infection.   
 
The work of Paper II described the genetic mechanism of temperature-
sensing regeneration. In this paper, we reported that plants perceived warm 
temperatures in the leaf and accelerate vascular regeneration in the distant 
tissues though the PIF4-YUCCAs pathway. We demonstrated that this long-
distance cell-cell communication relied on auxin signaling. We observed that 
tissue adhesion and wound-induced callus formation were also promoted by 

4. Future perspectives 



40 

elevated temperatures, but they rely on different genetic pathways that are 
yet to be identified by future works. Additionally, we reported that parasitic 
plant P. japonicum also shared this feature in sensing warm temperatures in 
the leaf and activating distant root infectivity via auxin signaling. Since PIF4 
also plays an important role in light signaling (Huq & Quail 2002), future 
studies may investigate how light affects tissue regeneration. Furthermore, 
we hypothesize that thermo-activation confers an evolutionary advantage by 
optimizing plant species in the temperate zones to maximize recovery rates 
during warm months. To test our hypothesis, future studies could compare 
the regeneration dynamic of plants across geographical locations.  
 
Paper III is the last paper of this thesis. Here, we investigated how nutrient 
availability affects plant parasitism. Our findings showed that nitrogen 
prevented the development of P. japonicum haustoria via the hormone 
abscisic acid. Water availability could potentially be another crucial 
component for plant parasitism, but how drought impacts parasitism is 
currently not known. During drought, Arabidopsis rapidly produces abscisic 
acid to trigger a cascade of osmotic stress responses (Endo et al. 2008). The 
elevated abscisic acid during drought may inhibit haustoria formation, but 
further experimentation is needed to confirm this. We conducted 
comparative transcriptomic analysis of haustorium formation during 
nitrogen application, the molecular mechanisms of how abscisic acid inhibits 
haustoria development are yet to be described. Perturbing abscisic acid 
biosynthesis and signaling with genetic tools, such as genome editing or 
RNAi, could shed some light on these gaps in knowledge.   
 
The work of this thesis confirms that procambium is an important tissue for 
graft regeneration, refining to our current understanding of graft mechanism. 
Our findings also align with the notion that procambium is the activator of 
radial growth through coordinated programs of cell division and 
differentiation  (Esau 1954; Miyashima et al. 2019; Smetana et al. 2019; 
Mäkilä et al. 2022). In addition, we provide evidence to support the common 
practice of recovering plants in warm environments and describe a genetic 
mechanism underlining such temperature-activated healing. Lastly, we 
demonstrate that the phytohormone abscisic acid regulated the number of 
haustoria in P. japonicum in response to environmental nitrogen levels. This 
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study provides an explanation for the reported reduction of infection rates in 
fertilized field (Yoneyama et al. 2007a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





43 

Alboresi, A., Gestin, C., Leydecker, M.T., Bedu, M., Meyer, C. & Truong, 
H.N. (2005). Nitrate, a signal relieving seed dormancy in 
Arabidopsis. Plant Cell Environ, 28(4), 500-12. 
https://doi.org/10.1111/j.1365-3040.2005.01292.x 

Aldaghi, M., Massart, S., Steyer, S., Lateur, M. & Jijakli, M.H. (2007). Study 
on diverse grafting techniques for their capability in rapid and 
efficient transmission of apple proliferation disease to different host 
plants. Bulletin of Insectology, 60(2), 381-382.   

Amasino, R. (2010). Seasonal and developmental timing of flowering. Plant 
J, 61(6), 1001-13. https://doi.org/10.1111/j.1365-
313X.2010.04148.x 

Asahina, M., Azuma, K., Pitaksaringkarn, W., Yamazaki, T., Mitsuda, N., 
Ohme-Takagi, M., Yamaguchi, S., Kamiya, Y., Okada, K., 
Nishimura, T., Koshiba, T., Yokota, T., Kamada, H. & Satoh, S. 
(2011). Spatially selective hormonal control of RAP2.6L and 
ANAC071 transcription factors involved in tissue reunion in 
Arabidopsis. Proc Natl Acad Sci U S A, 108(38), 16128-32. 
https://doi.org/10.1073/pnas.1110443108 

Avanzato, D. & Tamponi, G. (1988). The effect of heating of walnut graft 
unions on grafting succes. Acta Horticulturae, 227, 79–83. 
https://doi.org/10.17660/ActaHortic.1988.227.7 

Balasubramanian, S., Sureshkumar, S., Lempe, J. & Weigel, D. (2006). 
Potent induction of Arabidopsis thaliana flowering by elevated 
growth temperature. PLoS Genet, 2(7), e106. 
https://doi.org/10.1371/journal.pgen.0020106 

Barbosa, C.J., Pina, J.A., Perez-Panades, J., Bernad, L., Serra, P., Navarro, 
L. & Duran-Vila, N. (2005). Mechanical Transmission of Citrus 
Viroids. Plant Dis, 89(7), 749-754. https://doi.org/10.1094/PD-89-
0749 

Bartusch, K., Trenner, J., Melnyk, C.W. & Quint, M. (2020). Cut and paste: 
temperature-enhanced cotyledon micrografting for Arabidopsis 
thaliana seedlings. Plant Methods, 16, 12. 
https://doi.org/10.1186/s13007-020-0562-1 

Bausher, M.G. (2013). Serial transmission of plant viruses by cutting 
implements during grafting. HortScience, 41.   

References 



44 

Bellstaedt, J., Trenner, J., Lippmann, R., Poeschl, Y., Zhang, X., Friml, J., 
Quint, M. & Delker, C. (2019). A Mobile Auxin Signal Connects 
Temperature Sensing in Cotyledons with Growth Responses in 
Hypocotyls. Plant Physiol, 180(2), 757-766. 
https://doi.org/10.1104/pp.18.01377 

Birschwilks, M., Haupt, S., Hofius, D. & Neumann, S. (2006). Transfer of 
phloem-mobile substances from the host plants to the holoparasite 
Cuscuta sp. J Exp Bot, 57(4), 911-21. 
https://doi.org/10.1093/jxb/erj076 

Blazquez, M.A., Ahn, J.H. & Weigel, D. (2003). A thermosensory pathway 
controlling flowering time in Arabidopsis thaliana. Nat Genet, 33(2), 
168-71. https://doi.org/10.1038/ng1085 

Burdon, J.J. & Zhan, J. (2020). Climate change and disease in plant 
communities. PLoS Biol, 18(11), e3000949. 
https://doi.org/10.1371/journal.pbio.3000949 

Campanoni, P. & Nick, P. (2005). Auxin-dependent cell division and cell 
elongation. 1-Naphthaleneacetic acid and 2,4-
dichlorophenoxyacetic acid activate different pathways. Plant 
Physiol, 137(3), 939-48. https://doi.org/10.1104/pp.104.053843 

Canher, B., Heyman, J., Savina, M., Devendran, A., Eekhout, T., 
Vercauteren, I., Prinsen, E., Matosevich, R., Xu, J., Mironova, V. & 
De Veylder, L. (2020). Rocks in the auxin stream: Wound-induced 
auxin accumulation and ERF115 expression synergistically drive 
stem cell regeneration. Proc Natl Acad Sci U S A, 117(28), 16667-
16677. https://doi.org/10.1073/pnas.2006620117 

Castro Marin, I., Loef, I., Bartetzko, L., Searle, I., Coupland, G., Stitt, M. & 
Osuna, D. (2011). Nitrate regulates floral induction in Arabidopsis, 
acting independently of light, gibberellin and autonomous pathways. 
Planta, 233(3), 539-52. https://doi.org/10.1007/s00425-010-1316-5 

Cechin, I. & Press, M.C. (1993). Nitrogen relations of the sorghum-Striga 
hermonthica host-parasite association: germination, attachment and 
early growth. New Phytol, 124(4), 681-687. 
https://doi.org/10.1111/j.1469-8137.1993.tb03858.x 

Chailakhyan, M.K. (1937). Hormonal theory of plant development. 
Hormonal theory of plant development.   

Chapman, E.J. & Estelle, M. (2009). Mechanism of auxin-regulated gene 
expression in plants. Annu Rev Genet, 43, 265-85. 
https://doi.org/10.1146/annurev-genet-102108-134148 

Chung, H.D. & Lee, J.M. (2007). Rootstocks for grafting. In: Horticulture in 
Korea. Horticultural Science and Technology, 547-559.   



45 

Cohen, R., Burger, Y., Horev, C., Porat, A. & Edelstein, M. (2005). 
Performance of Galia type melons grafted onto Cucurbita rootstock 
in Monosporascus cannonballus- infested and non-infested soils. 
Annals of Applied Biology, 146(3).   

Cooper, W.C. & Chapot, H. (1978). Fruit production with special emphasis 
on fruit for 

processing. AVI Publ. Co.   
Corbesier, L., Vincent, C., Jang, S., Fornara, F., Fan, Q., Searle, I., 

Giakountis, A., Farrona, S., Gissot, L., Turnbull, C. & Coupland, G. 
(2007). FT protein movement contributes to long-distance signaling 
in floral induction of Arabidopsis. Science, 316(5827), 1030-3. 
https://doi.org/10.1126/science.1141752 

Craft, J., Samalova, M., Baroux, C., Townley, H., Martinez, A., Jepson, I., 
Tsiantis, M. & Moore, I. (2005). New pOp/LhG4 vectors for 
stringent glucocorticoid-dependent transgene expression in 
Arabidopsis. Plant J, 41(6), 899-918. 
https://doi.org/10.1111/j.1365-313X.2005.02342.x 

Crawford, A.J., McLachlan, D.H., Hetherington, A.M. & Franklin, K.A. 
(2012). High temperature exposure increases plant cooling capacity. 
Curr Biol, 22(10), R396-7. 
https://doi.org/10.1016/j.cub.2012.03.044 

Cui, S., Wakatake, T., Hashimoto, K., Saucet, S.B., Toyooka, K., Yoshida, 
S. & Shirasu, K. (2016). Haustorial Hairs Are Specialized Root 
Hairs That Support Parasitism in the Facultative Parasitic Plant 
Phtheirospermum japonicum. Plant Physiol, 170(3), 1492-503. 
https://doi.org/10.1104/pp.15.01786 

Davies, D.M. & Graves, J.D. (2000). The impact of phosphorus on 
interactions of the hemiparasitic angiosperm Rhinanthus minor and 
its host Lolium perenne. Oecologia, 124(1), 100-106. 
https://doi.org/10.1007/s004420050029 

Donner, T.J., Sherr, I. & Scarpella, E. (2009). Regulation of preprocambial 
cell state acquisition by auxin signaling in Arabidopsis leaves. 
Development, 136(19), 3235-46. 
https://doi.org/10.1242/dev.037028 

Edelstein, M., Cohen, R., Burger, Y., Shriber, S., Pivonia, S. & Shtienberg, 
D. (1999). Integrated Management of Sudden Wilt in Melons, 
Caused by Monosporascus cannonballus, Using Grafting and 
Reduced Rates of Methyl Bromide. Plant Dis, 83(12), 1142-1145. 
https://doi.org/10.1094/PDIS.1999.83.12.1142 

Endo, A., Sawada, Y., Takahashi, H., Okamoto, M., Ikegami, K., Koiwai, 
H., Seo, M., Toyomasu, T., Mitsuhashi, W., Shinozaki, K., 



46 

Nakazono, M., Kamiya, Y., Koshiba, T. & Nambara, E. (2008). 
Drought induction of Arabidopsis 9-cis-epoxycarotenoid 
dioxygenase occurs in vascular parenchyma cells. Plant Physiol, 
147(4), 1984-93. https://doi.org/10.1104/pp.108.116632 

Esau, K. (1954). Primary Vascular Differentiation in Plants. Biological 
Reviews, 29(1), 46-+. https://doi.org/DOI 10.1111/j.1469-
185X.1954.tb01397.x 

Figueiredo, M.R.A. & Strader, L.C. (2022). Intrinsic and extrinsic regulators 
of Aux/IAA protein degradation dynamics. Trends Biochem Sci. 
https://doi.org/10.1016/j.tibs.2022.06.004 

Fisher, K. & Turner, S. (2007). PXY, a receptor-like kinase essential for 
maintaining polarity during plant vascular-tissue development. Curr 
Biol, 17(12), 1061-6. https://doi.org/10.1016/j.cub.2007.05.049 

Flaishman, M.A., Loginovsky, K., Golobowich, S. & Lev-Yadun, S. (2008). 
Arabidopsis thaliana as a model system for graft union development 
in homografts and heterografts. Journal of Plant Growth Regulation, 
27(3), 231-239. https://doi.org/10.1007/s00344-008-9050-y 

Franklin, K.A., Wigge, P.A., Kuhns, M. & Wiley Online, L. (2014). 
Temperature and plant development. Ames, Iowa: Wiley-Blackwell.   

Friml, J., Vieten, A., Sauer, M., Weijers, D., Schwarz, H., Hamann, T., 
Offringa, R. & Jurgens, G. (2003). Efflux-dependent auxin gradients 
establish the apical-basal axis of Arabidopsis. Nature, 426(6963), 
147-53. https://doi.org/10.1038/nature02085 

Fuentes, I., Stegemann, S., Golczyk, H., Karcher, D. & Bock, R. (2014). 
Horizontal genome transfer as an asexual path to the formation of 
new species. Nature, 511(7508), 232-5. 
https://doi.org/10.1038/nature13291 

Gardiner, J., Donner, T.J. & Scarpella, E. (2011). Simultaneous activation of 
SHR and ATHB8 expression defines switch to preprocambial cell 
state in Arabidopsis leaf development. Dev Dyn, 240(1), 261-70. 
https://doi.org/10.1002/dvdy.22516 

Gomez-Roldan, V., Fermas, S., Brewer, P.B., Puech-Pages, V., Dun, E.A., 
Pillot, J.P., Letisse, F., Matusova, R., Danoun, S., Portais, J.C., 
Bouwmeester, H., Becard, G., Beveridge, C.A., Rameau, C. & 
Rochange, S.F. (2008). Strigolactone inhibition of shoot branching. 
Nature, 455(7210), 189-94. https://doi.org/10.1038/nature07271 

Gray, W.M., Ostin, A., Sandberg, G., Romano, C.P. & Estelle, M. (1998). 
High temperature promotes auxin-mediated hypocotyl elongation in 
Arabidopsis. Proc Natl Acad Sci U S A, 95(12), 7197-202. 
https://doi.org/10.1073/pnas.95.12.7197 



47 

Hadas, R., Ashulin, L. & Bar-Joseph, M. (1992). Transmission of a citrus 
viroid to avocado by heterologous grafting. Plant Disease, 76, 357-
359.   

Hageseth, G.T. & Joyner, R.D. (1975). Kinetics and thermodynamics of 
isothermal seed germination. J Theor Biol, 53(1), 51-65. 
https://doi.org/10.1016/0022-5193(75)90102-2 

Hamann, T., Benkova, E., Baurle, I., Kientz, M. & Jurgens, G. (2002). The 
Arabidopsis BODENLOS gene encodes an auxin response protein 
inhibiting MONOPTEROS-mediated embryo patterning. Genes 
Dev, 16(13), 1610-5. https://doi.org/10.1101/gad.229402 

Hansen, L.D., Hopkin, M.S., Rank, D.R., Anekonda, T.S., Breidenbach, 
R.W. & Criddle, R.S. (1994). The relation between plant growth and 
respiration: A thermodynamic model. Planta, 194, 76-85.   

Heidejorgensen, H.S. & Kuijt, J. (1995). The Haustorium of the Root 
Parasite Triphysaria (Scrophulariacea), with Special Reference to 
Xylem Bridge Ultrastructure. American Journal of Botany, 82(6), 
782-797. https://doi.org/Doi 10.2307/2445619 

Heo, J.O., Roszak, P., Furuta, K.M. & Helariutta, Y. (2014). Phloem 
development: current knowledge and future perspectives. American 
Journal of Botany, 101(9), 1393-402. 
https://doi.org/10.3732/ajb.1400197 

Hertle, A.P., Haberl, B. & Bock, R. (2021). Horizontal genome transfer by 
cell-to-cell travel of whole organelles. Sci Adv, 7(1). 
https://doi.org/10.1126/sciadv.abd8215 

Hoermayer, L., Montesinos, J.C., Marhava, P., Benkova, E., Yoshida, S. & 
Friml, J. (2020). Wounding-induced changes in cellular pressure and 
localized auxin signalling spatially coordinate restorative divisions 
in roots. Proc Natl Acad Sci U S A, 117(26), 15322-15331. 
https://doi.org/10.1073/pnas.2003346117 

Huq, E. & Quail, P.H. (2002). PIF4, a phytochrome-interacting bHLH factor, 
functions as a negative regulator of phytochrome B signaling in 
Arabidopsis. EMBO J, 21(10), 2441-50. 
https://doi.org/10.1093/emboj/21.10.2441 

Igbinnosa, I., Cardwell, K.F. & Okonkwo, S.N.C. (1996). The effect of 
nitrogen on the growth and development of giant witchweed, Striga 
hermonthica Benth: Effect on cultured germinated seedlings in host 
absence. European Journal of Plant Pathology, 102(1), 77-86. 
https://doi.org/Doi 10.1007/Bf01877118 

Ikeuchi, M., Favero, D.S., Sakamoto, Y., Iwase, A., Coleman, D., Rymen, 
B. & Sugimoto, K. (2019). Molecular Mechanisms of Plant 



48 

Regeneration. Annu Rev Plant Biol, 70, 377-406. 
https://doi.org/10.1146/annurev-arplant-050718-100434 

Ikeuchi, M., Iwase, A., Rymen, B., Lambolez, A., Kojima, M., Takebayashi, 
Y., Heyman, J., Watanabe, S., Seo, M., De Veylder, L., Sakakibara, 
H. & Sugimoto, K. (2017). Wounding Triggers Callus Formation via 
Dynamic Hormonal and Transcriptional Changes. Plant Physiol, 
175(3), 1158-1174. https://doi.org/10.1104/pp.17.01035 

Ikeuchi, M., Sugimoto, K. & Iwase, A. (2013). Plant callus: mechanisms of 
induction and repression. Plant Cell, 25(9), 3159-73. 
https://doi.org/10.1105/tpc.113.116053 

Ioannou, N. (2001). Integrating soil solarization with grafting on resistant 
rootstocks for management of soil-borne pathogens of eggplant. The 
Journal of Horticultural Science and Biotechnology 74(4).   

Ishida, J.K., Wakatake, T., Yoshida, S., Takebayashi, Y., Kasahara, H., 
Wafula, E., dePamphilis, C.W., Namba, S. & Shirasu, K. (2016). 
Local Auxin Biosynthesis Mediated by a YUCCA Flavin 
Monooxygenase Regulates Haustorium Development in the 
Parasitic Plant Phtheirospermum japonicum. Plant Cell, 28(8), 
1795-814. https://doi.org/10.1105/tpc.16.00310 

Ishida, J.K., Yoshida, S., Ito, M., Namba, S. & Shirasu, K. (2011). 
Agrobacterium rhizogenes-mediated transformation of the parasitic 
plant Phtheirospermum japonicum. PLoS One, 6(10), e25802. 
https://doi.org/10.1371/journal.pone.0025802 

Jaeger, K.E. & Wigge, P.A. (2007). FT protein acts as a long-range signal in 
Arabidopsis. Curr Biol, 17(12), 1050-4. 
https://doi.org/10.1016/j.cub.2007.05.008 

Jeffree, C.E. & Yeoman, M.M. (1983). Development of Intercellular 
Connections between Opposing Cells in a Graft Union. New 
Phytologist, 93(4), 491-509. https://doi.org/DOI 10.1111/j.1469-
8137.1983.tb02701.x 

Jung, J.H., Barbosa, A.D., Hutin, S., Kumita, J.R., Gao, M., Derwort, D., 
Silva, C.S., Lai, X., Pierre, E., Geng, F., Kim, S.B., Baek, S., 
Zubieta, C., Jaeger, K.E. & Wigge, P.A. (2020). A prion-like domain 
in ELF3 functions as a thermosensor in Arabidopsis. Nature, 
585(7824), 256-260. https://doi.org/10.1038/s41586-020-2644-7 

Juniper, B.E. & Mabberley, D.J. (2006). The Story of the Apple Portland, 
OR: Timber Press.   

Kamada-Nobusada, T., Makita, N., Kojima, M. & Sakakibara, H. (2013). 
Nitrogen-dependent regulation of de novo cytokinin biosynthesis in 
rice: the role of glutamine metabolism as an additional signal. Plant 
Cell Physiol, 54(11), 1881-93. https://doi.org/10.1093/pcp/pct127 



49 

Kawaguchi, M., Taji, A., Backhouse, D. & Oda, M. (2008). Anatomy and 
physiology of graft incompatibility in Solanaceous plants. The 
Journal of Horticultural Science and Biotechnology, 83(5), 581-588.   

Kepinski, S. & Leyser, O. (2005). The Arabidopsis F-box protein TIR1 is an 
auxin receptor. Nature, 435(7041), 446-451. 
https://doi.org/10.1038/nature03542 

Kim, M., Canio, W., Kessler, S. & Sinha, N. (2001). Developmental changes 
due to long-distance movement of a homeobox fusion transcript in 
tomato. Science, 293(5528), 287-9. 
https://doi.org/10.1126/science.1059805 

Kim, W., Jun, A.R. & Ahn, J.H. (2016). Proximal disruption of base pairing 
of the second stem in the upper stem of pri-miR156a caused ambient 
temperature-sensitive flowering in Arabidopsis. Plant Signal Behav, 
11(10), e1226455. https://doi.org/10.1080/15592324.2016.1226455 

Ko, D., Kang, J., Kiba, T., Park, J., Kojima, M., Do, J., Kim, K.Y., Kwon, 
M., Endler, A., Song, W.Y., Martinoia, E., Sakakibara, H. & Lee, Y. 
(2014). Arabidopsis ABCG14 is essential for the root-to-shoot 
translocation of cytokinin. Proc Natl Acad Sci U S A, 111(19), 7150-
5. https://doi.org/10.1073/pnas.1321519111 

Kokla, A. (2022). Haustoria regulation in the facultative parasitic plant 
Phtheirospermum japonicum. Department of Plant Biology. 
Uppsala, Sweden: Swedish University of Agricultural Sciences.   

Kokla, A. & Melnyk, C.W. (2018). Developing a thief: Haustoria formation 
in parasitic plants. Dev Biol, 442(1), 53-59. 
https://doi.org/10.1016/j.ydbio.2018.06.013 

Kubota, C., McClure, M.A., Kokalis-Burelle, N., Bausher, M.G. & 
Rosskopf, E.N. (2008). Vegetable grafting: history, use and current 
technology status in North America. HortScience, 43(8).   

Kumar, S.V. & Wigge, P.A. (2010). H2A.Z-containing nucleosomes mediate 
the thermosensory response in Arabidopsis. Cell, 140(1), 136-47. 
https://doi.org/10.1016/j.cell.2009.11.006 

Lagerstedt, H.B. (1982). A new device for hot-callusing graft unions [Fruit 
and nut trees. HortScience, 15(4), 529-530.   

Lambolez, A., Kawamura, A., Takahashi, T., Rymen, B., Iwase, A., Favero, 
D.S., Ikeuchi, M., Suzuki, T., Cortijo, S., Jaeger, K.E., Wigge, P.A. 
& Sugimoto, K. (2022). Warm Temperature Promotes Shoot 
Regeneration in Arabidopsis thaliana. Plant Cell Physiol, 63(5), 
618-634. https://doi.org/10.1093/pcp/pcac017 

Landrein, B., Formosa-Jordan, P., Malivert, A., Schuster, C., Melnyk, C.W., 
Yang, W., Turnbull, C., Meyerowitz, E.M., Locke, J.C.W. & 
Jonsson, H. (2018). Nitrate modulates stem cell dynamics in 



50 

Arabidopsis shoot meristems through cytokinins. Proc Natl Acad Sci 
U S A, 115(6), 1382-1387. https://doi.org/10.1073/pnas.1718670115 

Leblanc, M., Kim, G. & Westwood, J.H. (2012). RNA trafficking in parasitic 
plant systems. Front Plant Sci, 3, 203. 
https://doi.org/10.3389/fpls.2012.00203 

Lee, G.I. & Howe, G.A. (2003). The tomato mutant spr1 is defective in 
systemin perception and the production of a systemic wound signal 
for defense gene expression. Plant J, 33(3), 567-76. 
https://doi.org/10.1046/j.1365-313x.2003.01646.x 

Lee, J., C, K., S.J., T., Z, B., P, H.E., L, M. & M, O. (2010a). Current status 
of vegetable grafting: Diffusion, grafting techniques, automation. 
Scientia Horticulturae, 127(2), 93-105.   

Lee, J., Kubota, C., Tsao, S.J., Bie, Z., Echevarria, P.H., Morra, L. & Oda, 
M. (2010b). Current status of vegetable grafting: Diffusion, grafting 
tech- niques, automation. Scientia Horticulturae, 127, 93–105.   

Lee, J.M. & Oda, M. (2002). Grafting of herbaceous vegetable and 
ornamental crops. I: Janick, J. (red.) Horticultural Reviews. (28). 
John Wiley & Sons. 61-124.   

Lee, K. & Seo, P.J. (2017). High-temperature promotion of callus formation 
requires the BIN2-ARF-LBD axis in Arabidopsis. Planta, 246(4), 
797-802. https://doi.org/10.1007/s00425-017-2747-z 

Leydon, A.R., Wang, W., Gala, H.P., Gilmour, S., Juarez-Solis, S., Zahler, 
M.L., Zemke, J.E., Zheng, N. & Nemhauser, J.L. (2021). Repression 
by the Arabidopsis TOPLESS corepressor requires association with 
the core mediator complex. Elife, 10. 
https://doi.org/10.7554/eLife.66739 

Li, W., Fang, C., Krishnan, S., Chen, J., Yu, H., Murphy, A.S., Merewitz, E., 
Katin-Grazzini, L., McAvoy, R.J., Deng, Z., Zale, J. & Li, Y. (2017). 
Elevated auxin and reduced cytokinin contents in rootstocks 
improve their performance and grafting success. Plant Biotechnol J, 
15(12), 1556-1565. https://doi.org/10.1111/pbi.12738 

Lin, M.K., Belanger, H., Lee, Y.J., Varkonyi-Gasic, E., Taoka, K., Miura, 
E., Xoconostle-Cazares, B., Gendler, K., Jorgensen, R.A., Phinney, 
B., Lough, T.J. & Lucas, W.J. (2007). FLOWERING LOCUS T 
protein may act as the long-distance florigenic signal in the 
cucurbits. Plant Cell, 19(5), 1488-506. 
https://doi.org/10.1105/tpc.107.051920 

Lomax, T., Muday, G. & Rubery, P. (1995). Plant hormones.   
Luo, J., Zhou, J.J. & Zhang, J.Z. (2018). Aux/IAA Gene Family in Plants: 

Molecular Structure, Regulation, and Function. Int J Mol Sci, 19(1). 
https://doi.org/10.3390/ijms19010259 



51 

Mäkilä, R., Wybouw, B., Smetana, O., Vainio, L., Solé-Gil, A., Lyu, M., Ye, 
L., Wang, X., Siligato, R., Jenness, M.K., Murphy, A.S. & Mähönen, 
A.P. (2022). Gibberellins promote polar auxin transport to regulate 
stem cell fate decisions in cambium. bioRxiv.   

Mansilla, M.C., Cybulski, L.E., Albanesi, D. & de Mendoza, D. (2004). 
Control of membrane lipid fluidity by molecular thermosensors. J 
Bacteriol, 186(20), 6681-8. https://doi.org/10.1128/JB.186.20.6681-
6688.2004 

Marsch-Martinez, N., Franken, J., Gonzalez-Aguilera, K.L., de Folter, S., 
Angenent, G. & Alvarez-Buylla, E.R. (2013). An efficient flat-
surface collar-free grafting method for Arabidopsis thaliana 
seedlings. Plant Methods, 9(1), 14. https://doi.org/10.1186/1746-
4811-9-14 

Matosevich, R., Cohen, I., Gil-Yarom, N., Modrego, A., Friedlander-Shani, 
L., Verna, C., Scarpella, E. & Efroni, I. (2020). Local auxin 
biosynthesis is required for root regeneration after wounding. Nat 
Plants, 6(8), 1020-1030. https://doi.org/10.1038/s41477-020-0737-
9 

Matsuoka, K., Sugawara, E., Aoki, R., Takuma, K., Terao-Morita, M., Satoh, 
S. & Asahina, M. (2016). Differential Cellular Control by 
Cotyledon-Derived Phytohormones Involved in Graft Reunion of 
Arabidopsis Hypocotyls. Plant Cell Physiol, 57(12), 2620-2631. 
https://doi.org/10.1093/pcp/pcw177 

Melnyk, C.W. (2016). Plant grafting: insights into tissue regeneration. 
Regeneration (Oxf), 4(1), 3-14. https://doi.org/10.1002/reg2.71 

Melnyk, C.W. (2017). Monitoring Vascular Regeneration and Xylem 
Connectivity in Arabidopsis thaliana. Methods Mol Biol, 1544, 91-
102. https://doi.org/10.1007/978-1-4939-6722-3_9 

Melnyk, C.W., Gabel, A., Hardcastle, T.J., Robinson, S., Miyashima, S., 
Grosse, I. & Meyerowitz, E.M. (2018). Transcriptome dynamics at 
Arabidopsis graft junctions reveal an intertissue recognition 
mechanism that activates vascular regeneration. Proc Natl Acad Sci 
U S A, 115(10), E2447-E2456. 
https://doi.org/10.1073/pnas.1718263115 

Melnyk, C.W. & Meyerowitz, E.M. (2015). Plant grafting. Curr Biol, 25(5), 
R183-8. https://doi.org/10.1016/j.cub.2015.01.029 

Melnyk, C.W., Schuster, C., Leyser, O. & Meyerowitz, E.M. (2015). A 
Developmental Framework for Graft Formation and Vascular 
Reconnection in Arabidopsis thaliana. Curr Biol, 25(10), 1306-18. 
https://doi.org/10.1016/j.cub.2015.03.032 



52 

Mengel, K. (2001). Principles of plant nutrition. 5th uppl. Dordrecht ; 
Boston: Kluwer Academic Publishers.  Publisher description 
http://www.loc.gov/catdir/enhancements/fy0821/2001038360-
d.html 

Table of contents only 
http://www.loc.gov/catdir/enhancements/fy0821/2001038360-
t.html  

Mikona, C. & Jelkmann, W. (2010). Replication of Grapevine leafroll-
associated virus-7 (GLRaV-7) by Cuscuta Species and Its 
Transmission to Herbaceous Plants. Plant Dis, 94(4), 471-476. 
https://doi.org/10.1094/PDIS-94-4-0471 

Miyashima, S., Roszak, P., Sevilem, I., Toyokura, K., Blob, B., Heo, J.O., 
Mellor, N., Help-Rinta-Rahko, H., Otero, S., Smet, W., 
Boekschoten, M., Hooiveld, G., Hashimoto, K., Smetana, O., 
Siligato, R., Wallner, E.S., Mahonen, A.P., Kondo, Y., Melnyk, 
C.W., Greb, T., Nakajima, K., Sozzani, R., Bishopp, A., De Rybel, 
B. & Helariutta, Y. (2019). Mobile PEAR transcription factors 
integrate positional cues to prime cambial growth. Nature, 
565(7740), 490-494. https://doi.org/10.1038/s41586-018-0839-y 

Molnar, A., Melnyk, C.W., Bassett, A., Hardcastle, T.J., Dunn, R. & 
Baulcombe, D.C. (2010). Small silencing RNAs in plants are mobile 
and direct epigenetic modification in recipient cells. Science, 
328(5980), 872-5. https://doi.org/10.1126/science.1187959 

Moore, R. (1984). A Model for Graft Compatibility-Incompatibility in 
Higher Plants. Plant Physiology, 75, 131-131.  <Go to 
ISI>://WOS:000208830601137  

Mudge, K., Janick, J., Scofield, S. & Goldschmidt, E.E. (2009). A History of 
Grafting. (Horticultural Reviews). NJ, USA: John Wiley & Sons, 
Inc. https://doi.org/ https://doi.org/10.1002/9780470593776.ch9 

Mwangangi, I.M., Buchi, L., Haefele, S.M., Bastiaans, L., Runo, S. & 
Rodenburg, J. (2021). Combining host plant defence with targeted 
nutrition: key to durable control of hemiparasitic Striga in cereals in 
sub-Saharan Africa? New Phytol, 230(6), 2164-2178. 
https://doi.org/10.1111/nph.17271 

Napoli, C. (1996 ). Highly branched phenotype of the Petunia dadl-1 mutant 
is reversed by grafting. Plant Physiology, 111.   

Nieto, C., Lopez-Salmeron, V., Daviere, J.M. & Prat, S. (2015). ELF3-PIF4 
interaction regulates plant growth independently of the Evening 
Complex. Curr Biol, 25(2), 187-193. 
https://doi.org/10.1016/j.cub.2014.10.070 



53 

Notaguchi, M., Abe, M., Kimura, T., Daimon, Y., Kobayashi, T., 
Yamaguchi, A., Tomita, Y., Dohi, K., Mori, M. & Araki, T. (2008). 
Long-distance, graft-transmissible action of Arabidopsis 
FLOWERING LOCUS T protein to promote flowering. Plant Cell 
Physiol, 49(11), 1645-58. https://doi.org/10.1093/pcp/pcn154 

Notaguchi, M., Kurotani, K.I., Sato, Y., Tabata, R., Kawakatsu, Y., Okayasu, 
K., Sawai, Y., Okada, R., Asahina, M., Ichihashi, Y., Shirasu, K., 
Suzuki, T., Niwa, M. & Higashiyama, T. (2020). Cell-cell adhesion 
in plant grafting is facilitated by beta-1,4-glucanases. Science, 
369(6504), 698-702. https://doi.org/10.1126/science.abc3710 

Nuhse, T.S. (2012). Cell wall integrity signaling and innate immunity in 
plants. Front Plant Sci, 3, 280. 
https://doi.org/10.3389/fpls.2012.00280 

Okamoto, S., Suzuki, T., Kawaguchi, M., Higashiyama, T. & Matsubayashi, 
Y. (2015). A comprehensive strategy for identifying long-distance 
mobile peptides in xylem sap. Plant J, 84(3), 611-20. 
https://doi.org/10.1111/tpj.13015 

Pitaksaringkarn, W., Matsuoka, K., Asahina, M., Miura, K., Sage-Ono, K., 
Ono, M., Yokoyama, R., Nishitani, K., Ishii, T., Iwai, H. & Satoh, 
S. (2014). XTH20 and XTH19 regulated by ANAC071 under auxin 
flow are involved in cell proliferation in incised Arabidopsis 
inflorescence stems. Plant J, 80(4), 604-14. 
https://doi.org/10.1111/tpj.12654 

Proebsting, E.L. (1928). Further observations on structural defects of the 
graft union. Botanical Gazette, 86(1), 82-92.   

Proveniers, M.C. & van Zanten, M. (2013). High temperature acclimation 
through PIF4 signaling. Trends Plant Sci, 18(2), 59-64. 
https://doi.org/10.1016/j.tplants.2012.09.002 

Quint, M., Delker, C., Franklin, K.A., Wigge, P.A., Halliday, K.J. & van 
Zanten, M. (2016). Molecular and genetic control of plant 
thermomorphogenesis. Nat Plants, 2, 15190. 
https://doi.org/10.1038/nplants.2015.190 

Ragni, L., Nieminen, K., Pacheco-Villalobos, D., Sibout, R., 
Schwechheimer, C. & Hardtke, C.S. (2011). Mobile gibberellin 
directly stimulates Arabidopsis hypocotyl xylem expansion. Plant 
Cell, 23(4), 1322-36. https://doi.org/10.1105/tpc.111.084020 

Rim, Y., Huang, L., Chu, H., Han, X., Cho, W.K., Jeon, C.O., Kim, H.J., 
Hong, J.C., Lucas, W.J. & Kim, J.Y. (2011). Analysis of Arabidopsis 
transcription factor families revealed extensive capacity for cell-to-
cell movement as well as discrete trafficking patterns. Mol Cells, 
32(6), 519-26. https://doi.org/10.1007/s10059-011-0135-2 



54 

Ruiz, M.T., Voinnet, O. & Baulcombe, D.C. (1998). Initiation and 
maintenance of virus-induced gene silencing. Plant Cell, 10(6), 937-
46. https://doi.org/10.1105/tpc.10.6.937 

Sasaki, T., Suzaki, T., Soyano, T., Kojima, M., Sakakibara, H. & Kawaguchi, 
M. (2014). Shoot-derived cytokinins systemically regulate root 
nodulation. Nat Commun, 5, 4983. 
https://doi.org/10.1038/ncomms5983 

Scarpella, E., Francis, P. & Berleth, T. (2004). Stage-specific markers define 
early steps of procambium development in Arabidopsis leaves and 
correlate termination of vein formation with mesophyll 
differentiation. Development, 131(14), 3445-55. 
https://doi.org/10.1242/dev.01182 

Scarpella, E., Marcos, D., Friml, J. & Berleth, T. (2006). Control of leaf 
vascular patterning by polar auxin transport. Genes Dev, 20(8), 
1015-27. https://doi.org/10.1101/gad.1402406 

Schürholz, A.K., Lopez-Salmeron, V., Li, Z., Forner, J., Wenzl, C., 
Gaillochet, C., Augustin, S., Barro, A.V., Fuchs, M., Gebert, M., 
Lohmann, J.U., Greb, T. & Wolf, S. (2018). A Comprehensive 
Toolkit for Inducible, Cell Type-Specific Gene Expression in 
Arabidopsis. Plant Physiol, 178(1), 40-53. 
https://doi.org/10.1104/pp.18.00463 

Serivichyaswat, P.T., Bartusch, K., Leso, M., Musseau, C., Iwase, A., Chen, 
Y., Sugimoto, K., Quint, M. & Melnyk, C.W. (2022). High 
temperature perception in leaves promotes vascular regeneration and 
graft formation in distant tissues. Development, 149(5). 
https://doi.org/10.1242/dev.200079 

Serivichyaswat, P.T., Susila, H. & Ahn, J.H. (2017). Elongated Hypocotyl 
5-Homolog (HYH) Negatively Regulates Expression of the Ambient 
Temperature-Responsive MicroRNA Gene MIR169. Front Plant 
Sci, 8, 2087. https://doi.org/10.3389/fpls.2017.02087 

Sharma, R., Sharma, P., Kumar, S., Saxena, S.N., Khandelwal, V. & 
Rizwana, M. (2018). Heat treatment affects regeneration, protein 
expression and genetic make-up of Vigna aconitifolia (Jacq.) 
Marechal. Annals of Agrarian Science, 16(2), 116-120.   

Shibuya, T., Nakashima, H., Shimizu-Maruo, K. & Kawara, T. (2007). 
Improvement of Graft Development in Tomato and Eggplant 
Grafted Cuttings by Supplying Warmed Water to Graft Union during 
Low-air-temperature Storage. Journal of the Japanese Society for 
Horticultural Science, 76(3), 217-223.   

Shibuya, T., Nakashima, H., Shimizu-Maruo, K. & Kawara, T. (2008). 
Improvement of Storage Quality of Eggplant Grafted Cuttings by 



55 

Warming of Graft Union at the Beginning of Low-air-temperature 
Storage. Europ. J. Hort. Sci. , 73, 196–200.   

Skoog, F. (1944). Growth and organ formation in tobacco tissue cultures. 
American Journal of Botany, 19-24.   

Smet, W., Sevilem, I., de Luis Balaguer, M.A., Wybouw, B., Mor, E., 
Miyashima, S., Blob, B., Roszak, P., Jacobs, T.B., Boekschoten, M., 
Hooiveld, G., Sozzani, R., Helariutta, Y. & De Rybel, B. (2019). 
DOF2.1 Controls Cytokinin-Dependent Vascular Cell Proliferation 
Downstream of TMO5/LHW. Curr Biol, 29(3), 520-529 e6. 
https://doi.org/10.1016/j.cub.2018.12.041 

Smetana, O., Makila, R., Lyu, M., Amiryousefi, A., Sanchez Rodriguez, F., 
Wu, M.F., Sole-Gil, A., Leal Gavarron, M., Siligato, R., Miyashima, 
S., Roszak, P., Blomster, T., Reed, J.W., Broholm, S. & Mahonen, 
A.P. (2019). High levels of auxin signalling define the stem-cell 
organizer of the vascular cambium. Nature, 565(7740), 485-489. 
https://doi.org/10.1038/s41586-018-0837-0 

Somero, G.N. (1995). Proteins and temperature. Annu Rev Physiol, 57, 43-
68. https://doi.org/10.1146/annurev.ph.57.030195.000355 

Song, G.Q., Sink, K.C., Walworth, A.E., Cook, M.A., Allison, R.F. & Lang, 
G.A. (2013). Engineering cherry rootstocks with resistance to 
Prunus necrotic ring spot virus through RNAi-mediated silencing. 
Plant Biotechnol J, 11(6), 702-8. https://doi.org/10.1111/pbi.12060 

Spallek, T., Melnyk, C.W., Wakatake, T., Zhang, J., Sakamoto, Y., Kiba, T., 
Yoshida, S., Matsunaga, S., Sakakibara, H. & Shirasu, K. (2017). 
Interspecies hormonal control of host root morphology by parasitic 
plants. Proc Natl Acad Sci U S A, 114(20), 5283-5288. 
https://doi.org/10.1073/pnas.1619078114 

Spallek, T., Mutuku, M. & Shirasu, K. (2013). The genus Striga: a witch 
profile. Mol Plant Pathol, 14(9), 861-9. 
https://doi.org/10.1111/mpp.12058 

Stegemann, S. & Bock, R. (2009). Exchange of genetic material between 
cells in plant tissue grafts. Science, 324(5927), 649-51. 
https://doi.org/10.1126/science.1170397 

Sugimoto, K., Jiao, Y. & Meyerowitz, E.M. (2010). Arabidopsis 
regeneration from multiple tissues occurs via a root development 
pathway. Dev Cell, 18(3), 463-71. 
https://doi.org/10.1016/j.devcel.2010.02.004 

Sun, J., Qi, L., Li, Y., Chu, J. & Li, C. (2012). PIF4-mediated activation of 
YUCCA8 expression integrates temperature into the auxin pathway 
in regulating arabidopsis hypocotyl growth. PLoS Genet, 8(3), 
e1002594. https://doi.org/10.1371/journal.pgen.1002594 



56 

Suzuki, T. & Komochi, S. (1974). Problems on utilization of tomato 
rootstocks to prevent Verticillium wilt of eggplants. Research 
Bulletin of the Hokkaido National Agricultural Experiment Station, 
180, 55-63.   

Takei, K., Sakakibara, H., Taniguchi, M. & Sugiyama, T. (2001). Nitrogen-
dependent accumulation of cytokinins in root and the translocation 
to leaf: implication of cytokinin species that induces gene expression 
of maize response regulator. Plant Cell Physiol, 42(1), 85-93. 
https://doi.org/10.1093/pcp/pce009 

Takei, K., Ueda, N., Aoki, K., Kuromori, T., Hirayama, T., Shinozaki, K., 
Yamaya, T. & Sakakibara, H. (2004). AtIPT3 is a key determinant 
of nitrate-dependent cytokinin biosynthesis in Arabidopsis. Plant 
Cell Physiol, 45(8), 1053-62. https://doi.org/10.1093/pcp/pch119 

Thomas, H., Van den Broeck, L., Spurney, R., Sozzani, R. & Frank, M. 
(2022). Gene regulatory networks for compatible versus 
incompatible grafts identify a role for SlWOX4 during junction 
formation. Plant Cell, 34(1), 535-556. 
https://doi.org/10.1093/plcell/koab246 

Thomas, H.R. & Frank, M.H. (2019). Connecting the pieces: uncovering the 
molecular basis for long-distance communication through plant 
grafting. New Phytol, 223(2), 582-589. 
https://doi.org/10.1111/nph.15772 

Tilman, D. (1982). Resource competition and community structure. 
(Monographs in population biology). Princeton, N.J.: Princeton 
University Press.  Publisher description 
http://www.loc.gov/catdir/enhancements/fy1505/81047954-d.html  

Tomilov, A.A., Tomilova, N.B., Abdallah, I. & Yoder, J.I. (2005). Localized 
hormone fluxes and early haustorium development in the 
hemiparasitic plant Triphysaria versicolor. Plant Physiol, 138(3), 
1469-80. https://doi.org/10.1104/pp.104.057836 

Traas, J. & Bohn-Courseau, I. (2005). Cell proliferation patterns at the shoot 
apical meristem. Curr Opin Plant Biol, 8(6), 587-92. 
https://doi.org/10.1016/j.pbi.2005.09.004 

Tsukaya, H., Naito, S., Re ́dei, G.P. & Komeda, Y. (1993). A new class of 
mutations in Arabidopsis thaliana, acaulis1, affecting the 
development of both inflorescences and leaves. Development, 118, 
751–764.   

Tsutsui, H. & Notaguchi, M. (2017). The Use of Grafting to Study Systemic 
Signaling in Plants. Plant Cell Physiol, 58(8), 1291-1301. 
https://doi.org/10.1093/pcp/pcx098 



57 

Turnbull, C.G., Booker, J.P. & Leyser, H.M. (2002). Micrografting 
techniques for testing long-distance signalling in Arabidopsis. Plant 
J, 32(2), 255-62. https://doi.org/10.1046/j.1365-313x.2002.01419.x 

Ulmasov, T., Murfett, J., Hagen, G. & Guilfoyle, T.J. (1997). Aux/IAA 
proteins repress expression of reporter genes containing natural and 
highly active synthetic auxin response elements. Plant Cell, 9(11), 
1963-71. https://doi.org/10.1105/tpc.9.11.1963 

Umehara, M., Hanada, A., Yoshida, S., Akiyama, K., Arite, T., Takeda-
Kamiya, N., Magome, H., Kamiya, Y., Shirasu, K., Yoneyama, K., 
Kyozuka, J. & Yamaguchi, S. (2008). Inhibition of shoot branching 
by new terpenoid plant hormones. Nature, 455(7210), 195-200. 
https://doi.org/10.1038/nature07272 

Voinnet, O. & Baulcombe, D.C. (1997). Systemic signalling in gene 
silencing. Nature, 389(6651), 553. https://doi.org/10.1038/39215 

Wakatake, T., Ogawa, S., Yoshida, S. & Shirasu, K. (2020). An auxin 
transport network underlies xylem bridge formation between the 
hemi-parasitic plant Phtheirospermum japonicum and host 
Arabidopsis. Development, 147(14). 
https://doi.org/10.1242/dev.187781 

Wang, X.M., Ren, X., Yin, G.X., Wang, K., Li, J.R., Du, L.P., Xu, H.J. & 
Ye, X.G. (2014). Effects of Environmental Temperature on the 
Regeneration Frequency of the Immature Embryos of Wheat 
(Triticum aestivum L.). Journal of Integrative Agriculture, 13(4), 
722-732. https://doi.org/10.1016/S2095-3119(13)60361-5 

Warschefsky, E.J., Klein, L.L., Frank, M.H., Chitwood, D.H., Londo, J.P., 
von Wettberg, E.J.B. & Miller, A.J. (2016). Rootstocks: Diversity, 
Domestication, and Impacts on Shoot Phenotypes. Trends Plant Sci, 
21(5), 418-437. https://doi.org/10.1016/j.tplants.2015.11.008 

Wigge, P.A. (2013). Ambient temperature signalling in plants. Curr Opin 
Plant Biol, 16(5), 661-6. https://doi.org/10.1016/j.pbi.2013.08.004 

Wright, J.S. (1893). Cell Union in Herbaceous Grafting. Botanical Gazette, 
18(8), 285–293.   

Xia, Y., Suzuki, H., Borevitz, J., Blount, J., Guo, Z., Patel, K., Dixon, R.A. 
& Lamb, C. (2004). An extracellular aspartic protease functions in 
Arabidopsis disease resistance signaling. EMBO J, 23(4), 980-8. 
https://doi.org/10.1038/sj.emboj.7600086 

Yang, X., Hu, X., Zhang, M., Xu, J., Ren, R., Liu, G., Yao, X. & Chen, X. 
(2016). Effect of low night temperature on graft union formation in 
watermelon grafted onto bottle gourd rootstock. Scientia 
Horticulturae, 22, 29-34.   



58 

Yin, H., Yan, B., Sun, J., Jia, P., Zhang, Z., Yan, X., Chai, J., Ren, Z., Zheng, 
G. & Liu, H. (2012). Graft-union development: a delicate process
that involves cell-cell communication between scion and stock for
local auxin accumulation. J Exp Bot, 63(11), 4219-32.
https://doi.org/10.1093/jxb/ers109

Yoneyama, K., Xie, X., Kusumoto, D., Sekimoto, H., Sugimoto, Y., 
Takeuchi, Y. & Yoneyama, K. (2007a). Nitrogen deficiency as well 
as phosphorus deficiency in sorghum promotes the production and 
exudation of 5-deoxystrigol, the host recognition signal for 
arbuscular mycorrhizal fungi and root parasites. Planta, 227(1), 125-
32. https://doi.org/10.1007/s00425-007-0600-5

Yoneyama, K., Yoneyama, K., Takeuchi, Y. & Sekimoto, H. (2007b). 
Phosphorus deficiency in red clover promotes exudation of 
orobanchol, the signal for mycorrhizal symbionts and germination 
stimulant for root parasites. Planta, 225(4), 1031-8. 
https://doi.org/10.1007/s00425-006-0410-1 

Yoo, S.J., Hong, S.M., Jung, H.S. & Ahn, J.H. (2013). The cotyledons 
produce sufficient FT protein to induce flowering: evidence from 
cotyledon micrografting in Arabidopsis. Plant Cell Physiol, 54(1), 
119-28. https://doi.org/10.1093/pcp/pcs158

Zhang, A., Matsuoka, K., Kareem, A., Robert, M., Roszak, P., Blob, B., 
Bisht, A., De Veylder, L., Voiniciuc, C., Asahina, M. & Melnyk, 
C.W. (2022). Cell-wall damage activates DOF transcription factors
to promote wound healing and tissue regeneration in Arabidopsis
thaliana. Curr Biol, 32(9), 1883-1894 e7.
https://doi.org/10.1016/j.cub.2022.02.069

Zhang, H. & Forde, B.G. (2000). Regulation of Arabidopsis root 
development by nitrate availability. J Exp Bot, 51(342), 51-9. 
https://www.ncbi.nlm.nih.gov/pubmed/10938795  

Zhang, X.H., da Silva, J.A.T., Duan, J., Deng, R.F., Xu, X.L. & Ma, G.H. 
(2012). Endogenous hormone levels and anatomical characters of 
haustoria in Santalum album L. seedlings before and after 
attachment to the host. Journal of Plant Physiology, 169(9), 859-
866. https://doi.org/10.1016/j.jplph.2012.02.010



59 

Plants are resilient organisms with a high adaptation ability. One remarkable 
example is their exceptional ability to heal and reconnect their damaged 
tissues after wounding. Since ancient times, gardeners have observed this 
ability and taken advantage of it by cutting and joining different plant parts 
together to create a single plant that bears qualities of many; a technique 
known as grafting. Today, many of our fruits and vegetables are produced 
from grafted plants. Moreover, several fundamental scientific discoveries in 
plant biology were made using grafted plants. Despites its importance in 
horticulture and scientific research, our biological understanding of how 
plants graft is still lacking. Previous studies have demonstrated that graft 
healing generally follows the attachment of the damaged tissues, formation 
of plant stem cells called callus, and reconnection of vascular tissues. 
However, thorough investigations are often obstructed by the thick, rigid 
structure of plant tissues and the complexity of the regeneration process. The 
work of this thesis aimed to use current tools in molecular biology and high-
resolution imaging to deepen our knowledge of plant grafting. Through a 
series of experiments, we discovered that procambium, a plant tissue within 
the vasculature with an ability to divide and become other cell types, 
accounted for successful graft healing. Together with cellular responses to 
the plant hormone auxin, procambial cells multiply and become callus and 
then vascular vessels, essentially joining the grafted tissues. Furthermore, we 
demonstrated how environmental conditions such as temperature and 
nutrient levels affect plant regeneration. Our work showed that plants 
perceive warm temperatures in the leaf and speed up multiple aspects of 
tissue regeneration, including graft healing, in distant tissues. Parasitic plants 
are plants that parasitize other plants by connecting their vasculatures to their 
host plants to uptake water and nutrients, and we found that the infection 
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process is also enhanced by warm temperatures. Lastly, we discovered that 
the parasitic plant Phtheirospermum japonicum regulates its infectious levels 
depending on the levels of nitrogen in the soil via the hormone abscisic acid. 
Altogether, this thesis highlights the adaptive genetic programs by which 
plants employ to optimize their developmental responses and maximizing 
their chance of survival in different environmental conditions including 
wounding, temperature, and nutrient availability.   
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Växter är motståndskraftiga organismer med hög anpassningsförmåga. Ett 
anmärkningsvärt exempel är deras exceptionella förmåga att läka och 
återansluta sina skadade vävnader efter sår. Sedan urminnes tider har 
trädgårdsmästare observerat denna förmåga och utnyttjat den genom att 
skära av och sammanfoga olika växtdelar för att skapa en enda växt som bär 
egenskaper av fler än en individ; en teknik som kallas ympning. Idag 
produceras många av våra frukter och grönsaker från ympade växter. 
Dessutom gjordes flera grundläggande vetenskapliga upptäckter inom 
växtbiologi med hjälp av ympade växter. Trots dess betydelse för 
trädgårdsodling och vetenskaplig forskning, är vår biologiska förståelse för 
hur växter ympar fortfarande begränsad. Tidigare studier har visat att lyckad 
ympanslutning i allmänhet följer vidfästning av de snittade ytorna, bildandet 
av växtstamceller som kallas kallus och återanslutning av kärlsystemet. 
Grundliga undersökningar hindras dock ofta av den tjocka, stela strukturen 
hos växtvävnader och komplexiteten i regenereringsprocessen. Arbetet med 
denna avhandling syftade till att använda moderna molekylärbiologiska 
verktyg och högupplöst bildbehandling för att fördjupa vår kunskap om 
växtympning. Genom en serie experiment upptäckte vi att prokambium, en 
växtvävnad i kärlsystemet med förmåga att dela sig och bli andra celltyper, 
stod för framgångsrik ympläkning. Tillsammans med cellulära svar på 
växthormonet auxin förökar sig prokambiala celler och bildar kallus och 
sedan kärlsträngar, som i huvudsak förenar de vidhäftade ympvävnaderna. 
Vidare visade vi hur miljöförhållanden som temperatur och näringsnivåer 
påverkar förmågan till regeneration. Vårt arbete visade att växter uppfattar 
varma temperaturer i bladet och påskyndar flera aspekter av 
vävnadsregenerering i andra delar av växten, inklusive ympläkning. 
Parasitiska växter är växter som parasiterar andra växter genom att koppla 
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sina kärlsystem till värdväxtens för att från den ta upp vatten och 
näringsämnen, och vi fann att infektionsprocessen också förstärks av varma 
temperaturer. Till sist upptäckte vi att parasitväxten Phtheirospermum 
japonicum, via hormonet abscisinsyra, reglerar sin infektionsaktivitet utifrån 
vilka nivåer av kväve som finns i jorden. Sammantaget belyser denna 
avhandling de adaptiva genetiska program som växter använder för optimal 
utveckling och för maximering av sina chanser att överleva under olika 
miljöförhållanden, såsom vid skador, olika temperaturförhållanden samt 
tillgång på näringsämnen. 
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High temperature perception in leaves promotes vascular
regeneration and graft formation in distant tissues
Phanu T. Serivichyaswat1,*, Kai Bartusch1,2,3,*, Martina Leso1, Constance Musseau1, Akira Iwase4, Yu Chen4,5,
Keiko Sugimoto4,5, Marcel Quint3 and Charles W. Melnyk1,‡

ABSTRACT

Cellular regeneration in response to wounding is fundamental to
maintain tissue integrity. Various internal factors including hormones
and transcription factors mediate healing, but little is known about
the role of external factors. To understand how the environment affects
regeneration, we investigated the effects of temperature upon the
horticulturally relevant process of plant grafting. We found that elevated
temperatures accelerated vascular regeneration inArabidopsis thaliana
and tomato grafts. Leaves were crucial for this effect, as blocking auxin
transport or mutating PHYTOCHROME INTERACTING FACTOR 4
(PIF4) or YUCCA2/5/8/9 in the cotyledons abolished the temperature
enhancement. However, these perturbations did not affect grafting at
ambient temperatures, and temperature enhancement of callus
formation and tissue adhesion did not require PIF4, suggesting leaf-
derived auxin specifically enhanced vascular regeneration in response
to elevated temperatures. We also found that elevated temperatures
accelerated the formation of inter-plant vascular connections between
the parasitic plant Phtheirospermum japonicum and host Arabidopsis,
and this effect required shoot-derived auxin from the parasite. Taken
together, our results identify a pathway whereby local temperature
perception mediates long distance auxin signaling to modify
regeneration, grafting and parasitism.

This article has an associated ‘The people behind the papers’
interview.

KEY WORDS: Grafting, Regeneration, Temperature sensing, Auxin
transport, Vascular biology, Parasitic plants, Arabidopsis thaliana

INTRODUCTION
Various abiotic and biotic stresses including temperature extremes,
herbivory and cutting induce damage that needs to be repaired

(Ikeuchi et al., 2019). These stresses are a source of tissue damage,
but the environment can also promote regeneration. One notable
example is the influence of temperature upon regeneration. Elevated
temperatures enhance the formation of stem-cell like tissues,
termed callus, that aid the wound healing process (Lee and Seo,
2017). Increased temperatures also improve the horticultural
process of plant grafting (Bartusch et al., 2020; Shibuya et al.,
2008), which consists of cutting and joining different shoots,
known as scions, and roots, known as rootstocks, together to
improve stress tolerance and yields (Melnyk and Meyerowitz,
2015; Mudge et al., 2009). At the cut sites, grafts initially form
callus (Ikeuchi et al., 2017) that seal the wound, followed by
vascular division and differentiation that allows phloem and xylem
reconnection (Melnyk et al., 2015). Related processes occur during
other forms of wound healing such as when callus forms at the site
of cutting or cell layers divide and differentiate to restore tissue
integrity after cell ablation (Iwase et al., 2011; Marhava et al., 2019).
A common theme to regeneration in plants is the involvement of
auxin. Auxin is mainly produced in young leaves (Ljung et al.,
2001) and accumulates at the site of injury (Canher et al., 2020)
where auxin responses increase (Asahina et al., 2011; Hoermayer
et al., 2020; Melnyk et al., 2015). Auxin plays an important role in
regenerating the vasculature: disrupting auxin response or auxin
transport inhibits graft formation (Matsuoka et al., 2016; Melnyk
et al., 2015) and blocks xylem connection formation between
parasitic plants and their hosts during the conceptually related
process of parasitic plant infection (Ishida et al., 2016; Wakatake
et al., 2020).

The success of wound healing at the graft junction depends on
internal factors including hormones and the developmental stage,
but also on external factors such as light intensity (Bartusch et al.,
2020), photoperiod (Marsch-Martínez et al., 2013) and temperature
(Turnbull et al., 2002). In Arabidopsis, elevated ambient
temperature alters growth and developmental traits including
elongating hypocotyls, petioles and roots (Quint et al., 2016). The
transcription factor PHYTOCHROME INTERACTING FACTOR 4
(PIF4) is the major temperature-signaling hub in aerial tissues
(Delker et al., 2014; Koini et al., 2009; Lee et al., 2021). High
temperatures deactivate the photoreceptor Phytochrome B (PhyB)
and release its suppression of PIF4. The PIF4 protein directly
upregulates the expression of YUCCA8 (YUC8), a gene associated
with auxin biosynthesis (Franklin et al., 2011; Sun et al., 2012). In
Arabidopsis, high temperatures promote a mobile auxin signal
(Bellstaedt et al., 2019) that is activated by epidermal PIF4 in
cotyledons (Kim et al., 2020). Cotyledon-produced auxin is then
transported via the petioles to the hypocotyl where it causes
brassinosteroid-induced cell elongation (Bellstaedt et al., 2019).

Elevating temperatures during graft healing improves grafting
success rates in plants including Arabidopsis (Bartusch et al.,
2020; Turnbull et al., 2002), watermelon (Yang et al., 2016),
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eggplant (Shibuya et al., 2007, 2008), walnut (Avanzato and
Tamponi, 1988) and tomato (Shibuya et al., 2007). However, the
molecular basis for the temperature enhancement of regeneration
remains poorly characterized. Here, we investigated the effects
of temperature upon various aspects of graft healing including
callus formation, tissue attachment and vascular formation and
revealed a central role for temperature regulating PIF4 and YUC2/5/
8/9 in leaves to promote vascular formation in grafted stems.
Moreover, pharmacological experiments showed that leaf-derived
auxin regulated phloem reconnection at the Arabidopsis graft
junction and xylem bridge formation between the parasite
Phtheirospermum japonicum and its host Arabidopsis thaliana
in a temperature-dependent manner. Taken together, our results
suggest a conserved temperature signaling mechanism in leaves
regulating vascular regeneration and vascular formation in distant
tissues.

RESULTS AND DISCUSSION
Elevated temperatures enhance vascular formation during
grafting
As elevating temperatures improves commercial grafting success
rates (Lagerstedt, 1982), we tested the effects of temperature upon
in vitro graft formation in tomato (Solanum lycopersicum) and
Arabidopsis. We applied carboxyfluorescein diacetate (CFDA) to
monitor vascular connectivity at the graft junction (Melnyk et al.,
2015) (Fig. 1A). Tomatoes grown at 25°C and moved to 30°C
immediately after grafting showed significantly faster and higher
phloem connection rates compared with those recovered at 20°C
(Fig. 1B,C). Arabidopsis often grafts faster than tomato (Cui et al.,
2021; Melnyk et al., 2015; Yin et al., 2012), so we grafted
Arabidopsis pSUC2::GFP scions to wild-type rootstocks (Fig. 1A)
and observed that after 2 days the phloem connection rate was
accelerated by higher recovery temperatures (Fig. 1D; Fig. S1),

Fig. 1. Elevated temperatures enhance graft formation. (A) Schematic showing phloem and xylem transport measured by appearance of GFP or CFDA
fluorescence in the rootstock (phloem) or CFDA fluorescence in the scion (xylem). (B) Movement of CFDA from scion to rootstock of grafted tomato. Dashed lines
indicate cut sites. (C) Proportion of grafted tomato that transportedCFDA to rootstocks after recovery at 20°Cor 30°C [±standard error of a proportion (s.e.p.); n=27 at
1DAG,n=30 at 2-7DAGper temperature per time point]. (D) Proportion of grafted pSUC2::GFPArabidopsis scionswith fluorescingCol-0 rootstocks (±s.e.p.;n=20 at
16°C, n=60 at 20°C, n=20 at 27°C, n=20 at 30°C). (E) Proportion of graftedArabidopsis that transported CFDA to scions after recovery at 20°Cor 27°C (±s.e.p.; n=50
plants per temperature per time point). (F) Proportion of grafted pSUC2::GFPArabidopsis scionswith fluorescing Col-0 rootstocks that were recovered at 27°C for the
indicated period, then transferred to 20°C recovery (±s.e.p.; n=40 plants per temperature). (G) Longitudinal optical sections of graftedArabidopsis recovered at 20°C
and 27°C. Plants are stained with CalcofluorWhite and dashed lines indicate the cut site. (H) Vasculature diameter including pericycle, cambium, xylem and phloem
of grafted Arabidopsis, 100 µm from the cut surface and recovered at 20°C or 27°C (mean±s.d.; n=10 plants per temperature per time point). *P<0.05, **P<0.01,
***P<0.001; Fisher’s exact test (C-F) or unpaired two-tailed Student’s t-test (H) compared with 20°C. Scale bars: 500 μm (B); 100 µm (G).
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similar to tomato grafting. Expression of a reporter gene associated
with cambium formation, pDOF6::erVENUS (Smet et al., 2019), was
also enhanced by elevated temperatures (Fig. S2A,B). Increasing the
recovery temperature from 27°C to 30°C did not further promote
Arabidopsis graft formation, suggesting that 27°C was close to the
maximum thermo-induction effect in Arabidopsis. In contrast,
reducing the recovery temperature to 16°C delayed phloem
reconnection (Fig. 1D). Elevated temperatures also increased xylem
reconnection rates (Fig. 1E; Fig. S3) and enhanced the size of the
regenerating vascular bundle, particularly in the scion (Fig. 1G,H).
We next investigated when and for how long elevated temperatures
were required to accelerate graft healing and found that 48 h of warm
recovery immediately after grafting was sufficient (Fig. 1F).
However, providing warm temperatures before grafting (Fig. S2C)
had no significant effect upon vascular connectivity (Fig. S2D),
suggesting that thermo-responsiveness occurs early after wounding
and plays an important role during graft healing.

PIF4 andYUCs are required in the cotyledon for temperature-
enhanced vascular formation in the hypocotyl
To better understand how elevated temperatures promoted graft
formation, we tested various mutant genotypes associated with
temperature response or hormone signaling (Table S1). Most
mutants had no effect on temperature enhancement, but the pif1 pif3
pif4 pif5 quadruple mutant ( pifQ) and the pif4 single mutant were
exceptional as they did not respond to temperature enhancement at
3 days after grafting (DAG) but had normal grafting dynamics at
later time points (Fig. 2A; Fig. S4A), suggesting they specifically
affected temperature enhancement. We tested the spatial

requirements of PIF4 by grafting pif4 scions to wild-type
rootstocks, or vice versa, and observed that pif4 scions did not
respond to the elevated recovery temperature, whereas pif4
rootstocks responded like wild-type (Fig. 2A). The cotyledons
play an important role in thermo-sensing (Bellstaedt et al., 2019), so
we generated a graft combination whereby the cotyledon of pif4was
initially grafted to a pSUC2::GFP scion and then, after graft
healing, a hypocotyl graft was performed to a wild-type rootstock
for recovery at 20°C and 27°C. Plants with pif4 cotyledons did not
respond to elevated temperatures (Fig. 2B), indicating that
temperature perception via PIF4 in the leaves was sufficient to
accelerate graft healing in the hypocotyl. The auxin-biosynthesis
gene YUC8 is a direct target of PIF4 (Sun et al., 2012) and we found
that YUC8 transcription levels were upregulated in wild-type plants
exposed to elevated temperatures, but downregulated and non-
responsive in the pif4mutant (Fig. 2C). We also observed that PIF4
transcript levels were not affected in the yuc2 yuc5 yuc8 yuc9
quadruple mutant (yucQ), consistent with PIF4 acting as an
activator of YUC8. Staining from pYUC8::GUS increased in plants
grown at 27°C compared with those grown at 20°C and was
observed mainly in the epidermis, vasculature and mesophyll
(Fig. 2D), consistent with the previously reported expression pattern
of PIF4 (Kim et al., 2020). We tested the yucQ mutant in grafting
assays and found that plants lost grafting thermo-responsiveness
when YUC genes were mutated in the scion (Fig. 2E), but yucQ did
not affect grafting at later time points, similar to the pif4mutant. The
yucQ genotype carries yuc2, yuc5, yuc8 and yuc9mutations yet only
YUC8 was responsive to elevated temperatures (Fig. 2C; Fig. S4B),
suggesting that YUC8 might play a central role for the observed

Fig. 2. Temperature-enhanced graft formation requires PIF4 and YUCs in the cotyledon. (A) Proportion of grafted pif4-2 or wild-type Arabidopsis that
transported CFDA to the rootstock 3-4 DAG and recovered at 20°C or 27°C [±standard error of a proportion (s.e.p.); n=30 plants per temperature per time point].
(B) Proportion of three genotype pif4-2 grafts with fluorescent rootstocks (±s.e.p.; n=indicated on plot). (C) Relative expression levels ofYUC8 andPIF4 in Col-0 or
pif4-2 cotyledons after 48 h treatment of 20°C or 27°C (mean±s.d. of three biological replicates). (D) GUS histochemical staining of 8-day-old pYUC8::GUS
seedlings incubated at 20°C or 27°C for 48 h. Scale bars: 1 mm. (E) Proportion of grafted yuc2/5/8/9 or wild-type Arabidopsis that transported CFDA to the
rootstock, recovered at 20°C or 27°C andmeasured 3-4 DAG (±s.e.p.; n=30 plants per temperature per time point). *P<0.05, **P<0.01, ***P<0.001; Fisher’s exact
test (A,B,E) or unpaired two-tailed Student’s t-test (C) compared with 20°C.
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phenotype. We tested whether temperatures affected the expression
of vascular-development genes in intact (non-grafted) seedlings but
did not detect upregulation (Fig. S4C), suggesting that wounding
may be a prerequisite for transcriptional induction. Together, these
data indicated a requirement for PIF4 and YUC genes in the
cotyledons for temperature-dependent vascular connectivity in
hypocotyl tissues.

Warm temperatures promote vascular formation by
enhancing auxin response
As auxin is important for graft formation and wound healing
(Asahina et al., 2011; Canher et al., 2020; Ikeuchi et al., 2017;
Matosevich et al., 2020), we investigated the role of auxin in
temperature enhancement of grafting. We applied an auxin transport
inhibitor 1-N-naphthylphthalamic acid (NPA) on the petiole to
inhibit the transport of auxin from the cotyledon to the hypocotyl,
and observed that NPA-treated plants did not respond to temperature
enhancement (Fig. 3A), suggesting that cotyledon-derived auxin is
essential for this effect. However, graft dynamics of NPA-treated
plants at 20°C were similar to controls at 20°C, suggesting that
cotyledon-derived auxin was only relevant for graft formation at
elevated temperatures. We next asked whether auxin response at the
graft junction was increased by elevated temperatures and found a
significant fluorescence increase in the auxin-responsive pDR5::
GFP reporter (Friml et al., 2003; Ulmasov et al., 1997) with warm
temperatures (Fig. 3B). Perturbing auxin response in the rootstock

with a dominant negative mutant of BODENLOS (BDL; also known
as IAA12) (bdl-2) (Hayward et al., 2009) blocked graft formation
irrespective of whether grafting was performed at 20°C or 27°C
(Fig. 3C). However, when bdl-2 was present only in the scion,
plants grafted like controls at 20°C but were inhibited in elevated
temperature responses at 27°C (Fig. 3C). As we previously observed
that accelerated graft healing in the hypocotyl was due to
temperature perception in the leaves, we asked whether blocking
auxin response in the leaves would also affect the thermo-
responsiveness of grafting dynamics. Blocking auxin response in
the cotyledon by grafting the bdl-2 cotyledon to a pSUC2::GFP
scion and wild-type rootstock did not affect temperature
enhancement (Fig. 3D), suggesting that bdl-2 did not play a role
in the leaves for temperature enhancement of graft formation and,
instead, bdl-2 had its effect at the region of graft junction formation.
Thus, the long-distance transport of, and local response to, an auxin-
dependent signal was necessary for temperature to accelerate graft
healing.

Temperature-dependent tissue regeneration is widespread
Graft formation involves cell adhesion, callus formation and
vascular reconnection (Melnyk et al., 2015; Yin et al., 2012).
To test the effects of temperature upon tissue adhesion, we picked
up plants 1-2 DAG with forceps (Melnyk et al., 2015) and
observed that adhesion rates were significantly increased with
the elevated temperatures, but this enhancement was not affected

Fig. 3. Temperature promotes graft formation by elevating auxin response. (A) Proportion of grafted Arabidopsis pSUC2::GFP scions with fluorescing Col-0
rootstocks after petiole NPA treatments and recovered at 20°C or 27°C [±standard error of a proportion (s.e.p.); n=50 plants per treatment]. NPA plaster
(arrowhead) and graft junction (dashed line) indicated. (B) Signal intensity of auxin-responsive pDR5::GFP signal at the graft junction 48 h after grafting (HAG)
recovered at 20°C or 27°C (mean±s.d. of three experiments, each ≥15 plants per temperature treatment). Dashed lines indicate the graft junction. (C) Proportion
of grafted bdl-2 or wild-type Arabidopsis that transported CFDA to the rootstock 3-4 DAG and recovered at 20°C or 27°C (±s.e.p.; n=30 plants per temperature per
time point). (D) Proportion of three genotype grafts with fluorescent rootstocks (±s.e.p.; n=indicated on plot). The white and black dashed lines indicate sites of
cotyledon and hypocotyl grafting, respectively. *P<0.05, **P<0.01, ***P<0.001; Fisher’s exact test (A,C,D) or unpaired two-tailed Student’s t-test (B) compared
with 20°C. Scale bars: 1 mm (A,D); 100 μm (B).
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in pif4 mutants (Fig. 4A). To measure callus formation, we
used previously described assays (Iwase et al., 2017) and found
that elevated temperatures enhanced wound-induced callus
formation but this enhancement was not affected in pif4, pifQ,
yucQ or bdl-2 mutants (Fig. 4B,C; Fig. S5A), suggesting that
warm temperatures enhanced multiple aspects of wound healing
but that phloem enhancement specifically required PIF4 and
YUC2/5/8/9.
Parasitic plant infections are conceptually similar to grafting

(Kokla and Melnyk, 2018) and their infective structures, haustoria,
form xylem connections known as xylem bridges to their hosts to
withdraw nutrients. Elevated temperatures can increase haustoria
numbers (Rafferty et al., 2019), but we found that elevated
temperatures did not affect haustoria number during A. thaliana
infection by the facultative parasite P. japonicum (Fig. S5D).
However, we observed that xylem bridge formation was accelerated
by elevated temperatures similar to the effect we observed during
xylem reconnection at the graft junction (Fig. 1E; Fig. S5E). Warm

temperatures also increased the area and length of the haustoria
xylem mass adjacent to the parasite root vasculature, the plate
xylem (Fig. S5B,C). To investigate a role for leaf-derived auxin,
we blocked auxin transport from P. japonicum cotyledons using
NPA (Fig. S5F). NPA did not affect haustoria number (Fig. 4D),
but significantly reduced xylem bridge formation at 27°C but did
not affect it at 20°C (Fig. 4E,F). Expression levels of auxin
biosynthesis genes PjYUC2 and PjYUC4 were upregulated
by elevated temperatures in P. japonicum shoots but not roots
(Fig. 4G; Fig. S5G). Thus, similar to grafting, shoot-derived auxin
contributed to vascular formation in basal tissues of P. japonicum.

Previous reports have found that elevated temperatures have
dramatic effects upon both animal and plant development
(Angilletta et al., 2004; Franklin, 2009; Hatfield and Prueger,
2015) and here, we demonstrate that warm temperatures enhanced
multiple aspects of wound healing including tissue adhesion, callus
formation and vascular regeneration that we could mechanistically
separate based on their dependency on PIF4. PIF4 was specifically

Fig. 4. Temperature-dependent tissue regeneration is widespread. (A) Proportion of grafts attached 1-2 DAG after recovery at 20°C or 27°C [±standard error
of a proportion (s.e.p.); n=30 plants per temperature per time point]. (B) Callus formation from cut Col-0 petioles at 20°C or 27°C. (C) Callus size 8 days after
wounding from various genotypes relative to Col-0 at 20°C (mean±s.d., n=60 cotyledons per genotype and temperature). (D) P. japonicum haustoria numbers
with control or NPA applications at 20°C or 27°C (mean±s.d. from four experiments, each with 20 infections per treatment). (E) Proportion of P. japonicum xylem
bridge formation with control or NPA applications at 20°C or 27°C (±s.e.p.; n=40 infections per treatment). (F) Representative images of haustoria and xylem
bridges formed at 7 DPI at 27°C with and without NPA petiole applications. Dashed lines show the interface between P. japonicum and Arabidopsis. Xylem
bridges are indicated by the arrowheads. (G) Relative expression levels of auxin-related genes in P. japonicum at 7 DPI in shoots and roots at 20°C or 27°C
(mean±s.d. from three experiments). *P<0.05, **P<0.01, ***P<0.001; Fisher’s exact test (A,E) or unpaired two-tailed Student’s t-test (C,H) compared with 20°C.
(H) Proposed model for temperature-dependent vascular regeneration. Elevated temperatures increase PIF4 levels and activate YUC8-mediated auxin
production. Auxin moves to the graft junction where it degrades BDL and activates auxin response factors (ARFs) to promote phloem reconnection. SAM, shoot
apical meristem. Scale bars: 250 μm (B); 100 μm (F).
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required in cotyledons to promote vascular regeneration, and this
protein is known to activate auxin biosynthesis (Franklin et al.,
2011), suggesting that transport of cotyledon-derived auxin was
sufficient to enhance vascular formation at the graft junction
(Fig. 4H). Enhancing auxin response at the graft junction likely
enhanced graft healing through the known roles of auxin in
promoting xylem differentiation and activating cambium in part via
DOF6 (Fig. S2) (Baima et al., 1995; Miyashima et al., 2019;
Ursache et al., 2014), processes that were likely perturbed in
the auxin-resistant bdl-2 scion (Hayward et al., 2009). However,
bdl-2 rootstocks inhibited grafting regardless of temperature,
indicating that the rootstock had a different requirement for auxin
response and appeared more sensitive to auxin perturbations.
Enhanced temperatures also accelerated haustoria development
in P. japonicum, and this effect was specific to xylem bridge
formation but not haustoria initiation. It was previously shown
that auxin production is necessary for haustoria formation and that
auxin transport drives xylem bridge formation (Wakatake et al.,
2020). We extended the role for auxin and found that shoot-derived
auxin acted as a long-distance signal to accelerate xylem bridge
formation upon elevated temperatures. Our observations in grafted
plants and parasitic plants demonstrate a common mechanism
by which temperature sensing in leaves changes vascular
development and contributes to modifying the rate of vascular
regeneration or vascular formation. Such modulations could provide
developmental plasticity in response to environmental changes and
confer a fitness advantages to accelerate water and photosynthate
transport. High temperatures also enhance regeneration of Hydra
tentacles (Peebles, 1898), zebrafish fins (Boominathan and Ferreira,
2012) and flatworm testes (Wudarski et al., 2019), suggesting
the enhancement of regeneration by elevated temperatures is
universally relevant and a useful tool to enhance grafting and
wound healing.

MATERIALS AND METHODS
Plant materials, growth conditions, and grafting
A. thaliana (L.) ecotype Columbia (Col-0) was used throughout this
study unless otherwise indicated. Mutant lines used included pif4-2
(CS66043), pifQ (CS66049), yucQ (CS69869), bdl-2 (Hayward et al.,
2009). The previously published transgenic lines include pSUC2::GFP
(Imlau et al., 1999), pYUC8::GUS (Müller-Moulé et al., 2016), pDR5rev::
GFPer (Friml et al., 2003) and pDOF6::erVENUS (Smet et al., 2019).
For in vitro germination, seeds were surface sterilized with 70% (v/v)
ethanol for 10 min, followed by 90% (v/v) ethanol for 10 min. The seeds
were then sown and germinated on ½MS media (1% plant agar), pH 5.8.
After stratification in the dark at 4°C overnight, the seeds were transferred to
20°C short-day growth conditions (8 h of 140 μmol m−2 s−1). Arabidopsis
grafting was performed on 7-day-old seedlings and carried out according to
previously published protocols (Melnyk, 2017a,b), and recovered at 16°C,
20°C, 27°C or 30°C. For the three-segment cotyledon-hypocotyl grafting,
cotyledon grafting was first performed when plants were 4 days old
(Bartusch et al., 2020), then after 3 days of recovery at 20°C, the attached
plants were used for the hypocotyl grafting. GFP or CFDA signals in the
rootstocks were observed daily up to 7 DAG. CFDA signals in the scions
were observed daily up to 7 DAG.

MoneyMaker tomato (S. lycopersicum) seeds were sterilized in 75%
bleach solution for 20 min, then rinsed at least five times with sterile water.
The seeds were then sown on ½ MS media (1% agar) and germinated at
25°C under short-day conditions (8 h of 140 μmol m−2 s−1). Tomato
grafting was performed using 7-day-old seedlings. A straight cut was made
in the middle of the hypocotyl using a scalpel. Rootstocks and scions were
held together within a silicone tube (0.8 mm diameter). The grafted
seedlings were transferred on 1% agar media and grown under short-day
conditions (8 h of 140 μmol m−2 s−1), at either 20°C or 30°C. CFDA signals
in the rootstocks were observed daily for 7 DAG.

Phloem and xylem connection assays
Xylem and phloem connections were monitored by the movement of the
fluorescent dye CFDA (Thermo Fisher Scientific) across the graft junction.
To measure phloem connection, the cotyledon of the Arabidopsis grafted
plants was wounded with forceps, and then CFDA solution (1 mM) was
applied on the surface using a pipette. After 1 h incubation at room
temperature, fluorescent signals in the rootstocks were detected.
Alternatively, pSUC2::GFP (Imlau et al., 1999) scions were grafted to
wild-type rootstocks, and the GFP signals in the roots were observed daily.
For the xylem connection assay, a previously published protocol was
modified slightly (Bartusch et al., 2020). In brief, grafted plants with cut root
tips were place on a piece of Parafilm, then 1 µl of 1 mMCFDA solution was
dropped on the cut site. The signals in the cotyledons were detected after 1 h.
For tomato phloem assays, one of the two cotyledons was cut and a drop of
CFDA (5 mM CFDA in 1% agar) was applied on the cut site. Seedlings
were kept in the dark for at least 2 h. Transversal sections of the hypocotyl
(at the shoot-root junction) were made at 2 h and placed on slides to help
monitor fluorescence movement. Arabidopsis plants and tomato sections
were observed under a Leica M205 FA microscope and Leica M205 FCA,
with GFP filter to detect CFDA fluorescence in the phloem or xylem. All of
the CFDA assays were performed at room temperature. Ungrafted plants
were used as controls.

Parasitic plant infection assays
P. japonicum seeds were surface sterilized by washing with 70% ethanol for
20 min, followed by 95% ethanol for 5 min, and sown on ½ MS with 1%
sucrose and 0.8% agar. After stratification at 4°C in darkness overnight, the
plates were moved to a growth cabinet at 20°C in short-day conditions
(8 h of 140 μmol m−2 s−1). Four-day-old P. japonicum seedlings were
transferred to 0.8% water agar for starvation before infection. For the
infection, the root of a 5-day-old Arabidopsis seedling was aligned to each
P. japonicum root, and the infection setup was incubated at 20°C or 27°C in
short-day conditions (8 h of 140 μmol m−2 s−1). At 24 h post infection,
swellings on P. japonicum root corresponding to early haustoria were
marked as day-1 haustoria. The number of haustoria and presence of a xylem
bridge were quantified using a Zeiss Axioscope A1 microscope at 3, 5 and
7 days post infection (DPI). Plate xylem area and length were measured on
7 DPI haustoria stained with Safranin-O using a previously published
protocol (Spallek et al., 2017).

Histological staining and confocal imaging
Histological staining of GUS was analyzed in pYUC8::GUS transgenic
seedlings, which were germinated and grown at 20°C for 6 days, then
transferred to 27°C, or remained at 20°C, for 48 h. For the staining,
seedlings were incubated for 12 h at 37°C with the substrate solution (1 mM
5-bromo-4-chloro-3-indolyl-β-D-glucuronide, pH 7.0, 100 mM sodium
phosphate buffer, 10 mM Na2EDTA, 0.5 mM potassium ferricyanide,
0.5 mM potassium ferrocyanide and 0.1% Triton X-100). Stained seedlings
were washed with 70% ethanol overnight to remove chlorophyll, and were
then photographed using a Leica M205 FA microscope. For confocal
microscopy, all images were taken on a Zeiss LSM-780 laser scanning
confocal microscope. Graft junction morphology was observed with
Calcofluor White staining protocol (Ursache et al., 2018), with 405 nm
excitation, 2% laser power, 410-529 nm detection and 210 PMT. Vascular
diameter quantifications included cambium, xylem, phloem and pericycle
tissues and measured the distance between the pericycle layers
encompassing the vascular bundle, 100 μm above the cut site. Samples
with GFP and Venus were excited with 488 nm excitation, 10% laser power,
500-524 nm detection and 280 PMT. The images were processed and
analyzed using FIJI software (version 2.1.0/1.53c).

NPA treatment assay
The application of the auxin inhibitor NPA plasters on Arabidopsis was
adapted from a previous study (Bellstaedt et al., 2019). Plants were grown in
short-day conditions at 30 μmol m−2 s−1 to induce longer petioles before
grafting, for a more efficient application of NPA plasters. Thin strips of
cellulose tissue were soaked in a lukewarm agar solution (1%) with or
without 100 µM NPA (Duchefa) and were carefully positioned across
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petioles using fine forceps after grafting. For the application of NPA on P.
japonicum, the NPA plasters were placed on the cotyledons just before the
infection assay.

Plant attachment and callus formation assays
For the attachment assays, grafted Arabidopsis recovered at 20°C to 27°C
were picked up with forceps at the root/hypocotyl junction and scions scored
whether they remained attached or fell apart. The petiole callus formation
assays was adapted from previously published protocols (Iwase et al., 2017).
The explants were incubated at 20°C to 27°C and the area of callus was
quantified by ImageJ (version 2.1.0/1.53c). Callus induction was quantified
as a percentage of explants with more than one callus cell developing from
wound sites.

Gene expression analyses
For Arabidopsis, total RNA was extracted from whole seedlings or
cotyledons using ROTI Prep RNA MINI (Roth), then subsequently
treated with DNase I (New England Biolabs) to eliminate DNA
contamination. The cDNA was synthesized with Maxima First Strand
cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific). The
transcript levels were measured by quantitative real-time PCR (qPCR)
using SYBR-Green master mix (Applied 512 Biosystems) with specific
primers (Table S2). The data were normalized against temperature-stable
housekeeping gene PP2A (Hong et al., 2010). The temperature-stable
housekeeping gene MONENSIN SENSITIVITY1 (MON1) transcript levels
remained unchanged at 20°C and 27°C in Col-0, pif4-2 and yucQ
(Fig. S4D). The relative expression was calculated using the Pfaffl
method (Pfaffl, 2001). All reactions were carried out with three biological
replicates, each with three technical replicates. For P. japonicum, 7 DPI
plants were separated from host Arabidopsis, and the shoot and root samples
were collected. Total RNA extraction, cDNA synthesis and qPCR were
performed using the mentioned protocol with P. japonicum-specific primers
(Table S2). The data were normalized against PjPP2A, the homolog of
AtPP2A.

Statistics
For pairwise comparisons of frequencies, Fisher’s exact test was used with
the indicated sample sizes. For pairwise comparisons of continuous data,
unpaired two-tailed Student’s t-test was performed.
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