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Abstract: Trees have a distinctive and generally long juvenile period during which vegetative growth
rate is rapid and floral organs do not differentiate. Among trees, the juvenile period can range from
1 year to 15-20 years, although with some forest tree species, it can be longer. Vegetative propagation
of trees is usually much easier during the juvenile phase than with mature phase materials. Therefore,
reversal of maturity is often necessary in order to obtain materials in which rooting ability has been
restored. Micrografting has been developed for trees to address reinvigoration/rejuvenation of elite
selections to facilitate vegetative propagation. Generally, shoots obtained after serial grafting have
increased rooting competence and develop juvenile traits; in some cases, graft-derived shoots show
enhanced in vitro proliferation. Recent advances in graft signaling have shown that several factors,
e.g., plant hormones, proteins, and different types of RNA, could be responsible for changes in the
scion. The focus of this review includes (1) a discussion of the differences between the juvenile and
mature growth phases in trees, (2) successful restoration of juvenile traits through micrografting, and
(3) the nature of the different signals passing through the graft union.

Keywords: reinvigoration; rejuvenation; in vitro grafting; rooting capacity; woody plants; long
distance signaling

1. Introduction

The life cycle of trees can be divided into four distinct phases: embryonic, juvenile,
transitional, and mature [1]. In the embryonic phase a mature embryo is formed within
the seed which can be either orthodox or recalcitrant. The juvenile phase occurs after seed
germination and is characterized by an indeterminate growth type due to the proximity of
the root system and the reduced plant size [2]. During the transitional phase (vegetative
transition), gradual changes in morphology, including growth habit and progressive acqui-
sition of reproductive ability, takes place. Concurrently, juvenile and adult cells are present,
and these changes are associated with “ontogenetic maturation” or phase change (transi-
tion from juvenile to adult stage in plants) [3]. Reproductive structures can be observed
following application of inductive treatments, but plants cannot flower under normal
conditions [4,5]. Cuttings or in vitro explants demonstrate a general decline of regenerative
ability with increasing age of the mother plant [5]. The mature phase culminates with repro-
ductive maturation, whereas growth rate declines and regenerative ability is progressively
lost [5]. Trees require several years to reach maturity, ca. one year for the woody vines Vitis
spp., 2-8 for Citrus and Prunus spp., 15-20 for Acer pseudoplatanus and Fraxinus excelsior and
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up to 40 years for Fagus sylvatica [5]. There occur age-related postmaturation morphological
and physiological changes that are linked to increased shoot size resulting in decreased
vigor, also known as physiological aging [5]. However, according to Greenwood et al. [2]
the developmental decline in height could be due to a change in growth habit with aging
rather than the result of a general loss of vigor. Postmaturation changes are not as drastic
as in the juvenile-mature transition [6] and can be reversed following successive pruning
or grafting onto vigorous rootstocks among other treatments [2,5,7]; afterwards, a reinvigo-
rated (with increased vigor) mother plant is thereby obtained. Similarly, changes related
to vegetative maturation are also reversible, although traits do not all behave in a similar
manner and do not show the same degree of reversion [8,9]. Reversion to the juvenile stage
(rejuvenation) has generally been gauged on the basis of plant morphology rather than by
physiological and /or molecular markers. This has made it difficult to differentiate whether
reinvigoration (reversion of physiological aging) or rejuvenation (reversion of ontogenetic
aging) has been achieved [1,5]. Restoration of a single trait such as rooting ability or a
temporary increased vigor, is not an indication that long term rejuvenation, which would
include increased growth rate, will also occur [1,5,8]. It is widely accepted that reversion of
physiological aging is a prerequisite for rejuvenation [5]. There can also be morphological
and physiological changes occurring in shoot appearance due to effects of environmental
factors (light, temperature, etc.) which sometimes resemble those occurring in vegetative
transition; however, it is not clear whether they share regulatory mechanisms [3].
Differences occur between juvenile and adult materials with respect to hormonal
responses [10]; juvenile tissues show a higher hormone sensitivity [6], higher endogenous
auxin level [11], or indole-3-acetic acid/abscisic acid (IAA/ABA) ratio [12] while Z-type
cytokinins (CKs) have been shown to increase with maturation, showing accumulation
at the postflowering stage [13]. Appearance of the J16 membrane-associated protein [14],
accumulation of oxygen evolving enhancer protein 2 (OEE2) [15], and appearance of specific
restricted fragments of mtDNA [16] have also been found in juvenile in contrast with
mature tissues in which a higher level of esterases, peroxidases, tyrosine phosphorilated
proteins [17,18], and a higher degree of methylation [6,10,19,20] have been reported.
Investigations with maize have shed light on the role of miRNAs in controlling
phase change in plants. Lauter et al. [21] observed that miR172 accumulates during
maize shoot development and promotes the transition to the adult phase, being also
involved in the degradation of an APETALA? like transcription factor (Gl15) responsible
to maintain juvenile traits. Using maize mutants, Chuck et al. [22] demonstrated that
overexpression of miR156 decreased miR172 levels and resulted in maintenance of juvenile
traits through overexpression of Gl15. A similar trend occurs in Arabidopsis [23]. These
observations suggest that relative abundance of these two miRNAs could regulate phase
transition in plants [3,22,24]. This has been confirmed in several woody perennials, e.g.,
Acacia confusa, Acacia colei, Eucalyptus globulus, Hedera helix, Quercus acutissima, and Populus
x canadensis [25], Malus asiatica x Malus domestica [26], Persea americana [27], and Olea
europaea [28]. With Macadamia integrifolia and Mangifera indica [27], although abundance
of miR156 decreased with age, accumulation of miR172 could not be observed as time
progressed. Furthermore, Wang et al. [25] observed a longer juvenile phase in Populus x
canadensis plants overexpressing miR156, and these authors concluded that this could be
the master regulator of juvenility. Moreover, they speculated that it would be desirable to
determine if traits of economic importance related with age, e.g., rooting competence, are
under the control of miR156. The expression level could also be used to determine the effects
of different factors on ontogenetic maturation (phase change) when morphological changes
are not associated with vegetative transition. Feng et al. [29], working with tobacco, found
several traits, e.g., leaf shape, number of leaf veins, and size and density of epidermal cells,
were affected by miR156 expression levels. This marker could be used in the Solanaceae
family to better understand changes associated with phase change. With Prunus spp. and
strawberry, the miR156 expression pattern was altered after in vitro culture, with a marked
increase with strawberry and an erratic behavior with Prunus spp. [30,31]. Recently Guo
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et al. [32], working with Arabidopsis, showed that miR159 was involved in timing control of
phase change through avoidance of continuous activation of miR156. Redox signals and
sugars also appear to be involved in modulating miR156 levels [33,34].

With respect to control of morphogenetic capacity, Zhang et al. [35] demonstrated
that decreased shoot regeneration competence during aging could be explained by a
lower cytokinin sensitivity due to binding of the SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE (SPL), a target of miR156, to B-type ARRs, a key factor in cytokinin
signaling. In Malus xiaojinensis an increase in miR156, ARF7, and ARF9 was observed after
15 in vitro subcultures of adult material with shoots recovering their rooting competence
after three additional subcultures [11]. Xu et al. [36] working with juvenile (obtained from
suckers of trees of apomictic origin), adult and rejuvenated adult (obtained via meristem
culture) leafy cuttings of the same species, demonstrated that ISPL26 was responsible
for adventitious root inhibition in adult shoots. Accordingly, targeting of this factor by
miR156, found at higher levels in juvenile and rejuvenated adult materials, was responsible
for their higher rooting competence. Moreover, miR156 acts independently of PIN and
ARF family members in root induction. Heide [37] indicates that rejuvenation observed
during adventitious organogenesis and somatic embryogenesis is linked to a shift in
expression levels of miR156 and miR172, with accumulation of the former. In Arabidopsis,
overexpression of miR156 is responsible for enhancing rooting in adult tissues but had
no effect on juvenile material [38]; however, these results could not be confirmed by Ye
et al. [39], who showed that increasing expression of miR156 in adult leaves of Arabidopsis
thaliana restored some juvenile traits, i.e., loss of leaf trichomes, but did not increase rooting
capacity or cause flowering delay. This could be explained if once the adult phase is reached,
epigenetic status of SPL-regulated genes cannot be modified. Ye et al. [39] also suggest
that rejuvenation could be associated to changes in DNA sequence, DNA methylation and
differential gene expression or that an unknown pathway related with aging occurs and
miRNAIi induction cannot overcome it. The role of miR156 in rooting capacity has also
been questioned, e.g., in Eucalyptus spp. in which miR156 was higher in juvenile tissues
in comparison with adult material, no relationship between miRNA156 expression and
rooting capacity could be found [40]. As previously reported with Castanea, Hedera, Larix,
and Pinus [6], in Eucalyptus, decreased rooting competence with age could be explained
by several factors, i.e., lower auxin content and sensitivity [41]. Several miRNAs, e.g.,
miR160, miR167, and miR390, have been shown to play a key role in rooting through
modulation of the auxin response [42-47]. miRNA169, known to be down regulated by
nitrogen starvation [48] is also down regulated in micropropagated strawberry where N
deficiency is absent [49] while miRNA390 was upregulated. This controversy prompted
Us-Camas et al. [50] to suggest that miRNA regulation could be different in vivo and
in vitro, with auxin playing a more pivotal role in vitro, favoring dedifferentiation and
enhancing the appearance of juvenile traits.

2. Micrografting for Reinvigoration/Rejuvenation of Plus Trees

Micrografting involves the in vitro grafting of small shoot apices or lateral buds onto
decapitated rootstock seedlings (Figure 1). The efficacy of micrografting as an alternative
method for reinvigoration/rejuvenation of ancient trees in forestry and horticulture has
been evaluated with different degrees of success. In some cases, partially recovered juvenile
morphology in scions and/or restoration of rooting competence or in vitro establishment
of rejuvenated material was reported (Table 1) while in others, micrografting resulted in
growth enhancement of the scion and no further evaluation of other morphogenic responses
(capacity to form roots, axillary or adventitious shoots, changes in leaf morphology) of
graft-derived material was indicated (Table 2).
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Figure 1. Hypocotyl micrografting in olive. Graft establishment through insertion of nodal section
with lateral buds onto the hypocotyl; a silicone ring is used to hold the graft union (A). Sprouted

shoots after 8 weeks in OM medium supplemented with zeatin (B). Bar: 1 cm.

Table 1. Woody species in which the micrografting of adult scions onto juvenile rootstocks was used to reinvigo-
rate/rejuvenate the scion. Evaluation of changes in the scion other than increased growth was included.

Mineral
Species Scion Source Scion Size Formulation + Morphogenic Response Reference
Growth
Regulators
FRUIT TREES: SUBTROPICAL
Anacardium Greenhouse grown Rooting: 13.3% after one
occidentale L. (cv. plants, Shoot tips MS graft vs. 0% for ungrafted [51]
AC-4) 4-5 years old adult shoots
Rooting for ‘Fino de Jete’,
‘Bonita’ and ‘Pazicas’ after
Actively growing 3 micrografts: 70, 60, and
Annona cherimola  shoots collected in 50%, respectively
. . Nodal segment . -
M. (cvs. Fino de spring from . Rooting capacity was lost
. (1-2 cm) with a MS [52]
Jete, Bonita, mature plants when shoots were
. T lateral bud
Pazicas) growing in a removed from the grafts,
glasshouse cultured on multiplication
medium and subsequently
rooted
Citrus reticulata B. Bo.th o aterials showed
similar performance
(cv. Ponkan .
mandarin) and Increased rooting after 7
. . . Mature trees Shoot tips (2 mm) Liquid MS micrografts: 69% [53]
Citrus sinensis O. . .
(cv. Liu Teeng Vigor and elongation of
sw.ee t oran e), the shoots improved with
& repeated grafts
In vitro shoots Rooting capacity of shoots
L from nodal . :
Garcinia indica sections of a Shoot apices 1 MS after 5 micrografts was [54]
— 2 % %
(selected genotype) 20-year-old (5-10 mm) 75% vs. 0% for ungrafted

elite tree

and 100% juvenile shoots
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Table 1. Cont.
Mineral
Species Scion Source Scion Size For&n;l:::l? n+ Morphogenic Response Reference
Regulators
Rooting: ca 50% vs. 0%
Persea americana M Flowering-age Lateral buds with a (ungrafted shoots)
(cv. Duke 7) " plants growing in stem piece at the MS + BA Rooting and vigor of [55]
' greenhouse base shoots did not improve
with successive grafts
Rooting after 13
micrografts was 56% vs.
. Mature plants Lateral buds with a NgsK 5% ar}d b4 {0 for adult and
Persea americana M. : . macroelements + juvenile shoots,
grafted in the stem piece at the - - [56]
(cv. Gvar-Am13) eenhouse base MS microelements respectively
& +BA Proliferation rate of
micrografted and adult
shoots was very poor
Grafted plants Rooting of microcuttings
.. . growing in a . . obtained after 1 and 3
Ziziphus mauritiana Apical or axillary Lo -
L. (cv. Gola) greenhouse and bud (5-10 mm) Liquid ; MS micrografts were 4 and [57]
T nodal explants 40% respectively, vs. 71 for
cultured in vitro juvenile material
FRUIT TREES: TEMPERATE
Rooting capacity after 3
In vitro shoots micrografts: ca 50%
Castanea sativa M maintained for 10 (SImﬂacI;):?trl(l)rllSrafted
(cvs. Loura years from “forced Shoot apices WPM + BA Multiplication rate after 3 [58]
branch segments (20 mm) .
and Parede) of adult trees micrografts: 2.1 vs. 1.3
(ungrafted shoots)
grafted for 75 years . .
No improved response in
cv. Parede after one graft
After 5 micrografts and
In vitro shoots subsequent in vitro
. maintained for 28 subculturing,
Castanea sativa M. ears from the Nodal segments WPM + BA multiplication and rootin [59]
(clone P2) y (10 mm) P &
crown of an 80 rates were similar to
year-old tree material from basal
sprouts of the same tree
After 2 micrografts,
rooting capacity did not
Juglans regia L. Mature trees . DKW + BA + IBA increase &gmflcar}tly; [60]
(cv. Serr) however, successive
subculturing improved
rooting
Malus domestica B. . The JTE-F rootstock was
Field-grown adult .
(cvs. Remo, lants of 3 successfully established
Rewena, Reanda, P Shoot tips 1 MS + Wuxal in vitro, while grafted [61]
cultivars and JTE-F 2
and JTE-F rootstock material of the 3 cultivars

rootstock)

died after 2-3 subcultures
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Table 1. Cont.

Mineral
Species Scion Source Scion Size For&n;l:::l? n+ Morphogenic Response Reference
Regulators
Rooting after 1 micrograft
57% vs. 2% for ungrafted
shoots
Mature trees Rooting capacity did not
(rooted cuttings . increase after the 2nd
(Cc)‘l,eaAerngp:ﬁi; growing in a Te(rlrgl_qa;l;};l(i)ots DKW + BA + IBA micrograft [62]
' 4 greenhouse for Rooting of material from
12 years) micrografts after
reintroduction in vitro:
100% (same as juvenile
material)
Shoot elongation
Mature plants improved with serial
. grafting
Olea europaea L. (ro;);ei\flirclut;n;gs Lateral meristems OM + Z Shoots from 3 successive [63]
(cv. Zard) & & (10-15 mm) grafts cultured on OM :
greenhouse for 4 .
ears) medium supplemented
¥ with 2-iP, showed a 4X
proliferation rate
In vitro rooting increased
with grafting (13% for 1st
vs. 61% for 5th micrograft)
Shoots derived from the
rafts were rooted,
Olea europaea L se‘r’;;i};g) tr;zzed gacclimatized, and
paca -. . Nodal segments OM + Z maintained in greenhouse [64]
(cv. Arbequina) growing in a .
reenhouse for 2 years; rooting of
& cuttings from these plants
increased with the number
of grafts (92% for 5th
micrograft vs. 75% for
control mother plant)
FOREST TREES: ANGIOSPERMS
(A) 6 month-old
seedlings (ju- Scions of juvenile and
venile) Shoot apical adult origin were
Acacia mangium W. (B) 3-5 year-old portions % MS micrografted successfully, [65]
seedings (ma- (0.3-0.4 mm) although those of juvenile
ture) origin elongated faster
Lower part of the Some of the scions had
. . P Shoot apices 1 composed or pinnate
Acacia mangium W. crown of 5- to 5 MS L [66]
12-vear-old trees (0.2-0.4 mm) leaves characteristic of the
y juvenile stage
Morphogenic characters
Cedrela odorata L after 2 micrografts (height,
(8 trees selected for Mature trees >30 . internodal dlStanC?’ stem
- Shoot tips (2—4 cm) MS phenotype, capacity for [67]
phenotypic years old .
. adventitious shoot
quality)

formation) were similar to
juvenile plants
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Table 1. Cont.
Mineral
Species Scion Source Scion Size Formulation + Morphogenic Response Reference
Growth
Regulators
Suckers obtained .
from root Rooting percentages and
Faidherbia albida fragments of a 5-10 mm stem scion growth after 3
A.C. 40- gear old tree sections with an % MS micrografts were 75% and [68]
(A. albida D.) r};)wn in the axillary bud 5.1 cm, similar to juvenile
& material (85% and 6.7 cm)
greenhouse
Rooting capacity of 70%
after 1 micrograft and 3
Grafted plants culture cycles vs. 3% for
. from clones PB 235 .
Hevea brasilensis M. and IRCA 18 mature control in clone PB
A. (PB 235 and selected in 1950 Shoot tips MB + IBA + BA 235 [69]
IRCA 18) and 1970 73% rooting after 1
respec tivel’ micrograft and 3 culture
P y cycles vs. 7% for mature
control in clone IRCA 18
Rooting of 60% after 1
micrograft vs. 0% for
2-3-year old mature conggé in clone PB
Hevea brasilensis M. gr;g(;%g LTéstfl"oIm Shoot tips 35% rooting after 6
A. (clones PB 235 . p MB + IBA + BA micrografts vs. 0% for [70]
clones selected in (1-2 mm) .
and GTI) mature control in clone
1950 and 1920, CTI
respectively Zeatin levels were higher
in grafted material than in
ungrafted controls
Cuttings from
20-year-old trees .
own in Rooting percentages were
reenghouse for one 25% (juvenile), 21% (adult)
& ear Nodal and 29% (adult after 3
Sterculia setigera D. Y Shoot apex MS + BA micrografts) [71]
sections from these . . o
lants cultured Scion vigor was similar in
plant juvenile and grafted adult
in vitro for a materials
month prior to use
as microscions
FOREST TREES: GYMNOSPERMS
Micrografts were
. . Terminal bud with transferred to the
Larix decidua M. 140-year-old trees removed bud scale B greenhouse where they [72]
had plagiotropic growth
After micrograft
acclimatisation, material
Shoot tips (apical could be multiplied
dome and first ring  Autoclaved Jiffy-7 in vitro
Larix decidua M. 140-year-old trees of leaf primordia, peat pellets in Rooting was close to 50% [73]
0.3-0.5 mm in sealed Petri dishes  for grafts derived shoots
diameter) while no rooting was
obtained in ungrafted
adult material
. . Rooted cuttings . . Margara Some grafted shoots
Picea ab;(es (L) H. from an Apical meristems macronutrients +  showed active growth and [74]

18-year-old tree

0.1-0.25 mm length

MS micronutrients

juvenility




Plants 2021, 10, 1197

8 of 25

Table 1. Cont.

Species

Scion Source

Scion Size

Mineral
Formulation +
Growth
Regulators

Morphogenic Response

Reference

Pinus radiata
D.D.

30-year-old grafted
trees

Needle fascicle
with sheath
removed

1/3QL
macronutrients +
MS microelements
+ NAA + BA

Grafted material could be
established in vitro; after 6
months they showed similar
growth rates as juvenile
shoots

[75]

Pinus radiata
D.D.

9-year-old trees

Apical bud (2 mm)

QL

Heterografts on Pinus
caribaea showed better
development than
homografts on Pinus radiata
ABA increase linked to IAA
decrease was observed in
micrografts; obtained values
were similar to juvenile
material

[76]

Pseudotsuga
menziesii M.

3—4 year-old rooted
cuttings from a
15-year-old tree

Apical meristems
(0.1-0.25 mm)

1
; QL
macronutrients +
MS micronutrients

Scion responses were
variable: from resting buds
to actively growing
juvenile-like shoots

(771

Sequoia
sempervirens D. D.
(selected tree)

In vitro stocks
established from a
500-year-old tree

Shoot apices
(4-5 mm)

MER

Some scions showed
morphological and
physiological juvenile traits
After rooting and
acclimatization they showed
orthotropic growth

[78]

Sequoia
sempervirens D. D.

In vitro stocks
established from
mature trees

1.5 cm long shoots

MS

After 4 grafts, shoots rooted
at a 100% rate similar to
seedlings vs. 20% rooting
for grafted adult

[79]

Phosphorylation of 32-kDa
protein occurred in adult
material while 31-kDa
protein appeared
phosphorylated in juvenile
and grafted shoots

[80]

Appearance of
isoperoxidases and
isoesterases in grafted and
juvenile shoots

[18]

Four small mtDNA
molecules associated with
juvenile and rejuvenated
shoots

[16]

Higher level of miR156 in
juvenile and micrografted
shoots in relation to adult
material while an opposite
trend was observed for
miR172

[81]

B-formulation [82]; BA (6-benzyladenine); DKW (Driver and Kuniyuki, [83]); IBA (indole-3-butyric acid); MB [84]; MER (Root elongation
medium, [85]); MS (Murashige and Skoog, [86]); N4sK (MS macroelements modified as [87]); NAA (naphthalene acetic acid); OM (Olive
medium, [88]); QL (Quoirin and Lepoivre, [89]); WPM (Woody Plant Medium, [90]); Z (zeatin); ZR (zeatin riboside).
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Table 2. Woody species in which the micrografting technique was used to induce growth of the scions.

Mineral
Species Scion Source Scion Size Formulation + Observations Reference
Growth
Regulators
FRUIT TREES: SUBTROPICAL
In vitro shoots from
Anacardzum . grafts (1—2—years‘old) of Shoot apices Liquid MS with . .
occidentale L. (elite adult material 1 . Elongation of scion [91]
. . (6-15 mm) 5 macronutrients
trees) maintained in the 2
greenhouse
FRUIT TREES: TEMPERATE
Ceratonia siliqua L. In vitro shoots Shoots of uniform MS + BA + GA3 + One month after grafting, [92]
(adult female tree) size and diameter IBA growth of scions was evident
Four weeks after
Malus domestica B. ' ' ) accl{matlzatlon of grafts,
In vitro shoots Shoot tips (~30 mm) 5 MS + Wuxal scion length reached [93]
(cv. Royal Gala) 2 .. .
minimum 10 cm with several
leaves
I Adult trees growing in Better shoot development and
urban zone: axillary shoot formation in
Olea europaea L. (5 (a) one (ca 80-years-old) Apical segments scions};rom rafted plants
selected trees, in base  (b) four (15-20-years-old) (with 2-3 pairs of MS + 2-iP grafted p [94]
. . than those derived from
to production) II. Grafted plants from (a) axillary buds)
L . urban zone-grown plants
and (b) maintained in a
greenhouse for 120 days
L Shoot tips (8-10 mm Enhanced growth of the scion
Pistacia vera L. . .. L .
In vitro shoots long) containing 2-3 Liquid MS and development of axillary [95]
(cv. Mateur) .
axillary buds shoots
) Age of explant source
(@  Juvenile (1‘}’93}1" strongly affected shoot
old) grown in development with poorer
®) ﬁeenhouse (510 elongation as age increased
Pistacia vera L. ature trees (5-10- . Explants from in vitro
(cv. Siirt) 30-year-old) in an Shoot tips (5-10 mm) MS cultures showed better [96]
orchard performance
(9)  Invitroshoots from <50% of micrografts for all
mature trees age classes survived after ex
vitro transplantation
(@) Mature tree (30- .
o year-old) in orchard Betcter growth Wl.th explants
Pistacia vera L. (b) Invitro shoots  Shoot tips (4-6 mm) MS + BA derived f.rom invitro cx.ﬂtures [97]
(cv. Siirt) (maintained for 1 than with scions obtained
year) directly from the tree
Prunus dulcis M. (cvs. Shoots tips Grafted scions showed an
Ferragnes In vitro shoots P MS + BA + IBA increase in shoot elongation [98]
(4-15 mm) .
and Ferraduel) and vigorous growth
Scions showed noticeable
. Shoot tips (meristem length increase, axillary shpot
Pyrus spp. L. In vitro shoots from WPM + BA +IBA  development, and formation
. plus 2-3 leaf [99]
(cv. Le-Cont) field-grown mature trees rimordia) (>5 mm) of new buds
P 75% of micrografts survived
acclimatization
FOREST TREES: ANGIOSPERMS
% of elongated buds was
Acacia tortilis (F.) H In vitro stocks from (g;%};)?rf(f)(;rr;i‘;ﬁ?eﬂ:csi(c)f; Sa
. i\n  2-day-old seedlinganda  Shoot tips (2-8 mm) MS / . o [100]
subsp. raddiana (S.) B. preculture step induced 42%
15-year-old tree : -
bud elongation while for
direct grafting it was 12%
Materials from a 50-60 .
Santalum album L year-old field-grown tree In vitro grown shoots gave
) Lo Shoot tips (1-2 cm) Liquid 1Ms better response than scions [101]
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Table 2. Cont.

Species

Mineral
Formulation +

Scion Source Scion Size Observations Reference

Growth
Regulators

FOREST TREES: GYMNOSPERMS

Needles from Genotype effect regarding

. . 5 genotypes of . . 1 establishment and
Pinus pinea L. 11-year-old trees fascicles with sheath 2 WPM developmental rate with 43% [102]
removed
average success
. . Apical buds in grafts
Pinus radiata D. D. 6-year-old trees Apicalbud excised oy | 1gA L BA  established during summer [103]
from brachyblasts

gave better response

BA (6-benzyladenine); GA3 (Gibberellic acid); IBA (indole-3-butyric acid); MS (Murashige and Skoog, [86]); 2-iP (2-isopentenyl adenine);
QL (Quoirin and Lepoivre, [89]); WPM (Woody Plant Medium, [90]).

Reinvigoration/rejuvenation can also be achieved following sequential grafting of
mature scions onto juvenile rootstocks in vivo, i.e., in Cupresuss dupreziana appearance of
acicular juvenile type leaves and increased rooting capacity was observed after a single graft
while three grafts were required to observe leaves with juvenile morphology in Eucaliptus
camaldulensis; in Pseudotsuga menziesii use of microscions accelerated the appearance of
juvenile traits [7]; Eucalyptus trabutii, Pinus caribaea, Pinus oocarpa, Quercus acutissima,
and Tectona grandis could also be rooted from cuttings, although responses varied with
species [104]; there are also reports in which material resulting from in vivo grafts could
be successfully established and multiplied in vitro, e.g., Castanea sativa [105] and Pinus
massoniana [12]. However, the possibility of shortening intervals between grafts, the
proximity of the scion to the root system, a more precise control of environmental conditions,
and the possibility of using a culture medium with hormonal supplements have made
in vitro grafting preferable over in vivo grafting for restoration of juvenile traits in adult
scions [104,106]. Monteuuis [65] obtained much better results with Acacia mangium for graft
uptake and scion vigor with in vitro rather than with in vivo grafting. It was suggested
that graft miniaturized scion from mature trees used in vitro would have cells close to the
apical meristem with more capacity to form callus, facilitating the formation of a successful
graft union. Nursery grafting is widely used to rescue adult clones and prepare material
for other rejuvenation treatments [104]. In Pistacia vera grafted onto Pistacia terebinthus,
grafting in vitro scions onto ex vitro germinated seedlings reduce production time [107].
Taking into account the advantages of in vitro over in vivo grafting, most relevant findings
included in Table 1 are further discussed below.

2.1. Fruit Trees
2.1.1. Subtropical Genera
Citrus

Huang et al. [53] obtained progressive restoration of rooting competence and vigor
following successive micrografting of 2 mm long adult scions from Citrus reticulata Blanco
(Ponkan mandarin orange) and C. sinensis (Liu Tseng sweet orange), onto 2-week-old Troyer
citrange seedlings used as rootstocks. Two cm long shoots were excised from micrografts
and their morphogenic competence was assessed at various levels, ca. 80% of shoots from
the first micrograft developed chlorotic leaves with 50% abscission; however, after the
fifth graft, all shoots showed excellent leaf development. Rooting capacity progressively
increased with grafting, reaching values of 45%, 50%, and 69% for the fifth, sixth, and
seventh micrografts vs. the 100% shown by juvenile material. Callus cultures initiated from
grafted shoots did not form either adventitious shoots or somatic embryos. Persistence of
the rooting capacity on grafted shoots led these authors to conclude that reversion of adult
shoot apices to more juvenile forms had been accomplished.
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Persea

In avocado, Pliego-Alfaro and Murashige [55] restored rooting competence in adult
Duke-7 rootstock by micrografting lateral buds isolated from mature trees onto in vitro
germinated seedlings. Approximately 50% of the micrografted scions regained rooting
capacity although rooting percentage and number of roots per shoot (1.9) were much lower
than that of juvenile material (100% rooting with 3.5 roots per shoot; adult shoots failed to
root). Successive grafting did not improve either rooting or proliferation. Auxin sensitivity
was similar in adult and grafted adult materials, i.e., in the presence of auxin these shoots
showed leaf abscission. Grafted material grew more rapidly than their adult counterparts
although it could not be maintained through successive subculturing.

Adult shoots of the Gvar-am-13 avocado rootstock showed a rooting frequency of
5%; while this increased to 35, 45, and 56% after 1, 4, and 13 micrografts respectively,
in comparison to 84% for juvenile material derived from in vitro germinated seedlings.
During proliferation, the behavior of micrografted shoots was similar to adult material,
showing apical necrosis and low multiplication rate [56].

2.1.2. Temperate Genera
Castanea

Fernandez-Lorenzo and Fernandez-Lopez [58] evaluated the efficiency of in vitro
grafting for rejuvenating Castanea sativa Mill. using 2 cm long scions from mature trees
grafted onto in vitro-rooted juvenile shoots. Increased multiplication rate of micrografted
material (2.1) was observed compared with nongrafted shoots (1.3), although no differences
in rooting competence could be found between shoots of either origin (ca. 50%). Grafting
up to three times did not increase rooting competence, although the multiplication rate
was improved and maintained through 12 successive subcultures. More recently, Crecente-
Campo et al. [59] used in vitro-derived adult material from the crown of an 80-year-old
tree, for grafting onto in vitro rooted shoots derived from basal sprouts of the same tree.
After five successive micrografts and subsequent in vitro subculturing, multiplication, and
rooting rates of adult scions from the crown and from basal sprouts were similar.

Olea

Revilla et al. [62] reported successful apical micrografting of adult olive (Olea europaea
L.) shoots of “‘Arbequina’ onto juvenile cuttings derived from germinated embryos. Im-
proved rooting from 2% (adult) to 50% was observed in the grafted shoots. A second graft
did not improve rooting in shoots derived from these grafts; however, cuttings from this
material that had been transferred to a greenhouse rooted at the same rate as juvenile
material (100%). Different results were obtained by Vidoy-Mercado et al. [64] with the same
cultivar: increased rooting percentage from 13% (first micrograft) to 61% (fifth micrograft).
Cuttings obtained from donor plants of the fifth micrograft showed 92% rooting. SSR
analysis of grafted material indicated that no variation had occurred on shoots derived
from the grafts.

A protocol for micrografting and micropropagation of the Iranian olive ‘Zard’ was
reported by Farahani et al. [63]. Ten to fifteen mm long adult scions were grafted in vitro
onto three-week-old seedlings. After micrograft establishment, shoot elongation improved
with successive micrografts (3.7 cm; 4.4 cm and 5.2 cm for the 1st, 2nd and 3rd, respectively).
Shoots excised from the grafts could be maintained through successive subculturing on a
cytokinin-supplemented medium [63].

2.2. Forest Trees
2.2.1. Angiosperms
Cedrela
The Spanish red cedar (Cedrela odorata L.) is an important timber tree. Robert et al. [67]

collected material from >30-year-old adult trees and grafted them on greenhouse-grown
seedlings; after 6 months, these plants were used as a source for scions for in vitro grafting
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onto juvenile rootstocks. Following 2 rounds of successive grafting, shoots could be rooted
and, 6 months after acclimatization, their root appearance and plant height were similar to
seedling controls.

Hevea

Rejuvenation effects of micrografting in Hevea brasiliensis (Willd.) Muell.-Arg. are
highly genotype-dependent, e.g., Perrin et al. [70] obtained 60% rooting of PB235 clone
after a single graft while up to six consecutive grafts were needed for clone GT1 to achieve
35% rooting. These authors used zeatin levels as a rejuvenation marker, e.g., much higher
zeatin levels were found in the grafted material with improved rooting capacity than in
control nongrafted shoots.

2.2.2. Gymnosperms
Pinus

Fraga et al. [75] grafted adult >30-year-old Pinus radiata D. Don. buds from different
clones onto juvenile cuttings, thereby demonstrating that scion age was critical for the
proliferation of shoots derived from the grafts, e.g., younger scions had higher proliferation
rates. Moreover, 50% of scions from basal branches sprouted vs. only 10% from apical
branches. Material derived from the grafts could be established in vitro showing, after
6 months, a growth rate similar to juvenile material.

Measurements of endogenous ABA and IAA levels in P. radiata following micro-
grafting onto P. radiata (homografts) or P. caribaea (heterografts) showed increased ABA
linked to decreased IAA over time in grafted shoots, with peak values for ABA (32 ug g !
FW) 120 days after micrografting while lowest IAA levels (3 pg g~! FW) occurred after
60 days. These results were similar to those of juvenile buds and were independent of the
rootstock [76].

Sequoia

Tranvan et al. [78] reported that scions obtained from a 500-year-old Sequoia semper-
virens (D. D.) Endl. tree showed restoration of orthotropy following micrografting onto
juvenile stocks. Huang et al. [79] also demonstrated that progressive rejuvenation occurred
following successive grafting of adult material onto juvenile cuttings, e.g., 100% rooting
was obtained after the fourth graft vs. 22% with the adult material. Moreover, shoot
elongation and branching were similar to those of juvenile shoots. Alterations in protein
phosphorylation patterns of adult shoots were observed after four successive micrografts,
resembling juvenile shoots [80]. Increased rooting occurred in parallel with decreased
esterase and peroxidase isoenzymes, both of which have been associated with the adult
stage [18]. Huang et al. [16] also showed that four small mtDNA molecules are uniquely
associated with juvenile and rejuvenated adult shoots. The mtDNA did not show variation
in their sequence after prolonged subculturing. Chen et al. [81] observed a higher level
of miR156 in rejuvenated shoots in comparison with adult material while the opposite
was observed for miR172. sRNAs target genes involved in photorespiration and jasmonic
acid (JA) mediated restoration of rooting competence showed similar expression levels
in juvenile and rejuvenated adult materials. A high degree of similarity was found for
epigenetic processes (chromatin remodeling and histone acetylation).

3. Rootstock Scion Interactions and Signaling

Progress in understanding of long distance signaling in plants and improved knowl-
edge of communication mechanisms across the graft union in vegetable [108-111], fruit
crops [111-113], and model species such as Arabidopsis thaliana [114,115], could be helpful
for explaining the influence of the root system on the scion. Signaling through grafting
occurs in both directions via the vascular system and it could involve different plant hor-
mones, primary and secondary metabolites, peptides, small organic molecules, and nucleic
acids, as well as water and nutrients [109,116]. Wounding can have drastic effects on cell
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division and regulation of morphogenesis. It triggers calcium influx into cells and ROS
increases, thereby activating signaling cascades [117]. von Aderkas and Bonga [118] indi-
cated that temporary stress caused by wounding in grafts could be responsible for partial
degradation of cytoplasm of shoot meristem cells, as observed in starvation-induced stress,
thereby enhancing rejuvenation; however, the in vitro stress response can vary among
genotypes due to differences in physiological state and hormonal balance at the time of
explanting [119].

Of particular interest for in vitro studies is the graft union position, since it has been
shown to affect the nature of signals coming from the rootstock [120]. In woody perennials,
grafting of lateral buds or shoot tips into the epicotyl, the stem [52-55,62,67,73,75,76,79],
or the hypocotyl [57,63,64] as well as side grafting into the epicotyl or hypocotyl [51]
have been described. Noticeable differences in grafting success have been found in cases
where different grafting procedures have been assayed, with side-grafting being superior
to top-grafting in some cases [51,74], but not in others [92].

Factors deserving consideration in rootstock scion interactions include scion size and
serial grafting. Restoration of morphogenic competence have been achieved with scions
of different size (Table 1); however, in vitro culture of shoot apices of maize with 1-2
leaf primordia resulted in plants that flowered at the same time as seedlings [121], while
apices with 3—4 leaves only showed partial rejuvenation [122]. In Sequoiadendrum giganteum
rejuvenated plants were obtained following meristem culture, with physiological stage of
the explant being critical for success [123]. However, with Sequoia sempervirens micrografts,
Huang et al. [79] used 1.5 cm scions and extent of rejuvenation increased with the number
of grafts. With Citrus, Huang et al. [53] using mature scions >2 mm long and Navarro
et al. [124,125] with 0.14-0.18 mm long scions (when attempting to get virus-free scions)
did not observe rejuvenation on the adult material after one graft; however, phase reversal
was observed after several grafts [53].

3.1. Signaling through Graft Union
3.1.1. Mineral Nutrients and Hormones

Gregory et al. [126] indicated that control of scion growth by the rootstock is influenced
by hydraulic signaling and plant hormones together with other chemical factors. Genotype
of the rootstock has a crucial role and very different responses could be obtained for a
given scion grafted onto different rootstocks [109]. Availability of water and nutrients are
important and studies involving Malus have shown that a high xylem/phloem ratio in
the rootstock favors increased vigor [126], while Santarosa et al. [127] reported a positive
correlation between xylem area, vessel diameter, and vigor with the grapevine. According
to Savvas et al. [128] and He et al. [129], the rootstock could strongly affect the nutrient
status of the scion, either through inhibition of heavy metal and micronutrient uptake
or by enhancing absorbance of macronutrients. However, Else et al. [130] did not detect
differences in ion uptake among apple rootstocks differing in dwarfing traits. Scions could
also modulate rootstock responses under conditions of limited nutrient (Pi) supply [131].
Enhanced nutrient uptake by the rootstock could be related to size of the root system,
although cultural conditions might also be important, e.g., tomato plants showed strong
variations in growth rate when grafted onto different rootstocks under standard cultural
conditions while these differences were not noticeable when grafted plants were grown
under soilless optimal growth conditions [132]. This observation should be considered
when evaluating the improved growth of adult scions following graftage onto different
juvenile rootstocks in vitro. As shown in Tables 1 and 2, mineral formulations with different
ionic content have been used in the vitro grafting assays, generally varying with the species
in question and selecting those that induced a better growth of the scion, e.g., MS at
full [52,53,55] or half strength [54,61,68]; WPM [58,59] and DKW [62] et al.

Plant hormone levels greatly affect the scion response [133]. Generally, the observed
scion vigor increase has been associated with cytokinin supply from the roots, e.g., more
vigorous rootstocks show a higher content of cytokinins in the xylem sap [134,135], al-
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though this has not always been the case [136]. A higher cytokinin content in the shoot
would result in a more active functioning as a sink, favoring the accumulation in the shoot
of mineral elements and amino acids [137,138]. Cytokinin biosynthesis in the roots is
modulated by nitrate availability [139]. This ionic signal when moving through xylem and
reaching the shoot could possibly interfere with auxin supply to the root decreasing root
branching [140]. Intensity of polar auxin transport has been shown to be much lower in
dwarfing than in semi-invigorating apple rootstocks [130,141] and similar observations
regarding auxin signaling have been reported in Citrus [142].

Bud growth regulation should be considered with respect to strigolactones (SL), e.g.,
auxin transported basipetally throughout the stem has a positive effect on SL biosynthesis
in the roots. SL moving up through the xylem would interfere with polar transport
leading to bud competition to release auxin to the stem, hence negatively affecting auxin
biosynthesis. CKs and SLs moving up through the xylem would have opposite effects
on bud growth through interaction with BCR1 transcription factor [143]. Investigations
in rice have shown that SL suppress expression of type A-ARR (Arabidopsis Response
Regulators involved in cytokinin action) in the bud [144,145]. Moreovet, expression levels
of SL biosynthetic genes are suppressed by CKs [145], which in turn are also involved in
controlling polarization of auxin transport by modifying the direction of auxin flow [146].
In tomato, transgenic lines with reduced levels of SLs showed more enhanced branching
and profuse development of adventitious roots [147]. The effect of SL appears to be
linked to nutrient availability, showing a stronger effect on bud growth inhibition under
Pi deficiency [148]. In grafted grapevine, rootstocks producing higher levels of SL-like
compounds induced scion growth reduction, and this effect is greater under N-limiting
conditions [149]. Hence, this carotenoid derived hormone is important for root-shoot
signaling although its role in phase change remains to be elucidated.

The inactive gibberellins in the xylem should be converted to active forms in the
shoot [120]. Regnault et al. [150], using micrografted Arabidopsis plants, identified the
gibberellin precursor GAj; as the primary mobile long distance signal in xylem sap while
previous observations of Lavender et al. [151], with Douglas fir, indicated that gibberellins
from the roots are responsible for initiating shoot growth in the spring. A lower xylem
content of the inactive gibberellin GA19, at the beginning of spring, has been associated
with dwarfing caused by M.9 apple rootstock; the inactive form would subsequently be
converted to the active GA; in the scion [136]. In mandarin grafted onto different Citrus
rootstocks, GA biosynthesis was positively correlated with vigor [142].

The role of ABA signaling has been mainly studied in relation to stress situations
[109,116,152]. The presence of higher ABA in the xylem sap is correlated with shoot growth
inhibition [153,154]. With apple, greater ABA levels have been detected in scions grafted
onto dwarfing rootstocks [130]. Hence, the GAs/ABA ratio in juvenile root systems is an
important factor for reinvigoration of adult scions.

Jasmonic acid is mainly synthesized in leaves and flowers [116]; however, roots could
also be a JA source [155,156]. In Arabidopsis JA is involved with upregulation of auxin
biosynthesis [157], enhancing de novo root formation. The hormone precursor cis-12-oxo-
phytodienoic acid moves from wounded shoots grafted onto undamaged roots where they
are converted to JA and signaling pathways are activated [158]. It is not known how JA
from roots might affect shoot growth [116] although there is evidence that it interacts with
ABA biosynthesis in these organs [156].

Brassinosteroids are involved in root architecture [159]; however, they show a localized
mode of action and do not seem to have a direct effect on long distance signaling although
they are important for auxin transport [160]. Inhibition of brassinosteroids biosynthesis in
apple by overexpression of MAWRKYY induces a strong dwarfing phenotype [161]. Prassi-
nos et al. [162] identified a number of differentially expressed genes in cherries that are
mostly involved in flavonoid metabolism, brassinosteroid signaling and cell wall biosyn-
thesis, that could be related to the earlier cessation of terminal growth and subsequent
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decreased size caused by dwarfing rootstocks. Warschefsky et al. [113] suggested that
reduction of vigor could be induced through different independent molecular pathways.

Generally, culture media for growing in vitro grafts (Tables 1 and 2) either lack any
hormones [52-54,79] or have included a cytokinin [55,56,59] or a cytokinin-auxin sup-
plement [62,75,103]. Use of either cytokinins [163,164] or gibberellins [165,166], has been
associated with reversion to more juvenile forms. Based on these observations, Huang
et al. [79] tried unsuccessfully to duplicate grafting effects through preincubation of adult
or one-grafted Sequoia semprevirens shoots on media containing either benzyladenine or
gibberellic acid followed by transfer to rooting medium. Experiments to study the effects
of plant hormones together with grafting on rejuvenation have not been performed.

3.1.2. Metabolites

A vast range of metabolites other than ions and hormones are present in xylem sap. Al-
bacete et al. [138] identified ca. 800 primary (amino acids, sugars, sugar phosphates, organic
acids, fatty acids, and polyols) and secondary metabolites (alkaloids, flavonoids, glucosino-
lates, and others) whose biological functions are largely unknown, while for others, e.g.,
sugars, it is known they play a role in signaling, e.g., trehalose-6-phospate is involved
in regulating the pathway linking ontogenetic age and capacity for flowering [3,33,167].
In grapevine, the nature of these metabolites is greatly affected by rootstock [168]. Tietel
et al. [169] found six out of 14 primary metabolites in phloem sap of Citrus scion being
affected by the rootstock, whereas 42 were dependent on the rootstock-scion interaction. To
identify and characterize metabolites occurring at specific developmental stages, Venema
et al. [116] proposed that metabolite profiling and multivariate data mining could be useful
tools.

3.1.3. Proteins

Different omics studies have demonstrated that macromolecules are important as
long-distance signals moving through vascular systems [170]. The FT protein, responsible
for flower induction [171], has been shown to move across the graft union and accelerate
reproductive development when scions of some species have been grafted onto transgenic
rootstocks [172]. In addition, other proteins, i.e., cyclophilin SICypl1, affecting auxin sig-
naling and modulating root growth [173] and RN A-phloem transport proteins, found in
the phloem of grafted vegetables [110], indicate the relevance of sieve tube elements in
stock-scion communication. A clear example of movement from stock to scion can be
found with polygalacturonase inhibiting proteins, that enhance tolerance of pathogens in
grape and tomato [174]. Other proteins possibly involved in rootstock-scion interaction are
peroxidases (ROS scavenging) and Calcineurin-B-Like proteins (calcium signaling) [175].
Toscano-Morales et al. [176] demonstrated movement of the Arabidopsis thaliana Transla-
tionally Controlled Tumor Protein 2 (AtTVTP2) in grafted tobacco from rootstock to scion
and vice versa. Long distance movement of the protein was required for adventitious
rooting. Protein concentration is important for appropriate binding to receptors and tran-
spiration amplifies the signal; afterwards secondary signals are sent back to the whole plant
via phloem [177]. In vitro cultures have low transpiration rates, and the role of protein
signaling under these conditions would require further study.

3.1.4. RNAs

In addition to proteins, movement of mRNAs and small RNAs from source to sink
and across the graft union have also been reported [178-180]. mRNA-protein complexes
move in the phloem across the graft union [181-183]. Pioneer experiments by Kudo and
Harada [184] demonstrated that movement of mRNA from a tomato rootstock could alter
leaf shape in a potato scion. mRNA from gibberellic acid insensitive (gai) gene moves
from root to shoot and vice versa in micrografts of apple and pear [185-187]. In grapevine,
mRNAs involved in stress and signaling are highly abundant [188]. Micrografts have a
higher amount of these genes transmitting mRNAs than mature grafts of field-grown plants.
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Therefore, mMRNA movement occurs in a passive or genotype and environment dependent
manner. Liu et al. [189] using DsRED transgenic walnut demonstrated mRNA movement
of the transgene from rootstock to wild-type scion, clearly showing the feasibility of using
micrografting as a tool in fruit tree breeding as well as in physiological studies.

Short RNAs could be involved in inducing mRNA cleavage and DNA methylation
in recipient cells, probably by reinforcing effects of transposons [190-195]. siRNA move-
ment is related to conferring virus resistance from transgenic rootstocks to nontransgenic
scions [196,197] or to silence endogenous genes in the scion [198]. For miRNAs, there is
evidence that both miR156 [199] and miR172 [200] are graft transmissible and they have
been found in phloem exudates of potato during tuber formation. They are also involved
in regulating grafting effects, e.g., leaf petioles from homografts and heterografts in Citrus,
showed reduced expression levels of miRNA156 in comparison to control seedlings [201].
Avocado, grafted either on juvenile (seedlings) or mature (vegetatively propagated) root-
stocks, shows levels of miRNA156 and miRNA172 that are largely under scion control
although transmission through graft union would be affected by the presence of leaves
below it [27].

3.2. Changes in Gene Expression

Changes in gene expression in the scion due to rootstock-derived signals have been
reported in vegetable [202] and fruit grafting [142]. In apple, changes in gene expression
due to grafting on different rootstocks are related to tree size and tolerance of fire blight
and other traits [203,204]. Chitarra et al. [168] reported noticeable changes in grape leaf
transcript profile as affected by the rootstock, while Cookson and Ollat [205] observed
changes in gene expression in the scion meristem with most affected genes being related to
chromatin regulation, cell organization, and hormone signaling.

Epigenetic changes play a key role in cell reprogramming [206,207]. Although no
specific studies have been carried out in woody plants, partially heritable changes in DNA
methylation have been shown to occur in scions of grafted vegetables [208-210]. In vitro
conditions enhance the occurrence of DNA methylation and histone modification processes
not only during the processes of adventitious regeneration [50,211] but also during nodal
culture and axillary shoot formation [212-214]. Changes in DNA methylation patterns
are also associated with phase change, aging, and reinvigoration [10,19,20,215,216]. The
close relation between hormone action and epigenetic changes is important; e.g., CKs
are involved in DNA methylation [217] while recent evidence have revealed the linkage
between auxin biosynthesis, transport and signaling being modulated by miRNAs and
epigenetic factors, e.g., histone modification [218].

4. Conclusions and Future Prospects

In vitro grafting of mature trees onto juvenile rootstocks has been successfully prac-
ticed in order to reinvigorate/rejuvenate grafted scions. Optimal results have generally
been obtained for scions derived from in vitro-grown shoots or greenhouse-grown plants
rather than field-grown trees, notwithstanding differences between species. Higher rooting
competence could be observed following sequential grafting (Citrus, Garcinia, Persea, and
Sequoia, etc.) while in other genera e.g., Castanea, an improved proliferation rate or capacity
for adventitious shoot formation (Cedrela) was detected. Acclimated micrografts of Larix
and Picea exhibited juvenile traits and, in the case of Larix, explants from the scions could
be successfully reintroduced in vitro. With respect to the different size of scions used,
the importance of sequential grafting and the fact that phase reversal has been achieved
either in the presence or absence of plant hormones, experiments are needed to study the
importance of possible interactions between these factors in achieving rejuvenation. Use
of molecular markers such as the relative increase of miRNA156 levels are essential to
quantify the degree of reversion achieved.

Marguerit et al. [219] were able to identify genes in grape rootstock controlling specific
traits of the scion and Ghanem et al. [220] have pointed out the advantages of using root



Plants 2021, 10, 1197

17 of 25

References

system engineering to modify rootstock signaling and improve specific traits of the scion.
Kundariya et al. [221] were able to induce epigenetic changes in Arabidopsis and tomato
scions resulting in enhanced vigor, a trait that could be transmitted to the sexual progeny,
and emphasized the importance of this as a breeding tool. Ellisson et al. [222] empha-
sized the feasibility of using CRISPR guide RNAs from rootstock transgenic lines to edit
nontransgenic scions. These approaches, in combination with the well-established micro-
grafting protocols indicated above (Tables 1 and 2), could be used to modify physiological
and/or ontogenic age in adult materials. Moreover, the feasibility of micrografting using
genetically diverse rootstocks should be explored since interactions between divergent
materials appear to enhance the occurrence of epigenetic changes [223] and specific signals,
i.e., in Solanaceae, interspecific grafting caused extensive and heritable changes in DNA
methylation [224], while in interspecific Pyrus micrografts, NACP mRNA coding proteins,
affecting meristem development, have been found to move in both directions across the
graft union [225].

It is still difficult to distinguish between changes in physiological (reinvigoration)
or ontogenetic (rejuvenation) aging. Restoration of some juvenile traits should not be an
indication that other mature traits do also undergo reversion [1,5]. Important challenges
are to decipher key factors involved in long distance signaling causing changes in the adult
meristem responsible for phase reversal. Moreover, evaluation of material obtained after
rejuvenation should include a long term comparison of time course of maturation with an
appropriate control (seedling plant) to accurately ascertain the degree of reversion that
is achieved; i.e., in theory, complete rejuvenation should be attained in somatic embryo-
derived plants; however, Martinez et al. [226] in Quercus robur found that shoot culture
lines derived from somatic plantlets performed in vitro as shoot lines obtained from basal
sprouts (considered as mature material with some juvenile traits), showing that only
partial rejuvenation had been achieved. The use of temporarily reinvigorated trees as truly
rejuvenated material could result in the emergence of young-old trees [10]. Rejuvenation
associated morphological and physiological variations should be characterized at the
molecular level. Zhang et al. [10] indicated that a challenge for the future should be
obtaining rejuvenated individuals with traits similar to those of seedlings.

Author Contributions: Conceptualization, EP-A., RE.L.,, and A.B.-M.; investigation, .V.-M., EP-R.,
LN., and EP-A_; writing—original draft preparation, .V.-M., E.P-R., LN., and EP-A.; writing—review
and editing, FP-A., A.B.-M., and R.E.L.; funding acquisition, EP.-A. and A.B.-M. All authors have
read and agreed to the published version of the manuscript.

Funding: Part of the research included in this manuscript was funded by GRANT AGL2017-83368-
C2-1-R and University of Malaga-Programa Operativo Feder Andalucia, UMA18-FEDERJA-(096.

Data Availability Statement: Figures and tables on this manuscript have not been taken from other
publications.

Acknowledgments: We thanks Juan Segura, University of Valencia, for his help and critical review
of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Greenwood, M.S. Juvenility and maturation in conifers: Current concepts. Tree Physiol. 1995, 15, 433-438. [CrossRef]

2. Greenwood, M.S.; Day, M.E.; Schatz, J. Separating the effects of tree size and meristem maturation on shoot development of
grafted scions of red spruce (Picea rubens Sarg.). Tree Physiol. 2010, 30, 459-468. [CrossRef]

3.  Poethig, R.S. Vegetative phase change and shoot maturation in plants. Curr. Top. Dev. Biol. 2013, 105, 125-152. [CrossRef]

[PubMed]

4. Zimmerman, R.H. Juvenility and flowering of fruit trees. Acta Hortic. 1973, 34, 139-142. [CrossRef]

5. Hackett, W.P. Juvenility, maturation, and rejuvenation in woody plants. Hortic. Rev. 1985, 7, 109-155. [CrossRef]

6. Day, M.E.; Greenwood, M.S.; Diaz-Sala, C. Age- and size-related trends in woody plant shoot development: Regulatory pathways
and evidence for genetic control. Tree Physiol. 2002, 22, 507-513. [CrossRef]

7. Franclet, A. Rajeunissement, culture in vitro et pratique sylvicole. Bull. Soc. Bot. Fr. Actual. Bot. 1983, 130, 87-101. [CrossRef]


http://doi.org/10.1093/treephys/15.7-8.433
http://doi.org/10.1093/treephys/tpq004
http://doi.org/10.1016/B978-0-12-396968-2.00005-1
http://www.ncbi.nlm.nih.gov/pubmed/23962841
http://doi.org/10.17660/ActaHortic.1973.34.17
http://doi.org/10.1002/9781118060735.ch3
http://doi.org/10.1093/treephys/22.8.507
http://doi.org/10.1080/01811789.1983.10826605

Plants 2021, 10, 1197 18 of 25

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Greenwood, M.S. Rejuvenation of forest trees. Plant Growth Regul. 1987, 6, 1-12. [CrossRef]

Hackett, W.P; Murray, ].R. Maturation and rejuvenation in woody species. In Micropropagation of Woody Plants; Ahuja, M.R., Ed.;
Kluwers Academic: Dordrecht, The Netherlands, 1993; pp. 93-105. [CrossRef]

Zhang, Z.; Sun, Y.; Li, Y. Plant rejuvenation: From phenotypes to mechanisms. Plant Cell Rep. 2020, 39, 1249-1262. [CrossRef]
Xiao, Z.; Ji, N.; Zhang, X.; Zhang, Y.; Wang, Y.; Wu, T.; Xu, X.; Han, Z. The loss of juvenility elicits adventitious rooting recalcitrance
in apple rootstocks. Plant Cell Tissue Organ Cult. 2014, 119, 51-63. [CrossRef]

Wang, Y.; Yao, R.L. Increased endogenous indole-3-acetic acid:abscisic acid ratio is a reliable marker of Pinus massoniana
rejuvenation. Biotech. Histochem. 2019, 94, 546-553. [CrossRef] [PubMed]

Valdés, A.E.; Fernandez, B.; Centeno, M.L. Hormonal changes throughout maturation and ageing in Pinus pinea. Plant Physiol.
Biochem. 2004, 42, 335-340. [CrossRef] [PubMed]

Bon, M.C.; Monteuuis, O. Rejuvenation of a 100-year-old Sequoiadendrum giganteum through in vitro meristem culture. II
Biochemical arguments. Physiol. Plant 1991, 81, 116-120. [CrossRef]

Chang, LE,; Chen, PJ.; Shen, C.H.; Hsieh, T.J.; Hsu, YW.; Huang, B.L.; Kuo, C.I.; Chen, Y.T.; Chu, H.A.; Yeh, KW.; et al. Proteomic
profiling of proteins associated with the rejuvenation of Sequoia sempervirens (D. Don) Endl. Proteome Sci. 2010, 8, 64. [CrossRef]
[PubMed]

Huang, L.C.; Lin, L.Y.; Chen, C.M.; Chen, L.J.; Huang, B.L.; Murashige, T. Phase reversal in Sequoia sempervirens in relation to
mtDNA. Physiol. Plant 1995, 94, 379-383. [CrossRef]

Huang, L.C; Pu, S.Y.; Murashige, T.; Fu, S.F,; Kuo, T.T.; Huang, D.D.; Huang, H.]. Phase- and age related differences in protein
tyrosine phosphorylation in Sequoia sempervirens. Biol. Plant 2003, 47, 601-603. [CrossRef]

Huang, H.J.; Chen, Y.; Kuo, J.L.; Kuo, T.T.; Tzeng, C.C.; Huang, B.L.; Chen, C.M.; Huang, L.C. Rejuvenation of Sequoia sempervirens
in vitro: Changes in isoesterases and isoperoxidases. Plant Cell Physiol. 1996, 37, 77-80. [CrossRef]

Fraga, M.F.; Rodriguez, R.; Canal, M.]. Genomic DNA methylation-demethylation during aging and reinvigoration of Pinus
radiata. Tree Physiol. 2002, 22, 813-816. [CrossRef] [PubMed]

Valledor, L.; Meijon, M.; Hasbun, R.; Canal, M.].; Rodriguez, R. Variations in DNA methylation, acetylated histone H4, and
methylated histone H3 during Pinus radiata needle maturation in relation to the loss of in vitro organogenic capability. J. Plant
Physiol. 2010, 167, 351-357. [CrossRef]

Lauter, N.; Kampani, A.; Carlson, S.; Goebel, M.; Moose, S.P. microRNA172 down-regulates glossy15 to promote vegetative phase
change in maize. Proc. Natl. Acad. Sci. USA 2005, 102, 9412-9417. [CrossRef]

Chuck, G.; Cigan, A.M.; Saeteurn, K.; Hake, S. The heterochronic maize mutant Corngrass1 results from overexpression of a
tandem microRNA. Nat Genet. 2007, 39, 544-549. [CrossRef] [PubMed]

Wu, G,; Park, M.Y,; Conway, S.R.; Wang, ] W.; Weigel, D.; Poethig, R.S. The sequential action of miR156 and miR172 regulates
developmental timing in Arabidopsis. Cell 2009, 138, 750-759. [CrossRef] [PubMed]

Huijser, P.; Schmid, M. The control of developmental phase transitions in plants. Development 2011, 138, 4117-4129. [CrossRef]
[PubMed]

Wang, ].-W.; Park, M.Y.; Wang, L.].; Koo, Y.; Chen, X.Y.; Weigel, D.; Poethig, R.S. MiRNA control of vegetative phase change in
trees. PLoS Genet. 2011, 7, €1002012. [CrossRef]

Du, Z; Jia, X.L.; Wang, Y.; Wu, T.; Han, Z.H.; Zhang, X.Z. Redox homeostasis and reactive oxygen species scavengers shift during
ontogenetic phase changes in apple. Plant Sci. 2015, 236, 283-294. [CrossRef] [PubMed]

Ahsan, M.U.; Hayward, A.; Irihimovitch, V.; Fletcher, S.; Tanurdzic, M.; Pocock, A.; Beveridge, C.A.; Mitter, N. Juvenility and
vegetative phase transition in tropical/subtropical tree crops. Front. Plant Sci. 2019, 10, 729. [CrossRef]

Zerrouk, A. Differential miRNA and Gene Expression in the Juvenile to Adult Transition in Olive (Olea europaea L.). Master’s
Thesis, University of Cérdoba, Cérdoba, Spain, 2020.

Feng, S.; Xu, Y.; Guo, C.; Zheng, ].; Zhou, B.; Zhang, Y.; Zhang, L.; Zhu, Z.; Wang, H.; Wu, G. Modulation of miR156 to identify
traits associated with vegetative phase change in tobacco (Nicotiana tabacum). |. Exp. Bot. 2016, 67, 1493-1504. [CrossRef]

Li, H.; Zhao, X.; Dai, H.; Wu, W.; Mao, W.; Zhang, Z. Tissue culture responsive microRNAs in strawberry. Plant Mol. Biol. Rep.
2012, 30, 1047-1054. [CrossRef]

Bastias, A.; Almada, R.; Rojas, P.; Donoso, ].M.; Hinrichsen, P; Sagredo, B. Aging gene pathway of microRNAs 156/157 and 172 is
altered in juvenile and adult plants from propagated Prunus sp. Cienc. Investig. Agrar. 2016, 43, 429-441. [CrossRef]

Guo, C,; Xu, Y,; Shi, M.; Lai, Y.; Wu, X.; Wang, H.; Zhu, Z.; Poethig, R.S.; Wua, G. Repression of miR156 by miR159 regulates the
timing of the juvenile-to-adult transition in Arabidopsis. Plant Cell 2017, 29, 1293-1304. [CrossRef]

Yu, S.; Lian, H.; Wang, J.-W. Plant developmental transitions: The role of microRNAs and sugars. Curr. Opin. Plant Biol. 2015, 27,
1-7. [CrossRef] [PubMed]

Jia, X.L.; Chen, YK.; Xu, X.Z.; Shen, F; Zheng, Q.B. miR156 switches on vegetative phase change under the regulation of redox
signals in apple seedlings. Sci. Rep. 2017, 7, 14223. [CrossRef]

Zhang, T.Q.; Lian, H.; Tang, H.; Dolezal, K.; Zhou, C.M,; Yu, S.; Chen, J.H.; Chen, Q.; Liu, H.; Ljung, K.; et al. An intrinsic
microRNA timer regulates progressive decline in shoot regenerative capacity in plants. Plant Cell 2015, 27, 349-360. [CrossRef]
Xu, X,; Li, X.; Hu, X,; Wu, T.; Wang, Y.; Xu, X.; Zhang, X.; Han, Z. High miR156 expression is required for auxin-induced
adventitious root formation via MxSPL26 independent of PINs and ARFs in Malus xiaojinensis. Front. Plant Sci. 2017, 8, 1059.
[CrossRef]


http://doi.org/10.1007/BF00043947
http://doi.org/10.1007/978-94-015-8116-5_6
http://doi.org/10.1007/s00299-020-02577-1
http://doi.org/10.1007/s11240-014-0513-5
http://doi.org/10.1080/10520295.2019.1608468
http://www.ncbi.nlm.nih.gov/pubmed/31045451
http://doi.org/10.1016/j.plaphy.2004.02.004
http://www.ncbi.nlm.nih.gov/pubmed/15120119
http://doi.org/10.1111/j.1399-3054.1991.tb01722.x
http://doi.org/10.1186/1477-5956-8-64
http://www.ncbi.nlm.nih.gov/pubmed/21143964
http://doi.org/10.1111/j.1399-3054.1995.tb00942.x
http://doi.org/10.1023/B:BIOP.0000041070.08300.63
http://doi.org/10.1093/oxfordjournals.pcp.a028916
http://doi.org/10.1093/treephys/22.11.813
http://www.ncbi.nlm.nih.gov/pubmed/12184986
http://doi.org/10.1016/j.jplph.2009.09.018
http://doi.org/10.1073/pnas.0503927102
http://doi.org/10.1038/ng2001
http://www.ncbi.nlm.nih.gov/pubmed/17369828
http://doi.org/10.1016/j.cell.2009.06.031
http://www.ncbi.nlm.nih.gov/pubmed/19703400
http://doi.org/10.1242/dev.063511
http://www.ncbi.nlm.nih.gov/pubmed/21896627
http://doi.org/10.1371/journal.pgen.1002012
http://doi.org/10.1016/j.plantsci.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/26025541
http://doi.org/10.3389/fpls.2019.00729
http://doi.org/10.1093/jxb/erv551
http://doi.org/10.1007/s11105-011-0406-2
http://doi.org/10.4067/S0718-16202016000300009
http://doi.org/10.1105/tpc.16.00975
http://doi.org/10.1016/j.pbi.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26042537
http://doi.org/10.1038/s41598-017-14671-8
http://doi.org/10.1105/tpc.114.135186
http://doi.org/10.3389/fpls.2017.01059

Plants 2021, 10, 1197 19 of 25

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Heide, O.M. Juvenility, maturation and rejuvenation in plants: Adventitious bud formation as a novel rejuvenation process. J.
Hortic. Sci. Biotechnol. 2019, 94, 2-11. [CrossRef]

Massoumi, M.; Krens, F.A.; Visser, R.G.F,; De Klerk, G.M. Azacytidine and miR156 promote rooting in adult but not in juvenile
Arabidopsis tissues. |. Plant Physiol. 2017, 208, 52-60. [CrossRef]

Ye, B.B.; Zhang, K.; Wang, ].W. The role of miR156 in rejuvenation in Arabidopsis thaliana. J. Integr. Plant Biol. 2020, 62, 550-555.
[CrossRef]

Levy, A.; Szwerdszarf, D.; Abu-Abied, M.; Mordehaev, I.; Yaniv, Y.; Riov, J.; Arazi, T.; Sadot, E. Profiling microRNAs in Eucalyptus
grandis reveals no mutual relationship between alterations in miR156 and miR172 expression and adventitious root induction
during development. BMIC Genom. 2014, 15, 524. [CrossRef] [PubMed]

Aumond, M.L,, Jr.; de Araujo, A.T., Jr.; de Oliveira Junkes, C.F.; de Almeida, M.R.; Matsuura, H.N.; de Costa, F.; Fett-Neto, A.G.
Events associated with early age-related decline in adventitious rooting competence of Eucalyptus globulus Labill. Front. Plant Sci.
2017, 8, 1734. [CrossRef] [PubMed]

Gutierrez, L.; Bussell, ].D.; Pacurar, D.I.; Schwambach, J.; Pacurar, M.; Bellini, C. Phenotypic plasticity of adventitious rooting in
Arabidopsis is controlled by complex regulation of AUXIN RESPONSE FACTOR transcripts and microRNA abundance. Plant
Cell 2009, 21, 3119-3132. [CrossRef]

Yoon, EK; Yang, . H.; Lim, J.; Kim, S.H.; Kim, S.K; Lee, W.S. Auxin regulation of the microRNA390-dependent transacting small
interfering RNA pathway in Arabidopsis lateral root development. Nucleic Acids Res. 2010, 38, 1382-1391. [CrossRef]

Fei, Y.;; Luo, C.; Tang, W. Differential expression of microRNAs during root formation in Taxus chinensis var. mairei cultivars. Open
Life Sci. 2019, 14, 97-109. [CrossRef]

Gleeson, M.; Constantin, M.; Carroll, B.J.; Mitter, N. MicroRNAs as regulators of adventitious root development. J. Plant Biochem.
Biotechnol. 2014, 23, 339-347. [CrossRef]

Couzigou, ] M.; Combier, ].P. Plant microRNAs: Key regulators of root architecture and biotic interactions. New Phytol. 2016, 212,
22-35. [CrossRef] [PubMed]

Gautam, V,; Singh, A.; Verma, S.; Kumar, A.; Kumar, P.; Mahima; Singh, S.; Mishra, V.; Sarkar, A.K. Role of miRNAs in root
development of model plant Arabidopsis thaliana. Ind. ]. Plant Physiol. 2017, 22, 382-392. [CrossRef]

Zeng, H.; Wang, G.; Hu, X.; Wang, H.; Du, L.; Zhu, Y. Role of microRNAs in plant responses to nutrient stress. Plant Soil 2014, 374,
1005-1021. [CrossRef]

Li, H,; Zhang, Z.; Huang, F.; Chang, L.; Ma, Y. MicroRNA expression profiles in conventional and micropropagated strawberry
(Fragaria x ananassa Duch.) plants. Plant Cell Rep. 2009, 28, 891-902. [CrossRef] [PubMed]

Us-Camas, R.; Rivera-Solis, G.; Duarte-Aké, E.; de la Pefia, C. In vitro culture: An epigenetic challenge for plants. Plant Cell Tissue
Organ Cult. 2014, 118, 187-201. [CrossRef]

Mneney, E.E.; Mantell, S.H. In vitro micrografting of cashew. Plant Cell Tissue Organ Cult. 2001, 66, 49-58. [CrossRef]

Padilla, LM.G.; Encina, C.L. The use of consecutive micrografting improves micropropagation of cherimoya (Annona cherimola
Mill.) cultivars. Sci. Hortic. 2011, 129, 167-169. [CrossRef]

Huang, L.; Hsiao, C.; Lee, S.; Huang, B.; Murashige, T. Restoration of vigor and rooting competence in stem tissues of mature
Citrus by repeated grafting of their shoot apices onto freshly germinated seedlings in vitro. In Vitro Cell. Dev. Biol. Plant 1992, 28,
30-32. [CrossRef]

Chabuskswar, M.M.; Deodhar, M. A. Restoration of rooting competence in a mature plant of Garcinia indica through serial shoot
tip grafting in vitro. Sci. Hortic. 2006, 108, 194-199. [CrossRef]

Pliego-Alfaro, F.; Murashige, T. Possible rejuvenation of adult avocado by graftage onto juvenile rootstocks in vitro. HortScience
1987, 22,1321-1324.

Barcel6-Munoz, A.; Pliego-Alfaro, F.; Soria-Torres, ]J.T. Restauracion de la capacidad de enraizamiento en tallos adultos de
aguacate, mediante injerto en patrones juveniles. Actas Hortic. 1990, 6, 229-234.

Danthu, P.,; Touré, M. A ; Soloviev, P.; Sagna, P. Vegetative propagation of Ziziphus mauritiana var. Gola by micrografting and its
potential for dissemination in the Sahelian Zone. Agrofor. Syst. 2004, 60, 247-253. [CrossRef]

Fernandez-Lorenzo, ].L.; Fernandez-Lépez, M.]. Reinvigoration of mature Castanea sativa by serial micrografting onto a juvenile
clone. Acta Hortic. 2005, 693, 293298. [CrossRef]

Crecente-Campo, S.; Lorenzo, J.L.; Mosquera-Losada, M.R.; Rigueiro-Rodriguez, A.; Ferreiro-Dominguez, N.; Gonzalez, P;
Santiago-Freijanes, J.; Romero, R. Improvement of micropropagation by micrografting in vitro cultured mature scions of Castanea
sativa Mill. on physiologically juvenile rootstocks of the same genotype. In Proceedings of the 5th International Conference of
the IUFRO Unit 2.09.02 on “Clonal Trees in the Bioeconomy Age: Opportunities and Challenges”, Coimbra, Portugal, 10-15
September 2018; pp. 34-42. Available online: www.iufro.org/publications/proceedings/proceedings-meetings-2018/ (accessed
on 12 April 2021).

Dolcet-Sanjuan, R.; Claveria, R.; Gruselle, E.; Meier-Dinkel, A.; Jay-Allemand, C.; Gaspar, T. Practical factors controlling in vitro
adventitious root formation from walnut shoot microcuttings. J. Am. Soc. Hortic. Sci. 2004, 129, 198-203. [CrossRef]
Dobranszki, J.; Jambor-Benczur, E.; Hudak, I.; Magyar-Tabori, K. Model experiments for establishment of in vitro culture by
micrografting in apple. Int. ]. Hortic. Sci. 2005, 1, 47-49. [CrossRef]

Revilla, M.A.; Pacheco, J.; Casares, A.; Rodriguez, R. In vitro reinvigoration of mature olive trees (Olea europaea L.) through
micrografting. In Vitro Cell. Dev. Biol. Plant 1996, 32, 257-261. [CrossRef]


http://doi.org/10.1080/14620316.2018.1482795
http://doi.org/10.1016/j.jplph.2016.10.010
http://doi.org/10.1111/jipb.12855
http://doi.org/10.1186/1471-2164-15-524
http://www.ncbi.nlm.nih.gov/pubmed/24965948
http://doi.org/10.3389/fpls.2017.01734
http://www.ncbi.nlm.nih.gov/pubmed/29067033
http://doi.org/10.1105/tpc.108.064758
http://doi.org/10.1093/nar/gkp1128
http://doi.org/10.1515/biol-2019-0011
http://doi.org/10.1007/s13562-014-0269-3
http://doi.org/10.1111/nph.14058
http://www.ncbi.nlm.nih.gov/pubmed/27292927
http://doi.org/10.1007/s40502-017-0334-8
http://doi.org/10.1007/s11104-013-1907-6
http://doi.org/10.1007/s00299-009-0693-3
http://www.ncbi.nlm.nih.gov/pubmed/19277667
http://doi.org/10.1007/s11240-014-0482-8
http://doi.org/10.1023/A:1010687629985
http://doi.org/10.1016/j.scienta.2011.02.024
http://doi.org/10.1007/BF02632189
http://doi.org/10.1016/j.scienta.2005.12.008
http://doi.org/10.1023/B:AGFO.0000024415.22907.bc
http://doi.org/10.17660/ActaHortic.2005.693.36
www.iufro.org/publications/proceedings/proceedings-meetings-2018/
http://doi.org/10.21273/JASHS.129.2.0198
http://doi.org/10.31421/IJHS/11/1/557
http://doi.org/10.1007/BF02822697

Plants 2021, 10, 1197 20 of 25

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.
92.
93.

94.

Farahani, F.; Razeghi, S.; Peyvandi, M.; Attaii, S.; Mazinani, M.H. Micrografting and micropropagation of olive (Olea europaea L.)
Iranian cultivar: Zard. Afr. |. Plant Sci. 2011, 5, 671-675.

Vidoy-Mercado, I.; Imbroda-Solano, I.; Viruel, M. A ; Pliego-Alfaro, F; Barcel6-Muiioz, A. The influence of in vitro micrografting
on vegetative propagation of the olive cultivar ‘Arbequina’. Acta Hortic. 2012, 949, 31-34. [CrossRef]

Monteuuis, O. In vivo grafting and in vitro micrografting of Acacia mangium: Impact of ortet age. Silvae Genet. 1995, 44, 190-193.
Monteuuis, O. In vitro shoot apex micrografting of mature Acacia mangium. Agrofor. Syst. 1996, 34, 213-217. [CrossRef]

Robert, M.L.; Judrez-Gémez, J.; Chaires-Pacheco, M.; Pefia-Ramirez, Y.J. Successive grafting confers juvenility traits to adult
Spanish red cedar (Cedrela odorata Linnaeus): A tool for the rescue of selected materials. New For. 2020, 51, 335-347. [CrossRef]
Danthu, P; Hane, B.; Sagna, P.; Gassana, Y.K. Restoration of rooting competence in mature Faidherbia albida, a Sahelian leguminous
tree through serial root sucker micrografting. New For. 2002, 24, 239-244. [CrossRef]

Perrin, Y,; Lardet, L.; Enjalric, E; Carron, M.P. Rajeunissement de clones matures d’Hevea brasiliensis (Mill. Arg.) par microgreffage
in vitro. Can. . Plant Sci. 1994, 74, 623-663. [CrossRef]

Perrin, Y.; Doumas, P; Lardet, L.; Carron, M.P. Endogenous cytokinins as biochemical markers of rubber-tree (Hevea brasiliensis)
clone rejuvenation. Plant Cell Tissue Organ Cult. 1997, 47, 239-245. [CrossRef]

Niang, D.; Gassama, Y.K.; Ndiaye, A.; Sagna, M.; Ndiaye, S.A.; Toure, M.A. In vitro micrografting of Sterculia setigera Del. Afr. |.
Biotechnol. 2010, 9, 8613-8618.

Kretzschmar, U.; Ewald, D. Vegetative propagation of 140-year-old Larix decidua trees by different in-vitro techniques. J. Plant
Physiol. 1994, 144, 627-630. [CrossRef]

Ewald, D.; Kretzschmar, U. The influence of micrografting in vitro on tissue culture behaviour and vegetative propagation of old
European larch trees. Plant Cell Tissue Organ Cult. 1996, 44, 249-525. [CrossRef]

Monteuuis, O. Effects of technique and darkness on the success of meristem micrografting of Picea abies. Silvae Genet. 1994, 43,
2-3.

Fraga, M.E,; Cafial, M.].; Aragonés, A.; Rodriguez, R. Factors involved in Pinus radiata D. Don. micrografting. Ann. For. Sci. 2002,
59, 155-161. [CrossRef]

Materan, ML.E.; Fernandez, M.; Valenzuela, S.; Sdez, K.; Seemann, P.; Sanchez-Olate, M.; Rios, D. Abscisic acid and 3-indolacetic
acid levels during the reinvigoration process of Pinus radiata D. Don adult material. Plant Growth Regul. 2009, 59, 171-177.
[CrossRef]

Monteuuis, O. Influence of the grafting technique on meristem micrografting of Douglas-fir. New For. 1995, 10, 267-273. [CrossRef]
Tranvan, H.; Bardat, F.; Jacques, M.; Arnaud, Y. Rajeunissement chez le Sequoia sempervirens: Effects du microgreffage in vitro.
Can. J. Bot. 1991, 69, 1772-1779. [CrossRef]

Huang, L; Lius, S.; Huang, B.; Murashige, T.; Mahdi, EM.; Van Gundy, R. Rejuvenation of Sequoia sempervirens by repeated
grafting of shoot tips onto juvenile rootstocks in vitro. Plant Physiol. 1992, 98, 166-173. [CrossRef]

Kuo, J.-L.; Huang, H.; Cheng, C.-M.; Chen, L.-J.; Huang, B.; Huang, L.; Kuo, T. Rejuvenation in vitro: Modulation of protein
phosphorylation in Sequoia sempervirens. J. Plant Physiol. 1995, 146, 333-336. [CrossRef]

Chen, Y.T,; Shen, C.H,; Lin, W.D.; Chu, H.A,; Huang, B.L.; Kuo, C.I; Yeh, KW.; Huang, L.C.; Chang, I.F. Small RNAs of Sequoia
sempervirens during rejuvenation and phase change. Plant Biol. 2013, 15, 27-36. [CrossRef]

Boulay, M. Micropropagation des arbres forestiers. AFOCEL 1979, 12, 67-75.

Driver, J.A.; Kuniyuki, A.H. In vitro propagation of Paradox walnut rootstocks. HortScience 1984, 19, 507-509.

Enjalric, E; Carron, M.P. Microbouturage in vitro de jeunes plants d’Hevea brasiliensis (Kunth., Miill. Arg.). C. R. Acad. Sci. Ser. 1II
Sci. 1982, 295, 259-264.

Fouret, Y.; Arnaud, Y.; Larrieu, C.; Miginiac, E. Sequoia sempervirens as an in vitro rejuvenation model. N. Z. ]. For. Sci. 1986, 16, 319-
327. Available online: https:/ /www.scionresearch.com/__data/assets/pdf_file/0008/59777 /NZ]JFS1631986FOURET319_327.pdf
(accessed on 12 April 2021).

Murashige, T.; Skoog, F. A revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol. Plant 1962, 15,
473-497. [CrossRef]

Margara, J. Bases de la Multiplication Végétative les Méristemes et L' Organogenese; Institut National de la Recherche Agronomique
(France) (INRA): Paris, France, 1984; 262p.

Rugini, E. In vitro-propagation of some olive (Olea europaea sativa L.) cultivars with different root-ability, and medium development
using analytical data from developing shoots and embryos. Sci. Hortic. 1984, 24, 123-134. [CrossRef]

Quoirin, M.; Lepoivre, P. Etudes de milieux adaptes aux cultures in vitro de Prunus. Acta Hortic. 1977, 78, 437-442. [CrossRef]
Lloyd, G.; McCown, B. Commercially feasible micropropagation of mountain laurel, Kalmia latifolia, by use of shoot tip culture.
Comb. Proc. Int. Plant Prop. Soc. 1980, 30, 421-427.

Thimmappaiah, P.G.T.; Anil, S.R. In vitro grafting of cashew (Anacardium occidentale L.). Sci. Hortic. 2002, 92, 177-182. [CrossRef]
Hsina, T.; E1 Mtili, N. In vitro micrografting of mature carob tree (Ceratonia siliquia L.). Open Hortic. |. 2009, 2, 44-48. [CrossRef]
Dobranszki, J.; Magyar-Tabori, K.; Jambor-Bencztr, E.; Lazanyi, ]. New in vitro micrografting method for apple by sticking. Int. J.
Hortic. Sci. 2000, 6, 79-83. [CrossRef]

Rache-Cardenal, L.; Rojas-Pinzén, E.; Pacheco-Maldonado, J. Revigorizacion y clonacién de yemas adultas de arboles de olivo:
Establecimiento in vitro de microinjertos. Bioagro 2008, 20, 57-65.


http://doi.org/10.17660/ActaHortic.2012.949.2
http://doi.org/10.1007/BF00148163
http://doi.org/10.1007/s11056-019-09736-7
http://doi.org/10.1023/A:1021396814374
http://doi.org/10.4141/cjps94-112
http://doi.org/10.1007/BF02318978
http://doi.org/10.1016/S0176-1617(11)82149-8
http://doi.org/10.1007/BF00048531
http://doi.org/10.1051/forest:2002002
http://doi.org/10.1007/s10725-009-9400-1
http://doi.org/10.1007/BF00027928
http://doi.org/10.1139/b91-225
http://doi.org/10.1104/pp.98.1.166
http://doi.org/10.1016/S0176-1617(11)82064-X
http://doi.org/10.1111/j.1438-8677.2012.00622.x
https://www.scionresearch.com/__data/assets/pdf_file/0008/59777/NZJFS1631986FOURET319_327.pdf
http://doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://doi.org/10.1016/0304-4238(84)90143-2
http://doi.org/10.17660/ActaHortic.1977.78.54
http://doi.org/10.1016/S0304-4238(01)00288-6
http://doi.org/10.2174/1874840600902010044
http://doi.org/10.31421/IJHS/6/4/230

Plants 2021, 10, 1197 21 0f 25

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

Abousalim, A.; Mantell, S.H. Micrografting of pistachio (Pistacia vera L. cv. Mateur). Plant Cell Tissue Organ Cult. 1992, 29, 231-234.
[CrossRef]

Onay, A,; Piring, V.; Isikalan, C.; Tilkat, E.; Basaran, D. In vivo and in vitro micrografting of pistachio, Pistacia vera L. cv. “Siirt”.
Turk. J. Biol. 2003, 27, 95-100.

Onay, A.; Piring, V,; Yildrim, H.; Basaran, D. In vitro micrografting of mature pistachio (Pistacia vera L. var. Siirt). Plant Cell Tissue
Organ Cult. 2004, 77, 215-219. [CrossRef]

Yildirim, H.; Onay, A.; Suzerer, V.; Tilkat, E.; Ozden-Tokatli, Y.; Akdemir, H. Micrografting of almond (Prunus dulcis Mill.)
cultivars “Ferragnes” and “Ferraduel”. Sci. Hortic. 2010, 125, 361-367. [CrossRef]

Hassanen, S.A. In vitro grafting of pear (Pyrus spp.). World Appl. Sci. ]. 2013, 21, 705-709. [CrossRef]

Detrez, C. Shoot production through cutting and micrografting from mature tree explants in Acacia tortilis (Forsk.) Hayne subsp.
raddiana (Savi) Brenan. Agrofor. Syst. 1994, 25, 171-179. [CrossRef]

Sanjaya, M.B.; Rathore, T.S.; Rai, V.R. Factors influencing in vivo and in vitro micrografting of sandalwood (Santalum album L.):
And endangered tree species. . For. Res. 2006, 11, 147-151. [CrossRef]

Cortizo, M.; Alonso, P; Fernandez, B.; Rodriguez, A.; Centeno, M.L.; Ordas, R. Micrografting of mature stone pine (Pinus pinea L.)
trees. Ann. For. Sci. 2004, 61, 843-845. [CrossRef]

Materdn, M.E.; Vega, M.; Sdnchez-Olate, M.; Sdez, K.; Rodriguez, R.; Rios, D. Reactivacion de material vegetal élite de Pinus
radiata D. Don mediante microinjerto in vitro. Interciencia 2008, 33, 66-70.

Wendling, I.; Trueman, S.J.; Xavier, A. Maturation and related aspects in clonal forestry—Part II: Reinvigoration, rejuvenation and
juvenility maintenance. New For. 2014, 45, 473-486. [CrossRef]

Giovannelli, A.; Giannini, R. Reinvigoration of mature chestnut (Castanea sativa) by repeated graftings and micropropagation.
Tree Physiol. 2000, 20, 1243-1248. [CrossRef] [PubMed]

Arnaud, Y,; Franclet, A.; Tranvan, H.; Jacques, M. Micropropagation and rejuvenation of Sequoia sempervirens (Lamb) Endl: A
review. Ann. For. Sci. 1993, 50, 273-295. [CrossRef]

Marin, J.A.; Garcia, E.; Lorente, P.; Andreu, P.; Arbeloa, A. A novel approach for propagation of recalcitrant pistachio cultivars
that sidesteps rooting by ex vitro grafting of tissue cultured shoot tips. Plant Cell Tissue Organ Cult. 2016, 124, 191-200. [CrossRef]
Wang, Y.Q. Plant grafting and its application in biological research. Chin. Sci. Bull. 2011, 56, 3511-3517. [CrossRef]

Albacete, A.; Martinez-Anddjar, C.; Martinez-Pérez, A.; Thompson, A.].; Dodd, 1.C.; Pérez-Alfocea, F. Unravelling rootstock x
scion interactions to improve food security. J. Exp. Bot. 2015, 66, 2211-2226. [CrossRef] [PubMed]

Lu, X,; Liu, W.; Wang, T.; Zhang, | ; Li, X.; Zhang, W. Systemic long-distance signaling and communication between rootstock and
scion in grafted vegetables. Front. Plant Sci. 2020, 11, 460. [CrossRef]

Rasool, A.; Mansoor, S.; Bhat, KM.; Hassan, G.I; Baba, T.R.; Alyemeni, M.N.; Alsahli, A.A.; El-Serehy, H.A ; Paray, B.A.; Ahmad,
P. Mechanisms underlying graft union formation and rootstock scion interaction in horticultural plants. Front. Plant Sci. 2020, 11,
590847. [CrossRef]

Koepke, T.; Dhingra, A. Rootstock scion somatogenetic interactions in perennial composite plants. Plant Cell Rep. 2013, 32,
1321-1337. [CrossRef]

Warschefsky, E.J.; Klein, L.L.; Frank, M.H.; Chitwood, D.H.; Londo, ].P.; von Wettberg, E.].B.; Miller, A.]J. Rootstocks: Diversity,
domestication, and impacts on shoot phenotypes. Trends Plant Sci. 2016, 21, 418-437. [CrossRef]

Turnbull, C.G.; Booker, ].P; Leyser, H.M. Micrografting techniques for testing long-distance signalling in Arabidopsis. Plant ].
2002, 32, 255-262. [CrossRef]

Tsutsui, H.; Notaguchi, M. The use of grafting to study systemic signaling in plants. Plant Cell Physiol. 2017, 58, 1291-1301.
[CrossRef]

Venema, ].H.; Giuffrida, F; Paponov, I.; Albacete, A.; Pérez-Alfocea, F.; Dodd, I.C. Rootstock—scion signalling: Key factors
mediating scion performance. In Vegetable Grafting: Principles and Practices; Colla, G., Pérez-Alfocea, F., Schwarz, D., Eds.; CABL:
Wallingford, UK, 2017; pp. 94-131. [CrossRef]

Ikeuchi, M.; Favero, D.S.; Sakamoto, Y.; Iwase, A.; Coleman, D.; Rymen, B.; Sugimoto, K. Molecular mechanisms of plant
regeneration. Ann. Rev. Plant Biol. 2019, 70, 377-406. [CrossRef]

von Aderkas, P.; Bonga, ].M. Influencing micropropagation and somatic embryogenesis in mature trees by manipulation of phase
change, stress and culture environment. Tree Physiol. 2000, 20, 921-928. [CrossRef] [PubMed]

Joyce, S.M.; Cassells, A.C.; Mohan Jain, S. Review of plant biotechnology and applied genetics stress and aberrant phenotypes in
in vitro culture. Plant Cell Tissue Organ Cult. 2003, 74, 103-121. [CrossRef]

Dodd, I.C. Root-to-shoot signalling: Assessing the roles of ‘up’ in the up and down world of long-distance signalling in planta.
Plant Soil 2005, 274, 257-275. [CrossRef]

Irish, E.E.; Karlen, S. Restoration of juvenility in maize shoots by meristem culture. Int. J. Plant Sci. 1998, 159, 695-701. [CrossRef]
Orkwiszewski, J.A.; Poethig, R.S. Phase identity of the maize leaf is determined after leaf initiation. Proc. Natl. Acad. Sci. USA
2000, 97, 10631-10636. [CrossRef] [PubMed]

Monteuuis, O. Rejuvenation of a 100-year-old Sequoiadendron giganteum through in vitro meristem culture. I. Organogenic and
morphological arguments. Physiol. Plant 1991, 81, 111-115. [CrossRef]

Navarro, L.; Roistacher, N.C.; Murashige, T. Improvement of shoot tip grafting in vitro for virus-free Citrus. ]. Am. Soc. Hortic. Sci.
1975, 100, 471-479.


http://doi.org/10.1007/BF00034357
http://doi.org/10.1023/B:TICU.0000016822.71264.68
http://doi.org/10.1016/j.scienta.2010.04.022
http://doi.org/10.5829/idosi.wasj.2013.21.5.2892
http://doi.org/10.1007/BF00707458
http://doi.org/10.1007/s10310-005-0208-1
http://doi.org/10.1051/forest:2004081
http://doi.org/10.1007/s11056-014-9415-y
http://doi.org/10.1093/treephys/20.18.1243
http://www.ncbi.nlm.nih.gov/pubmed/12651487
http://doi.org/10.1051/forest:19930305
http://doi.org/10.1007/s11240-015-0871-7
http://doi.org/10.1007/s11434-011-4816-1
http://doi.org/10.1093/jxb/erv027
http://www.ncbi.nlm.nih.gov/pubmed/25754404
http://doi.org/10.3389/fpls.2020.00460
http://doi.org/10.3389/fpls.2020.590847
http://doi.org/10.1007/s00299-013-1471-9
http://doi.org/10.1016/j.tplants.2015.11.008
http://doi.org/10.1046/j.1365-313X.2002.01419.x
http://doi.org/10.1093/pcp/pcx098
http://doi.org/10.1079/9781780648972.0094
http://doi.org/10.1146/annurev-arplant-050718-100434
http://doi.org/10.1093/treephys/20.14.921
http://www.ncbi.nlm.nih.gov/pubmed/11303566
http://doi.org/10.1023/A:1023911927116
http://doi.org/10.1007/s11104-004-0966-0
http://doi.org/10.1086/297587
http://doi.org/10.1073/pnas.180301597
http://www.ncbi.nlm.nih.gov/pubmed/10973480
http://doi.org/10.1111/j.1399-3054.1991.tb01721.x

Plants 2021, 10, 1197 22 of 25

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Navarro, L. Shoot-tip grafting in vitro of woody species and its influence on plant age. In Plant Aging NATO ASI Series (Series
A: Life Sciences); Rodriguez, R., Tamés, R.S., Durzan, D.]., Eds.; Springer: Boston, MA, USA, 1990; Volume 186, pp. 117-123.
[CrossRef]

Gregory, PJ.; Atkinson, C.J.; Bengough, A.G.; Else, M.A.; Fernandez-Fernandez, F.; Harrison, R.J.; Schmidt, S. Contributions of
roots and rootstocks to sustainable, intensified crop production. J. Exp. Bot. 2013, 64, 1209-1222. [CrossRef] [PubMed]
Santarosa, E.; de Souza, P.V.D.; de Araujo Mariath, J.E.; Lourosa, G.V. Physiological interaction between rootstock-scion: Effects
on xylem vessels in Cabernet Sauvignon and Merlot grapevines. Am. ]. Enol. Viticult. 2016, 67, 65-76. [CrossRef]

Savvas, D.; Colla, G.; Rouphael, Y.; Schwarz, D. Amelioration of heavy metal and nutrient stress in fruit vegetables by grafting.
Sci. Hortic. 2010, 127, 156-161. [CrossRef]

He, J.; Zhou, J.; Wan, H.; Zhuang, X,; Li, H.; Qin, S.; Lyu, D. Rootstock-scion interaction affects Cadmium accumulation and
tolerance of Malus. Front. Plant Sci. 2020, 11, 1264. [CrossRef] [PubMed]

Else, M.A; Taylor, ].M.; Young, S.; Atkinson, C.J. The effect of the graft union on hormonal and ionic signalling between rootstocks
and scions of grafted apple (Malus pumila L. Mill.). Environ. Exp. Bot. 2018, 156, 325-336. [CrossRef]

Gautier, A.T.; Cochetel, N.; Merlin, I.; Hevin, C.; Lauvergeat, V.; Vivin, P.; Mollier, A.; Ollat, N.; Cookson, S.J. Scion genotypes
exert long distance control over rootstock transcriptome responses to low phosphate in grafted grapevine. BMC Plant Biol. 2020,
20, 367. [CrossRef] [PubMed]

Oztekin, G.B.; Giuffrida, F; Tuzel, Y.; Leonardi, C. Is the vigour of grafted tomato plants related to root characteristics? J. Food
Agric. Environ. 2009, 7, 364-368.

Aloni, B.; Cohen, R.; Karni, L.; Aktas, H.; Edelstein, M. Hormonal signaling in rootstock-scion interactions. Sci. Hortic. 2010, 127,
119-126. [CrossRef]

Kamboj, ].S.; Blake, P.S.; Quinlan, J.D.; Baker, D.A. Identification and quantitation by GC-MS of zeatin and zeatin riboside in
xylem sap from rootstock and scion of grafted apple trees. Plant Growth Regul. 1999, 28, 199-205. [CrossRef]

Sorce, C.; Massai, R.; Picciarelli, P.; Lorenzi, R. Hormonal relationships in xylem sap of grafted and ungrafted Prunus rootstocks.
Sci. Hortic. 2002, 93, 333-342. [CrossRef]

van Hooijdonk, B.; Woolley, D.; Warrington, I.; Tustin, S. Rootstocks modify scion architecture, endogenous hormones, and root
growth of newly grafted ‘Royal Gala” apple trees. J. Am. Soc. Hortic. Sci. 2011, 136, 93-102. [CrossRef]

Mothes, K.; Engelbrecht, L. Kinetin-induced directed transport of substances in excised levels in the dark. Phytochemistry 1961, 1,
58-62. [CrossRef]

Albacete, A.; Martinez-Anddjar, C.; Pérez-Alfocea, F. Hormonal and metabolic regulation of source-sink relations under salinity
and drought: From plant survival to crop yield stability. Biotechnol. Adv. 2014, 32, 12-30. [CrossRef]

Sakakibara, H.; Takei, K.; Hirose, N. Interactions between nitrogen and cytokinin in the regulation of metabolism and development.
Trends Plant Sci. 2006, 11, 440-448. [CrossRef]

Forde, B.G. Local and long-range signaling pathways regulating plant responses to nitrate. Annu. Rev. Plant Biol. 2002, 53,
203-224. [CrossRef]

Foster, TM.; McAtee, P.A.; Waite, C.N.; Boldingh, H.L.; McGhie, T.K. Apple dwarfing rootstocks exhibit an imbalance in
carbohydrate allocation and reduced cell growth and metabolism. Hortic. Res. 2017, 4, 1-13. [CrossRef]

Liu, X.-Y,; Li, J.; Liu, M.-M.; Yao, Q.; Chen, ].-Z. Transcriptome profiling to understand the effect of Citrus rootstocks on the
growth of ‘Shatangju’ mandarin. PLoS ONE 2017, 12, e0169897. [CrossRef] [PubMed]

Cheng, X.; Ruyter-Spira, C.; Bouwmeester, H. The interaction between strigolactones and other plant hormones in the regulation
of plant development. Front. Plant Sci. 2013, 4, 199. [CrossRef]

Xu,J.; Zha, M.; Li, Y,; Ding, Y.; Chen, L.; Ding, C.; Wang, S. The interaction between nitrogen availability and auxin, cytokinin, and
strigolactone in the control of shoot branching in rice (Oryza sativa L.). Plant Cell Rep. 2015, 34, 1647-1662. [CrossRef] [PubMed]
Zha, M.; Imran, M.; Wang, Y.; Xu, J.; Ding, Y.; Wang, S. Transcriptome analysis revealed the interaction among strigolactones,
auxin, and cytokinin in controlling the shoot branching of rice. Plant Cell Rep. 2019, 38, 279-293. [CrossRef] [PubMed]
Marhavy, P.; Duclercq, J.; Weller, B.; Feraru, E.; Bielach, A.; Offringa, R.; Friml, J.; Schwechheimer, C.; Murphy, A.; Benkova, E.
Cytokinin controls polarity of PIN1-dependent auxin transport during lateral root organogenesis. Curr. Biol. 2014, 24, 1031-1037.
[CrossRef]

Kohlen, W.; Charnikhova, T.; Lammers, M.; Pollina, T.; Téth, P.; Haider, I.; Pozo, M.J.; de Maagd, R.A.; Ruyter-Spira, C.; Harro, J.;
et al. The tomato carotenoid cleavage dioxygenase8 (SICCD8) regulates rhizosphere signaling, plant architecture and affects
reproductive development through strigolactone biosynthesis. New Phytol. 2012, 196, 535-547. [CrossRef] [PubMed]

Umehara, M.; Hanada, A.; Magome, H.; Takeda-Kamiya, N.; Yamaguchi, S. Contribution of strigolactones to the inhibition of
tiller bud outgrowth under phosphate deficiency in rice. Plant Cell Physiol. 2010, 51, 1118-1126. [CrossRef]

Cochetel, N.; Météier, E.; Merlin, I.; Hévin, C.; Pouvreau, J.-B.; Coutos-Thévenot, P.; Hernould, M.; Vivin, P.; Cookson, S.J.; Ollat,
N.; et al. Potential contribution of strigolactones in regulating scion growth and branching in grafted grapevine in response to
nitrogen availability. J. Exp. Bot. 2018, 69, 4099-4112. [CrossRef] [PubMed]

Regnault, T.; Daviere, ].M.; Wild, M.; Sakvarelidze-Achard, L.; Heintz, D.; Bergua, E.C.; Lopez-Diaz, I.; Gong, F.; Hedden,
P.; Achard, P. The gibberellin precursor GAj, acts as a long-distance growth signal in Arabidopsis. Nat. Plants 2015, 6, 15073.
[CrossRef] [PubMed]


http://doi.org/10.1007/978-1-4684-5760-5_14
http://doi.org/10.1093/jxb/ers385
http://www.ncbi.nlm.nih.gov/pubmed/23378378
http://doi.org/10.5344/ajev.2015.15003
http://doi.org/10.1016/j.scienta.2010.09.011
http://doi.org/10.3389/fpls.2020.01264
http://www.ncbi.nlm.nih.gov/pubmed/32922429
http://doi.org/10.1016/j.envexpbot.2018.07.013
http://doi.org/10.1186/s12870-020-02578-y
http://www.ncbi.nlm.nih.gov/pubmed/32746781
http://doi.org/10.1016/j.scienta.2010.09.003
http://doi.org/10.1023/A:1006292309765
http://doi.org/10.1016/S0304-4238(01)00338-7
http://doi.org/10.21273/JASHS.136.2.93
http://doi.org/10.1016/S0031-9422(00)82812-5
http://doi.org/10.1016/j.biotechadv.2013.10.005
http://doi.org/10.1016/j.tplants.2006.07.004
http://doi.org/10.1146/annurev.arplant.53.100301.135256
http://doi.org/10.1038/hortres.2017.9
http://doi.org/10.1371/journal.pone.0169897
http://www.ncbi.nlm.nih.gov/pubmed/28081213
http://doi.org/10.3389/fpls.2013.00199
http://doi.org/10.1007/s00299-015-1815-8
http://www.ncbi.nlm.nih.gov/pubmed/26024762
http://doi.org/10.1007/s00299-018-2361-y
http://www.ncbi.nlm.nih.gov/pubmed/30689021
http://doi.org/10.1016/j.cub.2014.04.002
http://doi.org/10.1111/j.1469-8137.2012.04265.x
http://www.ncbi.nlm.nih.gov/pubmed/22924438
http://doi.org/10.1093/pcp/pcq084
http://doi.org/10.1093/jxb/ery206
http://www.ncbi.nlm.nih.gov/pubmed/29860350
http://doi.org/10.1038/nplants.2015.73
http://www.ncbi.nlm.nih.gov/pubmed/27250008

Plants 2021, 10, 1197 23 of 25

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.
161.

162.

163.

164.
165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.
179.

Lavender, D.P,; Sweet, G.B.; Zaerr, ].B.; Hermann, R.K. Spring shoot growth in Douglas-fir may be initiated by gibberellins
exported from the roots. Science 1973, 182, 838-839. [CrossRef]

Shabala, S.; White, R.G.; Djordjevic, M.A.; Ruan, Y.-L.; Mathesius, U. Root-to-shoot signalling: Integration of diverse molecules,
pathways and functions. Funct. Plant Biol. 2016, 43, 87-104. [CrossRef]

Martin-Vertedor, A.I; Dodd, I.C. Root-to-shoot signalling when soil moisture is heterogeneous: Increasing the proportion of root
biomass in drying soil inhibits leaf growth and increases leaf abscisic acid concentration. Plant Cell Environ. 2011, 34, 1164-1175.
[CrossRef]

Allario, T.; Brumos, ].; Colmenero-Flores, ] M.; Iglesias, D.J.; Pina, ]J.A.; Navarro, L.; Talon, M.; Ollitrault, P.; Morillon, R. Tetraploid
Rangpur lime rootstock increases drought tolerance via enhanced constitutive root abscisic acid production. Plant Cell Environ.
2013, 36, 856-868. [CrossRef]

Grebner, W,; Stingl, N.E.; Oenel, A.; Mueller, M.].; Berger, S. Lipoxygenase6-dependent oxylipin synthesis in roots is required for
abiotic and biotic stress resistance of Arabidopsis. Plant Physiol. 2013, 161, 2159-2170. [CrossRef] [PubMed]

de Ollas, C.; Dodd, I.C. Physiological impacts of ABA-JA interactions under water limitation. Plant Mol. Biol. 2016, 92, 641-650.
[CrossRef]

Zhang, G.; Zhao, F; Chen, L.; Pan, Y,; Sun, L.; Bao, N.; Zhang, T.; Cui, C.X,; Qiu, Z.; Zhang, Y.; et al. Jasmonate-mediated wound
signalling promotes plant regeneration. Nat. Plants 2019, 5, 491-497. [CrossRef]

Schulze, A.; Zimmer, M.; Mielke, S.; Stellmach, H.; Melnyk, C.W.; Hause, B.; Gasperini, D. Wound-induced shoot-to-root
relocation of JA-Ile precursors coordinates Arabidopsis growth. Mol. Plant 2019, 12, 1383-1394. [CrossRef] [PubMed]

Wei, Z.; Li, ]. Brassinosteroids regulate root growth, development, and symbiosis. Mol. Plant 2016, 9, 86—100. [CrossRef]
Symons, G.M.; Ross, ] .J.; Jager, C.E.; Reid, ].B. Brassinosteroid transport. . Exp. Bot. 2008, 59, 17-24. [CrossRef]

Zheng, X.; Zhao, Y.; Shan, D.; Shi, K.; Wang, L.; Li, Q.; Wang, N.; Zhou, J.; Yao, J.; Xue, Y.; et al. MAWRKY9 overexpression confers
intensive dwarfing in the M26 rootstock of apple by directly inhibiting brassinosteroid synthetase MADWF4 expression. New
Phytol. 2018, 217, 1086-1098. [CrossRef]

Prassinos, C.; Ko, J.H.; Lang, G.; Iezzoni, A.F; Han, K.-H. Rootstock-induced dwarfing in cherries is caused by differential
cessation of terminal meristem growth and is triggered by rootstock-specific gene regulation. Tree Physiol. 2009, 29, 927-936.
[CrossRef] [PubMed]

Mullins, M.G.; Nair, Y.; Sampet, P. Rejuvenation in vitro: Induction of juvenile characters in an adult clone of Vitis vinifera L. Ann.
Bot. 1979, 44, 623-627.

Bouriquet, R.; Tsogas, M.; Blaselle, A. Essais de rajeunissement de I’Epicea par les cytokinines. Ann. Afocel. 1985, 173-185.
Borchert, R. Gibberellic acid and rejuvenation of apical meristem in Acacia melanoxylon. Naturwissenschaften 1965, 52, 65-66.
[CrossRef]

Rogler, C.E.; Hackett, W.P. Phase change in Hedera helix: Stabilization of the mature form with abscisic acid. Physiol. Plant 1974, 34,
150-154. [CrossRef]

Wahl, V.; Ponnu, J.; Schlereth, A.; Arrivault, S.; Langenecker, T.; Franke, A ; Feil, R.; Lunn, J.E.; Stitt, M.; Schmid, M. Regulation of
flowering by Trehalose-6- phosphate signaling in Arabidopsis thaliana. Science 2013, 339, 704-707. [CrossRef]

Chitarra, W.; Perrone, 1.; Avanzato, C.G.; Minio, A.; Boccacci, P.; Santini, D.; Gilardi, G.; Siciliano, I.; Gullino, M.L.; Delledonne,
M.; et al. Grapevine grafting: Scion transcript profiling and defense-related metabolites induced by rootstocks. Front. Plant Sci.
2017, 8, 654. [CrossRef]

Tietel, Z.; Srivastava, S.; Fait, A.; Tel-Zur, N.; Carmi, N.; Raveh, E. Impact of scion/rootstock reciprocal effect on metabolomics of
fruit juice and phloem sap in grafted Citrus reticulata. PLoS ONE 2020, 15, e0227192. [CrossRef]

Wang, J.; Jiang, L.; Wu, R. Plant grafting: How genetic exchange promotes vascular reconnection. New Phytol. 2017, 214, 56-65.
[CrossRef] [PubMed]

Corbesier, L.; Vincent, C.; Jang, S.; Fornara, F,; Fan, Q.; Searle, I.; Giakountis, A.; Farrona, S.; Gissot, L.; Turnbull, C.; et al. Signaling
in floral induction of Arabidopsis FT protein movement contributes to long-distance. Science 2007, 316, 1030. [CrossRef]
Williams, B.; Ahsan, M.U.; Frank, M.H. Getting to the root of grafting-induced traits. Curr. Opin. Plant Biol. 2019, 59, 101988.
[CrossRef]

Spiegelman, Z.; Omer, S.; Mansfeld, B.N.; Wolf, S. Function of Cyclophilinl as a long-distance signal molecule in the phloem of
tomato plants. J. Exp. Bot. 2017, 68, 953-964. [CrossRef] [PubMed]

Haroldsen, V.M.; Szczerba, M.W.; Aktas, H.; Lopez-Baltazar, J.; Odias, M.J.; Chi-Ham, C.L.; Labavitch, ].M.; Bennett, A.B.; Powell,
AL.T. Mobility of transgenic nucleic acids and proteins within grafted rootstocks for agricultural improvement. Front. Plant Sci.
2012, 3, 39. [CrossRef] [PubMed]

Yuan, K;; Ding, X.; Yang, L.-F; Wang, Z.-H.; Lin, W.-E; Cao, J.-H. Proteome analysis of interaction between rootstocks and scions
in Hevea brasiliensis. Afr. ]. Biotechnol. 2011, 10, 14816-14825. [CrossRef]

Toscano-Morales, R.; Xoconostle-Cézares, B.; Martinez-Navarro, A.C.; Ruiz-Medrano, R. AtTCTP2 mRNA and protein movement
correlates with formation of adventitious roots in tobacco. Plant Signal. Behav. 2016, 11, €1071003. [CrossRef]

Okamoto, S.; Tabata, R.; Matsubayashi, Y. Long-distance peptide signaling essential for nutrient homeostasis in plants. Curr.
Opin. Plant Biol. 2016, 34, 35—-40. [CrossRef]

Harada, T. Grafting and RNA transport via phloem tissue in horticultural plants. Sci. Hortic. 2010, 125, 545-550. [CrossRef]
Ham, B.K,; Lucas, W.J. Phloem-mobile RNAs as systemic signaling agents. Annu. Rev. Plant Biol. 2017, 68, 173-195. [CrossRef]


http://doi.org/10.1126/science.182.4114.838
http://doi.org/10.1071/FP15252
http://doi.org/10.1111/j.1365-3040.2011.02315.x
http://doi.org/10.1111/pce.12021
http://doi.org/10.1104/pp.113.214544
http://www.ncbi.nlm.nih.gov/pubmed/23444343
http://doi.org/10.1007/s11103-016-0503-6
http://doi.org/10.1038/s41477-019-0408-x
http://doi.org/10.1016/j.molp.2019.05.013
http://www.ncbi.nlm.nih.gov/pubmed/31181337
http://doi.org/10.1016/j.molp.2015.12.003
http://doi.org/10.1093/jxb/erm098
http://doi.org/10.1111/nph.14891
http://doi.org/10.1093/treephys/tpp027
http://www.ncbi.nlm.nih.gov/pubmed/19429629
http://doi.org/10.1007/BF00695672
http://doi.org/10.1111/j.1399-3054.1975.tb03810.x
http://doi.org/10.1126/science.1230406
http://doi.org/10.3389/fpls.2017.00654
http://doi.org/10.1371/journal.pone.0227192
http://doi.org/10.1111/nph.14383
http://www.ncbi.nlm.nih.gov/pubmed/27991666
http://doi.org/10.1126/science.1141752
http://doi.org/10.1016/j.pbi.2020.101988
http://doi.org/10.1093/jxb/erw487
http://www.ncbi.nlm.nih.gov/pubmed/28053189
http://doi.org/10.3389/fpls.2012.00039
http://www.ncbi.nlm.nih.gov/pubmed/22645583
http://doi.org/10.5897/AJB11.1844
http://doi.org/10.1080/15592324.2015.1071003
http://doi.org/10.1016/j.pbi.2016.07.009
http://doi.org/10.1016/j.scienta.2010.05.013
http://doi.org/10.1146/annurev-arplant-042916-041139

Plants 2021, 10, 1197 24 of 25

180.
181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.
208.

Kragler, F,; Kehr, ]. Long distance RNA movement. New Phytol. 2018, 218, 29-40. [CrossRef]

Hannapel, D.J. A model system of development regulated by the long-distance transport of mRNA. |. Integr. Plant Biol. 2010, 52,
40-52. [CrossRef]

Ghate, T.H.; Sharma, P.; Kondhare, K.R.; Hannapel, D.J.; Banerjee, A K. The mobile RNAs, StBEL11 and StBEL29, suppress growth
of tubers in potato. Plant Mol. Biol. 2017, 93, 563-578. [CrossRef] [PubMed]

Hannapel, D.J.; Banerjee, A.K. Multiple mobile mRNA signals regulate tuber development in potato. Plants 2017, 6, 8. [CrossRef]
[PubMed]

Kudo, H.; Harada, T.A. Graft-transmissible RNA from tomato rootstock changes leaf morphology of potato scion. HortScience
2007, 42, 225-226. [CrossRef]

Kanehira, A.; Yamada, K,; Iwaya, T.; Tsuwamoto, R.; Kasai, A.; Nakazono, M.; Harada, T. Apple phloem cells contain some
mRNAs transported over long distances. Tree Gen. Genom. 2010, 6, 635-642. [CrossRef]

Xu, H.; Zhang, W.; Li, M,; Harada, T,; Han, Z.; Li, T. Gibberellic acid insensitive mRNA transport in both directions between stock
and scion in Malus. Tree Genet. Genomes 2010, 6, 1013-1019. [CrossRef]

Zhang, W.N.; Gong, L.; Ma, C.; Xu, HY;; Hu, ].E; Harada, T,; Li, T.Z. Gibberellic acid-insensitive mRNA transport in Pyrus. Plant
Mol. Biol. Rep. 2012, 30, 614-623. [CrossRef]

Yang, Y.; Mao, L.; Jittayasothorn, Y.; Kang, Y.; Jiao, C.; Fei, Z.; Zhong, G.-Y. Messenger RNA exchange between scions and
rootstocks in grafted grapevines. BMC Plant Biol. 2015, 15, 251. [CrossRef]

Liu, X.; Walawage, S.L.; Leslie, C.A.; Dandekar, A.M.; Tricoli, D.M.; Hu, H.; Huang, Y.; Zhang, J.; Xv, C.; Huang, J.; et al. In vitro
gene expression and mRNA translocation from transformed walnut (Juglans regia) rootstocks expressing DsRED fluorescent
protein to wild-type scions. Plant Cell Rep. 2017, 36, 877-885. [CrossRef]

Chuck, G.; O’Connor, D. Small RNAs going the distance during plant development. Curr. Opin. Plant Biol. 2010, 13, 40—45.
[CrossRef]

Molnar, A.; Melnyk, C.; Bassett, A.; Hardcastle, T.].; Dunn, R.; Baulcombe, D.C. Small silencing RNAs in plants are mobile and
direct epigenetic modification in recipient cells. Science 2010, 328, 872-875. [CrossRef]

Molnar, A.; Melnyk, C.; Baulcombe, D.C. Silencing signals in plants: A long journey for small RNAs. Genome Biol. 2011, 12, 215.
[CrossRef] [PubMed]

Brosnan, C.A.; Voinnet, O. Cell-to-cell and long-distance siRNA movement in plants: Mechanisms and biological implications.
Curr. Opin. Plant Biol. 2011, 14, 580-587. [CrossRef] [PubMed]

Lewsey, M.G.; Hardcastle, T.].; Melnyk, C.W.; Molnar, A.; Valli, A.; Urich, M.A.; Nery, ].R.; Baulcombe, D.C.; Ecker, ].R. Mobile
small RNAs regulate genome-wide DNA methylation. Proc. Natl. Acad. Sci. USA 2016, 113, E801-E810. [CrossRef]

Tamiru, M.; Hardcastle, T.J.; Lewsey, M.G. Regulation of genome-wide DNA methylation by mobile small RNAs. New Phytol.
2018, 217, 540-546. [CrossRef]

Ali, EM.; Kobayashi, K.; Yamaoka, N.; Ishikawa, M.; Nishiguchi, M. Graft transmission of RNA silencing to non-transgenic
scions for conferring virus resistance in tobacco. PLoS ONE 2013, 8, e63257. [CrossRef]

Zhao, D.; Song, G.-Q. Rootstock-to-scion transfer of transgene-derived small interfering RNAs and their effect on virus resistance
in nontransgenic sweet cherry. Plant Biotech. ]. 2014, 12, 1319-1328. [CrossRef] [PubMed]

Kasai, A.; Bai, S.; Li, T.; Harada, T. Graft-transmitted siRNA signal from the root induces visual manifestation of endogenous
post-transcriptional gene silencing in the scion. PLoS ONE 2011, 6, €16895. [CrossRef]

Bhogale, S.; Mahajan, A.S.; Natarajan, B.; Rajabhoj, M.; Thulasiram, H.V.; Banerjee, A.K. MicroRNA156: A potential graft-
transmissible microRNA that modulates plant architecture and tuberization in Solanum tuberosum ssp. andigena. Plant Physiol.
2014, 164, 1011-1027. [CrossRef]

Martin, A.; Adam, H.; Diaz-Mendoza, M.; Zurczak, M.; Gonzalez-Schain, N.D.; Suarez-Lépez, P. Graft-transmissible induction of
potato tuberization by the microRNA miR172. Development 2009, 136, 2873-2881. [CrossRef]

Tzarfati, R.; Ben-Dor, S.; Sela, I.; Goldschmidt, E.E. Graft-induced changes in microRNA expression patterns in Citrus leaf petioles.
Open Plant Sci. ]. 2013, 7, 17-23. [CrossRef]

Liu, N.; Yang, J.; Fu, X,; Zhang, L.; Tang, K.; Guy, KM.; Hu, Z,; Guo, S.; Xu, Y.; Zhang, M. Genome-wide identification
and comparative analysis of grafting-responsive mRNA in watermelon grafted onto bottle gourd and squash rootstocks by
high-throughput sequencing. Mol. Genet. Genom. 2016, 291, 621-633. [CrossRef]

Jensen, PJ.; Rytter, J.; Detwiler, E.A.; Travis, ].T.; McNellis, T.W. Rootstock effects on gene expression patterns in apple tree scions.
Plant Mol. Biol. 2003, 53, 493-511. [CrossRef]

Jensen, PJ.; Makalowska, I.; Altman, N.; Fazio, G.; Praul, C.; Maximova, S.N.; Crassweller, R.M.; Travis, ].T.; McNellis, T.W.
Rootstock-regulated gene expression patterns in apple tree scions. Tree Genet. Genom. 2010, 6, 57-72. [CrossRef]

Cookson, S.J.; Ollat, N. Grafting with rootstocks induces extensive transcriptional re-programming in the shoot apical meristem
of grapevine. BMC Plant Biol. 2013, 13, 147. [CrossRef] [PubMed]

Birnbaum, K.D.; Roudier, F. Epigenetic memory and cell fate reprogramming in plants. Regeneration 2017, 4, 15-20. [CrossRef]
[PubMed]

Lee, K.; Seo, PJ. Dynamic epigenetic changes during plant regeneration. Trends Plant Sci. 2018, 23, 235-247. [CrossRef]

Tsaballa, A.; Xanthopoulou, A.; Madesis, P,; Tsaftaris, T.; Nianiou-Obeidat, I. Vegetable grafting from a molecular point of view:
The involvement of epigenetics in rootstock-scion interactions. Front. Plant Sci. 2021, 11, 621999. [CrossRef]


http://doi.org/10.1111/nph.15025
http://doi.org/10.1111/j.1744-7909.2010.00911.x
http://doi.org/10.1007/s11103-016-0582-4
http://www.ncbi.nlm.nih.gov/pubmed/28084609
http://doi.org/10.3390/plants6010008
http://www.ncbi.nlm.nih.gov/pubmed/28208608
http://doi.org/10.21273/HORTSCI.42.2.225
http://doi.org/10.1007/s11295-010-0279-9
http://doi.org/10.1007/s11295-010-0309-7
http://doi.org/10.1007/s11105-011-0365-7
http://doi.org/10.1186/s12870-015-0626-y
http://doi.org/10.1007/s00299-017-2116-1
http://doi.org/10.1016/j.pbi.2009.08.006
http://doi.org/10.1126/science.1187959
http://doi.org/10.1186/gb-2010-11-12-219
http://www.ncbi.nlm.nih.gov/pubmed/21235831
http://doi.org/10.1016/j.pbi.2011.07.011
http://www.ncbi.nlm.nih.gov/pubmed/21862389
http://doi.org/10.1073/pnas.1515072113
http://doi.org/10.1111/nph.14874
http://doi.org/10.1371/journal.pone.0063257
http://doi.org/10.1111/pbi.12243
http://www.ncbi.nlm.nih.gov/pubmed/25132092
http://doi.org/10.1371/journal.pone.0016895
http://doi.org/10.1104/pp.113.230714
http://doi.org/10.1242/dev.031658
http://doi.org/10.2174/1874294701307010017
http://doi.org/10.1007/s00438-015-1132-5
http://doi.org/10.1023/B:PLAN.0000019122.90956.3b
http://doi.org/10.1007/s11295-009-0228-7
http://doi.org/10.1186/1471-2229-13-147
http://www.ncbi.nlm.nih.gov/pubmed/24083813
http://doi.org/10.1002/reg2.73
http://www.ncbi.nlm.nih.gov/pubmed/28316791
http://doi.org/10.1016/j.tplants.2017.11.009
http://doi.org/10.3389/fpls.2020.621999

Plants 2021, 10, 1197 25 of 25

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.
219.

220.

221.

222.

223.

224.

225.

226.

Cao, L.; Yu, N,; Li, J.; Qi, Z.; Wang, D.; Chen, L. Heritability and reversibility of DNA methylation induced by in vitro grafting
between Brassica juncea and B. oleracea. Sci. Rep. 2016, 6, 27233. [CrossRef]

Kasai, A.; Bai, S.; Hojo, H.; Harada, T. Epigenome editing of potato by grafting using transgenic tobacco as siRNA donor. PLoS
ONE 2016, 11, €0161729. [CrossRef]

Miguel, C.; Marum, L. An epigenetic view of plant cells cultured in vitro: Somaclonal variation and beyond. J. Exp. Bot. 2011, 62,
3713-3725. [CrossRef] [PubMed]

Diaz-Sala, C.; Rey, M.; Boronat, A.; Besford, R.; Rodriguez, R. Variations in the DNA methylation and polypeptide patterns of
adult hazel (Corylus avellana L.) associated with sequential in vitro subcultures. Plant Cell Rep. 1995, 15, 218-221. [CrossRef]
[PubMed]

Baranek, M.; Kf¥izan, B.; Ondrusikova, E.; Pidra, M. DNA-methylation changes in grapevine somaclones following in vitro culture
and thermotherapy. Plant Cell Tissue Organ Cult. 2010, 101, 11-22. [CrossRef]

Renau-Morata, B.; Nebauer, S.G.; Arrillaga, I.; Segura, J. Assessments of somaclonal variation in micropropagated shoots of
Cedrus: Consequences of axillary bud breaking. Tree Genet. Genom. 2005, 1, 3-10. [CrossRef]

Fraga, M.E; Canal, M.].; Rodriguez, R. Phase-change related epigenetic and physiological changes in Pinus radiata D. Don. Planta
2002, 215, 672-678. [CrossRef]

Baurens, F.C.; Nicolleau, J.; Legavre, T.; Verdeil, J.L.; Monteuuis, O. Genomic DNA methylation of juvenile and mature Acacia
mangium micropropagated in vitro with reference to leaf morphology as a phase change marker. Tree Physiol. 2004, 24, 401-417.
[CrossRef]

Li, C.-H,; Yu, N,; Jiang, S.M.; Shangguan, X.-X.; Wang, L.-].; Chen, X.-Y. Down-regulation of S-adenosyl-L-homocysteine hydrolase
reveals a role of cytokinin in promoting transmethylation reactions. Planta 2008, 228, 125-136. [CrossRef]

Yamamuro, C.; Zhu, ].-K.; Yang, Z. Epigenetic modifications and plant hormone action. Mol. Plant 2016, 9, 57-70. [CrossRef]
Marguerit, E.; Brendel, O.; Lebon, E.; Van Leeuwen, C.; Ollat, N. Rootstock control of scion transpiration and its acclimation to
water deficit are controlled by different genes. New Phytol. 2012, 194, 416-429. [CrossRef] [PubMed]

Ghanem, M.E.; Hichri, I.; Smigocki, A.C.; Albacete, A.; Fauconnier, M.L.; Diatloff, E.; Martinez-Andujar, C.; Lutts, S.; Dodd, I.C.;
Pérez-Alfocea, F. Root-targeted biotechnology to mediate hormonal signalling and improve crop stress tolerance. Plant Cell Rep.
2011, 30, 807-823. [CrossRef]

Kundariya, H.; Yang, X.; Morton, K.; Sanchez, R.; Axtell, M.].; Hutton, S.E; Fromm, M.; Mackenzie, S.A. MSH1-induced heritable
enhanced growth vigor through grafting is associated with the RADM pathway in plants. Nat. Commun. 2020, 11, 5343. [CrossRef]
[PubMed]

Ellison, E.E.; Nagalakshmi, U.; Gamo, M.E.; Huang, P--].; Dinesh-Kumar, S.; Voytas, D.F. Multiplexed heritable gene editing using
RNA viruses and mobile single guide RNAs. Nat. Plants 2020, 6, 620-624. [CrossRef]

Uthup, TK.; Karumamkandathil, R.; Ravindran, M.; Saha, T. Heterografting induced DNA methylation polymorphisms in Hevea
brasiliensis. Planta 2018, 248, 579-589. [CrossRef]

Wu, R.; Wang, X.; Lin, Y.; Ma, Y;; Liu, G.; Yu, X.; Zhong, S.; Li, B. Inter-species grafting caused extensive and heritable alterations
of DNA methylation in Solanaceae plants. PLoS ONE 2013, 8, €61995. [CrossRef]

Zhang, W.N.; Duan, X.W.; Ma, C.; Harada, T.; Li, T.Z. Transport of mRNA molecules coding NAC domain protein in grafted pear
and transgenic tobacco. Biol. Plant 2013, 57, 224-230. [CrossRef]

Martinez, T.; Vidal, N.; Ballester, A.; Vieitez, A.M. Improved organogenic capacity of shoot cultures from mature pedunculate oak
trees through somatic embryogenesis as rejuvenation technique. Trees 2012, 26, 321-330. [CrossRef]


http://doi.org/10.1038/srep27233
http://doi.org/10.1371/journal.pone.0161729
http://doi.org/10.1093/jxb/err155
http://www.ncbi.nlm.nih.gov/pubmed/21617249
http://doi.org/10.1007/BF00193723
http://www.ncbi.nlm.nih.gov/pubmed/24185779
http://doi.org/10.1007/s11240-009-9656-1
http://doi.org/10.1007/s11295-004-0001-x
http://doi.org/10.1007/s00425-002-0795-4
http://doi.org/10.1093/treephys/24.4.401
http://doi.org/10.1007/s00425-008-0724-2
http://doi.org/10.1016/j.molp.2015.10.008
http://doi.org/10.1111/j.1469-8137.2012.04059.x
http://www.ncbi.nlm.nih.gov/pubmed/22335501
http://doi.org/10.1007/s00299-011-1005-2
http://doi.org/10.1038/s41467-020-19140-x
http://www.ncbi.nlm.nih.gov/pubmed/33093443
http://doi.org/10.1038/s41477-020-0670-y
http://doi.org/10.1007/s00425-018-2918-6
http://doi.org/10.1371/journal.pone.0061995
http://doi.org/10.1007/s10535-012-0293-x
http://doi.org/10.1007/s00468-011-0594-2

	Introduction 
	Micrografting for Reinvigoration/Rejuvenation of Plus Trees 
	Fruit Trees 
	Subtropical Genera 
	Temperate Genera 

	Forest Trees 
	Angiosperms 
	Gymnosperms 


	Rootstock Scion Interactions and Signaling 
	Signaling through Graft Union 
	Mineral Nutrients and Hormones 
	Metabolites 
	Proteins 
	RNAs 

	Changes in Gene Expression 

	Conclusions and Future Prospects 
	References

