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Abstract

Targeted regulation using transgrafting technology has become a trend. However, the mechanisms of transgene-derived signal
communication between rootstocks and scions remain unclear in woody plants. Here, we grafted wild-type (WT) walnut (Juglans regia L.)
on WT (WT/WT), JrGA20ox1 (encodes a gibberellin 20-oxidase)-overexpressing (WT/OE), and JrGA20ox1-RNAi transformation (WT/RNAi)
walnut in vitro. We aimed to elucidate the mechanisms of JrGA20ox1-derived signal communication under PEG-simulated drought
stress between rootstocks and scions in walnut. We demonstrated that JrGA20ox1-OE and JrGA20ox1-RNAi rootstocks could transport
active gibberellins (GAs) and JrGA20ox1-RNAi vector-produced sRNAs to WT scions under PEG-simulated drought stress, respectively.
The movement of sRNAs further led to a successive decline in JrGA20ox1 expression and active GA content. Meanwhile, unknown
mobile signals may move between rootstocks and scions. These mobile signals reduced the expression of a series of GA-responsive
and GA-non-responsive genes, and induced ROS production in guard cells and an increase in ABA content, which may contribute to
the drought tolerance of WT/RNAi, while the opposite occurred in WT/OE. The findings suggest that JrGA20ox1-derived rootstock-to-
scion movement of signals is involved in drought tolerance of scions. Our research will provide a feasible approach for studying signal
communication in woody plants.

Introduction
Grafting originated 3000 ago and has been utilized for various
purposes in woody stock/scion plants, including asexual propa-
gation, enhancing precocity and yields, domesticating new woody
crops, shortening juvenile periods, creating dwarf trees for eas-
ier harvesting, and providing abiotic and biotic resistance [1–6].
The phenotypes of grafted scions vary depending on the root-
stock partners [5]. Increasing evidence suggests that various con-
stituents, such as ions, hormones, peptides/proteins, and nucleic
acids (including small RNAs), can move between scions and root-
stocks bidirectionally [7, 8]. These mobile constituents from one
graft partner have the potential to induce phenotypic changes in
the other graft partner [5].

The management of specific signals moving from rootstock
to scion is of great interest, particularly with the integration
of transgenic technologies. This has led to the rise in popu-
larity of transgrafting, a grafting strategy involving the com-
bination of a non-transformed scion with a transformed root-
stock, or vice versa [9]. The main goal of transgrafting is to
enhance the food security of biotech crops by ensuring that the
fruits harvested from a non-transformed scion remain genetically
unmodified [10].

Transgrafting technology has been successfully utilized in
various fruit trees, including apple (Malus × domestica) [11],
sweet cherry (Prunus avium L.) [12, 13], plum (Prunus domestica
var. ‘Stanley’) [14], walnut (Juglans regia L.) [15], and blueberry
(Vaccinium corymbosum L.) [16]. The rootstock-to-scion movement
of small RNAs, proteins, and phytohormones produced by
transgenes was involved in disease resistance, tolerance to viral
infection, regulation of plant size and morphology [17], etc. There
has been a growing trend towards employing targeted regulation
through transgrafting technology, although the mechanisms
regulating the transmission of transgene-derived signals are not
fully understood.

Efforts to detect the movement of transgene-derived signals
between rootstocks and scions in transgrafted woody plants have
shown varying results. Transformed apple rootstock expressing
RolB was unable to translocate RolB transcripts into wild-type
(WT) scion [18]. No translocation of Gastrodia antifungal protein
(GAFP-1) from transformed rootstock to WT scion was detected
in plum [14], while it has been demonstrated that transgene
signal was transported from transformed rootstock to WT scions
in apple and walnut [15, 19]. Interestingly, PbWoxT1 mRNA can
be transported from PbWoxT1-overexpressing tobacco (Nicotiana
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tabacum) rootstocks to WT scions, and this transport can be pro-
moted when WT scions are grafted onto PbWoxT1- and PbPTB3-co-
overexpressing tobacco rootstocks [20]. These inconsistencies in
the mobility of transformed components across different studies
suggest the complexity of transgene-derived signal trafficking,
or they may be due to limitations in experimental systems for
large trees. As a result, accurately predicting the actual effect of
planned transgrafting remains challenging, and further research
using feasible experimental methods is necessary.

In vitro grafting is a relatively new technique that combines
the advantages obtained from conventional grafting with those of
micropropagation [21]. Because it is based on micropropagation, in
vitro grafting can be performed all year round and allows easy cul-
tivation, ensuring the consistency and accuracy of experiments
with woody plants. It has been applied successfully on some fruit
and nut crops, including apple [19] and walnut [15]. Therefore,
in vitro grafting combined with transgrafting must be a powerful
strategy for studying the mechanisms of signal communication
between rootstocks and scions in grafted woody plants.

Walnuts (Juglans regia L.) are the third most important nut crop
in terms of world trade, and rank second in production behind
cashews [22]. Like other tall economic trees, walnut is often
difficult to harvest and often encounters drought stress, which is
due to its higher stems and high water requirement [23]. Previous
studies have revealed that gibberellin (GA) is involved in regu-
lating a variety of growth processes and stresses, including both
stem elongation and drought tolerance [24–27]. Among the 136
identified GAs, GA1, GA3, GA4, and GA7 show bioactivity [28]. It is
noted that GA20-oxidases (GA20oxs) are key enzymes functioning
in converting GA precursors to the active GA forms GA1, GA3, and
GA4 [29]. Overexpression of GA20ox has been reported to increase
plant height [30]. Arabidopsis ga20ox1/2, and ga20ox1/2/3 mutants
have reduced GA levels and display drought resistance [31]. In
poplar, downregulation of PagGA20ox1 resulted in architecture
change and could improve drought resistance by attenuating
active GA synthesis [27]. Drought reduced GA accumulation by
downregulating GA20ox1 and GA20ox2, and mutations in these
genes decreased water loss in tomato [26].

To gain both semi-dwarf and drought-tolerant trees and
precisely elucidate the mechanisms of signal communication
between rootstocks and scions in transgrafted woody plants,
we generated transformed walnuts with overexpression of
JrGA20ox1-GFP (JrGA20ox1-OE) and hairpin (hp) RNAi constructs
containing self-complementary intron-spliced fragments of the
JrGA20ox1 gene sequence (JrGA20ox1-RNAi). Then, we conducted
grafting experiments by in vitro grafting combined with transfor-
mation. WT scions were grafted onto WT (WT/WT), JrGA20ox1-
OE (WT/OE), and JrGA20ox1-RNAi (WT/RNAi) rootstocks. We
demonstrated that JrGA20ox1-OE and JrGA20ox1-RNAi could
change the drought tolerance and growth of walnut in an opposite
manner in non-grafted plants as well as in WT scions from
transgrafted plants. We also revealed that the rootstocks from
JrGA20ox1-OE and JrGA20ox1-RNAi could transport active GAs
and small RNAs but not JrGA20ox1 mRNAs to WT scions under
PEG-simulated drought stress, and induced a series of responses
to PEG simulated drought stress.

Results
JrGA20ox1 positively regulates walnut shoot
growth
To study the biological role of JrGA20ox1 in drought stress
responses, transformed walnut plants that overexpressed

JrGA20ox1 (OE) and plants with RNA interference of JrGA20ox1
(RNAi) were constructed. The embryonic shoots were excised after
4 weeks of culture and micropropagated every 2 weeks. Three
OE lines and three RNAi lines were selected for further study
(Fig. 1A). qRT–PCR results showed that the relative expression of
JrGA20ox1 was highly significantly upregulated in the OE lines
but significantly downregulated in all RNAi lines compared with
the WT plants (Fig. 1B).

Further analysis showed that OE and RNAi regenerated plants
exhibited growth alteration compared with WT after 2 weeks of
culture (Fig. 1A). The average height of OE lines was significantly
higher than that of WT (Fig. 1C). For RNAi, plant height was signif-
icantly lower compared with WT (Fig. 1C). However, the internode
number among all studied lines showed no significant difference
(Fig. 1D). The OE lines had the highest average internode length
followed by WT and RNAi lines (Supplementary Data Fig. S1).
Therefore, the RNAi lines exhibited a semi-dwarf phenotype with
shorter internodes. In addition, there was no significant difference
in either fresh weight or dry weight among WT, RNAi, and OE lines
(Fig. 1E and F).

JrGA20ox1 negatively regulates drought tolerance
of walnut
For further assay of drought tolerance, the OE, RNAi, and WT
lines were grown in DKW medium supplemented with (simulating
drought stress) or without 5% PEG for 4 weeks. The OE leaves
showed widespread yellowing and began to fall while RNAi leaves
remained green after PEG treatment for 2 weeks. The OE and WT
leaves turned yellow and fell in large numbers, whereas the RNAi
leaves were just beginning to turn yellow after 4 weeks of culture
(Fig. 2A). The leaves of OE, RNAi, and WT plants lines remained
green under normal conditions. We selected RNAi-1 and OE-1
lines for further analysis. The chlorophyll content was affected
by JrGA20ox1 expression and its change was consistent with the
phenotypic changes (Fig. 2B, Supplementary Data Fig. S2A).

To study whether the altered drought tolerance mediated by
JrGA20ox1 is due to a change in osmotic potential, the proline
contents were also determined. Proline levels increased in the first
2 weeks of culture and followed by a decrease under PEG stress in
all lines (Fig. 2C). The RNAi-1 plants had the highest proline levels
followed by WT and OE-1 at 1–4 weeks of culture (Fig. 2C). There
was no significant difference among the OE, RNAi, and WT lines
under normal conditions (Supplementary Data Fig. S2B).

The activities of superoxide dismutase (SOD), peroxidase (POD),
and catalase (CAT) were also measured. All three enzyme activi-
ties increased in the first 2 weeks of culture, followed by a gradual
decrease under PEG stress in all plant lines (Fig. 2D–F). Further
analysis showed that RNAi-1 had the maximum activity levels
of these enzymes at every culture stage, followed by WT and
OE-1 (Fig. 2D–F). There were no significant differences among
all lines under normal growth conditions (Supplementary Data
Fig. S2C–E).

The level of malondialdehyde (MDA) is commonly known as a
marker of oxidative stress and antioxidant status in the cells. The
results showed that there were no significant differences in MDA
accumulation among all plant lines under normal growth condi-
tions (Supplementary Data Fig. S2F). However, with the extension
of PEG stress, MDA levels increased gradually in all the studied
lines. The OE-1 plants accumulated the highest levels of MDA
followed by WT and RNAi-1 at 1–4 weeks of culture, although
there was no significant difference between OE-1 and WT at 1
and 4 weeks (Fig. 2G). H2O2 and O2

− were also examined in WT,
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Figure 1. JrGA20ox1 positively regulates walnut shoot growth. A Growth phenotypes of JrGA20ox1-RNAi and JrGA20ox1-OE plants. B qRT–PCR analysis
of JrGA20ox1 expression in WT, JrGA20ox1-RNAi, and JrGA20ox1-OE plants. C–F Plant height (C), internode number (D), fresh weight (E), and dry weight
(F) of 2-week-cultured WT, JrGA20ox1-RNAi, and JrGA20ox1-OE plants. Statistically significant differences in comparison with WT are indicated
(∗P < 0.05, ∗∗P < 0.05, ∗∗∗P < 0.001). Data are means ± standard deviation of three biological samples.

RNAi-1, and OE-1 lines and the trend was similar to that of MDA
(Fig. 2H and I, Supplementary Data Fig. S2G and H).

In addition, the natural drought stress assay was performed
to further validate the effect of JrGA20ox1 on walnut drought
tolerance. Results showed that the phenotype, the contents of
chlorophyll, proline, MDA, H2O2, and O2

−, and the activities of CAT,
SOD, and POD in WT, RNAi-1, and OE-1 lines showed trends similar
to those of the 5% PEG--treated plants (Supplementary Data Fig.
S3A–I). These results suggested that JrGA20ox1 negatively regu-
lates drought tolerance of walnut.

JrGA20ox1-transformed rootstocks negatively
regulate the drought response in grafted
wild-type scions in walnut
Cleft in vitro grafting was used to investigate the effect of
JrGA20ox1 gene on survival rate (Fig. 3A). Callus began developing
at the graft junction 3–4 days after in vitro grafting. The cleft
in vitro grafting survival percentage was 85–95% in all groups.
The result showed there were no significant differences in all in
vitro grafting combinations. For further histological observation,
the graft junction was cut vertically through the pith. The scion
and rootstock of the graft union healed smoothly, indicating that
JrGA20ox1 expression had no negative effect on walnut in vitro
grafting (Fig. 3B). Further investigation into cellular events during
graft union formation was conducted using scanning electron
microscopy (SEM). Within a few days, callus tissue formed at

the graft site, closing the wound and establishing a physical
connection between the graft partners (Fig. 3C).

In order to investigate the effect of JrGA20ox1-transformed
rootstocks on the drought response in grafted WT scions, WT/OE
(scion/rootstock), WT/RNAi and WT/WT grafted plants were
grown in DKW medium supplemented with (simulating drought
stress) or without PEG for 2 weeks (Fig. 3D). The scion leaves of
WT/OE, WT/RNAi, and WT/WT grafted plants remained green
under normal conditions. When exposed to PEG conditions for
2 weeks, the scion leaves of WT/OE showed widespread yellowing
and began to fall and the leaves of WT/WT scion began to turn
yellow, while RNAi scion leaves of WT/RNAi remained fresh
(Fig. 3D). The chlorophyll content in all grafted groups decreased
gradually with the extension of PEG stress (Fig. 3E). The WT/RNAi
lines exhibited significantly higher chlorophyll levels and WT/OE
lines showed a significantly lower level compared with WT/WT
at 2 weeks of culture (Fig. 3E). Proline content increased gradually
with the extension of PEG stress in all grafted groups. The
maximum content of proline was observed in WT/RNAi followed
by WT/WT and WT/OE at 2 weeks of culture (Fig. 3F). The enzyme
activities of CAT, SOD, and POD and the contents of MDA, O2

−,
and H2O2 showed changes similar to those of proline content
(Fig. 3G–L). Under normal conditions, the chlorophyll content in
all grafted groups decreased slightly while the SOD activity and
contents of O2

− and H2O2 in all grafted groups increased within
2 weeks of culture (Supplementary Data Fig. S4). We observed that
almost all physiological indexes had no significant differences
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Figure 2. JrGA20ox1 negatively regulates walnut drought tolerance. A Phenotypes of WT, JrGA20ox1-RNAi, and JrGA20ox1-OE plants under 5% PEG
stress. B, C Contents of chlorophyll (B) and proline (C) in WT, JrGA20ox1-RNAi-1, and JrGA20ox1-OE-1 plants under 5% PEG stress for 0 (control), 1, 2, 3,
and 4 weeks. D–F Activities of CAT (D), SOD (E), and POD (F) in WT, JrGA20ox1-RNAi-1, and JrGA20ox1-OE-1 plants under 5% PEG stress for 0 (control), 1,
2, 3, and 4 weeks. G–I Contents of MDA (G), O2

− (H), and H2O2 (I) in WT, JrGA20ox1-RNAi-1, and JrGA20ox1-OE-1 plants under 5% PEG stress for 0
(control), 1, 2, 3, and 4 weeks. Different letters indicate significant differences (P < 0.05) using one-way ANOVA with Tukey’s test for multiple
comparisons. Data are means ± standard deviation of three biological samples.

among WT, RNAi, and OE lines at 0 or 2 weeks of culture under
normal conditions except for the chlorophyll content in WT/OE
at 2 weeks of culture (Supplementary Data Fig. S4A–H).

To further validate the effect of JrGA20ox1-transformed
rootstocks on non-transgenic walnut scions under drought
stress, the natural drought stress assay was also performed.
Results showed that the phenotype, the contents of chlorophyll,
proline, MDA, H2O2, and O2

−, and the activities of CAT, SOD,
and POD in WT/WT, WT/RNAi, and WT/OE lines showed
trends similar to those of 5% PEG-treated grafted plants
(Supplementary Data Fig. S5A–I). These results suggested that

JrGA20ox1-transformed rootstocks negatively regulate the drought
response in grafted WT scions in walnut.

Gibberellins but not JrGA20ox1 move from
JrGA20ox1-OE rootstock to wild-type scion
To investigate whether the changes in drought tolerance of
grafted WT scion were caused by the movement of JrGA20ox1
from the rootstock, we first examined the expression levels of
JrGA20ox1. Results showed that there were no significant changes
in JrGA20ox1 transcript level between the scions of WT/WT
and WT/OE, while there was a significant decrease in scions of
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Figure 3. Effect of JrGA20ox1-transformed rootstocks on WT walnut scions. A Schematic diagram of walnut in vitro grafting combinations. Green
indicates WT, blue indicates JrGA20ox1-RNAi line, and gray indicates JrGA20ox1-OE line. B Well-healed graft union. C SEM image of a graft junction.
(Left) Callus tissue proliferates from both stems; the blue circle indicates callus cells from both stems are sealing the gap between stock and scion and
re-establishing intercellular communication. (Right) Part of graft junction is well healed; the blue circle indicates the part of graft junction that is
healing through callus tissue proliferation. D Phenotypes of WT/WT, WT/RNAi, and WT/OE lines under 0% (control) and 5% PEG stress. E, F Contents
of chlorophyll (E) and proline (F) in scions of WT/WT, WT/RNAi, and WT/OE lines under 5% PEG stress for 0 and 2 weeks. G–I Activities of CAT (G), SOD
(H), and POD (I) in scions of WT/WT, WT/RNAi, and WT/OE lines under 5% PEG stress for 0 and 2 weeks. J–L Contents of MDA (J), O2

− (K), and H2O2 (L)
in scions of WT/WT, WT/RNAi, and WT/OE lines under 5% PEG stress for 0 and 2 weeks. Different letters indicate significant differences (P < 0.05)
using one-way ANOVA with Tukey’s test for multiple comparisons. Data are means ± standard deviation of three biological samples.

WT/RNAi compared with WT/WT (Fig. 4A). To investigate the
possibility of the movement of JrGA20ox1 between rootstock and
grafted WT scion, we tested the GFP signals of rootstock and
scion. The results showed that strong GFP signals were present
in the JrGA20ox1-OE-transformed rootstock, but no signals were
detected in the scion (Fig. 4B–I). These results suggested that both
the mRNA and protein of JrGA20ox1 could not move from the
rootstock to the grafted WT scion.

Previous studies have revealed that GA can move over long dis-
tances [32, 33], even between rootstock and scion, in grafted Ara-
bidopsis [34]. This observation prompted us to investigate whether
the translocation of GA between rootstock and scion contributes
to drought tolerance of the grafted walnut. To investigate this pos-
sibility, we measured the active GA content in the rootstocks and
scions after PEG-simulated drought stress treatment. Strikingly,
only the GA4 content was significantly increased in the scions

of WT/OE, while GA1, GA4, and GA7 were significantly decreased
in the scions of WT/RNAi compared with WT/WT (Fig. 4J–M). All
the GAs were significantly increased in rootstocks of WT/OE,
while all the GAs were significantly decreased in the rootstocks
of WT/RNAi compared with WT/WT (Fig. 4J–M). These results
suggested that GA4 may move from JrGA20ox1-OE rootstock to WT
scion under drought stress.

Rootstock-to-scion movement of sRNA
contributes to decreased gibberellin content in
WT/RNAi scions
The decreased GA content in WT/RNAi scions led us to specu-
late that sRNAs produced by the RNAi vector expressing short
hpRNAs of the genomic JrGA20ox1 were capable of moving from
JrGA20ox1-RNAi transformed rootstocks to WT scions, which fur-
ther led to a successive decline in JrGA20ox1 expression and GA
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Figure 4. Movement of signals from JrGA20ox1-OE and JrGA20ox1-RNAi rootstocks to WT scions. A qRT–PCR analysis of JrGA20ox1 expression in scions
of WT/WT, WT/RNAi, and WT/OE lines under 5% PEG stress for 2 weeks. B–I Confocal images of WT (B), GA20ox1-OE (C), WT/OE (D), longitudinal
section of graft junction from WT/OE (E), leaves from scion of WT/OE (F), cross-section of scion stem from WT/OE (G), cross-section of graft union
from WT/OE (H), and cross-section of rootstock stem from WT/OE (I). GFP fluorescence and bright-field images were captured by confocal laser
scanning. J–M Concentrations of GA1 (J), GA3 (K), GA4 (L), and GA7 (M) in scions and rootstocks after 5% PEG treatment for 2 weeks. Different letters
indicate significant differences (P < 0.05) using one-way ANOVA with Tukey’s test for multiple comparisons. Data are means ± standard deviation of
three biological samples. N Fractions of 20–24-nt sRNAs mapped to JrGA20ox1-hpRNA region in scions of WT/RNAi and WT/WT after 5% PEG
treatment for 2 weeks.

content. To test this hypothesis, we sequenced the sRNA of scions
from WT/RNAi and WT/WT under drought stress. To compare
the profiles of hpRNA-derived siRNAs, the sequencing reads from
the scions of WT/WT and WT/RNAi were quality-filtered and
mapped to a reference fragment of the JrGA20ox1 gene sequence,
from which the hpRNA was derived. The results showed that
hpRNA-specific sRNAs in the scions of WT/RNAi exhibited much
higher abundance than those in the scions of WT/WT (Fig. 4N,
Supplementary Data Table S1), suggesting that hpRNA-derived
sRNAs in transformed rootstocks were transported to the WT wal-
nut scions. In the scions of WT/RNAi, the most prevalent hpRNA-
specific sRNAs were 21-nt sRNAs (66%) followed by 24-nt ones
(24%) (Fig. 4N, Supplementary Data Table S1). The GA1, GA4, and
GA7 contents were significantly decreased in the scions of WT/R-
NAi compared with WT/WT (Fig. 4J, L and M) and the JrGA20ox1
transcript level was significantly lower in the scions of WT/RNAi
compared with WT/WT (Fig. 4A). We concluded that rootstock-to-
scion movement of sRNA contributes to the decreased GA content
in the scions of WT/RNAi.

Transformed rootstock positive regulates
multiple GA-responsive genes in grafted
wild-type scions in walnut
To discover key genes contributing to the enhanced drought
tolerance phenotype, we conducted RNA sequencing in grafted
WT scions of WT/RNAi, WT/WT, and WT/OE. Compared with
the PEG-treated scions of WT/WT, 2792 upregulated and 796
downregulated genes were identified in the PEG-treated scions
of WT/OE (Supplementary Data Tables S2 and S3), whereas 3003
upregulated and 1070 downregulated genes were identified in
the PEG-treated scions of WT/RNAi (Supplementary Data Tables
S4 and S5). In addition, 5 genes were downregulated in the PEG
treated scions of WT/OE but upregulated in the PEG-treated scions
of WT/RNAi (G1), and 44 genes were upregulated in the PEG-
treated scions of WT/OE but downregulated in the PEG-treated
scions of WT/RNAi (G2) (Fig. 5A). In control conditions, 326 genes
were downregulated in the PEG-treated scions of WT/OE but
upregulated in the PEG-treated scions of WT/RNAi (G3), and 286
genes were upregulated in the PEG-treated scions of WT/OE but
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downregulated in the PEG-treated scions of WT/RNAi (G4) (Fig. 5B,
Supplementary Data Tables S6 and S7). However, there are no
overlaps between G1 and G3 as well as between G2 and G4
(Fig. 5C), suggesting that the 49 genes were regulated in an
opposite manner in the scions of WT/OE and WT/RNAi under PEG-
simulated drought stress but not under normal condition (Fig. 5D).

The change of GA content in scions prompted us to further
test whether the expression of these 49 genes was also induced
by GA. The qRT–PCR data showed that the number of genes
regulated by GA was 27 out of 49 (Fig. 5E). This result suggested
that other signals, except for GAs, may be moved from rootstock to
scion to regulate the GA non-responsive genes in the scion under
PEG-simulated drought stress. It is worth noting that there are
two GA-upregulated genes, S40-3 and Exo70B1, and one GA-non-
responsive gene, LOL1, that may partly contribute to the drought
resistance of the scion (Fig. 5D), because their homologous genes
in other plants have been proved to be involved in senescence,
stomatal opening, or programmed cell death [35–37]. We further
verified that LOL1 and FAR1 could regulate the expression of
multiple genes from the 49 genes by the dual-luciferase assay,
which provided some signal clues of drought resistance in walnut
(Supplementary Data Fig. S6).

JrGA20ox1-transformed rootstocks regulate
multiple drought-related indexes of wild-type
scions
We have proved that JrGA20ox1-OE rootstocks positively while
JrGA20ox1-RNAi rootstocks negatively regulate the senescence
and programmed cell death of WT scions by comparing
their chlorophyll content, ROS accumulation, and antioxidant
enzyme activities (Fig. 3E–L). We next asked whether JrGA20ox1-
transformed rootstocks affect the stomatal aperture of WT
scions dependent on or independently of ABA. As expected,
scions from WT/OE displayed significantly larger stomatal
apertures and lower ABA content while scions from WT/RNAi
displayed significantly smaller stomatal apertures and higher
ABA content than scions from WT/WT under both control and
PEG-simulated drought stress conditions, which is consistent
with the non-grafted JrGA20ox1-transformed plants (Fig. 6A and
B, Supplementary Data Fig. S7A and B). A previous study has
reported that ROS production in guard cells could promote
stomatal closure and result in enhanced drought resistance
[38]. We also surprisingly found that the ROS in guard cells
from 5% PEG-treated RNAi and WT/RNAi plants were much
higher than in those from RNAi and WT/RNAi plants under
normal growth condition, but ROS fluorescence in guard cells
from other lines was hardly observed under both normal growth
condition and PEG stress (Fig. 6C and D). These results suggested
that JrGA20ox1-RNAi and WT/RNAi plants may partly participate
in drought resistance by reducing stomatal opening and thus
reducing water loss and transpiration rate. Our water loss and
transpiration rate analyses indeed revealed that JrGA20ox1-OE
and WT/OE plants lose more water and have higher transpiration
rates, while JrGA20ox1-RNAi and WT/RNAi plants lose less water
and have lower transpiration rates than control plants under
PEG-simulated drought stress, which is also consistent with
the non-grafted JrGA20ox1-transformed plants (Fig. 6E and F,
Supplementary Data Fig. S8).

Discussion
Grafting has been employed to investigate long-distance signaling
in various processes, such as shoot branching [39] and stress

responses [40]. The current study demonstrates long-distance
drought regulation signaling by integrating the transformed tech-
nology and micrografting of walnut seedlings in test tubes for
the first time in trees, which will provide a reference for the
accurate and in-depth study of tree grafting. Our results have
revealed the influence of rootstocks transformed with a GA syn-
thesis pathway gene, JrGA20ox1, on the drought resistance of WT
scions. A plausible idea is that the movement of JrGA20ox1 mRNAs
between rootstock and scion could be responsible for changing
the drought resistance in WT scions. This is because a growing
body of work has demonstrated the long-distance movement of
RNA. For example, studies have shown mRNA movement across
graft junctions in pumpkin/cucumber heterografts [41], Chinese
pear/wild pear heterografts [42], and grafts of different Arabidopsis
ecotypes [43]. However, our results showed that there is no dif-
ference in JrGA20ox1 mRNA abundance among WT scions from
WT/WT, WT/OE, and WT/RNAi, and no GFP signals were visible
in WT scions when WT scions were grafted onto JrGA20ox1-GFP-
overexpressing rootstocks, suggesting that there is no movement
of JrGA20ox1 and its protein between rootstock and scion (Fig. 4). A
recent study using an experimental method similar to ours found
the opposite results in Arabidopsis, i.e. when GFP-CEPDL2 scions
were grafted onto WT rootstocks, accumulation of GFP-CEPDL2
signals in roots was detected [44]. These results suggest that the
movement of mRNAs or proteins between scion and rootstock is
selective.

It is worth noting that previous studies have revealed that GA12

can move from rootstock to scion, which is then converted to GA4

by the activities of GA 20-oxidases and GA 3-oxidases, and then
the GA4 contributes substantially to temperature-induced shoot
growth [34, 45]. Similarly, our study shows that GA4 accumulated
to higher levels in WT scions of WT/OE grafts compared with
WT/WT grafts under PEG-simulated drought stress (Fig. 4). How-
ever, we are not sure whether this increased GA4 has moved from
the rootstock or is derived by conversion of GA12 translocated from
the rootstock to the scion, because the experimental system using
walnut is not as easy to establish as systems using model plants
such as Arabidopsis thaliana, and this requires further study in the
future.

Micrografts of WT scion into JrGA20ox1-RNAi-transformed
rootstocks enable an enhancement of drought tolerance of WT
scions that is also observed in JrGA20ox1-RNAi-transformed non-
grafted walnut. These results suggest that the signals responsible
for enhancement of drought tolerance moved from JrGA20ox1-
RNAi-transformed rootstock to the WT scion. To uncover which
signals that travel through graft junctions enhance the drought
tolerance of WT scion, we first measured the GA content. As we
expected, the bioactive GAs, such as GA1 and GA4, accumulated
to lower levels in WT scions of WT/RNAi grafts compared with
WT/WT grafts under PEG-simulated drought stress, and this
finding could therefore partly explain the difference in drought
tolerance. It is easy to assume that sRNAs produced by the RNAi
vector expressing short hpRNAs of the genomic JrGA20ox1 were
capable of moving from JrGA20ox1-RNAi-transformed rootstocks
to WT scions, which further led to a successive decline in
JrGA20ox1 expression and GA content. This is because a growing
body of studies have proved that small RNAs could move from
scion to rootstock in grafted plants [46, 47]. Especially, the
transfer of transgene-derived siRNAs from transformed cherry
rootstocks to non-transformed scions in grafted trees has been
demonstrated [12]. In line with these discoveries, our findings also
indicated that the sRNAs produced by an RNAi vector expressing
short hpRNAs of genomic JrGA20ox1 were capable of moving

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/11/7/uhae143/7680575 by guest on 26 August 2024

https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae143#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae143#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae143#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae143#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae143#supplementary-data


8 | Horticulture Research, 2024, 11: uhae143

Figure 5. Transformed rootstock positively regulates multiple GA-responsive genes in grafted WT scions in walnut. A Overlap of differentially
expressed genes (DEGs) in scions from WT/OE and WT/RNAi compared with WT/WT under 5% PEG stress for 2 weeks. The left panel indicates the
overlap of downregulated genes of WT/OE vs WT/WT and upregulated genes of WT/RNAi vs WT/WT (G1); the right panel indicates the overlap of the
upregulated genes of WT/OE vs WT/WT and the downregulated genes of WT/RNAi vs WT/WT (G2). B Overlap of DEGs in scions from WT/OE and
WT/RNAi compared with WT/WT under normal growth condition for 2 weeks. The left panel indicates the overlap of the downregulated genes of
WT/OE vs WT/WT and the upregulated genes of WT/RNAi vs WT/WT (G3); the right panel indicates the overlap of the upregulated genes of WT/OE vs
WT/WT and the downregulated genes of WT/RNAi vs WT/WT (G4). C Overlap of G1 and G3 (left panel) and overlap of G2 and G4 (right panel). D
Relative expression and annotation of the 49 genes from G1 and G2. E qRT–PCR analysis of the response of the 49 genes to GA. Downward and upward
arrows indicate genes downregulated and upregulated by GA, respectively.

from JrGA20ox1-RNAi-transformed rootstocks to WT scions. The
reduced JrGA20ox1 mRNA abundance in scions of WT/RNAi
further confirms our hypothesis.

We have demonstrated that WT/RNAi, resistant to drought,
exhibited lower GA content in its WT scions, whereas WT/OE,
sensitive to drought, displayed higher GA content in its WT
scions, compared with WT/WT. However, how do the changes
in GA affect the drought phenotype? Previous studies have
demonstrated that decreased GA levels lead to the activation of
various stress-related genes [48] and accumulation of osmolytes
[49] and ROS-scavenging enzymes [50], all related to drought
tolerance. In tomato, suppressing GA accumulation reduced
water loss under water-deficit conditions [51]. Drought reduced
GA accumulation by downregulating GA20ox1 and GA20ox2
etc., resulting in inhibited leaf growth and stimulating ABA-
induced stomatal closure during early soil dehydration stages [26].

Similarly, our study showed that WT/RNAi increased while WT/OE
decreased the activity of ROS-scavenging enzymes, ABA content,
and stomatal closure in WT scions compared with WT/WT under
PEG-simulated drought stress. ROS production in guard cells
is involved in drought resistance through promoting stomatal
closure [38]. ABA regulates stomatal movement under drought
stress depending on ROS [52]. However, as far as we know, there
are no reports on the relationship between GA and ROS production
in guard cells. Here, we found that ROS production in guard
cells is highly associated with active GA content but not ABA
content under PEG-simulated drought stress (Figs 4J–M and 6B–D).
These results indicate that GA may regulate stomatal movement
not only through the ABA pathway but also through other
pathways.

We identified 49 genes regulated in an opposite manner in the
PEG-treated scions of WT/OE and WT/RNAi, of which 27 genes
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Figure 6. JrGA20ox1-transformed rootstocks involved in drought response in WT scions. A Statistics of stomatal aperture of WT, JrGA20ox1-RNAi
(RNAi), and JrGA20ox1-OE (OE) lines under 0% (control) and 5% PEG treatments for 1 week. Different letters indicate significant differences (P < 0.05)
using one-way ANOVA with Tukey’s test for multiple comparisons. B Statistics of stomatal aperture of scion leaves from WT/WT, WT/RNAi, and
WT/OE lines under 0% (control) and 5% PEG treatments for 1 week. Different letters indicate significant differences (P < 0.05) using one-way ANOVA
with Tukey’s test for multiple comparisons. C Comparison of ROS levels in guard cells under 0% (control) PEG treatment detected with H2DCF-DA. D
Comparison of ROS levels in guard cells under 5% PEG treatment detected with H2DCF-DA. E Water loss rates for WT, RNAi, and OE lines during 1 week
of treatment with 5% PEG. F Water loss rates for WT/WT, WT/RNAi, and WT/OE lines during 1 week of treatment with 5% PEG. Data are means ±
standard deviation of three biological samples.
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respond to GA treatment. These results indicate that drought
resistance of the scion is regulated not only by GA signal, but
also by other signals, which may be moved from the rootstock.
Strikingly, there are two GA-upregulated genes, S40-3 and Exo70B1,
and one GA non-responsive gene, LOL1, that may partly contribute
to the drought resistance of the scion. This is supported by the
following reported clues. First, the AtS40-3 gene showed a much
higher expression level in senescent leaves compared with non-
senescent ones in Arabidopsis WT plants, and delayed senescence
was observed in the AtS40-3a mutant compared with the WT
[35]. Second, it was found that Exo70B1 negatively regulates stom-
atal opening in Arabidopsis [36]. Third, LOL1 has been identified
as a positive regulator of programmed cell death in Arabidopsis
through the regulation of ROS homeostasis and Cu/Zn SOD activ-
ity [37].

Based on this work, and the work of others, we propose the
following model for JrGA20ox1-transformed rootstock regulation
of drought stress in WT scions (Fig. 7). When WT/OE plants suffer
drought stress, the synthesis of active GAs increases in the root-
stock. The subsequent GA4 and unknown signals move from the
rootstock to the WT scion, and they can induce the expression of
a series of genes, including S40-3, Exo70B1, and LOL1. Then, ROS in
leaves are excessively accumulated, leaf stomata open wider, and
more water is lost in the scion of WT/OE than in WT/WT plants;
thereby, WT/OE is more drought-sensitive than WT/WT (Fig. 7A).
When WT/RNAi plants suffer drought stress, the synthesis of
active GAs decreases in the rootstock. The sRNAs produced by the
RNAi vector expressing short hpRNAs of genomic JrGA20ox1 move
from JrGA20ox1-RNAi transformed rootstocks to WT scions, which
further leads to a successive decline in JrGA20ox1 expression
and active GA content. Meanwhile, unknown signals move from
the rootstock to the WT scion. The decrease in active GAs and
unknown signals further lead to the lower expression of a series
of genes, including S40-3, Exo70B1, and LOL1. Then, ROS are less
accumulated in leaves and massively induced in guard cells, leaf
stomata are more closed, and less water is lost in the scion
of WT/RNAi than in WT/WT plants; thereby, WT/RNAi is more
drought-tolerant than WT/WT (Fig. 7B).

Materials and methods
Vector construction
To construct the JrGA20ox1-GFP plasmid, the coding sequence of
JrGA20ox1 without stop codon was connected to the pCAMBIA1300-
GFP vector. The JrGA20ox1-RNAi plasmid was created by inserting
a 200-bp cDNA fragment of JrGA20ox1 into the pTCK303 vector
between SacI and SpeI (as antisense fragment). Thereafter,
the 200-bp cDNA fragment of JrGA20ox1 was ligated into the
pTCK303 vector between KpnI and BamHI. Primers are listed in
Supplementary Data Table S8.

Generation of transformed walnut lines and
plant growth conditions
Somatic embryos were derived from walnut hybrid line Juglans
hindsii × J. regia. Hybrid seedlings are known as ‘Zhongningsheng’
and are characterized as promising walnut rootstock in China [53].
JrGA20ox1-GFP and JrGA20ox1-RNAi plasmids were introduced
into walnut somatic embryos separately using an Agrobacterium
tumefaciens-mediated transformation method according to our
previous study [54]. Transformed somatic embryos were trans-
ferred into shoot multiplication medium for germination. The
generated shoots were then incised and multiplied by subcultur-
ing at 2-week intervals. Walnut somatic embryos and regenerated

shoots were tissue-cultured according to a previous protocol [54].
Cultures was grown at 25 ± 2◦C, in darkness for somatic embryos
and with a 16-h photoperiod supplied by white fluorescent light
(3000 lx) for shoot growth.

qRT–PCR analysis
Total RNA was extracted using a Plant Total RNA Kit (DP432, Tian-
gen, China). cDNA synthesis utilized PrimeScript RT Master Mix
(Takara, Japan). The qRT–PCR reaction utilized a C1000 Touch™
Thermal Cycler system from Bio-Rad (USA) and ChamQ SYBR
qPCR Master Mix from Vazyme (China), along with gene-specific
primers (Supplementary Data Table S8). The qRT–PCR conditions
were as follows: 95◦C for 2 min followed by 45 cycles of 95◦C for
10 s, 57◦C for 10 s, and 72◦C for 20 s. Relative expression levels
were determined and normalized against JrActin2 expression by
the 2−ΔΔCT method.

Protocol for in vitro grafting
In vitro grafting protocol were divided into three groups: (i) WT/WT
(control), (i) WT/OE, and (iii) WT/RNAi. Two-week old tissue-
cultured shoots were utilized for in vitro cleft grafting according
to a previous protocol [15]. WT scions (2 cm from tip to base)
were in vitro grafted on JrGA20ox1-OE, JrGA20ox1-RNAi, and WT
rootstocks (2 cm from base to tip). The graft union was enclosed
using a sterilized grafting clip. Grafted plants were tissue-cultured
on solidified DKW basal medium with the addition of BAP and
IBA, exposed to cool white fluorescent light with a 16:8 day-
length cycle for a duration of 2 weeks. Grafts with etiolated or
dead scions were discarded and well healed grafts were used for
further study.

PEG-simulated drought stress and the growth
response assays
To determine the effects of drought stress on in vitro shoots, 5%
PEG8000 was added to shoot multiplication medium (solidified
DKW basal medium containing BAP and IBA). Plants with 2-cm
non-grafted shoots or 2-week-grafted plants were cultured in a
growth chamber at 25 ± 2◦C with daily cycle of 16 h light and 8 h
darkness. Natural drought stress was also included. Cultures with
∼6-cm non-grafted shoots or 2-week-grafted plants were taken
out of the test tube and cultures without culture medium were
placed on gauze in the above growth chamber for natural drought
stress. Fresh weight (FW), dry weight (DW), shoot length, node
number, and chlorophyll content were evaluated to assess the
growth response.

Stomatal aperture and water loss and
transpiration rate assays
To measure stomatal aperture, the epidermis was stripped from
the surface of the leaves. Stomatal aperture was captured using a
light microscope (Olympus BX60). Measurements were performed
using the free software Image-Pro Plus 6.0. To assess water loss
rate under dehydration conditions, both non-grafted and grafted
plants were subjected to air exposure at room temperature and
weighed at specified intervals. Transpiration rate was measured
by directly exposing the plants to ambient air and recording their
weight changes every minute using a micro-analytical balance.
The transpiration rate was calculated based on the water loss
during each interval and converted to a per hour basis.

Antioxidant enzyme activity assay
Antioxidant enzyme activities were measured using an assay kit
(Suzhou Keming Biotech Co. Ltd, Jiangsu, China) following the
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Figure 7. Model of JrGA20ox1-transformed rootstock regulation of drought stress in WT scions. A When WT/OE plants suffer drought stress, synthesis
of active GAs increases in the rootstock. The subsequent GA4 and unknown signals move from the rootstock to the WT scion, and can induce the
expression of a series of genes including S40-3, Exo70B1, and LOL1. Then, ROS are excessively accumulated in leaves, leaf stomata open wider, and
more water is lost in the scion of WT/OE than in WT/WT; thereby, WT/OE is more drought-sensitive than WT/WT. B When WT/RNAi plants suffer
drought stress, the synthesis of active GAs decreases in the rootstock. The sRNAs produced by the RNAi vector expressing short hpRNAs of genomic
JrGA20ox1 move from JrGA20ox1-RNAi-transformed rootstocks to WT scions, which further leads to a successive decline in JrGA20ox1 expression and
active GA content. Meanwhile, unknown signals move from the rootstock to the WT scion. The decreased active GAs and unknown signals further lead
to the lower expression of a series of genes, including S40-3, Exo70B1, and LOL1. Then, ROS are less accumulated in leaves and massively induced in
guard cells, leaf stomata are more closed, and less water is lost in the scion of WT/RNAi than in WT/WT; thereby, WT/RNAi is more drought-tolerant
than WT/WT.

provided instructions. For SOD assessment, a reaction mixture
was prepared containing 50 mM Na3PO4 buffer, 0.1 mM EDTA-
Na2, 130 mM methionine, 0.75 mM NBT, and 0.1 mM riboflavin.
Subsequently, 50 μg of enzyme extract was added and incubated

for 20 min, followed by recording the absorbance at 560 nm. For
guaiacol POD activity determination, a reaction mixture compris-
ing 0.2 ml of enzyme extract, 2.5 ml of 0.025 mol l−1 guaiacol,
and 0.2 ml of 0.25 mol l−1 H2O2 was incubated. The increase in

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/11/7/uhae143/7680575 by guest on 26 August 2024



12 | Horticulture Research, 2024, 11: uhae143

absorbance at 470 nm was then measured at 25◦C. For CAT activ-
ity determination, a mixture comprising 50 mM Na3PO4 buffer,
15 mM H2O2, and 5 μg of enzyme extract was used, and the
decomposition of H2O2 was measured at 240 nm.

Determination of hydrogen peroxide and
superoxide anion concentrations
Concentrations of H2O2 and O2

− were measured utilizing assay
kits (Suzhou Keming Biotech Co. Ltd, Jiangsu, China). For the
H2O2 assay, leaves (0.1 g) were homogenized in 1 ml of reagent
1 under cold conditions. The homogenate was centrifuged at
8000 g for 10 min at 4◦C. For O2

−, 100 mg of frozen leaves was
homogenized in 1 ml of extraction solution and, the mixture was
then centrifuged at 10 000 g for 20 min at 4◦C. The absorbance
values of the supernatants were determined at 415 nm for H2O2

and 530 nm for O2
−.

Determination of malondialdehyde concentration
Frozen leaves (0.1 g) were homogenized in 2 ml of 10% (v/v) TCA
solution. The mixture was then centrifuged at 4000 g for 10 min.
The supernatant was adjusted to a volume of 10 ml with precooled
TCA for spectrophotometric analysis of MDA concentration, fol-
lowing a previously established protocol [55].

Determination of proline concentration
Leaf samples (0.5 g) were homogenized in a 3% (w/v) solution of
sulfosalicylic acid, followed by filtration through filter paper [56].
The resulting homogenate was heated at 100◦C for 1 h in a water
bath after the addition of acid ninhydrin and glacial acetic acid.
The reaction was terminated by placing the mixture in an ice bath.
Then, the mixture was extracted with toluene, and the absorbance
of the fraction aspirated from the liquid phase with toluene was
measured at 520 nm.

Determination of endogenous hormones
In vitro-grafted rootstocks and scions were harvested after 5%
PEG8000 treatment for 18 days. The hormones GA1, GA3, GA4, GA7,
and ABA were determined by Nanjing Webiolotech Biotechnology
Co., Ltd. Freeze-dried samples (0.8 g) were powdered and extracted
with 8 ml of acetonitrile solution. The extraction was centrifuged
at 12 000 g for 5 min. Subsequently, all supernatants were pooled,
and 35 mg of C18 was added for impurity purification. After
centrifugation under the same conditions as described above,
the supernatant was dried with nitrogen gas. The samples were
resuspended with 200 μl methanol and filtered using a 0.22-
mm organic phase filter. The hormones were measured by an
ESI–HPLC–MS/MS system. HPLC conditions were as follows: the
column used was a Poroshell 120 SB-C18 reversed-phase col-
umn with a temperature maintained at 30◦C; the mobile phase
consisted of A:B = (methanol/0.1% formic acid):(water/0.1% formic
acid); the flow rate was set at 0.3 ml/min; and the injection vol-
ume was 2 μl. Mass spectrometry parameters included ionization
mode (ESI positive and negative ion mode monitoring), scan type
(MRM), air curtain gas pressure (15 psi), spray voltage (+4000 V),
atomizing gas pressure (65 psi), auxiliary gas pressure (70 psi), and
atomization temperature (400◦C).

Reactive oxygen species content of guard cells
analysis
Guard cell ROS levels were evaluated using H2DCF-DA staining
[52]. Leaves were submerged in a staining buffer containing 10 mM
Tris–HCl, 50 mM KCl, 50 μM H2DCF-DA, and 0.02% Tween-20 at
pH 7.2 for 2 h at 25◦C in darkness. After removing the excess dye

from the leaves with distilled water, fluorescence was observed
using a confocal microscope (LSM880, Zeiss, Germany).

Scanning electronic microscopy
The graft union morphology was analyzed using a scanning
electron microscope (SEM; FEI Nova Nano 450, USA) equipped
with energy-dispersive spectroscopy. Samples were fixed with
2.5% glutaraldehyde for ∼2 h and then dehydrated with graded
ethanol/water solutions (50, 70, 90, and 100%). After critical point
drying with a Leica EM CPD300, the samples were mounted on
SEM stubs and coated with a 10-nm layer of platinum/palladium
alloy using a Quorum Q150T ES Plus. SEM imaging was conducted
at 5.0 kV.

Sequencing of sRNA and analysis of sRNA pools
sRNA was isolated using the miRNeasy Mini Kit (Qiagen). sRNA
libraries were constructed using the NEBNext Small RNA Library
Prep Set (E7330L). BGI (Shenzhen) performed single-end 50-bp
sRNA sequencing on the DNBSEQ platform. The SOAPnuke1.5.0
sRNAfilter was used to filter raw reads [57]. After filtering, the
clean tags were mapped to the reference genome, miRbase
(V22), and other sRNA databases with Bowtie2 [58]. Particularly,
cmsearch [59] was performed for Rfam mapping. Since the hpRNA
in the RNAi vector corresponds to part of the JrGA20ox1 sequence,
JrGA20ox1 was used as a reference to map the sRNA reads. Only
reads showing 100% identity to the JrGA20ox1 sequence were
preserved for further analysis.

Transcriptome sequencing and data processing
For transcriptome sequencing, total RNAs were isolated from
scions using an RNA extraction Kit (DP432, Tiangen, China).
The poly(A) mRNA was enriched and subsequently fragmented
randomly. The sequencing adapters were ligated to the generated
double-stranded cDNAs. cDNAs with length ∼200 bp were
screened, amplified, and purified. Transcriptome sequencing was
conducted using the Illumina HiSeq™ 2000 system. Paired-end
reads were de novo assembled with Trinity v2.4.0. The transcripts
were annotated using the NR, GO, KEGG, eggNOG and Swiss-Prot
databases with an E-value ≤10−5. Gene expression levels were
quantified using the RPKM (reads per kilobase per million reads)
method.

Dual-luciferase assay
The coding sequences of transcription factors and the promoter
sequences were connected to the pGreenII 62-SK and pGreenII
0800-LUC vectors, respectively. These recombinant vectors were
transformed separately into the A. tumefaciens strain GV3101
(pSoup). The concentration ratio of bacteria used for the injection
was 1:10 for pGreenII 0800-LUC:pGreenII 62-SK. The paired
plasmids were subsequently co-expressed in young tobacco
leaves. A dual-luciferase assay kit (Promega) was employed to
assess the activity of LUC and REN luciferases. Results were
determined by the ratio of LUC to REN.

Acknowledgements
This work was supported by the National Key R&D Program
of China (2023YFD2200305), Zhejiang Agriculture New Variety
Breeding Major Science and Technology (2021C02066-12), the
National Natural Science Foundation of China (NSFC) (32101557;
31971672; 32330069), and the Scientific Research Startup Fund
Project of Zhejiang A&F University (2018FR028). We thank

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/11/7/uhae143/7680575 by guest on 26 August 2024



Lou et al. | 13

Professor Shaojian Zheng from Zhejiang University for technical
support.

Author contributions
Q.Z. and H.L. conceived this project. Q.Z., J.H., J.W. (Jiasheng Wu),
and H.L. supervised this project. F.W., J.Z., G.W., J.W. (Jingjing Wei),
and H.H. performed experiments. Y.L., K.W., Z.W., Y.H., and D.P.
contributed comments. H.L. and Q.Z. analyzed the data. H.L. and
Q.Z. wrote the manuscript.

Data availability
All the data supporting the findings of this study are available in
the paper and supplementary data.

Conflict of interest
The authors declare that they have no competing interests.

Supplementary data
Supplementary data are available at Horticulture Research online.

References
1. Aloni B, Cohen R, Karni L. et al. Hormonal signaling in rootstock-

scion interactions. Sci Hortic. 2020;127:119–26
2. Gonçalves B, Moutinho-Pereira J, Santos A. et al. Scion-rootstock

interaction affects the physiology and fruit quality of sweet
cherry. Tree Physiol. 2006;26:93–104

3. Koepke T, Dhingra A. Rootstock scion somatogenetic interac-
tions in perennial composite plants. Plant Cell Rep. 2013;32:
1321–37

4. Martinez-Ballesta MC, Alcaraz-Lopez C, Muries B. et al. Phys-
iological aspects of rootstock-scion interactions. Sci Hortic.
2010;127:112–8

5. Gaut BS, Miller AJ, Seymour DK. Living with two genomes:
grafting and its implications for plant genome-to-genome inter-
actions, phenotypic variation, and evolution. Annu Rev Genet.
2019;53:195–215

6. Warschefsky EJ, Klein LL, Frank MH. et al. Rootstocks: diversity,
domestication, and impacts on shoot phenotypes. Trends Plant
Sci. 2016;21:418–37

7. Albacete A, Martínez-Andújar C, Martínez-Pérez A. et al. Unrav-
elling rootstock × scion interactions to improve food security. J
Exp Bot. 2015;66:2211–26

8. Lu X, Liu W, Wang T. et al. Systemic long-distance signaling
and communication between rootstock and scion in grafted
vegetables. Front Plant Sci. 2020;11:460

9. Song GQ, Walworth AE, Loescher WH. Grafting of genetically
engineered plants. J Am Soc Hortic Sci. 2015;140:203–13

10. Lemgo GNY, Sabbadini S, Pandolfini T. et al. Biosafety consider-
ations of RNAi-mediated virus resistance in fruit-tree cultivars
and in rootstock. Transgenic Res. 2013;22:1073–88

11. Artlip TS, Wisniewski ME, Arora R. et al. An apple rootstock
overexpressing a peach CBF gene alters growth and flowering
in the scion but does not impact cold hardiness or dormancy.
Hortic Res. 2016;3:16006

12. Zhao D, Song GQ. Rootstock-to-scion transfer of transgene-
derived small interfering RNAs and their effect on virus resis-
tance in nontransgenic sweet cherry. Plant Biotechnol J. 2014;12:
1319–28

13. Rugini E, Silvestri C, Cristofori V. et al. Ten years field trial
observations of ri-TDNA cherry colt rootstocks and their effect
on grafted sweet cherry cv Lapins. Plant Cell Tiss Org. 2015;123:
557–68

14. Nagel AK, Kalariya H, Schnabel G. The Gastrodia antifungal
protein (GAFP-1) and its transcript are absent from scions of
chimeric-grafted plum. HortScience. 2010;45:188–92

15. Liu X, Walawage SL, Leslie CA. 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;36:877–85

16. Song GQ, Walworth A, Lin T. et al. VcFT-induced mobile flori-
genic signals in transgenic and transgrafted blueberries. Hortic
Res. 2019;6:105

17. Sidorova T, Miroshnichenko D, Kirov I. et al. Effect of graft-
ing on viral resistance of non-transgenic plum scion com-
bined with transgenic PPV-resistant rootstock. Front Plant Sci.
2021;12:621954

18. Smolka A, Li XY, Heikelt C. et al. Effects of transgenic rootstocks
on growth and development of non-transgenic scion cultivars in
apple. Transgenic Res. 2010;19:933–48

19. Flachowsky H, Tränkner C, Szankowski I. et al. RNA-mediated
gene silencing signals are not graft transmissible from the root-
stock to the scion in greenhouse-grown apple plants Malus sp.
Int J Mol Sci. 2012;13:9992–10009

20. Duan X, Zhang W, Huang J. et al. PbWoxT1 mRNA from pear
(Pyrus betulaefolia) undergoes long-distance transport assisted
by a polypyrimidine tract binding protein. New Phytol. 2016;210:
511–24

21. Gentile A, Frattarelli A, Nota P. et al. The aromatic cytokinin
meta-topolin promotes in vitro propagation, shoot quality and
micrografting in Corylus colurna L. Plant Cell Tiss Org. 2017;128:
693–703

22. Behrooz A, Vahdati K, Rejali F. et al. Arbuscular mycorrhiza
and plant growth-promoting bacteria alleviate drought stress in
walnut. HortScience. 2019;54:1087–92

23. Vahdati K, Lotfi N, Kholdebarin B. et al. Screening for drought-
tolerant genotypes of Persian walnuts (Juglans regia L.) during
seed germination. HortScience. 2009;44:1815–9

24. Hooley R. Gibberellins: perception, transduction and responses.
Plant Mol Biol. 1994;26:1529–55

25. Band LR, Nelissen H, Preston SP. et al. Modeling reveals
posttranscriptional regulation of GA metabolism enzymes in
response to drought and cold. Proc Natl Acad Sci USA. 2022;119:
e2121288119

26. Shohat H, Cheriker H, Kilambi HV. et al. Inhibition of gibberellin
accumulation by water deficiency promotes fast and long-term
‘drought avoidance’ responses in tomato. New Phytol. 2021;232:
1985–98

27. Song X, Zhao Y, Wang J. et al. The transcription factor KNAT2/6b
mediates changes in plant architecture in response to drought
via down-regulating GA20ox1 in Populus alba × P. glandulosa. J Exp
Bot. 2021;72:5625–37

28. Hedden P, Phillips AL. Gibberellin metabolism: new insights
revealed by the genes. Trends Plant Sci. 2000;5:523–30

29. Israelsson M, Mellerowicz E, Chono M. et al. Cloning and
overproduction of gibberellin 3-oxidase in hybrid aspen trees.
Effects on gibberellin homeostasis and development. Plant Phys-
iol. 2004;135:221–30

30. Carrera E, Bou J, Garcia-Martinez JL. et al. Changes in GA 20-
oxidase gene expression strongly affect stem length, tuber
induction and tuber yield of potato plants. Plant J. 2000;22:
247–56

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/11/7/uhae143/7680575 by guest on 26 August 2024

https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae143#supplementary-data


14 | Horticulture Research, 2024, 11: uhae143

31. Colebrook EH, Thomas SG, Phillips AL. et al. The role of gib-
berellin signalling in plant responses to abiotic stress. J Exp Bot.
2014;217:67–75

32. Regnault T, Davière JM, Wild M. et al. The gibberellin precursor
GA12 acts as a long-distance growth signal in Arabidopsis. Nat
Plants. 2015;1:15073

33. Binenbaum J, Weinstain R, Shani E. Gibberellin localization and
transport in plants. Trends Plant Sci. 2018;23:410–21

34. Camut L, Regnault T, Sirlin-Josserand M. et al. Root-derived GA12

contributes to temperature-induced shoot growth in Arabidopsis.
Nat Plants. 2019;5:1216–21

35. Fischer-Kilbienski I, Miao Y, Roitsch T. et al. Nuclear targeted
AtS40 modulates senescence associated gene expression in Ara-
bidopsis thaliana during natural development and in darkness.
Plant Mol Biol. 2010;73:379–90

36. Hong D, Jeon BW, Kim SY. et al. The ROP2-RIC7 pathway neg-
atively regulates light-induced stomatal opening by inhibiting
exocyst subunit Exo70B1 in Arabidopsis. New Phytol. 2016;209:
624–35

37. Epple P, Mack AA, Morris VR. et al. Antagonistic control of
oxidative stress-induced cell death in Arabidopsis by two related,
plant-specific zinc finger proteins. Proc Natl Acad Sci USA.
2003;100:6831–6

38. Gao H, Cui J, Liu S. et al. Natural variations of ZmSRO1d modulate
the trade-off between drought resistance and yield by affecting
ZmRBOHC-mediated stomatal ROS production in maize. Mol
Plant. 2022;15:1558–74

39. Turnbull CG, Booker JP, Leyser HO. Micrografting techniques for
testing long-distance signalling in Arabidopsis. Plant J. 2002;32:
255–62

40. Holbrook NM, Shashidhar VR, James RA. et al. Stomatal control
in tomato with ABA-deficient roots: response of grafted plants
to soil drying. J Exp Bot. 2002;53:1503–14

41. Omid A, Keilin T, Glass A. et al. Characterization of phloem-sap
transcription profile in melon plants. J Exp Bot. 2007;58:3645–56

42. Zhang WN, Duan XW, Ma C. et al. Transport of mRNA molecules
coding NAC domain protein in grafted pear and transgenic
tobacco. Biol Plantarum. 2013;57:224–30

43. Thieme CJ, Rojas-Triana M, Stecyk E. et al. Endogenous Arabidop-
sis messenger RNAs transported to distant tissues. Nat Plants.
2015;1:15025

44. Ota R, Ohkubo Y, Yamashita Y. et al. Shoot-to-root mobile CEPD-
like 2 integrates shoot nitrogen status to systemically regulate
nitrate uptake in Arabidopsis. Nat Commun. 2020;11:641

45. Hedden P, Thomas SG. Gibberellin biosynthesis and its regula-
tion. Biochem J. 2012;444:11–25

46. Li S, Wang X, Xu W. et al. Unidirectional movement of small RNAs
from shoots to roots in interspecific heterografts. Nat Plants.
2021;7:50–9

47. Loreti E, Perata P. Mobile plant microRNAs allow communication
within and between organisms. New Phytol. 2022;235:2176–82

48. Tuna AL, Kaya C, Dikilitas M. et al. The combined effects of gib-
berellic acid and salinity on some antioxidant enzyme activities,
plant growth parameters and nutritional status in maize plants.
Environ Exp Bot. 2008;62:1–9

49. Omena-Garcia RP, Martins AO, Medeiros DB. et al. Growth and
metabolic adjustments in response to gibberellin deficiency in
drought stressed tomato plants. Environ Exp Bot. 2019;159:95–107

50. Achard P, Renou JP, Berthomé R. et al. Plant DELLAs restrain
growth and promote survival of adversity by reducing the levels
of reactive oxygen species. Curr Biol. 2008;18:656–60

51. Nir I, Moshelion M, Weiss D. The Arabidopsis GIBBERELLIN
METHYL TRANSFERASE 1 suppresses gibberellin activity,
reduces whole-plant transpiration and promotes drought
tolerance in transgenic tomato. Plant Cell Environ. 2014;37:
113–23

52. Hua D, Wang C, He J. et al. A plasma membrane receptor kinase,
GHR1, mediates abscisic acid- and hydrogen peroxide-regulated
stomatal movement in Arabidopsis. Plant Cell. 2012;24:2546–61

53. Song X, Xi S, Zhang J. et al. ‘Zhong Ning Sheng’: a new distant
hybrid cultivar of walnut. HortScience. 2019;54:2257–9

54. Zhang Q, Walawage SL, Tricoli DM. et al. A red fluorescent pro-
tein (DsRED) from Discosoma sp. as a reporter for gene expression
in walnut somatic embryos. Plant Cell Rep. 2015;34:861–9

55. Koca H, Bor M, Özdemir F. et al. The effect of salt stress on
lipid peroxidation, antioxidative enzymes and proline content
of sesame cultivars. Environ Exp Bot. 2007;60:344–51

56. Bates LS, Waldren RP, Teare ID. Rapid determination of free
proline for water-stress studies. Plant Soil. 1973;39:205–7

57. Chen Y, Chen Y, Shi C. et al. SOAPnuke: a MapReduce
acceleration-supported software for integrated quality control
and preprocessing of high-throughput sequencing data. Giga-
science. 2018;7:1–6

58. Langmead B, Trapnell C, Pop M. et al. Ultrafast and memory-
efficient alignment of short DNA sequences to the human
genome. Genome Biol. 2009;10:R25–34

59. Nawrocki EP, Eddy SR. Infernal 1.1: 100-fold faster RNA homol-
ogy searches. Bioinformatics. 2013;29:2933–5

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/11/7/uhae143/7680575 by guest on 26 August 2024


	 JrGA20ox1-transformed rootstocks deliver drought response signals to wild-type scions in grafted walnut
	Introduction
	Results
	Discussion
	Materials and methods
	Acknowledgements
	Author contributions
	Data availability
	Conflict of interest
	Supplementary data


