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Abstract

Macadamia (Macadamia spp.) is an economically important nut crop whose severe recalci-
trance to genetic transformation substantially hinders progress in functional genomics and
molecular breeding. To overcome this critical technical bottleneck, this study established a
highly efficient and broadly applicable in planta hairy root genetic transformation system
with integrated visual screening. This system utilizes an Agrobacterium rhizogenes-mediated
transformation method, employing multiple visual reporter gene systems (DsRed2, eGFP,
RUBY, and AtPAP2) to achieve antibiotic-independent and non-destructive screening of
transgenic roots. Notably, the system innovatively incorporates the air layering (marcotting)
technique to extend in planta genetic transformation to branches of mature trees in the field.
By circumventing the stringent sterile conditions required for conventional in vitro tissue
culture, this approach achieves a largely genotype-independent transformation across
open-pollinated seedlings with diverse genetic backgrounds (A4, GR1, HAES900, and
O.C.). The transgenic hairy root induction frequencies ranged from 39.25% to 47.38%,
although the GR1 genotype exhibited a notable developmental stage-dependent decline in
transformation efficiency. Furthermore, transgenic hairy roots were successfully induced on
mature tree branches, with a maximum induction rate of 28.2%. Gene expression analyses
confirmed the stable, high-level expression of the target transgenes in all the transgenic
hairy root lines. This in planta transformation system provides a reliable in vivo experimen-
tal platform for the rapid functional validation of candidate genes and the investigation of
root biology in Macadamia. Moreover, it establishes a novel strategy for plant regeneration
via root-to-shoot organogenesis, offering a promising avenue for the genetic improvement
of recalcitrant woody plants.
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1. Introduction

Macadamia (Macadamia spp.), a woody nut tree species of high global economic value,
is renowned for its premium, health-promoting kernels and has emerged as one of the most
lucrative crops in the global tree nut market [1]. Cultivated primarily in major exporting
countries such as Australia, South Africa, Kenya, and China, the global production of
macadamia has expanded rapidly, securing a critical and highly competitive position along-
side other major nut crops like almonds and walnuts [2,3]. In 2020, the global cultivation
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area for macadamia reached 6.05 million acres, of which China accounted for the largest
share at 4.7 million acres, making it the world’s leading producer [3]. Despite its eco-
nomic prominence, macadamia cultivation faces severe yield penalties and compromised
kernel quality driven by complex agronomic challenges. Specifically, production is substan-
tially threatened by devastating fungal pathogens and destructive insect pests, as well as
increasing abiotic stresses including drought and extreme temperature fluctuations [2].

To address these critical yield-limiting factors, rapid advancements in molecular
biology research and genomics-assisted breeding are driving the genetic improvement
of this species [4-6]. However, constrained by the inherent biological characteristics of
perennial woody plants, coupled with the prolonged, inefficient, and highly contamination-
prone in vitro tissue culture processes, Macadamia has long lacked a highly efficient genetic
transformation system. This deficiency severely impedes the functional validation of key
genes and molecular improvement in this species [7]. Consequently, developing a rapid
and efficient alternative transformation system that circumvents cumbersome aseptic tissue
culture procedures remains an urgent priority.

In recent years, Agrobacterium rhizogenes-mediated hairy root composite plant systems
have emerged as a highly efficient strategy for gene function studies in woody plants [7,8].
Unlike conventional tissue culture, the in planta A. rhizogenes inoculation method under non-
sterile conditions enables researchers to perform transformations directly on intact plants
grown in greenhouses or natural habitats. This strategy not only effectively circumvents
the stringent sterility requirements and the risk of somaclonal variation inherent in tissue
culture processes but also facilitates the generation of transgenic roots harboring target
genes within a matter of weeks. Consequently, this significantly shortens the timeframe
required for functional validation compared with traditional stable genetic transformation,
providing a robust experimental platform for investigating root development, nutrient
acquisition, and plant-microbe interactions [8,9].

Despite the substantial advantages of the in planta hairy root system, its widespread
application remains constrained by several technical factors. First, the rapid, accurate,
and non-destructive identification of positive transgenic hairy roots—without reliance on
antibiotic or herbicide selectable markers—poses a formidable technical challenge. Tra-
ditional reporter systems, such as GUS staining, typically necessitate tissue fixation and
chromogenic substrate incubation, thereby precluding continuous in vivo monitoring of
the identical transformed roots [10]. The introduction of visual reporter genes—including
fluorescent proteins [11,12] and systems capable of producing macroscopically visible pig-
ments (e.g., the betalain-based reporter RUBY and the anthocyanin biosynthetic regulator
AtPAP2) [13-15]—enables the non-destructive identification and dynamic tracking of trans-
formation events. Second, the susceptibility of tissues to Agrobacterium infection is highly
genotype-dependent, and varies significantly across different species and developmental
stages [16]. This host-dependency frequently results in substantial fluctuations in trans-
formation efficiency and even constitutes a critical limiting factor for the establishment of
highly efficient hairy root systems in certain woody plants.

In light of these considerations, the present study established and systematically
evaluated an Agrobacterium rhizogenes-mediated in planta hairy root induction system
for Macadamia. To assess the impact of host genotype on transformation efficiency, we
systematically compared the differential responses to hairy root induction across distinct
Macadamia genotypes and validated the applicability of the system in both seedlings and
5-year-old branches. Furthermore, the scope of transformation recipients was extended
to mature trees, successfully inducing the generation of transgenic hairy roots on the
branches of adult trees via the air layering (marcotting) technique [17-19]. To facilitate
the rapid identification of positive transgenic roots, we evaluated the efficacy of several
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visual reporters—namely DsRed2, eGFP, RUBY, and AtPAP2—in the induced hairy roots
and subsequently analyzed the expression profiles of the transgenes within these positive
events. Ultimately, the establishment of this system provides a robust tool for accelerating
functional studies of root-related genes in Macadamia, while simultaneously serving as a
valuable reference for developing hairy root transformation protocols in other recalcitrant
woody plant species.

2. Results

2.1. Establishment of an Agrobacterium rhizogenes-Mediated Hairy Root Genetic Transformation
System in Macadamia Hypocotyls

Owing to their robust potential for cell division and differentiation, hypocotyls are
frequently utilized as ideal recipient tissues for hairy root induction. However, the devel-
opmental stage of the recipient tissue directly determines both its genetic transformation
efficiency and its tolerance to Agrobacterium infection. To this end, we evaluated Macadamia
hypocotyls at three distinct developmental stages: P1 (early germination, characterized by
the emergence of the radicle and hypocotyl through the seed coat), P2 (elongation of the
hypocotyl and radicle, accompanied by lateral root emergence), and P3 (significant elonga-
tion of the hypocotyl and radicle, with pronounced lignification observed in the hypocotyl)
(Figure 1A). These three stages collectively represent the developmental progression of the
hypocotyl from a tender, juvenile state to maturation and aging.

Following radicle excision and subsequent inoculation with Agrobacterium rhizogenes,
hypocotyls at distinct developmental stages exhibited significantly different sensitivities
to mechanical wounding and Agrobacterium infection. The infection-induced mortality
rates of hypocotyls across the four cultivars (A4, GR1, HAES900, and O.C.) demonstrated a
pronounced developmental stage-dependency (Figure 1B, Supplementary Table S1). At
the highly juvenile P1 stage, Agrobacterium infection provoked severe tissue necrosis and
shoot wilting, resulting in mortality rates as high as 42% to 56% among the cultivars.
Upon progressing to the P2 stage, the tolerance of the recipient tissues to infection-induced
stress markedly increased, leading to a drastic reduction in mortality rates to 4-10%,
which represented a statistically significant difference compared with that in the P1 stage
(p < 0.05). By the P3 stage, survival rates were maintained at remarkably high levels, with
no significant difference from those observed at the P2 stage. These results indicate that
juvenile recipients at the P1 stage are highly vulnerable to infection-induced stress, whereas
seedlings at the P2 and P3 stages exhibit robust stress tolerance, rendering them highly
suitable recipient materials for efficient hairy root induction.

To further validate the feasibility of the transformation system utilizing P2 and P3
stage recipients, seedling hypocotyls were independently inoculated with Agrobacterium
rhizogenes strain K599 harboring the visual fluorescent reporter constructs pKSE402-eGFP
and p501-SUC2::JcFT-DsRed2 (Figure 1C). Under specific excitation wavelengths, distinct
eGFP green or DsRed?2 red fluorescence signals were successfully detected in the transgenic
hairy roots induced across various cultivars. In contrast, no fluorescence emission was
observed in the negative control group inoculated with the empty K599 strain (lacking fluo-
rescent reporter constructs) (Figure 1D). These imaging results provide visual confirmation
of the efficient expression of transgenes within the induced roots, thereby demonstrating
the reliability of the established hairy root induction system for Macadamia.
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Figure 1. High-efficiency induction and identification of positive transgenic hairy roots in Macadamia
seedlings. (A) Three distinct developmental stages (P1, P2, and P3) of Macadamia seedlings utilized
for transgenic hairy root induction. The red dashed line indicates the excision site on the hypocotyl,
which concurrently serves as the site for Agrobacterium inoculation. Scale bar = 2 cm. (B) Infection-
induced mortality rates of four Macadamia genotypes (A4, GR1, HAES900, and O.C.) following
treatments at different developmental stages (P1-P3). Infection-induced mortality rate = (number of
dead plants post-inoculation/total number of inoculated plants) x 100%. The error bars represent
the standard deviation (SD). Different lowercase letters above the bars indicate statistically significant
differences among treatments at p < 0.05 (one-way ANOVA with Tukey’s HSD post hoc test on arcsine-
square-root transformed proportion data). Untransformed percentages are shown in the figure. Raw
data are provided in Supplementary Table S1. (C) Schematic representations of the T-DNA regions
of the expression vectors utilized in this study: pKSE402-eGFP (harboring a 35S promoter-driven
eGFP reporter gene) and p501-SUC2::JcFT-DsRed2 (harboring a 35S promoter-driven DsRed2 reporter
gene). (D) Phenotypic observations of the induced positive transgenic hairy roots across different
seedling genotypes inoculated with A. rhizogenes strain K599 harboring distinct expression vectors.
Imaging was performed under bright field (upper panels) and fluorescence (lower panels). The
K599 strain lacking the fluorescent reporter constructs served as the wild-type negative control. The
fluorescence signals of the eGFP and DsRed?2 proteins were detected under blue excitation light
(approximately 440-460 nm) for O.C. and green excitation light (approximately 520-560 nm) for GR1,
respectively. Scale bar = 2 cm.

2.2. Optimization of the Hairy Root Genetic Transformation System in Macadamia Hypocotyls

To further evaluate the impact of the developmental stage on the genetic transfor-
mation efficiency, we quantified the positive hairy root induction rates across four culti-
vars (A4, GR1, HAES900, and O.C.) during the P1-P3 stages (Figure 2A, Supplementary
Table S1). The results revealed that the transformation efficiencies of three cultivars—A4,
HAES900, and O.C.—remained relatively stable from the P1 to P3 stages, ranging between
20% and 40%, with no statistically significant differences observed among the develop-
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mental stages (p > 0.05). In contrast, cultivar GR1 exhibited a pronounced developmental
stage-dependency. Its positive induction rate at the P1 stage was significantly higher than
that at the P3 stage (p < 0.05), indicating that the juvenile tissues of this genotype ex-
hibit greater transformation potential, with transformation efficiency declining as seedling
age increases.
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Figure 2. Effects of different developmental stages and inoculation treatments on the induction rates
of positive transgenic Macadamia seedlings. (A) Frequencies (%) of positive transgenic plants induced
across four Macadamia genotypes (A4, GR1, HAES900, and O.C.) at three distinct developmental stages
(P1, P2, and P3). The error bars represent the standard deviation (SD), and the scatter points indicate
independent biological replicates. Different lowercase letters above the bars indicate statistically
significant differences among groups (p < 0.05), whereas ‘ns” denotes no significant difference (p > 0.05;
one-way ANOVA with Tukey’s HSD post hoc test on arcsine-square-root transformed proportion
data). Untransformed percentages are shown in the figure. Raw data are provided in Supplementary
Table S1. (B) Comparative effects of two distinct inoculation treatments (yellow bars represent
the dip-inoculation method, DIP; blue bars represent the injection-inoculation method, INJ) on the
frequencies (%) of positive transgenic plants across the four Macadamia genotypes. Asterisks (**)
indicate highly significant differences between the two treatments (p < 0.01), whereas ‘ns” denotes no
significant difference (p > 0.05; two-way ANOVA with Sidak’s post hoc test for multiple comparisons
on arcsine-square-root transformed proportion data). Untransformed percentages are shown in the
figure. Raw data are provided in Supplementary Table S2.

In addition, this study compared the effects of two Agrobacterium inoculation methods—the
dip-inoculation method (DIP) and the injection-inoculation method (INJ)—on hairy root induc-
tion efficiency. The results revealed (Figure 2B, Supplementary Table S2) that the positive
transgenic root induction rates achieved via DIP ranged from 27.93% to 30.84%, whereas
the rates obtained via INJ increased to 39.25-47.38%. Notably, in the GR1 and O.C. cultivars,
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the induction efficiency of the INJ method was significantly superior to that of the DIP
method. This discrepancy may be attributed to the deeper mechanical wounding caused
by needle injection, which penetrates the hypocotyl epidermis and forces the A. rhizogenes
suspension directly into the internal vascular cambium and deeper parenchymal cells. Con-
sequently, this physical delivery enhances both the number of accessible target cells and the
probability of effective T-DNA integration. Taken together, the IN] method demonstrates
superior broad applicability and high efficiency for the induction of positive transgenic
hairy roots in Macadamia.

2.3. Application of Pigment-Synthesizing Reporter Genes in the Hairy Root Genetic
Transformation of Macadamia

To investigate the application efficacy of two visual pigment-synthesizing reporter
systems—specifically those mediating betalain and anthocyanin biosynthesis—in regener-
ated roots derived from Agrobacterium rhizogenes-mediated in planta transformation, this
study utilized the injection-inoculation method. Recipient tissues were independently
inoculated with the empty K599 strain and K599 strains containing p35S-RUBY /pRUBY-
WIP/pGNP-AtPAP2 (Figure 3A) to characterize the phenotypes of the resulting hairy roots
and assess the expression profiles of the transgenes.
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Figure 3. Identification and molecular validation of in planta hairy roots in Macadamia mediated by
multiplex visual reporter systems. (A) Schematic representations of the T-DNA regions of the three
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expression vectors utilized in this study. (B) Early phenotypic observations of hairy roots induced at
the wounding sites on Macadamia branches following inoculation with the wild-type Agrobacterium
rhizogenes strain K599 and engineered strains harboring distinct expression vectors. Red arrows
indicate distinct color changes. Scale bar = 2.5 mm. (C) Phenotypes of positive transgenic hairy roots
developing on potted Macadamia seedlings. The red dashed box corresponds to the magnified view
on the right, where red arrows explicitly indicate the positive transgenic roots exhibiting distinct
red coloration within the soil matrix. (D) Quantitative analysis of target gene expression levels in
hairy roots under different treatments via RT-qPCR. The relative expression levels of RUBY, the WIP
developmental regulatory cassette, and the AtPAP2 gene were assayed in hairy roots induced by
the wild-type strain (K599) and strains harboring the p355-RUBY, pRUBY-WIP, and pGNP-AtPAP2
vectors, respectively. Actinl was utilized as the internal reference gene. Error bars represent the
standard deviation (SD) of independent biological replicates. The qPCR data in (D) are presented
quantitatively to illustrate the relative expression trends.

The results revealed that inoculation with the empty K599 strain induced a certain
number of adventitious roots; however, these roots lacked any visual marker signals,
representing typical adventitious roots elicited solely by the endogenous Ri plasmid
(Figure 3B). Following inoculation with K599-RUBY, a subset of the induced roots ex-
hibited a macroscopically visible dark red coloration. This phenotype is attributed to
the production and accumulation of betalain pigments within the tissues driven by the
expression of the RUBY reporter system, thereby demonstrating the successful expression
of the exogenous betalain biosynthetic genes in the hairy root tissues (Figure 3B). In the
case of the K599-RUBY-WIP treatment, both the induced roots and their associated calli
similarly displayed distinct RUBY-mediated red signals (Figure 3B,C). Upon inoculation
with K599-AtPAP2, a proportion of the induced roots exhibited a pale purple or light red
phenotype (Figure 3B). This phenomenon occurs because the transcription factor AtPAP2
is capable of activating the endogenous anthocyanin biosynthetic pathway, leading to the
accumulation of anthocyanin-class pigments in the tissues. This result concurrently verifies
the successful expression of the transgene in the induced roots. Subsequent gene expression
analysis confirmed that these visually pigmented roots were positive transgenic roots
(Figure 3D). Genomic PCR further confirmed the stable integration of the RUBY transgenes
in a representative subset of the pigmented roots (Supplementary Figure S1). Collectively,
these findings demonstrate that macroscopic, direct visual screening systems based on the
pigment-synthesizing reporters RUBY and AtPAP2 enable the early, non-destructive, and
intuitive identification of transgenic roots in the absence of antibiotic selection pressure.

2.4. Establishment of an A. rhizogenes-Mediated Hairy Root Genetic Transformation System in
Mature Macadamia Branches via the Air Layering Technique

The air layering technique provides a highly efficient method for vegetative propa-
gation by promoting root formation on mature branches. It not only facilitates the rapid
clonal multiplication of elite cultivars [17-19], but also holds significant potential for appli-
cations in genetic transformation and molecular breeding. To investigate the stimulatory
effects of Agrobacterium rhizogenes on root induction in mature Macadamia branches, robust
and disease-free 5-year-old grafted plants (cultivars: GR1, JW, and O.C.) were selected as
experimental materials. The target branches were subjected to girdling, with the phloem
completely removed to create an artificial wounding interface. The wound sites were
subsequently wrapped in absorbent cotton saturated with a bacterial suspension of A.
rhizogenes strain K599 /p501-SUC2::JcFT-DsRed?2 (Figure 1C), which was then firmly se-
cured using an air layering rooting box (Figure 4A—C). At 17 days post-treatment, the tissue
immediately above the girdling site began to swell, accompanied by macroscopically visible
initial callus formation (Figure 4D). Over time, the calli underwent further proliferation and
subsequent differentiation into root primordia. By 30 days post-treatment, a substantial
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mass of compact callus had developed at the wounding site, which was concurrent with
the distinct emergence of adventitious roots (Figure 4E). At 40 days post-treatment, the
initially emerged roots entered a rapid elongation phase, during which time the length
of the roots significantly increased (Figure 4F). By 65 days post-treatment, the number of
roots had further increased, culminating in the formation of a relatively well-developed
root system architecture (Figure 4G). Subsequent sampling and observation under a fluo-
rescence stereomicroscope revealed distinct red fluorescence signals within the induced
roots (Figure 4H).
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Figure 4. In planta induction and molecular validation of hairy roots on mature Macadamia branches
via air layering. (A—C) Operational workflow of in planta hairy root transformation integrated with
the air layering technique. (A) Physical girdling of a mature branch. (B) Application of Agrobacterium
rhizogenes bacterial paste harboring an expression vector (e.g., p501-SUC2::JcFT-DsRed2) to the
girdled wounding site. (C) Wrapping and light-exclusion treatment utilizing a rooting ball filled with
a moisture-retaining substrate. (D-G) Dynamic morphological evolution of tissues at the wounding
site during the induction process. (D) Early formation of cortical callus. (E) Massive proliferation
of the callus accompanied by the emergence of hairy root primordia. (F) Elongation growth of the
induced positive hairy roots. (G) Observation of the extensive hairy root system developed within the
substrate upon removal of the rooting ball. Scale bars in (A-G) = 1 cm. (H) Phenotypic observations of
the induced hairy roots under bright-field (left) and fluorescence (right) conditions. Red fluorescence
indicates the successful expression of the DsRed? reporter gene within the root vascular tissues. Scale
bar = 1 em. (I) Quantitative analysis of the relative expression levels of the target gene JcFT and the
reporter gene DsRed?2 across three mature Macadamia genotypes (GR1, JW, and O.C.) via RT-qPCR. Wild-
type branches without Agrobacterium inoculation served as the control group, whereas ‘+Ag’ denotes the
experimental group inoculated with A. rhizogenes. Error bars represent the standard deviation (SD) of
independent biological replicates. Asterisks indicate highly significant differences between the control
and transformed groups (p < 0.01; one-way ANOVA with Tukey’s HSD post hoc test).
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To validate the transcriptional activity of the transgenes within the mature-stage
transformation system, the induced transgenic roots from the three cultivars were analyzed
utilizing RT-qPCR (Figure 4I). The results demonstrated that following inoculation with
Agrobacterium rhizogenes (Ag), the relative expression levels in the GR1 + Ag, JW + Ag,
and O.C. + Ag treatments were markedly higher than those in their respective control
groups. Specifically, compared with those of the corresponding uninoculated controls,
the transcript abundances of the transgenes JcFT and DsRed2 were significantly elevated
(p < 0.01). Notably, although the transcription of the floral-promoting gene JcFT was high in
the transgenic roots, the morphological apical end of the rooted branches failed to exhibit
any floral bud differentiation phenotype during the observation period (within 2 months
post-inoculation).

2.5. Optimization of Conditions for the Air Layering-Based Hairy Root Genetic Transformation
System in Macadamia

To systematically optimize the transformation efficiency of the air layering-based sys-
tem, this study evaluated the effects of various treatment conditions on the number of roots
generated per individual branch and the transformation frequencies across three cultivars
(GR1, JW, and O.C.). Under mock-inoculated control conditions (without Agrobacterium),
all three cultivars (GR1, JW, and O.C.) were capable of producing adventitious roots, yield-
ing averages of 3.3, 2.3, and 2.7 roots per branch, respectively (Figure 5A). However, the
frequency of positive transgenic plants was essentially zero, indicating that while the air
layering technique inherently facilitates root induction under natural conditions, no genetic
transformation events occurred (Figure 5A, Supplementary Table S3). Following treatment
with exogenous rooting powder, the number of adventitious roots uniformly increased to
an average of 8 per branch across all three cultivars (Figure 5A, Supplementary Table S3).
These findings demonstrate that although plant growth regulators can effectively stimulate
adventitious root formation, they similarly do not yield any positive transgenic roots.

In the Agrobacterium inoculation treatments, varying the bacterial suspension con-
centration resulted in pronounced differences in both the number of induced roots and
the frequency of positive transgenic plants. At a bacterial cell density of ODgyy = 0.5,
all three cultivars (GR1, JW, and O.C.) generated a certain proportion of positive trans-
genic roots (17.7%, 17.7%, and 15.7%, respectively) (Figure 5B, Supplementary Table S3).
This finding indicates that although a relatively low concentration of Agrobacterium can
achieve effective infection, the overall transformation efficiency remains relatively low. As
the bacterial concentration increased to ODggo = 1.0, the positive transgenic frequencies
across the three cultivars significantly elevated (to 26.0%, 28.2%, and 24.8%, respectively)
(Figure 5B, Supplementary Table S3), while the number of induced roots concurrently
remained robust. This suggests that at this specific cell density, an optimal balance be-
tween Agrobacterium infection efficiency and plant tissue viability is achieved, thereby
yielding a superior transformation efficiency. Upon further elevating the bacterial density
to ODgqp = 1.5, the positive transgenic frequencies did not exhibit any further substantial
enhancement compared with those at ODgy = 1.0; instead, a slight decrease was observed
in certain cultivars (dropping to 21.6%, 21.0%, and 15.3%, respectively) (Figure 5B, Sup-
plementary Table S3). It is postulated that excessive bacterial concentrations may inflict
severe biological stress on plant tissues, consequently impairing overall root induction and
transformation outcomes. Furthermore, no significant genotype-dependent differences
were observed among the distinct recipient cultivars across these treatments.
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Figure 5. Optimization of Agrobacterium rhizogenes inoculation density for air layering-based rooting
and transformation efficiency in mature Macadamia. (A) Effects of control treatments on adventitious
root induction across three mature Macadamia cultivars (GR1, JW, and O.C.), where ‘Mock’ served as
the blank control and ‘Rooting powder” denotes the exogenous rooting hormone treatment. (B) Ef-
fects of varying A. rhizogenes suspension concentrations (ODgg = 0.5, 1.0, and 1.5) on adventitious
root induction. The columns represent the average number of roots generated at the air layering
sites. (C) Effects of varying A. rhizogenes suspension concentrations (ODgyp = 0.5, 1.0, and 1.5) on
adventitious positive transformation efficiency. Black scatter points signify independent biological
replicates, and error bars represent the standard deviation (SD). In (A,C), asterisks indicate significant
differences between the two treatments (** p < 0.01; one-way ANOVA with Tukey’s HSD post hoc test
on arcsine-square-root transformed proportion data). Untransformed percentages are shown in the
figure. Raw data are provided in Supplementary Table S3.

Taken together, these findings indicate that the cell density of the Agrobacterium
suspension profoundly affects the transformation efficiency of the air layering-based
hairy root induction system. Under the present experimental conditions, an ODggp of
1.0 represented the relatively optimal inoculation concentration. It is capable of securing
a robust number of induced roots while concurrently yielding a high proportion of posi-
tive transgenic hairy roots, thereby establishing an optimized parameter framework for
downstream applications.
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3. Discussion

3.1. Overcoming the Age Limitation of Transformation in Woody Plants by Integrating Air
Layering with Agrobacterium rhizogenes

In the genetic transformation of woody fruit trees, the strict dependence on juvenile
explants has long constituted an insurmountable bottleneck [16,20]. Due to a pronounced
decline in cellular totipotency, mature tree tissues are exceedingly recalcitrant to de novo
organogenesis via conventional induction protocols [16,20]. Recently, a high-pressure
propagation breeding (HPPB)-mediated transformation system was developed for citrus
rootstocks, successfully integrating Agrobacterium tumefaciens infection with an air-layering
strategy [19]. While this elegantly demonstrated the feasibility of combining air-layering
with in planta transformation in woody plants, our system advances this concept in three
critical dimensions. First, unlike citrus, macadamia (Proteaceae) is notoriously recalcitrant
to transformation; prior to this study, no efficient hairy root induction system existed
for this species. Second, moving beyond the reliance on visual markers alone (such as
GFP and RUBY), our construct incorporates an FT overexpression cassette alongside the
DsRED?2 reporter. This integration enables the simultaneous, direct evaluation of flowering-
related gene function within the transgenic hairy roots. Finally, and most significantly,
whereas the citrus HPPB system was validated on 2- to 3-year-old juvenile seedlings, our
protocol was established exclusively on grafted, reproductively mature, field-grown trees
(Figures 4 and 5). By inducing transgenic hairy roots directly on adult branches, our
approach offers a rapid and highly relevant platform for in planta functional genomics that
closely aligns with the practical realities of tree crop breeding.

The endogenous hormonal homeostasis inherent in mature woody tissues typically
precludes cellular dedifferentiation [7]. Conversely, the physical intervention of air lay-
ering (girdling) artificially generates a localized microenvironment enriched with auxins
and carbohydrates [21,22]. Building upon this foundation, in planta inoculation with
A. rhizogenes introduces rol genes that amplify hormonal signaling, ultimately resulting
in cell fate reprogramming within these exceptionally recalcitrant mature tissues [8,23].
This molecular-level cell fate reprogramming successfully breaches the transformation
recalcitrance barrier in mature Macadamia tissues, rendering direct in vivo gene functional
validation in adult trees feasible. Importantly, our mature-tree evaluations relied on multi-
ple branches sourced from a limited number of individual trees (Table S3). Because these
branch replicates share a common physiological background, potential confounding effects
arising from tree-to-tree variation cannot be completely excluded.

Germplasm innovation in woody plants predominantly relies on conventional seedling
breeding, which is severely constrained by a prolonged juvenile phase prior to initial flow-
ering, thus significantly impeding genetic improvement [24,25]. Classical floral induction
models indicate that the FLOWERING LOCUS T (FT) protein undergoes long-distance
transport from the leaves to the shoot apical meristem (SAM) via the phloem. It subse-
quently interacts with the bZIP transcription factor FD, which is specifically expressed
within the SAM, to orchestrate the floral transition program [26,27]. In the woody plant
Jatropha curcas, the JcFT protein can be robustly translocated from a transgenic rootstock
to a non-transgenic scion, thereby promoting early flowering in the scion [28,29]. Further-
more, FT synthesized in transgenic hairy roots has also been shown to be translocated
from the subterranean root system to aerial shoots [30]. In the present study, despite
RT-qPCR confirming the high-level transcription of JcFT within the air layering-induced
positive hairy roots (Figure 4I), the SAM of the corresponding layered branches failed
to exhibit the anticipated floral bud differentiation. This observation aligns with similar
findings in the gymnosperm woody plant Pinus tabuliformis [30]. The responsiveness of
the SAM to florigenic signals in woody plants is generally subject to stringent seasonal
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and epigenetic regulation [31,32]. Consequently, we hypothesize that the lack of early
flowering stems from either an insufficient concentration of FT protein at the target site or
a lack of developmental competence in the recipient tissues. Specifically, long-distance FT
transport mechanisms may differ across heterologous systems, and the immense biomass of
mature macadamia branches could dilute the translated JcFT protein prior to SAM arrival.
Additionally, responding to florigenic signals might require mature tissues to undergo pro-
found epigenetic remodeling, such as repressing FLOWERING LOCUS C (FLC) homologs.
As these explanations are not directly supported by the data in the present study, they
represent speculative but highly probable mechanisms that warrant further investigation.

3.2. Integration of the in Planta Non-Sterile System with Visual Transgenic Screening Systems

Traditional tissue culture processes are frequently accompanied by severe tissue brown-
ing, exceptionally high contamination rates, and the potential risk of somaclonal varia-
tion [7]. The in planta transformation system established in this study completely circum-
vents these cumbersome aseptic procedures, substantially shortening the experimental
duration to an average of only 30 days from inoculation to the emergence of positive roots.
To comprehensively evaluate the broad applicability and stability of this transformation pro-
tocol, we simultaneously incorporated four distinct types of reporter genes (DsRed2, eGFP,
RUBY, and AtPAP2) into the Macadamia hairy root induction system (Figures 1C and 3A).
The results demonstrate that this hairy root induction method functions independently of
specific vector backbones and therefore has broad application potential.

In contrast to the conventional GUS staining assay, which relies on destructive bio-
chemical reactions [10], the visual systems employed in this study facilitate continuous
screening within intact living plants. The fluorescent systems (eGFP and DsRed?2) sat-
isfy the precise requirements for subcellular localization and high-resolution histological
observation of hairy roots [11,12]. They are capable of effectively bypassing interference
from endogenous tissue pigments under specific excitation wavelengths, thus conferring
high-resolution advantages in tissue anatomy and fine-scale localization studies. However,
their reliance on fluorescence microscopy equipment limits their convenience for field envi-
ronments and high-throughput macroscopic screening; furthermore, fluorescent signals are
prone to attenuation in aging root systems.

By comparison, pigment-synthesizing reporter genes enable non-destructive, macro-
scopic visual screening. Notably, within the root system investigated in this study, the
RUBY reporter yielded a more distinct visual signal than AtPAP2. The underlying mech-
anism is that the RUBY system, by introducing a complete suite of betalain biosynthetic
enzymes, directly utilizes endogenous tyrosine to synthesize the pigment, rendering it
independent of the secondary metabolic background of the recipient plant. Conversely, as
a transcription factor, AtPAP2-mediated anthocyanin accumulation is highly dependent
on the coordinated expression of endogenous anthocyanin biosynthetic pathway-related
genes within the recipient. The root-specific gene expression patterns in Macadamia likely
restrict its coloration efficacy [14,15]. While pigment-based reporter systems like RUBY
and AtPAP? offer the distinct advantage of convenient visual screening, their reliability
can be compromised by stress-induced endogenous anthocyanin accumulation, which
confounds signal interpretation in certain species. Furthermore, although RUBY provides
excellent macroscopic visibility, we observed pigment degradation over prolonged cul-
tivation periods. To mitigate these limitations, integrating pigment-based markers with
fluorescence reporters or subsequent molecular validation is recommended to ensure the
robust identification of transformants.
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3.3. Overcoming Genotype Dependency to Construct a Broad-Spectrum Genetic
Transformation Platform

Genotype dependency constitutes another major limitation restricting the widespread
application of Agrobacterium-mediated transformation technologies [7]. Distinct Macadamia
genotypes exhibit substantial variations in endogenous hormone levels, phenolic com-
pound accumulation, recalcitrance to in vitro regeneration, and susceptibility to Agrobac-
terium infection, resulting in an exceedingly narrow applicability of conventional trans-
formation methods [7,33]. The in planta transformation strategy employed in this study
effectively exploits the robust endogenous homeostasis of intact plants as a buffer, thereby
completely circumventing the extremely stringent conditions required for in vitro tissue
culture [8,34]. Moreover, by proceeding via direct organogenesis, this system successfully
bypasses the highly genotype-restricted regeneration bottleneck [7,16].

The seedlings utilized in this study were derived from the germination of open-
pollinated seeds and thus possessed highly diverse genetic backgrounds. The results
demonstrated that although distinct genotypes exhibited slight variations in the tim-
ing of root initiation because of differences in their initial endogenous hormone levels
(Figure 1A), the rol gene cluster harbored by A. rhizogenes profoundly amplified the sen-
sitivity of the recipient cells to hormones, thereby minimizing the differential responses
among genotypes [8]. Consequently, upon the integration of the expression cassettes—with
or without developmental regulatory factors—all the tested genotypes ultimately and
successfully yielded positive transgenic hairy roots (Figure 1D; Figure 3B,C; Figure 4A-H;
and Figure 5C). These findings demonstrate that our A. rhizogenes-mediated in planta hairy
root induction strategy is robust and broadly applicable across genotypes. This system
is no longer confined to a single model cultivar and may provide a broadly applicable
platform for germplasm evaluation and gene function characterization across Macadamia
and other recalcitrant woody plant species.

3.4. Limitations and Future Prospects of the Established Genetic Transformation System

It should be objectively recognized that the in planta transgenic hairy root induc-
tion system inherently produces composite (chimeric) plants, in which the root system is
transgenic while the shoot system remains wild-type. Due to the untransformed nature
of the reproductive primordia, this system is incapable of directly generating heritable
transgenic progeny. Nevertheless, this intrinsic limitation does not preclude the system’s
ability to generate stable transgenic materials. In fact, Agrobacterium rhizogenes-induced
hairy roots exhibit vigorous proliferation and high cellular totipotency. These positive roots,
rigorously identified via visual screening systems, serve as excellent explants for in vitro
regeneration [35]. Moving forward, optimizing the in vitro hairy root regeneration system
to induce de novo adventitious shoot differentiation from these positive roots will provide
a highly promising alternative pathway. This approach could completely circumvent the
recalcitrance associated with the regeneration of conventional Macadamia stem and leaf
tissues, thereby facilitating the recovery of intact, stably transformed plants [35,36].

This composite plant system also provides a powerful platform for elucidating the
molecular mechanisms underlying the unique biological traits and important agronomic
characteristics of Macadamia. For example, by integrating multi-omics approaches such as
spatial transcriptomics and metabolomics, this system can be used to dissect key biological
processes, including the development of proteoid roots (cluster roots), the regulatory net-
works of efficient phosphorus acquisition, and root-microbe symbiotic interactions [37-39].
Furthermore, this system can serve as an efficient tool for functional validation of genes in
macadamia roots, while also enabling rapid assessment of gene editing efficiency within
the species [19]. It may function as a homologous system for evaluating the activity and
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off-target effects of gene editing tools such as CRISPR—Cas9. In this way, prior to commit-
ting months or even years to stable transformation, researchers can utilize transgenic hairy
root systems to quickly validate sgRNA editing efficiency and potential off-target effects,
thereby substantially reducing trial-and-error costs. Collectively, these applications will
provide robust empirical support for future molecular breeding endeavors in macadamia.

4. Materials and Methods
4.1. Plant Materials

All five cultivars (A4, GR1, HAES900, JW and O.C.) are diploid (2n = 28). Plant
materialsm were obtained from Guangxi Fusui Xiaguo Plantation Co., Ltd. (Fusui, China).
The seedlings utilized in the experiments were derived from fully developed, mature
seeds harvested from Macadamia germplasms A4, GR1, HAES900, and O.C. These specific
germplasms were selected not only for their commercial significance but also for their
representative and contrasting developmental phenotypes. Detailed information regarding
the cultivars and seedlings is provided in Table 1 and Supplementary Tables S1 and S2.
All seeds were obtained via natural open pollination. The seeds were submerged in clean
water for approximately 3 to 4 days to ensure complete imbibition. Subsequently, the fully
imbibed seeds were sown in trays filled with vermiculite and covered with a layer of the
same substrate. The trays were then transferred to a plant growth chamber maintained
at 26 °C with a 16-h light/8-h dark photoperiod. The vermiculite was kept adequately
moist by daily spraying with water. Seed germination was continuously monitored, and
subsequent experiments were initiated upon the evident elongation of the hypocotyls.

Table 1. Characteristics of the Macadamia spp. germplasms used in this study.

Cultivar Parentage Breeding Origin Reason for Selection
A4 ‘Renown’ (OP) [40] Australia [40] High kernel recovery and thin shell
rosss . . Local widely
GR1 8#" (OP) [41] Guangxi, China [41] cultivated variety
.. International elite
HAES900 Unknown (OP) Hawaii, USA [42] cultivar and thick shell
R Local widely
JW Unknown (OP) Guangxi, China cultivated variety
O.C. Unknown (OP) Australia [40] Classic commercial

cultivar

OP indicates open-pollinated seedling selection.

The air layering experiments were conducted under natural field conditions. Specifi-
cally, the trials were carried out from September to November 2024 in Nanning, Guangxi,
China. During the experimental period, the ambient natural environment had an aver-
age temperature of approximately 24-25 °C and a relative humidity of 72-78% (https:
/ /zh.weatherspark.com), providing an optimal microclimate for adventitious rooting and
hairy root induction. Healthy branches with stem diameters of approximately 1.0 to 1.5 cm
were selected from 5-year-old grafted plants of three Macadamia cultivars (GR1, JW, and
O.C.)) cultivated in an orchard. Detailed information regarding the number of mature
trees and the corresponding number of independent branches used for each cultivar is
provided in Supplementary Table S3. A girdling knife was used to completely remove
a circumferential strip of approximately 1 cm wide bark from each selected branch to
facilitate the treatment.
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4.2. Plasmid Vectors

The pKSE402-eGFP vector employed in this study harbors an enhanced green fluo-
rescent protein (eGFP) reporter gene driven by the CaMV 35S promoter, along with the
kanamycin resistance selectable marker gene nptll and the Cas9 coding sequence [11]. It
should be noted that although pKSE402 is typically utilized as a CRISPR/Cas9 binary
vector, in this study, the empty vector was employed exclusively for its independent eGFP
expression cassette to serve as a visual reporter for the transformation system. Since no
specific gRNAs were designed or inserted into the construct, the inherent Cas9 protein
lacked a genomic target, thereby ensuring that no gene editing events occurred during the
process. The p501-SUC2::JcFT-DsRed2 vector contains a JcFT expression cassette driven
by the phloem-specific SUC2 promoter and an enhanced red fluorescent protein (DsRed?2)
reporter gene driven by the CaMV 355 promoter, while also carrying the nptIl selectable
marker [28,43,44]. The p355-RUBY vector integrates the RUBY visual reporter system
driven by the CaMV 35S promoter and carries the hygromycin resistance selectable marker
gene hpt driven by the nos promoter [45]. The pRUBY-WIP vector comprises a 355 promoter-
driven RUBY reporter module and a ZmUbi promoter-driven Cas9 expression cassette, con-
currently harboring a WIP developmental regulatory module driven by the 355 promoter.
This WIP module consists of three tandemly arrayed genes: ZmWLUS2, ipt, and AtPLT5 [46].
The pGNP-AtPAP2 vector carries the anthocyanin accumulation regulatory factor AtPAP2
driven by the CaMV 35S promoter and incorporates a GUS::NPTII fusion gene, thereby
conferring dual functionalities for both histochemical assays and kanamycin resistance
selection [14].

4.3. Genetic Transformation

A 2 mL aliquot of the Agrobacterium rhizogenes strain K599 liquid culture was cen-
trifuged at 8000 x g for 2 min to harvest the bacterial cells. After discarding the supernatant,
the cell pellet was resuspended and evenly spread onto the surface of solid YEB medium
supplemented with appropriate antibiotics. The plates were incubated at 28 °C for 3648 h
to form a dense bacterial lawn. Subsequently, the bacterial cells were scraped off and
resuspended in an inoculation buffer (10 mM MES, 10 mM MgSO;, and 100 uM acetosy-
ringone, pH 5.5-5.6). The bacterial cell density was adjusted to an ODgg of 0.5, and the
suspension was statically incubated in the dark at 28 °C for 1 h for pre-induction prior to
the inoculation treatments.

(1) Dip—inoculation method (DIP): Seedlings derived from germinated seeds were
utilized as transformation recipients. The hypocotyl was excised approximately 1 cm
below the cotyledonary node. The cut surface was directly dipped into the aforementioned
pre-induced bacterial suspension. The seedlings were then replanted into vermiculite with
the wounded surface facing upwards and co-cultivated in the dark at 28 °C for 3 days.
Following co-cultivation, the inoculated Macadamia seedlings were transferred to a growth
chamber maintained at 26 °C under a 16-h light/8-h dark photoperiod. The plants were
watered daily to maintain substrate moisture, and hairy root development was evaluated
at 25 days post-inoculation.

(2) Injection-inoculation method (INJ): Similarly, seedlings were employed as recipi-
ents by excising the hypocotyl 1 cm below the cotyledonary node. A 1 mL syringe was used
to draw the pre-induced bacterial suspension and inject it into the cut surface of the remain-
ing hypocotyl from multiple angles. Following the injection, the subsequent co-cultivation
and maintenance procedures were identical to those described for the DIP method.

(3) Air layering-assisted in planta transformation method for mature trees: Intact living
branches from 5-year-old grafted mature Macadamia trees were utilized as transformation
recipients. Healthy, vigorous branches free of diseases, pests, and mechanical injuries were
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selected. The girdling treatment was performed by removing an approximately 1 cm-wide
strip of phloem tissue down to the vascular cambium surface. Sterile absorbent cotton was
then tightly wrapped around the girdled wound sites to facilitate liquid treatments. The
experiment comprised three treatment groups: (i) Agrobacterium transformation group (Ex-
perimental Group)—the cotton was fully saturated with the aforementioned pre-induced
bacterial suspension. (ii) Blank control group (Mock)—the cotton was saturated with an
equal volume of sterile inoculation buffer. (iii) Hormone control group (Positive Control)—
the cotton was saturated with an optimal concentration of commercial rooting powder
solution (#100179410436, STANLEY, Shanghai, China). After the wound treatments, spe-
cialized air-layering rooting boxes were used to enclose the girdled sites and were filled
with pre-sterilized cultivation substrate. Once the boxes were secured, sterile water was
periodically supplemented to maintain a high-humidity microenvironment within the
substrate. At 30 days post-transformation, the rooting boxes were dismantled, and the
induction and development of hairy roots or adventitious roots at the wound sites were
evaluated and recorded across all groups.

4.4. Phenotypic Characterization of Transgenic Hairy Roots

Upon the induction of hairy roots from the recipient tissues, transformation events
were screened utilizing either fluorescence or white-light imaging techniques, contingent
upon the specific reporter system introduced. Non-transgenic roots consistently served as
negative controls across all assays.

Detection of the fluorescent reporter systems (¢GFP and DsRed2): Initial fluorescence
screening of the induced hairy roots was performed utilizing a handheld dual-wavelength
fluorescence excitation light source (LUYOR-3415RG, LUYOR Instrument Co., Ltd., Joliet,
IL, USA). Under specific excitation illumination coupled with corresponding emission
filters, eGFP-positive hairy roots exhibited distinct green fluorescent signals, whereas
DsRed2-positive hairy roots displayed red fluorescent signals [11,12]. The spectral char-
acteristics of the eGFP and DsRed?2 proteins correspond to excitation/emission peaks at
approximately 488/507 nm and 558/583 nm, respectively. For samples presenting ambigu-
ous signals during the preliminary screening, a fluorescence stereomicroscope (P-DSL32,
Nikon, Tokyo, Japan) was deployed for high-resolution microscopic observation and image
acquisition under the appropriate fluorescence channels, thereby rigorously confirming the
specificity of the fluorescent signals.

Detection of the macroscopically visible reporter systems: For transformation groups
harboring the RUBY reporter gene, specialized excitation light sources were unnecessary,
as this system visualizes transformation events via the catalyzed massive accumulation of
betalain pigments. Morphological observations were conducted directly under ambient
white light or with a bright-field stereomicroscope; positive transgenic hairy root tissues
exhibited a macroscopically visible red or dark purplish-red coloration [13,45]. Similarly,
for groups transformed with the AtPAP2 reporter gene, which functions by inducing
substantial anthocyanin accumulation, transgenic hairy root tissues could be directly
identified macroscopically, displaying a distinct purple or purplish-red phenotype [14].
By contrast, the non-transgenic control roots of Macadamia maintained their characteristic
milky-white or light-brown appearance.

4.5. Real-Time Quantitative PCR (RT-gPCR)

To analyze the transcriptional levels of the expression cassettes within the hairy roots
and calli, real-time quantitative PCR (RT-qPCR) assays were performed utilizing the SYBR
Green I fluorescence intercalating dye method. Total RNA was extracted from the samples
using the E.Z.N.A. Plant RNA Kit (R6827, OMEGA, Weehawken, NJ, USA). Subsequently,
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the integrity of the extracted RNA was evaluated via agarose gel electrophoresis, and its
concentration and purity were quantified using a NanoDrop spectrophotometer, ensuring
A260/280 ratios of ~2.0. Upon verification of adequate RNA quality, first-strand cDNA
synthesis was executed using the HiScript III All-in-one RT SuperMix for qPCR kit (R323,
Vazyme, Nanjing, China), strictly adhering to the manufacturer’s protocol for downstream
quantitative analysis. The Macadamia Actinl gene (NCBI GenBank accession no. NC_056569)
was used as the internal reference gene for RT-qPCR normalization, as it has been previously
validated as a stable reference gene in macadamia [47,48]. All samples were collected from
the same tissue type under identical conditions to minimize expression variation. The PCR
reaction mixtures and thermocycling conditions were established according to the manual
of the ChamQ Universal SYBR qPCR Master Mix kit (Q711, Vazyme, China). Relative gene
expression levels were calculated using the method, with the expression level of the internal
reference gene Actinl normalized to 1 to calibrate the expression profiles of the target genes.
The specific primers utilized in this study are listed in Supplementary Table S4. The gene

AACt

expression levels were calculated via the 2~ method. All reactions were performed

in triplicate.

4.6. Genomic DNA Extraction and PCR Confirmation

Genomic DNA was extracted from RUBY-positive and wild-type (non-transformed)
hairy roots using the CTAB method [49]. To confirm transgene integration, genomic PCR
was performed on a subset of randomly selected positive hairy roots (n = 5) using RUBY-
specific primers (Table S4). The PCR program included an initial denaturation at 95 °C
for 5 min, followed by 35 cycles of 95 °C for 30 s, annealing at 60 °C for 30 s, and 72 °C
for 30 s, with a final extension at 72 °C for 5 min. PCR products were separated on a
1.5% agarose gel and visualized under UV light. Wild-type roots and water were used as
negative controls, and the p355-RUBY vector plasmid served as the positive control.

4.7. Statistical Analysis

Data acquisition across all experimental units was conducted upon the completion
of the co-cultivation and induction phases. Infection-induced mortality rate = (number of
dead plants post-inoculation/total number of inoculated plants) x 100%. Frequencies of
positive transgenic plants (%) = (number of positive plants/total number of infected plants)
x 100%. All data presented in this study are derived from a minimum of three independent
biological replicates and are expressed as the mean + standard deviation (SD). For the
proportion data (e.g., infection-induced mortality rate and frequency of positive transgenic
plants), the arcsine-square-root transformation was applied prior to the statistical analysis
to improve normality and homoscedasticity. To assess the statistical significance among
different treatment groups, one-way ANOVA followed by Tukey’s HSD post hoc test
was performed for comparisons involving a single categorical variable. For experiments
involving two categorical variables (inoculation method and genotype), two-way ANOVA
was performed, followed by Sidak-corrected multiple comparisons for simple main effects.
All statistical analyses were performed using GraphPad Prism 9 software (Version 9.5.0).
Differences were defined as statistically significant at a threshold of p < 0.05. Untransformed
percentages are presented in the figures for clarity, while statistical analyses were performed
on transformed data.

5. Conclusions

This study successfully established an efficient, genotype-independent, and visual-
ized in planta hairy root transformation system specifically tailored for the recalcitrant
woody plant Macadamia. By integrating Agrobacterium rhizogenes with multiplexed visual
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reporter systems, this protocol enables rapid, antibiotic-independent screening and non-
destructive identification of positive transgenic tissues under non-sterile conditions. Our
findings robustly demonstrate that this in planta strategy effectively circumvents the severe
genotype dependency inherent in traditional in vitro tissue culture methods, resulting in
exceptional broad-spectrum transformation applicability across various open-pollinated
seedlings. More crucially, coupled with the air layering technique, this study achieved
in planta transformation on the branches of mature Macadamia trees for the first time,
thereby overcoming the tissue maturity barrier that has long constrained the advancement
of woody plant biotechnology.

Although this system currently primarily generates composite transgenic plants, its
potential as a highly efficient in vivo testing platform is substantial. This system provides a
rapid and reliable pipeline for functional validation of key candidate genes identified from
large-scale transcriptomic datasets. In the future, this platform can be utilized not only to
precisely assess the targeted editing efficiency of CRISPR-Cas9 and other genome-editing
tools in target species, but also—when integrated with multi-omics approaches such as spa-
tial transcriptomics and metabolomics—to elucidate the complex regulatory mechanisms
underlying Macadamia proteoid (cluster) root development and rhizosphere microbial in-
teractions. Furthermore, the use of rigorously validated positive hairy roots as explants,
combined with continued optimization of de novo root-to-shoot organogenesis and plant
regeneration pathways [35], holds promise for establishing a novel and effective strategy
for the stable genetic transformation and improvement of recalcitrant woody plants.
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