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Abstract: To investigate the impact of different exogenous plant hormones on the root phenotype,
plant morphology, and endogenous hormone levels of Malus hupehensis seedlings, hydroponically
cultivated seedlings were treated with different plant hormones, including IAA, IBA, GA, 6-BA, BR,
and MeJA. The development of the plants was meticulously observed, and morphological indices
(including the number of lateral roots, root length, root surface area, root volume, plant height, and
stem diameter) as well as endogenous hormone levels (including ZR, IAA, ABA, GAis, JA, and BR)
were measured. The results showed that auxins facilitated the lateral root development of M.
hupehensis, whereas 6-BA impeded it. Compared with the control group, IAA and IBA enhanced the
lateral root number, whereas 6-BA reduced it. BR was found to stimulate the development of plant
height and stem diameter in M. hupehensis. Concurrently, the application of exogenous hormones
also exerted influence on endogenous hormone levels. For instance, after treatment with 0.1mg L
BR, the levels of ZR, IAA, and GAus in the lateral roots of M. hupehensis seedlings were markedly
reduced, whereas after 0.1mg L' JAA treatment, the IAA and BR levels in the roots significantly
increased, with concurrent notable decreases in ABA and GAuws levels. These findings provide a
theoretical basis for the hormonal regulation of lateral root development in M. hupehensis.
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1. Introduction

Malus hupehensis, classified as a spontaneous apomixis polyploid species, possesses distinct
advantages such as robust graft compatibility, minimal coefficient of variation, elevated germination
survival rates, enhanced resistance to waterlogging, and negligible variation among offspring. It is
esteemed as an exceptional rootstock for apple cultivation and has gained extensive application in
the apple production sector [1,2].

Roots are indispensable for plants, facilitating the absorption of soil moisture and nutrients, as
well as their subsequent transportation to other parts of the plant. The root system of plants is
predominantly composed of primary roots, adventitious roots, and lateral roots. Adventitious roots
and lateral roots form a larger surface area of the root system, which determines the lateral expansion
of the root system and the soil volume available for nutrient acquisition [3,4]. The morphogenesis of
lateral roots encompasses a series of pivotal processes: initially, the lateral root primordium is
triggered at an appropriate location on the parent root, followed by the formation of the lateral root
primordium through cell division and differentiation; subsequently, these lateral root primordia
continue to evolve and ultimately penetrate the epidermal layer to emerge as lateral roots [5].

Plant hormones represent a suite of naturally occurring organic compounds within plants that
regulate gene expression, individual development and development, organ differentiation, and
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responses to environmental stress [6]. Presently, the acknowledged plant hormones encompass
auxin, cytokinin (CK), gibberellin (GA), ethylene, abscisic acid (ABA), brassinolactone (BR),
strigolactone, among others. These hormones are instrumental in the formation and development of
lateral roots. For instance, auxin promotes differentiation of lateral root primordium cells and
regulates root morphogenesis; CTK and ABA serve to suppress lateral root formation; while the
interplay among ethylene, BR, and auxin, in conjunction with strigolactone, influences the lateral root
formation in Arabidopsis [7-9].

In this experiment, Malus hupehensis was employed as the experimental subject to investigate the
impact of diverse hormonal treatments on the lateral root development of its seedlings. This was
achieved by administering a variety of hormones to the nutrient solution, thereby aiming to furnish
a theoretical framework for the enhancement of its cultivation and utilization.

2. Materials and Methods
2.1. Test Materials

A total of 810 full-grown 60-day-old Malus hupehensis seedlings, each with 8 to 10 leaves and free
from pests and diseases, were selected for the study. These seedlings were cultivated in the scientific
research greenhouse of the College of Horticulture at Northwest A&F University, under controlled
indoor temperatures of (25 + 1) °C/ (15 £ 1) °C (light/dark). The photoperiod was set at 12 hours, with
an average humidity of approximately 70~80%. During the light phase, the photosynthetic photon
flux density (PPFD) was maintained at around 800 pmolm-s-.

2.2. Treatment Method

2.2.1. Different Concentrations of IAA, IBA, GA, 6-BA, BR and MeJA Were Used to Treat M.
hupehensis Seedlings

M. hupehensis seedlings were transferred to a 1/2 Hoagland hydroponic nutrient solution for a
period of two weeks. Throughout this period, the 1/2 Hoagland nutrient solution was replaced once
a week. The hydroponic apparatus comprised a square, non-porous plastic basin (50cm x 35cm x
15cm), with the plastic basin being enveloped in black plastic sheeting. Polystyrene foam boards were
utilized as planting platforms, with each board containing 30 pre-drilled holes. The seedlings were
inserted into these holes, with their stems secured by sponges to ensure that the roots were fully
submerged within the basin. A total of 30 plants were accommodated in each container, and air was
continuously infused into each plastic basin via an air pump. Treatments included the application of
exogenous hormones at concentrations of 0.1mg L' IAA, 0.5mg L1 IBA, 0.02mg L' GA, 0.02mg L 6-
BA, 0.1mg L 6-BA, 0.06mg L' BR, 0.Img L' BR, 0.1mg L' MeJA along with a control treatment.
Ninety seedlings were subjected to each treatment, amounting to a total of 810 seedlings. After one
week of treatment, routine maintenance was performed, with the nutrient solution being replaced
weekly for an additional month of cultivation. In addition, a further 90 seedlings were cultivated in
1/2 Hoagland solution without any exogenous hormones as controls. Following one month of culture,
the same parameters were assessed in both the treated and untreated seedlings. A random selection
of 15 seedlings from each of the 8 treated groups and 1 control group was conducted, resulting in a
total of 135 seedlings for evaluation. The harvested samples were promptly immersed in liquid
nitrogen and preserved at -80 °C in preparation for subsequent hormone level analysis.

Table 1. 1/2 Hoagland solution formulation.

Nutrition contents Relative molecular weight Concentration (mg L)
Ca(NOs)>4H20 236.15 410
KNO:s 101.1 252.2
KH2PO4-2H20 136.09 68
MgSO+7H:20 246.47 246.5

FeSO+7H20 278.02 350
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3
EDTA-Na 372.24 465
HsBOs 61.8 1.43
MnCl-4H0 268.81 0.95
ZnS0+7H20 287.55 0.11
CuSO+5H20 249.68 0.04
HoMoO+H20 179.97 0.01

2.2.2. Morphological Measurement of Root System of M. hupehensis Seedlings

The root images were captured using the EPSON EXPRESSION 10000XL scanner (model
LA1600, Canada), configured to a resolution of 400 dpi. The WinRHIZO Pro root analysis software
(version 2003 b, Canada) was employed to process the scanned images, measuring the root length,
surface area, and volume, calculating the number of lateral roots. Furthermore, the plant height was
determined by measuring the distance from the top of the foam board to the stem tip with a ruler.
The stem diameter was gauged in both orientations using a vernier caliper, with the average value
taken to represent the stem thickness. Each group had a subset of 15 plants randomly chosen for the
purpose of measurement.

2.2.3. Methods of Endogenous Hormone Measurement

The enzyme-linked immunosorbent assay (ELISA) was employed to quantify the levels of each
hormone. Sampling points were consistently chosen at identical locations, and the experiment was
conducted with three biological replicates. The hormone standard utilized in the assay was procured
from Sigma Company.

2.2.4. Data Analysis

The SPSS11.5 software was employed to conduct statistical analysis on the acquired dataset. The
significant disparities between the control and treatment groups were assessed utilizing the T-test
methodology. Furthermore, SigmaPlot 12 was utilized for the generation of the resultant data.

3. Results

3.1. Effects of Different Plant Hormone Treatments on Lateral Root Number, Root Length, Root Surface Area
and Root Volume

Comparing the root morphology diagrams of different treatment groups with the control group,
it was observed that M. hupehensis seedlings treated with IAA, IBA, and BR exhibited a greater
number of lateral roots compared to the control. Conversely, seedlings subjected to GA, 6-BA, and
Me] A treatments displayed a reduced number of lateral roots relative to the control. Notably, the IBA
treatment at a concentration of 0.5mg L yielded the highest number of lateral roots, showcasing a
significant discrepancy from the control group. The 6-BA treatment at a concentration of 0.1mg L-!
yielded the least number of lateral roots, with the 0.02mg L' 6-BA treatment also demonstrating a
significant decrement compared to the control group (Figure la). Moreover, the root length and
surface area of seedlings treated with IAA, IBA, BR, and MeJA were markedly superior to those of
the control group (Figure 1b,c). The root volume of seedlings treated with 0.02mg L 6-BA was
notably reduced compared to the control, whereas the root volume of seedlings treated with IAA,
IBA, BR, and MeJA was substantially greater than that of the control group (Figure 1d).
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Figure 1. Effects of different exogenous hormones on the average number of lateral roots(a), root
length(b), root surface area(c) and root volume(d) of M. hupehensis apple seedling. The value is the
average of three biological replicates +SD. * indicates a significant difference in 0.05 levels, ** indicates
a significant difference in 0.01 levels.

3.2. Effects of Different Plant Hormone Treatments on Seedling Height and Stem Diameter

The height of M. hupehensis seedlings treated with a concentration of 0.1mg L' BR was observed
to significantly exceed that of the ontrol group. Furthermore, no discernible discrepancies in
development were observed between the various treatment groups and the control group (Figure
2a). Moreover, the diameter of the stems in the subset of M. hupehensis that received 0.05mg L' of BR
was significantly greater than that of the control group. Conversely, the stem diameter of the M.
hupehensis exposed to 0.5mg L' of IBA was notably reduced in comparison to the control group
(Figure 2b).
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Figure 2. Effects of different exogenous hormones on the average plant height(a) and stem diameter(b)
of M. hupehensis apple seedling. The value is the average of three biological replicates +SD. * indicates
a significant difference in 0.05 levels, ** indicates a significant difference in 0.01 levels.

3.3. Effects of Different Plant Hormone Treatments on the Concentrations of ZR, IAA, ABA, GAis, JA and
BR of M. hupehensis

M. hupehensis seedlings were subjected to various exogenous hormonal treatments, and the
concentrations of endogenous hormones ZR, IAA, ABA, GA, JA, and BR were quantified in both the
experimental and control groups (Figure 3). The ZR concentration in seedlings treated with 0.02mg
L' GA was remarkably elevated compared to the control group, whereas the ZR concentration in
seedlings exposed to 0.1mg L' IAA, 0.5mg L1 IBA, 0.1mg L 6-BA, 0.05mg L' BR and 0.1mg L-* BR
was substantially lower than that of the control group (Figure 3a). The IAA concentration in M.
hupehensis seedlings treated with 0.1mg L' IAA was significantly greater than that of the control
group. Conversely, the IAA concentration in seedlings treated with 0.02mg L GA, 0.02mg L 6-BA,
0.05mg L' BR, 0.1mg L' BR and 0.2mg L' MeJA was significantly reduced compared to the control
group (Figure 3b). Following treatment with 0.02mg L GA, the M. hupehensis exhibited a marked
elevation in ABA concentrations compared to the control group. Conversely, the application of 0.1mg
L1 JAA and 0.1mg L' 6-BA to the M. hupehensis resulted in a significant reduction of ABA levels
(Figure 3c).The concentrations of GAws and JA in the M. hupehensis treated with 0.1mg L1 IAA, 0.5mg
L1IBA, 0.02mg L' GA, 0.02mg L' 6-BA, 0.1mg L 6-BA, 0.05mg L' BR, 0.1mg L' BR and 0.2mg L
MeJA were all markedly diminished when compared to the control group (Figure 3d,e). The BR
concentration in M. hupehensis seedlings treated with all hormones displayed significant deviations
from the control group. Specifically, the BR concentration in the 0.lmg L' IAA treatment was
extremely significantly elevated compared to the control group. In contrast, the BR concentrations in
treatments involving 0.5mg L1 IBA, 0.02mg L' GA, 0.1mg L 6-BA, 0.05mg L' BR and 0.1mg L~
BR were all significantly diminished in comparison to the control group (Figure 3f).
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Figure 3. Effects of different exogenous hormones on the concentrations of ZR(a), IAA(b), ABA(c),
GAws(d), JA(e) and BR(f) in the lateral roots of Malus hupehensis apple seedling. The value is the
average of three biological replicates +SD. * indicates a significant difference in 0.05 levels, ** indicates

a significant difference in 0.01 levels.

4. Discussion

Auxin is a kind of plant hormone containing an unsaturated aromatic ring and a carboxyl side
chain. As the first hormone to be identified in plants, auxin plays a pivotal role in nearly every facet
of plant development and developmental regulation. Its functions encompass not only the regulation
of cell division and the promotion of cell elongation but also the influence on the morphogenesis of
individual plants and their organs through the establishment of concentration gradient distributions
[10]. The transport of auxin within plants can be categorized into long-range and short-range
conveyance based on the traverse distance. Long-range auxin transport relies on the phloem for rapid
conveyance from the stem apex to the roots, which is classified as non-polar transport. On the other
hand, short-range transport is characterized by unidirectional movement between cells and is
considered polar transport. Auxin polar transport is synergically mediated by influx and efflux
transporters. Common auxin transporters include influx transporters AUX/LAX protein family,
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including AUX1, LAX1, LAX2, LAX3; The efflux transporters PIN protein family and the ABCB/PGP
protein family with influx and efflux transporter functions [11,12].

Auxin is the regulatory center of lateral root development in plants, intricately participating in
and orchestrating this development by modulating the expression of diverse genes involved in
synthesis and transport, as well as by manipulating a variety of signaling element complexes [13]. In
Arabidopsis, the transcription factors IDD14, IDD15, and IDD16 facilitate auxin biosynthesis through
the regulation of YUC5 and TAA1I expression, thereby exerting a positive influence on lateral root
development [14]. Furthermore, the application of melatonin modulates auxin transport by
impacting the expression of genes pertinent to auxin transport, including PIN5, TT4, TT5, etc., thus
fostering lateral root development [15]. In this experiment, exogenous auxin extremely significantly
reduced the level of endogenous auxin, increased the level of endogenous auxin, offset the effects of
cytokines on initiation and elongation of lateral roots, and significantly increased the number of
lateral roots, root length, root surface area and root volume of M. hupehensis seedlings, thus
promoting lateral root development.

6-BA is the first generation of artificially synthesized cytokinin. Cytokinin is generally
considered to be a negative regulator of lateral root formation, and the number of lateral roots
increases significantly in plants with reduced cytokinin content [16]. The administration of exogenous
cytokinins impedes lateral root formation by obstructing the polar transport of auxin, disrupting the
distribution pattern of auxin, and interfering with the auxin signaling transduction pathway, thereby
precluding the pericycle founder cells into the cell cycle [17,18]. Subsequent investigations revealed
that the exogenous application of cytokinin augmented the consumption of PIN1 auxin transporter
at specific polar domains and suppressed PIN1 gene expression, consequently inhibiting auxin
transport towards the lateral root primordia and thereby stifling lateral root formation [19]. In this
experiment, exogenous 6-BA significantly reduced endogenous auxin levels, significantly reduced
lateral root number and inhibited lateral root development in M. hupehensis seedlings.

Brassinosteroids represent the collective appellation for a class of polyhydroxylated sterols. In
1970, researchers isolated a series of plant development-promoting compounds from rape pollen,
subsequently denominating them as Brassins [20]. Following this discovery, researchers elucidated
the chemical structure of brassin through single-crystal X-ray diffraction, and accordingly designated
it as Brassinolide (BL) [21]. To date, researchers have characterized at least 70 brassinolide analogues
[22], collectively referred to as Brassinosteroids (BR). In soybeans and tomatoes, the absence of BR,
mutations in the BR signaling pathway, or mutations in the BR receptor have been associated with
reduced plant height [23]. In rice, mutation of the receptor kinase XIAO leads to decrease of BRs
content in the whole plant, inhibition of cell division, and ultimately diminutive plant height [24]. In
this experiment, exogenous application of BR significantly increased the plant height and stem
diameter of M. hupehensis seedlings.

5. Conclusions

Hydroponically cultivated M. hupehensis seedlings exhibit differential responses to various
exogenous hormonal treatments in terms of lateral root development. When compared to the
untreated control, the application of exogenous auxin led to an increase in the number of lateral roots,
root length, root surface area, and root volume in M. hupehensis seedlings, thereby fostering lateral
root development. Conversely, the 6-BA exerted an inhibitory effect on lateral root development,
contrasting with the action of auxin. Treatment with brassinosteroids was found to stimulate an
increase in plant height and stem diameter in M. hupehensis. Simultaneously, the application of these
exogenous hormones also exerted influence on the levels of endogenous hormones. Following
treatment with 0.1mg L BR, the levels of ZR, IAA, and GAus in the lateral roots of M. hupehensis
seedlings were significantly reduced in comparison to the control. On the other hand, after the
seedlings were treated with 0.1mg L IAA, there was a significant elevation in IAA and BR levels
within the roots, whereas the levels of ABA and GA1:s were notably decreased.
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