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Editorial on the Research Topic

From classical breeding to modern biotechnological advancement in
horticultural crops - trait improvement and stress resilience
Horticultural crops including fruits, vegetables, medicinal, aromatic, and ornamental

plants, play a crucial role in enhancing human nutrition and our living environment. Fruits

and vegetables are rich sources of essential nutrients, while ornamental plants contribute to

aesthetic value. However, losses in quantity and quality during pre and post-harvest stages,

as well as the impact of environmental stresses, limit their potential (Irfan et al., 2023).

Therefore, developing strategies to improve crop quality and resilience is vital for

sustainable production. Traditional breeding methods such as hybridization and

mutation breeding have been employed for horticultural crop improvement, but they are

time-consuming and labor-intensive, hindering their global adoption in sustainable

agriculture. The emergence of molecular genetics has opened doors to modern

biotechnological tools for enhancing horticultural crops. In recent decades, genetic

engineering and molecular breeding technologies have been extensively used to create

horticultural varieties with improved traits (Kumari et al., 2020).

The primary objective of this Research Topic was to offer the most up-to-date research

in this field, achieved by gathering contributions from leading experts. This Research Topic

comprises 11 papers, consisting of 10 research articles and one review article, collectively

exploring various facets of the research theme. To better understand their distinct research

trajectories, these articles have been meticulously summarized.
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The evolution of horticultural crop improvement has

undergone a remarkable transformation, transitioning from

classical breeding methods to cutting-edge biotechnological

advancements. This progression has paved the way for enhancing

traits and stress resilience in these crops. One avenue of

advancement lies in the application of biostimulants, which have

proven effective in extending the post-harvest longevity of the

magnificent bird of paradise cut flower. Thakur et al. investigated

the use of graphene oxide (GO) and silver nanoparticles (SNPs) as

biostimulants to enhance the post-harvest longevity of bird of

paradise (Strelitzia reginae L.) cut flowers. The combination of

GO and SNPs at a concentration of 1.0 µL L−1 significantly extended

the vase life of the flowers by six days compared to the control. This

improvement was attributed to better water uptake, reduced

microbial density, delayed stem blockage, decreased electrolyte

leakage, and enhanced antioxidant enzyme activity. These

findings suggest that biologically synthesized nanoparticles have

potential as a novel post-harvest technology, which holds promise

for widespread commercial implementation within the cut

flower industry.

Modern biotechnology has also enabled a deeper exploration of

the regulatory genes/transcription factors, employing advanced

bioinformatics strategies to unravel their biological functions.

Gangwar et al. conducted a study on myo-inositol-1-phosphate

synthase (MIPS) genes in Rosaceae plants, revealing their

importance in various plant processes like signal transduction,

stress tolerance, and growth. They identified 51 MIPS genes in 26

Rosaceae species and found them to be conserved in structure and

function. The study highlighted the involvement of the RcMIPS

gene in plant development and its response to abiotic stresses like

drought and heat, providing valuable insights for future functional

studies in this plant family. Additionally, Ali et al. investigated the

impact of boron application on sugar and acid profiles in loquat

fruits. This research delves into the intricate physiological,

biochemical, and molecular mechanisms that govern the

biosynthesis of soluble sugars and malic acid in loquats, with

potential applications for fruit quality improvement.

Another noteworthy accomplishment in this realm involves the

identification of a naturally anethole-rich strain of Clausena

heptaphylla through rigorous selection processes, subsequently

confirmed via multi-location trials (Lal et al.). Twenty-three

accessions of anethole were evaluated which ultimately resulted in

identifying a superior strain (Jor Lab CH-2) with consistent

performance across multiple locations. This strain exhibited an

average herbage yield of 1.2 Kg/plant/cutting and an essential oil

yield of 1.22%, with trans-anethole as the major constituent

(93.25%). This offers a novel and cost-effective alternative for

anethole production, expanding industry possibilities. Expanding

the horizon, global whole-genome comparisons and analysis have

been instrumental in categorizing sub-populations and pinpointing

resistance genes within weedy rice, thereby contributing to crop

enhancement endeavors. Among the notable findings is the

presence of the RPW8 domain in ORUFILM12g000772, holding
Frontiers in Plant Science 026
potential for plant resistance to pathogens and its applicability in

rice breeding programs (Han et al.).

Furthermore, the mechanism underlying nitric oxide-induced

adventitious root development under cadmium stress has been

thoroughly investigated, shedding light on strategies for stress

resilience (Niu et al.). It was reported that nitric oxide (NO),

supplied through a donor sodium nitroprusside (SNP),

significantly increased the number and length of adventitious

roots while also boosting endogenous NO levels. Additionally,

NO-enhanced antioxidant defenses reduced oxidative damage,

and upregulated the glycolysis and polyamine-related genes.

However, the inhibitory effects of NO scavenger and inhibitor

suggested a direct link between NO and adventitious root

development under Cd stress (Niu et al.). Further studies have

explored diverse germplasm lines (186 lines) of Solanum

khasianum for stability in economically important traits such as

solasodine content and fruit yield. These findings have a pivotal role

in advancing breeding programs aimed at improving crop quality

and yield (Begum et al.).

Li et al. employed inter simple sequence repeats (ISSR)

molecular markers and anatomical analysis to screen cold-

tolerant mutants of Plumbago indica L., a valuable ornamental

and medicinal plant. Through tissue culture, chemical treatment,

and low-temperature stress induction, a total of nine mutants were

identified with altered DNA profiles. These mutants exhibited

modified anatomical structures and increased plumbagin content,

with four mutants showing enhanced cold resistance. The mutants

also demonstrated traits consistent with cold-resistance plants and

displayed delayed flowering and senescence. This innovative

approach offers promising prospects for the development of cold-

resistant varieties in this species. Moreover, Hu et al. have

elucidated the role of an R2R3-MYB transcription factor gene

(SmMYB108) as a transcriptional activator regulating anther

development in eggplants. Differentially expressed gene

SmMYB108 in the fertile line F142 across various anther

developmental stages has provided profound insights into the

molecular mechanisms governing anther development.

The utilization of volatile profiling as a potential biochemical

marker has shown promise in validating gamma irradiation-derived

putative mutants in polyembryonic genotypes of mango,

underscoring its significance in crop improvement strategies

(Perveen et al.). It has been reported that volatile profiling via

headspace-solid phase micro-extraction (HS SPME) method

coupled with gas chromatography–mass spectrometry (GC-MS

MS) analysis revealed significant differences in major volatile

compounds between mutants, control seedlings, and mother

plants. Simple sequence repeat (SSR) markers confirmed genetic

diversity in the putative mutants, with clustering indicating distinct

genetic profiles. This research highlighted the potential of volatile

profiling and SSR markers for validating mutations and detecting

genetic variation in polyembryonic mango genotypes, particularly

when nucellar seedlings closely resemble mother plants

(Perveen et al.).
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Lastly, the review article by Manzoor et al. emphasizes the

limitations of conventional breeding methods for temperate fruit

and nut crops, citing factors like long juvenile periods and genetic

complexities. They contended that integrating advanced

biotechnological tools, such as molecular markers like single-

nucleotide polymorphism (SNP), and Diversity Arrays

Technology (DArT) markers, can enhance the precision and

efficiency of plant selection based on genotypes. These markers

enabled the direct targeting of genomic regions governing desired

traits, like quality and resistance, saving time and space. Overall, the

review highlighted the potential of molecular marker approaches to

improve adaptability and stress resistance in temperate fruit and nut

species through genome sequencing and cultivar selection.

In summary, the papers published on the aforementioned

Research Topic showcase the latest breakthroughs in research.

The transition from traditional breeding methods to cutting-edge

biotechnological innovations in the realm of horticultural crops has

resulted in a treasure trove of knowledge and inventive techniques.

These endeavors are all geared towards enhancing characteristics

and bolstering stress resistance in these valuable crops. These

multifaceted approaches point the way forward for the

improvement of horticultural crops, promising heightened

sustainability and productivity.
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The bird of paradise (Strelitzia reginae L.) is one of the important tropical cut

flowers. Generally, flowers like bird of paradise (BOP) grown for the

commercial ornamental market must be of high pre and postharvest quality.

Thus, to improve the postharvest longevity and increase marketability, the

relative efficacy of two different biologically synthesized nanoparticles (NPs)

was evaluated. The novel proprietary stimulants were graphene oxide (GO) and

silver nanoparticles (SNPs). The NP treatments were applied as a vase (lower

concentrations) solutions. Among all the applied treatments, the synergistic

effect of GO + SNPs at 1 µL L−1 vase solution significantly (p =0.05) prolongs the

post-harvest life of cut flowers of BOP. Increased vase life over the deionized

water (DI) control was associated with better maintenance of relative water

uptake, relative fresh weight, suppressed microbial density at stem-end and

delay of stem blockage, reduced electrolyte leakage, malondialdehyde (MDA),

SOD, and POD activity. In contrast to control, administration of NPs gave better

results for all analyzed parameters. Application of biologically synthesized NPs

in combination (GO + SNPs at 1 µL L−1) extended the vase life of cut flowers by

6 days compared with control flowers, and overall, showed better results than

the control. The findings of the studies revealed that the standardized NPs

could have more potential in prolonging the postharvest life of cut flowers in

BOP. Thus, this technique can be used as a novel postharvest technology for

commercial application in cut flowers.
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antioxidant, cut flower, enzymes, nanoparticles, senescence, vase life
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BA

GRAPHICAL ABSTRACT

Exogenous application of NPs increased the postharvest life of bird of paradise.
Introduction

The bird of paradise (Strelitzia reginae L.) of the

Strelitziaceae family is an evergreen, monocotyledonous,

perennial herbaceous flowering plant (Rai et al., 2021). It is

commonly referred to as the crane flower, which plays a

significant role in floral arrangements due to its exotic

specialty, the combination of orange and purple colored flower

clusters, and the unique shape of the crested head of a bird (Sane

et al., 2020; Pereira et al., 2021). Conventionally, this plant is

propagated through seeds and rhizomes and has a long gestation

period of about 4–7 years (Navyashree et al., 2017; Sane et al.,

2020). Its commercial cultivation occurs in North America,

California, Israel, South Africa, Netherlands, Poland, China,

and Japan (Pereira et al., 2021). Previous studies reported that

the postharvest life of BOP ranged between 6–16 days (d) and

38.5 d (El-Saka et al., 1995). However, more commonly, the

postharvest life varies from 6 to 16 d (El-Saka et al., 1995;

Bayogan et al., 2008). Growing conditions, harvest stage,

different holding conditions, and criteria used for evaluating

inflorescence postharvest life, and conventional methods viz.,

cold storage or low temperature, and preservative solutions,

could all contribute to extending the vase life of horticulture

crops (Kumari et al., 2022; Tayal et al., 2022).

In plants, the water content is absorbed by the xylem vessels

of the stem ends, which helps maintain the petal turgor and

flower freshness (He et al., 2018). Microbial blockage, on the

other hand, reduces the water uptake, resulting in water loss
Frontiers in Plant Science 02
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even when the stem is dipped in water and eventually causing a

water metabolism imbalance (Jaroenkit and Paull, 2003; He

et al., 2018). Additionally, the depletion of carbohydrates also

contributes to reducing the postharvest life of cut flowers

(Carrillo-Lopez et al., 2016). The longevity of cut flowers can

be greatly influenced by the inclusion of various chemicals in the

vase solution, such as biocides and growth regulators, which

prevent the proliferation of microbes and extend the vase life of

cut flowers (Edrisi et al., 2015). Commercial flower preservatives,

on the other hand, have yet to be proven to be consistent in the

extension of the postharvest life of cut flowers (Jaroenkit and

Paull, 2003). Many studies have recently reported that

nanoparticles (NPs) can extend the vase life of cut flowers

such as gladiolus, roses, BOP, and gerbera by inhibiting

bacterial colonization (Hassan et al., 2014; Li et al., 2017;

Naing et al., 2017; Azarhoosh et al., 2021).

NPs are new compounds that are widely used for their

antimicrobial properties, thermal conductivity, chemical

stability, and catalytic activity (Hassan et al., 2014; Yan and

Chen, 2019; Sharma et al., 2022; Zafar et al., 2022). Silver

nanoparticles (SNPs) have a high surface-to-volume ratio and

have a specific ability to get oxidized, which strongly inhibits

microbial growth (Basiri et al., 2011; Rafi and Ramezanian,

2013). Furthermore, these NPs interact with the phosphate

(DNA), sulfur (proteins), and thiol groups (enzymes) of the

biomolecules and interfere with the microbial metabolism,

ultimately preventing microbial growth (Prabhu and Poulose,

2012; Yin et al., 2020). Another NP, graphene oxide (GO), is
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known for excellent antimicrobial properties by inducing the

degradation of inner and outer cell membranes of various

microbes, which reduces their viability (Xu et al., 2017; He

et al., 2018). GO as an effective antimicrobial agent is expected to

improve plant growth and extend the life of cut flowers

after harvest.

Therefore, the vase life can be extended by placing cut stems

in a preservative solution and providing them with a suitable

environment for delaying senescence (Langroudi et al., 2019).

Because of its global popularity, SNPs and GO were used as

novel antimicrobial agents for the longevity of BOP in the

current study. The rationale for the study approach is water

metabolism in BOP and protection of stem ends from bacterial

blockage by using NPs. To date, there has been no report on the

use of NPs to extend vase life in BOP. Therefore, the present

study hypothesized that use of an optimal dose of SNPs, GO and

its synergistic effect can effectively prevent microbial

colonization and ensure the proper water uptake through the

xylem vessel, which ultimately increases the vase life of cut

flowers of BOP.
Materials and methods

Plant material

The cut spike of BOP was harvested in October 2021 from

the eight-year-old plantation of BOP cultivated under the shade

net house of the Floriculture Farm of the Agrotechnology

Division, Council of Scientific and Industrial Research-

Institute of Himalayan Bioresource Technology, Palampur,

Himachal Pradesh, India. These cut spikes were harvested at

the commercial stage when the spike had an unopened bract on

the upper side and a prominent orange knuckle. Within 1 h, the

stems were placed upright in a bucket partially filled with tap

water and transported to the laboratory (Liu et al., 2021). Prior

to the experiment, stems were uniformly sorted and recut to a

length of 50 cm under distilled water to avoid air embolism (Liao

et al., 2012).
Experimental details

The experiment was carried out at a temperature of 20.7–

25.2°C with a relative humidity of 46.7–61.9% and a photoperiod

of 12 h at an intensity of 15 mMm−2s−1. Prior to the experiment,

the glass vases were surface sterilized with ethanol. To determine

the concentrations of NPs, trial screening on phenological

studies of cut spikes of BOP was performed by using different

concentrations of NPs viz., T1: Control (distilled water), T2: GO

at 0.5 µL L−1, T3: GO at 1 µL L−1, T4: GO at 3 µL L−1, T5: SNP at

0.5 µL L−1, T6: SNP at 1 µL L−1, T7: SNP at 3 µL L−1 and T8: GO +

SNPs at 1 µL L−1. Based on preliminary observations, the
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following treatments, viz., T1: Control (distilled water); T2: GO

at 1 µL L−1; T3: SNP at 1 µL L−1 and T4: GO + SNPs at 1 µL L−1 (a

synergistic effect of NPs) were selected and analyzed at 0, 6, 12,

and 18 d. Nanoparticles viz., SNP and GO solutions were

purchased from Sigma Aldrich as silver dispersion

nanoparticles, with a 10 nm particle size (TEM), 0.02 mg

mL−1 in aqueous buffer (Code:1003234773) and graphene

oxide, 2 mg mL−1, dispersed in water (Code:1003039080).

These solutions were freshly prepared before the execution of

experiments by dissolving dimethyl sulfoxide (DMSO) with SNP

and GO solution. Each cut spike was individually placed in a 500

mL vase solution. To prevent evaporation and microbial

contamination of preservative solutions, the tops of the vases

were covered with thermocol. The solutions were only prepared

and placed in the various vases on the first day, and they were

not renewed during the storage period. This experiment was

executed in a completely randomized block design. In total, 18

spikes from each treatment in three replications (six spikes in

each replication) were taken for the experimental study.
Water uptake, relative fresh weight, and
floret opening

Water uptake was measured at regular intervals (mL) by

weighing the vases without flowers and individual flowers

separately, then combining the results at the end of the vase

life assessment (Li et al., 2012; Liao et al., 2013). After harvest,

the initial fresh weight of cut flower stems was measured

immediately before placing them in a vase solution. In all the

treatments, fresh weight was recorded at 0, 6, 12, and 18 d and

the relative fresh weight of each stem was calculated as the

percentage on the basis of the initial fresh weight (Singh

et al., 2008).
Flower diameter and vase life

The diameter of each flower was measured at 0, 6, 12, and 18 d

using a Vernier calliper. For each treatment, six cut flowers were

selected for calculation, and their mean was taken as the final

value. The vase life of each flower was determined by the time it

took for one-third of its petals to show inward rolling, browning,

discoloration, wilt, and loss of turgidity after being placed in

various vase solutions (Liao et al., 2013; Lin et al., 2019).
Microbial analysis

The bacterial isolation was carried out from a 12-d-old spike

using the method described by Balestra et al. (2005) and Li et al.

(2012), with some modifications. Specifically, the proximal end

of the BOP spike was cut with sterile scalpel blades that had been
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surface sterilized with 70% ethanol (Liu et al., 2021) and then cut

up into small pieces. These pieces were placed in sterile tubes

with 1 mL of sterile 0.9% normal saline solution (Li et al., 2012).

Bacteria were dislodged by using a sterile motor pestle to crush

the small pieces. The serial dilution was done with a sterile 0.9%

normal saline solution, from which 0.1 mL of liquid extract was

spread onto nutrient agar plates and incubated for 24 h at 37°C.

Analysis of xylem blockage by scanning
electron microscopy (SEM)

The existence of bacteria in the xylem vessel at the stem end of

the cut flower was analyzed by using scanning electron microscopy

(SEM) (JEOL, Japan). The samples of the cut spike from the end

were collected and analyzed on day 12 of the vase period. Using

fresh surgical blades, 1 cm-long stem-end segments were excised

from the base of each spike. The samples were examined using

SEM, which works on the principle of focusing a beam of electrons

(0.2–20 KeV) from a tungsten filament on the specimen (Thakur

and Kumar, 2021). On an aluminum stub, the samples were

mounted with double-sided carbon tape. Samples were coated

with a thin layer of gold using a sputter-coater at a vacuum of 10

Pa for 10 s to provide electrical conductivity. At a 30 kV accelerating

filament voltage, the images were captured at the desired

magnification (Thakur and Kumar, 2021).
Electrolyte leakage

The electrolyte leakage was evaluated by following the

procedure given by Danish and Zafar-ul-Hye (2019). Briefly,

12-day-old petals were collected and washed with deionized

water and punched using a cork borer having a diameter of 1 cm,

in triplicate. Petal pieces of uniform size were immersed in a test

tube containing 10 mL of deionized water and incubated for 24 h

at 25°C. A pre-calibrated electrical conductivity meter (PC 700,

Eutech Instruments, Singapore) was used to determine the

solution’s initial electrical conductivity (EC1). The solution

was heated in an autoclave at 120°C for 20 min, and

conductivity (EC2) was measured again after cooling at room

temperature, and electrolyte leakage (EL) was calculated by

using the formula: EL = EC1/EC2 × 100 (Kaya et al., 2002).

Enzymatic activity

The petals were collected on day 12 for enzymatic activity assays.
Extraction of total soluble proteins
and quantification

The tissue of 200 mg was ground in liquid nitrogen and

dissolved in 5 mL of 50 mM potassium phosphate buffer at pH
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7.8, followed by the addition of 2% polyvinylpolypyrrolidone.

The homogenized solution was centrifuged at 8,000×g for 20

min and the supernatant was used for superoxide dismutase and

peroxidase activity. Protein was quantified according to the

protocol given by Bradford (Bradford, 1976). As a standard,

bovine serum albumin was used.
Superoxide dismutase and
peroxidase assay

In a 96-well plate, an enzymatic assay for superoxide

dismutase (SOD) activity was performed using the nitro blue

tetrazolium (NBT) reduction assay as described by Sahoo et al.

(2001) for day 12 old petals. In brief, to a final volume of 200 mL,
50 mM potassium phosphate buffer (pH 7.8), 20 mL of total

protein, 5.7 × 10−5 M NBT, 9.9 × 10−3 M methionine, 1.17 × 10−6

M riboflavin, and 0.025% Triton X-100 were added. For the assay

control, total protein was replaced with an equal volume of 50mM

phosphate buffer (pH 7.8). At room temperature, the reaction

mixture was illuminated with white light for 10 min. The

absorbance was taken at 560 nm by using a microtiter plate

reader (Synergy HT, BioTek, USA) (Chafik et al., 2019; Guleria

et al., 2021). SOD activity was measured in units per mg of

protein. One unit of the activity of an enzyme is the amount of

enzyme required to suppress NBT reduction by 50% at room

temperature in 10 min as per the following formula: Percent

inhibition = [(A560 control − A560 sample)/A560 control] × 100

(Kumar et al., 2016).

The peroxidase activity was measured by quantifying the

amount of purpurogallin formed in 12-d-old petals. The

peroxidase activity was carried out using the protocol of Kar

and Mishra (1976) with a minor modification. To the 10 µL of

crude enzyme, 165 mL of potassium phosphate buffer (50 mM,

pH 7.8), 20 mL of pyrogallol (0.5 M), and 5 mL of H2O2 (0.2 M)

were added to a total volume of 200 mL. The amount of

purpurogallin formed during the reaction was evaluated by

recording absorbance at 420 nm for 5 min. Enzyme activity

was measured in unit g−1 of fresh weight and calculated using the

following formula: (DA420/20 s test sample − DA420/20 s Blank)

(volume of the assay) (dilution factor)/(12) (volume of enzyme

used) (Kwak et al., 1995; Zhu et al., 2019).
Lipid peroxidation assay

Lipid peroxidation was measured by quantifying

malondialdehyde (MDA) content in 12 d-old petals. A petal

sample of 200 mg was homogenized by using 2 mL of 50 mM

Tris-Cl, pH 8.0 solution containing 0.5% (w/v) thiobarbituric

acid, 20% (v/v) trichloroacetic acid, and 0.25 mL of 175 mM

NaCl. The mixture was boiled for 5 min at 100°C, then cooled in

an ice bath for 5 min (Dangol et al., 2021). The solution was
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centrifuged at 14,000×g for 5 min at 4°C, and the absorbance of

the resulting supernatant was measured at 450, 532, and 600 nm.

MDA content (C) was calculated as µmol g−1 of fresh weight

using the formula: C = 6.45 (A532 − A600) − (0.56 A450).
Statistical analysis

The results of the experiment were analyzed using the analysis

of variance (ANOVA) method. Within each treatment, there were

six inflorescences. Here we have presented significant data for GO

at 1 µL L−1, SNPs at 1 µL L−1, and a combination of GO + SNPs at 1

µL L−1 at 6, 12, and 18 d. The Waller–Duncan multiple range test

was used to compare means, and for statistical analysis, the SAS

statistical package (SAS Institute Inc., Cary, NC) was used. The least

significant difference test was used to compare means at the 0.05

probability level (Li et al., 2017). The data have been presented as

means ± standard errors.
Results

Relative water uptake (mL)

Cut spikes treated with distilled water recorded efficient water

uptake (37.0 mL) followed by SNP at 1 µL L−1 (23.0 mL) and GO at

1 µL L−1 (22.3 mL) along with GO + SNP at 1 µL L−1 (18.7 mL).

These cut spikes survived until day 6 without showing any signs of

senescence (Figure 1A). Relative water uptake was reduced

significantly on day 12 in all the treatments and reached up to

5.7 to 9.7 mL only. A significant reduction was observed in control

and it exhibited petal senescence (Figure 1A), whereas significantly

higher water uptake was recorded in cut spikes placed in GO + SNP

at 1 µL L−1 (9.7 mL). Flowers treated with combinations of NPs

showed no senescence symptoms until 6 d. Relative water uptake

decreased with the increase in the number of days, and was found to

be significantly less in all the treatments at 18 d (3.0 to 6.2 mL).

While comparing treatments, cut spikes placed under control

showed significantly lower water uptake (3.3 mL) as they

exhibited senescence on day 12. Relative water uptake was

significantly higher in cut spikes placed along with the NPs, i.e.,

GO + SNP at 1 µL L−1 (6.2 mL), which was not statistically different

from treated SNP at 1 µL L−1 (Figure 1A).
Petal length and petal width (cm)

Petal length and petal width were significantly affected by

different vase solutions and the number of days (Figures 1B, C).

Petal length decreases with an increase in the number of days in all

the treatments except for GO + SNP. On day 6, petal length ranged

from 9.3 to 9.9 cm. However, no such statistical difference was

observed within the treatments. Significantly higher petal length
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was recorded in the cut spikes placed along with two different NPs,

i.e., GO + SN at 1 µL L−1 (11.0 cm) compared with control (9.2 cm),

while, the latter one was statistically at par with the individual

solutions of GO (10.0 cm) and SN (9.9 cm) at 1 µL L−1

concentration in 12 d. Petal length on day 18 was reduced

significantly in all the vase solutions. However, it was observed

significantly higher for cut spikes placed in GO + SNP at 1 µL L−1

solution (10.8 cm) compared to the control. Petal length under

control (8.9 cm) was not statistically different from the rest of the

other treatments (Figure 1B).

Petal width decreased significantly with an increase in the

number of days, and it was observed to be significantly higher on

day 6. Among treatments, the significantly lowest petal width was

recorded in cut spikes treated with the combined effect of GO +

SNP at 1 µL L−1 solution (2.4 cm) (Figure 1C). However, the rest of

the treatments were statistically at par with each other and showed

higher petal width on 6 d. A reduction in petal width was observed

in control (1.4 cm) on day 12, while it was significantly higher in

GO + SNP at 1 µL L−1 solution (1.8 cm). The lowest petal width was

observed on day 18 in all the treatments, and it was significantly

lower in the absence of treated cut spikes (1.0 cm) as compared with

the combination of GO + SNP at 1 µL L−1 solution (1.5 cm).

Control-treated cut spikes were statistically at par with GO (1.0 cm)

and SNP at 1 µL L−1 (1.1 cm) (Figure 1C).
Floret opening, relative fresh weight
(RFW), and vase life

Floret opening rate was significantly affected by different

treatments, with an increase in the number of days (Figure 1D).

At day 6 floret opening rate was observed significantly lowest in

all the cut spikes and when we compared different treatments, it

was recorded significantly higher in control (52.4%) followed by

GO at 1 µL L−1 (41.1%), SNP at 1 µL L−1 (39.9%) and GO + SNP

at 1 µL L−1 (36.1%). Floret opening rate increased significantly

on day 12 in all the treatments, which was recorded significantly

higher in cut spikes placed in control (87.9%) and lowest with

the combinations of NPs, viz., GO + SNP at 1 µL L−1 (57.4%). On

day 18, the floret opening rate starts decreasing significantly in

control (71.9%). However, a significant increment was observed

in cut spikes treated with NPs alone and in combination with

each other. Floret opening rate was recorded significantly higher

till 18 d in GO + SNP at 1 µL L−1 (88.7%) cut spikes which were

not statistically different from GO at 1 µL L−1 (82.5%) and SNP

at 1 µL L−1 (82.9%) treated cut spikes (Figure 1D).

Relative fresh weight (RFW) was significantly influenced by

different treatments, with an increase in the number of days

(Figure 1E). On day 6, RFW was observed to be significantly

higher in cut spikes placed in control (137.2%) as compared to

GO at 1 µL L−1 (123.7%), SNP at 1 µL L−1 (119.9%) and GO +

SNP at 1 µL L−1 solution (113.4%). RFW was reduced

significantly with an increase in the number of days between
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12 and 18 d. Flowers placed in control produced significantly

lower RFW. However, the combination of GO + SNP at 1 µL L−1

vase solution produced significantly higher RFW (116.1%) at 12

d. The cut spikes treated with GO (106.8%) and SNP at 1 µL L−1

solutions (108.7%) were not statistically different from each

other, but these treatments produced significantly higher RFW

in comparison to control. On day 18, RFW reduced significantly

in all the treated cut spikes, while it was observed to be

significantly higher in spikes treated with GO + SNP at 1 µL

L−1 vase solut ion (100.2%) as compared to other

treatments (Figure 1E).

The vase life of BOP significantly influenced by different

treatments of NPs. Plants treated with the combination of GO +

SNP at 1 µL L−1 produced significantly longer vase life up to day

18 in comparison to control (Figure 2A). The cut spikes placed

in an individual solution of GO and SNP at 1 µL L−1 did not

differ from each other for the duration of the vase period up to

day 18 (Figures 2A, B). Cut spikes of BOP placed in different

treatments were captured at 0, 6, 12, and 18 d (Figure 2B). This

shows the variability of growth in cut spikes of BOP with an

increase in the number of days. On day 6, all the cut spikes of

BOP placed in different treatments showed a significant increase
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in the floret opening. On day 12, cut spikes placed under control

exhibited different symptoms of senescence and showed more

loss of visual quality than other treatments. Spikes placed in GO

+ SNP at 1 µL L−1 solution produced a significantly higher floret

opening rate till day 18, as presented in Figure 2B.
SEM observation and microbial analysis

The relationship between microbes and the longevity of cut

spike is shown by the density of bacteria present in the stem end

segments. The SEM images in Figure 3 showed that on day 12,

the stem ends of cut spikes were completely filled with a high

density of bacteria under control conditions, which showed a

reduction in the water-uptake channel. The cut spikes treated

with GO at 1 µL L−1 solution reduced the bacterial colonization,

followed by SNP at 1 µL L−1 and GO + SNP at 1 µL L−1 solution.

In comparison to all the treatments, lower bacterial density was

recorded with the combined solution of GO + SNP at 1 µL

L−1 (Figure 3).

Microbes in the GO, SNP, and GO + SNP solutions were

counted on the same day of SEM observation to further prove
B

C

D

E

A

FIGURE 1

Effect of NPs, viz., control, GO, SNP and GO + SNP at 1 µL L−1 on various morpho-physiological parameters such as (A) relative water uptake, (B)
petal length, (C) petal width, (D) floret opening, and (E) RFW. Results are shown as mean ± SE of three replicates. Means with different letters are
significantly different (Duncan’s multiple range test, p = 0.05).
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the antimicrobial activity of NPs. In the current experiment, we

analyzed bacterial density at day 12 when most of the petals were

opened and few were in senescence due to the reduction of water

uptake. The distilled water group (control) had a significantly

higher number of bacteria, with 37 × 10−5 colony forming units

(cfu) per mL (about equal to bacteria per mL) (Figure 4). As for

the cut spikes treated with GO at 1 µL L−1 concentration, the

bacterial density was recorded up to 14 × 10-5 cfu mL−1

(Figure 4). The spikes treated with SNP at 1 µL L−1 solution

produced a bacterial density of 7 × 10−5 cfu mL−1. The stem ends

dipped under the combination of GO + SNP at 1 µL L−1 had a

lower bacterial density (4 × 10-5 cfu mL−1) (Figure 4). Based on

the phenotype, we have analyzed that only a single type of

bacteria was found in the cut spike of BOP.
Electrolyte leakage measurement

Changes in electrolyte leakage were observed in petals

corresponding to changes in membrane permeability. The least

ion leakage was observed in florets kept in a solution containing GO

at 1 µL L−1 and SNP at 1 µL L−1 solution. This was significantly (p =

0.05) lower than the control and other treatments (Figure 5A),

confirming the integrity of the cellular membrane.
Frontiers in Plant Science 07
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Malondialdehyde content (MDA)

A significant (p = 0.05) accumulation of MDA was observed

in the untreated flower stalk (control), which accounts for more

lipid peroxidation. However, treatment with GO at 1 µL L−1 and

SNP at 1 µL L−1, both separately and in combination,

significantly (p = 0.05) reduced the accumulation of MDA

when compared with untreated cut spikes (Figure 5B).
Superoxide dismutase (SOD) and
peroxidase assay (POD)

SOD activity decreases significantly (p = 0.05) on day 12 for

florets kept in SNP at 1 µL L−1, solitary and in combination with

GO at 1 µL L−1, compared to the control. While there was no

significant (p = 0.05) difference in SOD activity in florets kept in

GO at 1 µL L−1 vase solution as compared to the control

(Figure 5C). POD activity increases significantly (p = 0.05) in

day 12 florets kept in SNP at 1 µL L−1 solution in comparison to

the control. However, when florets were kept in GO at 1 µL L−1

solution alone or in combination with SNP at 1 µL L−1 solution, a

significant (p = 0.05) decrease was observed, while no significant

(p = 0.05) effect on POD activity was observed, respectively, as

compared with cut spikes placed in distilled water (Figure 5D).
BA

FIGURE 2

Effect of NPs (C, GO, SNP and GO + SNP at 1 µL L−1 on (A) vase life and (B) vase performance on cut spikes of bird of paradise. Means with
different letters are significantly different from each other (Duncan’s multiple range test, p = 0.05).
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Discussion

Multi-colored BOP flowers are very showy, thus have a great

global demand as cut flower. Cut spikes usually suffer water

stress when they are detached from the mother plant (Halevy

and Mayak, 1981), which results in irregular floret opening,

quick loss of chlorophyll, proteolysis, and enhanced membrane

permeability, and premature wilting premature wilting, which

ultimately reduces the postharvest life of flowers. The senescence

of cut spike cannot be eliminated. However, it can be regulated

by various postharvest techniques (van Doorn, 2012; Rabiza-

Swider et al., 2020). Therefore, microbial blockage at the stem

end is considered to be the major key factor for reducing the vase

life of cut flowers. In addition, proper water uptake, transport,

and prevention of microbial blockage are effectively utilized for

the development of buds to bloom and to boost the postharvest

life of cut flowers (Solgi et al., 2009; Lu et al., 2010; Naing and

Kim, 2020). The use of toxic chemicals results in environmental

pollution, which will eventually affect human health. NPs at low

concentration have been reported to be a safe biocide capable of

extending the postharvest life of cut flowers (Zhao et al., 2018;

Rabiza-Swider et al., 2020). As a result, the current study was

carried out to assess the effect of NPs in increasing the
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postharvest life of cut spikes of the BOP. NPs are made up of

small particles that appear to extend the postharvest life of cut

flowers by inhibiting their antibacterial properties (Williamson

et al., 2011; Liu et al., 2012).

Water uptake is a crucial factor in improving the vase life

and quality of cut flowers (Reid and Evans, 1985; Naing et al.,

2017) and depends on water storage, hydraulic conductivity,

salinity, and water potential (Solgi et al., 2009; Naing and Kim,

2020). The proliferation of bacterial growth in the xylem vessels

is the primary cause of water transport to cut flowers, so bacterial

growth in the xylem vessels can obstruct water uptake in the vase

(Park et al., 2017; Xia et al., 2017; Naing and Kim, 2020). The

current applications of NPs have demonstrated stronger

antimicrobial properties that extend the postharvest life of cut

flowers, but these studies have not been widely popularized

(Ahmed et al., 2016). SNPs and GO also interact with

cytoplasmic and nucleic acid components, inhibiting

respiratory chain enzymes and interfering with membrane

permeability (Lok et al., 2007; He et al., 2018). In the current

study, water uptake increased slowly but steadily up to day 18

when cut spikes were placed in combination with GO + SNP at 1

µL L−1 solution (Figure 1A). The application of NP mostly

inhibits gram-positive bacteria and bacterial DNA replication,
FIGURE 3

SEM characterization of stem ends of bird of paradise treated with (A) Control, (B) GO at 1 µL L−1, (C) SNP at 1 µL L−1, and (D) GO + SNP at 1 µL
L−1 at 12 (D) Scale bars: 300 mm.
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resulting in increased water absorption in cut flowers (Sondi and

Salopek-Sondi, 2004). NPs alone showed significant variation for

water uptake in comparison to control. However, the synergistic

effect of GO + SNPs showed significant variations. The microbes

were effectively killed by the concentration of GO, SNP, and

GO + SNP at 1 µL L−1 which resulted in clear xylem vessels for

water uptake. Relative water uptake decreases with an increase in

the number of days in control, which could be attributed to the

blockage of water-conducting tissues, particularly xylem vessels,

by the accumulation of microbes (bacteria) (van Doorn, 2012).

Previous studies reported similar findings on the positive effect

of NPs on cut flowers, including carnations, cut roses, lisianthus,

tuberose, gladiolus, and lily (Hatami et al., 2013; Bahremand

et al., 2014; Hajizadeh-Oghaz et al., 2016; Park et al., 2017; He

et al., 2018; Lin et al., 2019; Maity et al., 2019; Naing and Kim,

2020). Besides these studies, no synergistic effect has been

reported yet with the combined applications of two different
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NPs like GO and SNPs. In current studies, petal length and

width significantly increased slowly but steadily after day 6 to

day 12 when cut spikes were treated with the individual NPs.

However, combined GO + SNPs at 1 µL L−1 showed the highest

petal length and width (Figures 1B, C). This could be due to the

proper uptake of water (GO + SNPs), which is translocated to

the petals, resulting in carbohydrate accumulation and increased

petal length and width overall (Rabiza-Swider et al., 2020).

Exposure of cut spikes under control conditions inhibited the

floret opening percentage after day 12 (Figure 1D), resulting in

premature wilting of petals. However, the combination of GO and

SNP promoted the flower opening (Figure 1D) and it maintained

high RFW during the vase period, which ultimately increased the

postharvest life of BOP cut flowers till 18 d. Moreover, the GO and

SNPs alone had similar effects in enhancing the flower opening,

while the synergistic effect of both these NPs was more pronounced.

It might be because NP accumulated in stem-ends, and transported
FIGURE 4

Photographs of petri dishes of (A) Control, (B) GO at 1 µL L−1, (C) SNP 1 µL L−1, and (D) GO + SNP 1 µL L−1.
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up to the receptacle, calyx, and petal tissues (Liu et al., 2018). These

findings were synonymous with the findings of Lu et al. (2010) in

cut rose flowers. Initially, there was a significant increase in RFW till

day 6, after that it started decreasing in all the treatments during the

vase life of BOP (Figure 1E). RFW and rate of senescence were

reduced comparatively with an increase in the number of days in

cut spikes treated under control conditions (Figure 1E). This might

be because of lesser absorption of water uptake, increased

respiration rate and ion leakage from petals lead to the damage

cell membrane (Singh and Jegadheesan, 2003). Similar findings

were reported in petunias, daylilys, roses, and gladiolus (Bieleski and

Reid, 1992; Ezhilmathi et al., 2007; Seyf et al., 2012; Ha et al., 2019).

Studies reported that NPs treatment in cut roses, gerberas,

anthuriums, and carnations increased water uptake rate and RFW

by limiting bacterial growth, transpiration rate, and stomatal

conductance (Ansari et al., 2011; Rafi and Ramezanian, 2013; Liu

et al., 2014; Abdel-Kader et al., 2017; Amin, 2017).

The relationship between flower senescence and protein

degradation has been observed in several cut flowers, including

carnation, sword lily, daylily, and dendrobium (Vierstra, 1996;

Stephenson and Rubinstein, 1998; Sugawara et al., 2002; Azeez

et al., 2007; Lerslerwong et al., 2009; Rabiza-Swider et al., 2020).

Biofilms play a crucial role in creating a protective microhabitat

against environmental stress (Ratnayake et al., 2012; Sharma et al.,

2022). The accumulation of MDA is an indicator of the free radical

induced peroxidation of the cell membrane, which impairs the
Frontiers in Plant Science 10
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function of the lipid membrane (Leverentz et al., 2002; Irfan et al.,

2021; Sharma et al., 2021; Kapoor et al., 2022). In current findings,

MDA decreases with NP treatments on day 12 (Figure 5B), which

extends vase life over the control group. Antioxidant enzyme

activity is thought to play an important role in cellular defense

against oxidative stress (Sevillano et al., 2009; Hassan et al., 2014;

Khan et al., 2021). Their activity increases in the presence of high

levels of free radicals (Nair and Chung, 2015). Cut spikes treated

with GO alone and in combination with GO + SNP at 1 µL L−1 had

lower levels of SOD and POD activities, which was most likely due

to less oxidative stress experienced by cut flowers on day 12

(Figures 5C, D). The extended vase life with NPs is associated

with the increment of the absorption of relative water uptake

(Figure 1A), improved water balance, reduction in electrolyte

leakage (Figure 5A), and integrity of the phospholipid membrane

(Figure 5B), which inhibited the progress of senescence and

resulted in the extension of vase life (Seyf et al., 2012). These

results are accompanied by the effect of NPs as an antimicrobial

agent, thus increasing the relative water uptake, petal length, width,

and floret opening, which increases the RFW and extends the

postharvest life of cut flowers of BOP as compared with control

(Figure 2). The combined application of NPs as preservative vase

solutions for cut flower longevity has not been studied yet, thus the

current findings are reported for the first time with the synergistic

effect of GO + SNP on post-harvest life of cut flowers. Our results

confirm the efficacy of SNP in extending the vase-life of BOP cut
B

C

D

A

FIGURE 5

Effect of NPs (A) Control, (B) GO at 1 µL L−1, (C) SNP 1 µL L−1, and (D) GO + SNP 1 µL L−1 on (A) Electrolyte leakage, (B) MDA, (C) SOD activity,
and (D) POD activity in the petals of bird of paradise cut flowers. The samples were collected at day 12. Each data point indicates mean of three
independent biological replicates. Error bars indicate SE of mean. Means with different letters are significantly different (Duncan’s multiple range
test, p = 0.05).
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flowers. NPs are potent ethylene blockers, which may have an

additive effect in extending the postharvest life of cut flowers such

as cut lily, rose, and carnation (Kim et al., 2005; He et al., 2018; Liu

et al., 2018; Lin et al., 2019).

Microbial growth at the stem end is the primary cause of xylem

vessel blockage, which prevents water uptake and, as a result,

reduces cut flower longevity (Balestra et al., 2005). Stem blockage

initially occurs at the stem ends, up to 2 cm (van Doorn and Vaslier,

2002). The NP has antimicrobial properties which have been

proved to conserve the postharvest life of cut flowers (Naing and

Kim, 2020; Liu et al., 2021). As per SEM observations, cut spikes

treated with NPs alone or in combination reduced the density of

bacteria in the vase solution (Figure 3), which probably improved

the water uptake, floret opening, and RFW, resulting in an increased

postharvest life of BOP as compared with the cut spikes placed in

distilled water. After exposure of treatments to cut spikes, NPs not

only inhibit the microbial growth at stem-ends (Figure 4) but also

enters the xylem to inhibit the bacterial proliferation, and are

translocated to flower parts, viz., petals and gynoecium leading to

a higher uptake of water, floret opening, and RFWwhich ultimately

increase the longevity of cut flowers (Hassan et al., 2014; Naing

et al., 2017). Similarly, the reduction of vase solution uptake was

related to bacterial density in the stem-ends of cut roses (Li et al.,

2012). Furthermore, several studies have reported that NPs have a

bactericidal effect, which has an impact on the ability of the cut

flower to absorb water (Rai et al., 2009; Lu et al., 2010). In the

current studies, bacterial density was observed to be significantly

higher in control as presented by SEM images (Figure 3), which

probably caused microbial blockage at the stem end, resulting in

water deficit and inhibiting the vase life of cut flowers (van Doorn

and De Witte, 1997). Due to reduced bacterial populations in

solutions of NPs, there was a significant increase in the vase life of

lily, tuberose, chrysanthemum, and tulip (Nemati et al., 2013;

Bahremand et al., 2014; Byczynska and Salachna, 2017). GO has

effective antimicrobial properties as it can attach to the cell

membranes and penetrate bacteria cells by disrupting the

metabolic processes leading to reduce the microbial viability (Tu

et al., 2013). However, no such studies have been reported in most

of the cut flower crops with the GO and its effectiveness depends on

the dosage since excessive concentration clogged vascular tissues

and induced oxidative stress that accelerated flower senescence.
Conclusion

NPs were evaluated as a novel antimicrobial agent for

increasing the postharvest life of cut flowers after harvest. In

the current study, cut spikes of BOP were treated with various

concentrations of NPs and characterized by using various

parameters, demonstrating that NPs could extend the vase life

of BOP. Cut spikes treated with NPs effectively prevented

microbial proliferation, increased the relative water uptake,

and led to improve the water relation of cut spikes of the
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BOP. The synergistic effect of GO + SNP at 1 µL L−1 was most

effective in preventing the microbial density, increasing relative

water uptake, floret opening, RFW, preserving proteins,

decreasing MDA accumulation, and boosting the antioxidant

enzyme activity. Therefore, the combined application of GO +

SNPs can be recommended as the most appropriate vase

solution to extend the postharvest life of cut flowers of BOP

up to day 18 due to its excellent antimicrobial property, which

has great potential in the agriculture sector. Although this is the

first study we have reported of cut flowers of BOP, the developed

technology could be routinely used to enhance the postharvest

life of cut flowers in the commercial sector worldwide. Thus,

more future studies are required with appropriate controlled

conditions, different concentrations, and combinations with

other chemicals and sugars to establish the superiority of NPs.
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Sugar and acid profile of loquat
(Eriobotrya japonica Lindl.),
enzymes assay and expression
profiling of their metabolism-
related genes as influenced by
exogenously applied boron

Muhammad Moaaz Ali1,2, Raheel Anwar3,
Rana Naveed Ur Rehman4, Shaghef Ejaz5, Sajid Ali5,
Ahmed F. Yousef6, Sezai Ercisli 7, Xiaobo Hu1,2,
Youming Hou1* and Faxing Chen1,2*

1State Key Laboratory of Ecological Pest Control for Fujian and Taiwan Crops, College of Plant
Protection, Fujian Agriculture and Forestry University, Fuzhou, China, 2Institute of Subtropical Fruits,
Fujian Agriculture and Forestry University, Fuzhou, China, 3Institute of Horticultural Sciences,
University of Agriculture, Faisalabad, Pakistan, 4Department of Horticulture, Faculty of Food and
Crop Science, Pir Mehr Ali Shah (PMAS)-Arid Agriculture University, Rawalpindi, Pakistan,
5Department of Horticulture, Faculty of Agricultural Sciences and Technology, Bahauddin Zakariya
University, Multan, Pakistan, 6Department of Horticulture, College of Agriculture, University of
Al-Azhar (Branch Assiut), Assiut, Egypt, 7Department of Horticulture, Agricultural Faculty, Ataturk
University, Erzurum, Turkey
Soluble sugars and organic acids are themost abundant components in ripe fruits,

and they play critical roles in the development of fruit flavor and taste. Some

loquat cultivars have high acid content which seriously affect the quality of fruit

and reduce the value of commodity. Consequently, studying the physiological

mechanismof sugar-acidmetabolism in loquat can clarify themechanismof their

formation, accumulation and degradation in the fruit. Minerals application has

been reported as a promising way to improve sugar-acid balance of the fruits. In

this study, loquat trees were foliar sprayed with 0.1, 0.2 and 0.3% borax, and

changes in soluble sugars and organic acids were recorded. The contents of

soluble sugars and organic acids were determined using HPLC-RID and UPLC-

MS, respectively. The activities of enzymes responsible for the metabolism of

sugars and acids were quantified and expressions of related genes were

determined using quantitative real-time PCR. The results revealed that 0.2%

borax was a promising treatment among other B applications for the increased

levels of soluble sugars and decreased acid contents in loquats. Correlation

analysis showed that the enzymes i.e., SPS, SS, FK, and HK were may be

involved in the regulation of fructose and glucose metabolism in the fruit pulp

of loquat. While the activity of NADP-ME showed negative and NAD-MDH

showed a positive correlation with malic acid content. Meanwhile, EjSPS1,

EjSPS3, EjSS3, EjHK1, EjHK3, EjFK1, EjFK2, EjFK5, and EjFK6 may play an

important role in soluble sugars metabolism in fruit pulp of loquat. Similarly,
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EjPEPC2, EjPEPC3, EjNAD-ME1, EjNAD-MDH1, EjNAD-MDH5-8, EjNAD-MDH10,

and EjNAD-MDH13 may have a vital contribution to malic acid biosynthesis in

loquat fruits. This study provides new insights for future elucidation of key

mechanisms regulating soluble sugars and malic acid biosynthesis in loquats.
KEYWORDS

malic acid, PEPC, fruit quality, malate dehydrogenase, borax, fructokinase, sucrose,
liquid chromatography
Introduction

Fruits have their own biochemical and nutritional features

over the course of their growth, which eventually results in their

distinct fruit quality (Bermejo and Cano, 2012; Ren et al., 2015;

Zhang et al., 2021). This process promotes the development of

sugar and organic acid metabolites, which are important for the

development of fruit flavor since the growth of fruit is usually

accompanied by the accumulation and degradation of sugars

and organic acids (; Zhang et al., 2014: 2021). The balance

between the sugar-acid production, breakdown, and vacuole

storage determines their ultimate content in ripe fruits

(Ruffner et al., 1984; Pan et al., 2021). Fruits are categorised

into three major categories based on the amount of organic acid

they contain: malic acid, citric acid, and tartaric acid (Batista-

Silva et al., 2018). Malic acid is the primary organic acid type in

loquat (Li et al., 2015b; Ali et al., 2021a).

Loquat (Eriobotrya japonica Lindl.) is an evergreen fruit tree

native to China (Ali et al., 2021b). It is a member of family

Rosaceae, subfamily Maloideae (Ali et al., 2021c). Vitamin A,

vitamin B6, potassium, magnesium, and dietary fibre are all

abundant in this fruit (Badenes et al., 2003). It is an orange-

colored fruit with a mildly sweet flavor (Zhi et al., 2021). Loquat

fruit cannot be preserved for lengthy periods of time due to its soft

and juicy flesh and thin peel (Tian et al., 2011). Besides its

utilization as fruit, it is a good source of honey. Its flowers are

much attractive to honey bees, especially white-colored flowers

(Karadeniz et al., 2012). Japan, Korea, India, Pakistan, and China’s

south-central area are the main producers of loquat (Ali et al.,

2021d). In California, it’s also cultivated as an ornamental shrub

(LaRue, 2020). Loquat is grown on more than 130 thousand

hectares in China, making it the world’s biggest producer and

exporter. China produces 650 thousand tonnes of loquats each

year (Zheng et al., 2019). High fruit acidity and low sugars have

been major factors lowering fruit quality and commodity value in

commercial loquat production (Chen et al., 2009).

The mineral elements are absorbed to variable degrees and

play important roles in fruit quality, since many of them are

required for photosynthesis, respiration, energy metabolism, and

cell structure (Broadley et al., 2012; Engels et al., 2012; Wiesler,
02
23
2012; Ali et al., 2021d). In comparison to soil application, foliar

application of nutrients has a 10-20 percent greater influence

(Zaman and Schumann, 2006; Ali et al., 2021b). Boron (B) is

involved in a variety of metabolic functions, such as sugar

transport and respiration (Ali et al., 2019), cell wall formation

(Brown et al., 2002), cell division and elongation (Goldbach

et al., 2001; de Oliveira et al., 2006), membrane stability,

carbohydrate metabolism and Ca2+ uptake, hormone

activation, root development, water translocation (Zhao and

Oosterhuis, 2002; Sheng et al., 2009), and the activation of

dehydrogenase enzymes (Marschner, 1995; El-Sheikh et al.,

2007). However, the physiological and molecular functions of

boron in regulating sugar-acid metabolism are not fully known

at this time, and more research is required to clarify this.

Here, in this study, loquat trees were foliar sprayed with 0.1,

0.2 and 0.3% borax, and changes in soluble sugars and organic

acids were recorded. Soluble sugars (fructose, glucose and

sucrose) and organic acids (fumaric acid, ascorbic acid, malic

acid, cis-aconitic acid and acetic acid) were quantified using

HPLC and UPLC, respectively. The HPLC method can directly

determine oligosaccharide with a simple sample preparation. It

is one of the most promising methods for sugar analysis, due to

its universality, time efficiency, accuracy, and selectivity for the

quantification of carbohydrates (Kakita et al., 2002). Similarly,

UPLC method is used to determine organic acid content of

fruits, because of its simplicity, speed and stability (Fedorova

et al., 2020). We not only investigated the effect of different

concentrations of B on yet unexplored aspects of loquat sugar-

acid metabolism but also segregated concentration-dependent

variations in activities of related enzymes and relative expression

of their biosynthesis-related genes.
Materials and methods

Plant material, experimental design
and treatments

The young loquat trees (Cv. Jiefangzhong), growing in an

orchard located in the subtropical area of Fujian province
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(Fuqing) (25°47’26.0”N 119°20’31.0”E), were selected for this

study. The loquat trees ranged in height from 4 to 5.5 m and had

a canopy diameter of 4 to 5 m. The spacing between each tree in

the planting was roughly 6 × 6 m. Throughout the last three

growing seasons, loquat trees have been subjected to methodical

pruning and thinning, as well as fertilization with nitrogen (N),

phosphorus (P) and potassium (K) (15:15:15) at a rate of 5 kg

per plant every season. A randomized block design was used to

allocate the distribution of plants for various treatments

(RCBD). Each treatment had a total of four replications, or

blocks, allocated to it, and each individual tree was counted as a

single replicate for each treatment. Standard agricultural

procedures were used throughout the production of

loquats. These activities included drip irrigation, mineral

supplementation, weed management, and the management of

insects/pests and diseases. The experiment consisted of four

separate treatments, the control (water spray), 0.1% borax,

0.2% borax, and 0.3% borax respectively. These foliar

concentrations were chosen after an earlier study about phyto-

nutritional composition of loquat (Ali et al., 2021b). The foliar

treatment was done twice during the full bloom stage (the first

week of January, 2020), with a three-week break in between each

application. Early in the morning, a foliar spray of B was applied

to loquat trees using an electronic sprayer with a capacity of 5 L

that was set at a constant pace. Fully ripened fruits were sampled

from the sun-exposed tree canopy (Ali et al., 2021c; Ali et al.,

2021b), at about 1.5–2.5 m height, 90 days after first foliar spray,

and brought back immediately to the laboratory (Institute of

Tropical and Subtropical Fruits, FAFU).
Fruit weight and size

The average fresh weight, length (from the tallest point), and

width (from the widest point) of the fruit were determined by

averaging five batches of fruit, each of which consisted of 10

loquats from the same treatment. The fruit’s weight was

measured using a digital weighing balance (MJ-W176P,

Panasonic, Japan), and its length and diameter were gauged

with digital Vernier callipers (DR-MV0100NG, Ningbo

Dongrun Imp. & Exp. Co., Ltd., China). The length-to-width

ratio, hereafter referred to as the fruit shape index, was

determined by dividing each fruit’s length by its diameter.
Soluble solids, titratable acids, sugar-acid
ratio and fruit juice pH

Using a titrimetric approach based on NaOH (Hortwitz,

1960), the total titratable acids were calculated and shown as a
Frontiers in Plant Science 03
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percentage of citric acid. A portable digital refractometer was

used to calculate the total soluble solids (Atago, Hybrid PAL-

BXIACID F5, Japan). Total soluble solids in the sample were

divided by total titratable acids to get the sugar-acid ratio. The

acidity level of fruit juice was measured using a digital pH meter

(Hanna, HI-98107, Mauritius).
Soluble sugars determination
through HPLC-RID

The contents of soluble sugars were determined through

high-performance liquid chromatography – refractive index

detection (HPLC-RID) as earlier described by Yu et al. (2021).

Fruit samples (pulp stored at -80°C) were ground up in liquid

nitrogen, and the resulting 2 g of fine powder was mixed with a

modest quantity of polyvinylpyrrolidone in 10 mL of 95%

methanol. The supernatant fluid was collected after ultra-

sonification at 40°C for 30 min and centrifugation at 1000

rpm for 10 min. With 8 mL of ultrapure water, the procedure

was repeated using the leftover residue. A 0.22 m syringe filter

was then used to filter the clear liquid (ANPEL, China). A

Waters 2695 autosampler system was used for HPLC-RID

analysis. Ellistat Supersil NH2 column (4.6 mm × 250 mm, 5

µm particle size) (Waters Inc, Zellik, Belgium) was used to

separate soluble sugars, operated at 40°C. The mobile phases

consisted of 82% acetonitrile and 18% ultrapure water solution

mixture. The amount of the injection was 20 µL, and the flow

rate was 1.2 mL per min. In the end, the concentration of each

and every solitary soluble sugar was determined by using the

calibration curve of the standard that corresponded to it. The

standards of fructose (99%), glucose (99.5%)) and sucrose

(99.5%) were obtained from Sigma-Aldrich, USA. Every single

one of the assays for soluble sugars was carried out using three

separate samples. The output was given in milligrams per

milliliter, which was denoted with the notation mg·ml-1.
Organic acids determination
through UPLC-MS

The extraction of organic acids was carried out using the

method outlined by Nour et al. (2010), although with minor

adjustments. In order to extract juice from the loquat fruits, they

were first halved and then pressed. After going through three

layers of gauze material, the pulp was removed. Following

centrifugation of the juice at 4000 rpm for 15 min, the

supernatant was diluted 25 times and passed through an MF-

Millipore™ Membrane Filter with a pore size of 0.22 mm in

diameter. The ultra-performance liquid chromatography – mass
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spectrometry (UPLC-MS) technique was used in order to

investigate organic acids. A sample of 10 µL of eluate was

injected into an Acquity UPLC HSS T3 column (1.8 µm

particle size, 2.1 mm × 100 mm). When employing a solution

containing 0.025% H3PO4 as the solvent, the flow rate was 0.2

mL per min. Organic acids were detected at 210 nm, while

column temperature was 30°C. A Waters 2996 diode array

detector (Waters Corporation, USA) was used to detected the

eluted peaks. Using the calibration curve of the relevant

standard, the contents of the various organic acids were able

to be determined and computed. The standards of fumaric acid

(99%), ascorbic acid (99%), malic acid (99%), cis-aconitic acid

(98%) and acetic acid (99.7%) were obtained from Sigma-

Aldrich, USA. Every one of the assays for organic acids was

carried out using three separate samples. The output was

reported in milligrams per milliliter of fresh juice, which is

abbreviated as mg·ml-1 juice.

Limits of detection and quantification were included as parts

of the HPLC-RID and UPLC-MS procedures’ validation

parameters (Ribani et al., 2004). The peaks were identified by

their retention times, comparing the UV–Visible spectra and

spiking with standards. Quantification has been done using an

external standard curve with five points (Table 1; Figures S1, S2).
Enzymes extraction and activity assay

The enzymes responsible for sugar [sucrose-phosphate

synthase (SPS), sucrose synthase (SS), hexokinase (HK) and

fructokinase (FK)] and acid metabolism [phosphoenolpyruvate

carboxylase (PEPC), NADP – dependent malic enzyme (NADP-

ME) and NAD – malate dehydrogenase (NAD-MDH)] were

extracted and measured using the Solarbio enzyme activity kits

(Solarbio Life Sciences, Beijing, China) according to the

manufacturer’s instructions (Zhang et al., 2021). The

extraction kits were based on the earlier determined methods

for SPS (Schrader and Sauter, 2002), SS (Schrader and Sauter,

2002), HK (Pancera et al., 2006), FK (Papagianni and Avramidis,
Frontiers in Plant Science 04
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2011), PEPC (Zhang et al., 2008), NADP-ME (Spampinato et al.,

1994), and NAD-MDH (Yao et al., 2011).
RNA extraction and real-time
quantitative PCR

Total RNA was extracted from loquat fruit pulp using a

Total RNA kit (TianGen Biotech, Beijing, P.R. China).

NanoDrop N-1000 spectrophotometer (NanoDrop

technologies, Wilmington, DE, USA) was used to analyze

RNA concentration and purity. First-strand cDNA was

synthesized from 1 µg of total RNA using the Prime Script RT

Reagent Kit with a gDNA Eraser (TaKaRa, Dalian, China).

High-performance real-time PCR (LightCycler® 96, Roche

Applied Science, Penzberg, Germany) was used for the qPCR

analysis. Primers used in quantitative real-time polymerase

chain reaction (qRT-PCR) are included in Table S1, which

were designed using Primer-blast.

The reaction mixture contained 10 mL 2×RealStar Green Fast
Mixture (GenStar, Bejing, China), 1 µL cDNA, 0.25 µM of each

primer and water was added to make a final volume of 20 µL.

The qRT-PCR protocol started with a 5 min “preincubation” at

95°C, then 40 cycles at 95°C for 10 s and 60°C for 30 s, a

“melting” step at 95°C for 10 s, 65°C for 1 min, and 97°C for 1 s,

and a “cooling” phase at 37°C for 30 s. The 2-DDct approach

(Munhoz et al., 2015) was used to determine relative gene

expression, with the actin protein (EVM0004523.1) serving as

the internal control (Gan et al., 2020). The validation of

2−DDCt method was carried out by DCt variation analysis at

different template concentrations (Livak and Schmittgen, 2001;

Xu et al., 2017; De Rossi et al., 2021). Each sample was analysed

using three biological replicates.
Statistical analysis

The collected data was analyzed using an ANOVA with the

help of the statistical programme “Statistix 8.1” (https://www.
TABLE 1 Validation parameters for HPLC/UPLC method.

Sugar/Acid type Linearity (R2) Standard deviation (SD) Slope (y) Response (Sy) Sy/y LOD* (mg·ml-1) LOQ** (mg·ml-1)

Fructose 0.9767 1.5811 6544.8 1845.64 0.28 0.93 2.82

Glucose 0.9864 1.5811 5743.4 1231.92 0.21 0.71 2.15

Sucrose 0.9799 1.5811 4413.2 1154.19 0.26 0.86 2.62

Fumaric acid 0.9713 0.0016 1814350 381.7 0.0002 0.0006 0.0021

Ascorbic acid 0.9804 0.0174 232772.1 1303.62 0.0056 0.0184 0.056

Malic acid 0.9998 0.3488 31444.57 626.07 0.0199 0.0657 0.1991

Cis-aconitic acid 0.9777 0.0014 669100 228.85 0.0003 0.0011 0.0034

Acetic acid 0.9771 0.3488 14109.31 820.78 0.0581 0.1919 0.5817
*Limit of detection; **Limit of quantification
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statistix.com/). Means of replicated data from each treatment

were compared using Fisher’s least significant difference (LSD)

method, when p ≤ 0.05. The Pearson (n) approach was used in

‘Statistix 8.1’ to calculate the correlation coefficient values, and

“TBtools ver. 0.6655” (https://github.com/CJ-Chen/TBtools)

was used to depict the data as a heat map. Principle

component analysis (PCA) of treatments and tested variable

was done through Pearson (n) method using “XLSTAT ver.

2019” (https://www.xlstat.com/en/).
Results

Fruit weight and size

Loquat plants treated with foliar supplied B exhibited a

significant increase (p ≤ 0.05) in fruit weight and size (fruit

length, width, and fruit shape index) as compared to untreated

plants. The plants receiving 0.2% borax exhibited maximum

fruit weight (57.95 g), which was 18.19% higher than that of

untreated plants (Figure 1A). Regardless of concentration, B

improved the loquat fruit length by 8-18% as compared to

control (Figure 1B). The maximum fruit width (43.52 mm)

was recorded in the plants treated with 0.2% borax followed by

the plants receiving 0.1% (40.88 mm) and 0.3% borax

(39.11 mm) (Figure 1C). Boron application reduced fruit
Frontiers in Plant Science 05
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shape index regardless of concentration applied, indicating its

possible role in improving fruit size in terms of diameter. The

minimum fruit shaped index (1.25) was recorded in the plants

treated with 0.1-0.2% borax, which was 8% less as compared to

that of untreated plants (Figure 1D).
Soluble solids, titratable acids, sugar-acid
ratio and fruit juice pH

Total soluble solids (TSS) and titratable acidity (TTA) of

loquat fruits showed reciprocal responses to each other. Foliar

application of 0.2% borax enhanced TSS by 36.86%, while

reduced the TTA by 61.90% comparing with control

(Figures 2A, B). The plants receiving foliar application of 0.2%

B exhibited 3.60-fold increase in sugar-acid ratio, as compared to

control. The increased sugar-acid ratio and fruit juice pH

indicates the positive influence of applied treatments on sugars

accumulation in loquat fruits (Figures 2C, D).
Soluble sugars

Three soluble sugars i.e., fructose, glucose and sucrose were

quantified in the fruit pulp of B-treated loquat fruits through

HPLC (Figure 3). The results revealed that fructose and glucose
B

C D

A

FIGURE 1

Effect of foliar application of B on weight (A), length (B), diameter (C), and shape index (D) of loquat fruits. Loquat plants were foliar sprayed with
B twice at blooming stage. Same letters indicate non-significant difference among treatments according to Fisher’s least significant difference
(LSD) test, when p ≤ 0.05. Vertical bars indicate mean ± standard error (n=4, 4-block RCBD arrangement).
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were the abundant soluble sugars in loquat pulp as compared to

sucrose contributing 45.31%, 41.95% and 12.74%, respectively.

The fructose and glucose accumulation in loquat fruits showed

same pattern with respect to applied treatments. The plants
Frontiers in Plant Science 06
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receiving exogenous application of 0.2% borax exhibited

maximum fruit fructose level (8.91 mg·ml-1) among all other

treatments, which was 1.34-times higher (33.89%) than that of

untreated plants (Figure 3A). Among B treatments, 0.2% borax
B

C

A

FIGURE 3

Effect of foliar application of B on soluble sugars i.e., fructose (A), glucose (B), and sucrose (C) content of loquat fruits. Same letters indicate
non-significant difference among treatments according to Fisher’s least significant difference (LSD) test, when p ≤ 0.05. Vertical bars indicate
mean ± standard error (n=4, 4-block RCBD arrangement).
B

C D

A

FIGURE 2

Effect of foliar application of B on total soluble solids (A), titratable acidity (B), sugar-acid ratio (C), and pH (D) of loquat fruits. Same letters
indicate non-significant difference among treatments according to Fisher’s least significant difference (LSD) test, when p ≤ 0.05. Vertical bars
indicate mean ± standard error (n=4, 4-block RCBD arrangement).
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improved fruit glucose level by 58.21%, as compared to the fruit

glucose level of untreated plants (Figure 3B). In case of fruit

sucrose, plants receiving 0.3% borax showed a significant (p ≤

0.05) improvement in sucrose level, which was recorded as 3.31-

fold higher than control (Figure 3C).
Organic acids

Five organic acids i.e., fumaric acid, ascorbic acid, malic acid,

cis-aconitic acid and acetic acid were quantified in the fruit pulp

of B-treated loquat fruits through UPLC. The results revealed

that malic acid was the most abundant organic acid in loquat

pulp followed by acetic acid contributing 81.12% and 18.21%,

respectively. The proportion of fumaric acid, ascorbic acid and

cis-aconitic acid was less than 1% among tested organic acids

(Figures 4A, B, E). The exogenous application of B significantly
Frontiers in Plant Science 07
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reduced the malic acid concentration as compared to control,

ultimately reduced overall acidity of the fruits. The plants

receiving 0.2% borax exhibited minimum fruit malic acid level

(1.31 mg·ml-1) among all other treatments, which was 1.56-times

(36.07%) lower than that of untreated plants (Figure 4C). In case

of acetic acid content, it was observed that B treatments reduced

the acetic acid content in dose-dependent manner (Figure 4D).
Key enzymes involved in soluble
sugars metabolism

The SPS activity in the fruit pulp of loquat significantly

(p ≤ 0.05) increased with B application. The maximum SPS

activity was detected in the fruit pulp of the plants treated with

0.2% borax (3237.07 U·g-1 protein) (Figure 5A). Interestingly,

the SS activity was found decreased with the foliar application of
B

C D

E

A

FIGURE 4

Effect of foliar application of B on the level of organic acids i.e., fumaric acid (A), ascorbic acid (B), malic acid Ali et al.,, acetic acid (D), and cis-
aconitic acid (E) in loquat fruits. Same letters indicate non-significant difference among treatments according to Fisher’s least significant
difference (LSD) test, when p ≤ 0.05. Vertical bars indicate mean ± standard error (n=4, 4-block RCBD arrangement).
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0.2% borax (401.97 U·g-1 protein) as compared to control

(669.69 U·g-1 protein), which was 39.98% reduced as

compared to control (Figure 5B). Unlike SS, HK and FK

activities were recorded improved in fruit pulp of loquat with
Frontiers in Plant Science 08
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all preharvest treatments of B. The maximum HK activity (61.22

U·g-1 protein) was measured in the fruit pulp of the plants

treated with 0.2% borax (Figure 5C). Similarly, maximum FK

activity was recorded in fruit pulp of the loquat plants receiving
B

C D

A

FIGURE 5

Effect of foliar application of B on the activities of key enzymes involved in soluble sugars metabolism i.e., sucrose-phosphate synthase
(A), sucrose synthase (B), hexokinase (C) and fructokinase (D) of loquat fruits. Same letters indicate non-significant difference among treatments
according to Fisher’s least significant difference (LSD) test, when p ≤ 0.05. Vertical bars indicate mean ± standard error (n=4, 4-block
RCBD arrangement).
B

C

A

FIGURE 6

Effect of foliar application of B on the activities of key enzymes involved in malic acid metabolism i.e., PEPC (A), NADP-ME (B), and NAD-MDH
(C) of loquat fruits. Same letters indicate non-significant difference among treatments according to Fisher’s least significant difference (LSD) test,
when p ≤ 0.05. Vertical bars indicate mean ± standard error (n=4, 4-block RCBD arrangement).
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foliar application of 0.2% borax (391.50 U·g-1 protein), which

was 5.61-fold higher than that of untreated plants (Figure 5D).
Key enzymes involved in malic
acid metabolism

The PEPC activity in the fruit pulp of loquat significantly

(p ≤ 0.05) reduced with B application. The minimum PEPC

activity was detected in the fruit pulp of the plants treated with

0.2% borax (150.87 U·g-1 protein) (Figure 6A). Interestingly, the

NADP-ME activity was found increased with the foliar

application of B at the concentration of 0.2%. The maximum

NADP-ME activity was recorded in the fruit pulp of loquats

receiving 0.2% borax (1578.76 U·g-1 protein) in comparison with

control (771.68 U·g-1 protein), which were 2.04-fold higher that

of untreated plants, respectively (Figure 6B). Conversely, the

exogenous application of B significantly reduced the activity of

NAD-MDH as compared to control. Among B treatments, the

minimum NAD-MDH activity level was recorded in the loquats

treated with 0.20-0.30% borax (2668.87-2733.18 U·g-1

protein) (Figure 6C).
Frontiers in Plant Science 09
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Expression profiling of soluble sugars
metabolism-related genes

The expression patterns of core genes i.e., EjSPS1-4, EjSS1-5,

EjHK1-3, and EjHK1-6 encoding key enzymes i.e., SPS, SS, HK

and FK responsible for the metabolism of soluble sugars in fruit

pulp of loquat were studied (Figure 7). The expression patterns

of EjSPS1-4 genes increased with the foliar application of B.

Briefly, the relative expression of EjSPS1 was recorded maximum

in the fruit pulp of loquat when treated with 0.2% borax.

Similarly, EjSPS2 was maximally expressed under the influence

of 0.2% borax, which was 2.14-fold higher than that of control.

The EjSPS3 and EjSPS4 exhibited maximum upregulation under

the influence of 0.1-0.2% and 0.2-0.3% borax, respectively.

The EjSS3 and EjSS5 were maximally expressed under the

influence of 0.2% borax. Specifically, EjSS1 was significantly (p ≤

0.05) down-regulated by aforementioned treatment, while

showed non-significant (p ≤ 0.05) variation under the

influence of 0.1 and 0.3% borax. The EjSS2 significantly (p ≤

0.05) upregulated under the influence of 0.1% borax by 2.14-fold.

The maximum expression of EjSS3 was recorded in the loquats

treated with 0.2% borax. Foliar application of B significantly (p≤
FIGURE 7

The expression profiling of core genes involved in soluble sugars metabolism of loquat as influenced by the foliar application of B Same letters
indicate non-significant difference among treatments according to Fisher’s least significant difference (LSD) test, when p ≤ 0.05. Vertical bars
indicate mean ± standard error (4 biological and 3 technical replicates).
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0.05) reduced the expression of EjSS4 as compared to control.

Conversely, EjSS5 was found upregulated under the influence of

B. The maximum relative expression of EjSS5 was recorded in

the loquat treated with 0.2% borax.

Among B treatments, 0.2% borax significantly (p ≤ 0.05)

upregulated the expressions of EjHK1-3. The expressions of

EjHK1 and EjHK2 remained unchanged with B treatments

except when loquats received 0.20% borax. While, in the case

of EjHK3, 0.1% borax also upregulated the expression by 41.9%.

The relative expression level of EjFK1 was significantly (p ≤

0.05) increased with the foliar application of B. The EjFK1 was

maximally upregulated under the influence of 0.2% borax (by 2.41-

fold). Similarly, in the case of EjFK2, the maximum transcript level

was observed in the loquats treated with 0.2% borax (3.43). The

borax application significantly (p ≤ 0.05) upregulated EjFK3 when

applied at the concentration of 0.10% and reduced with increase in

its concentration. Among B treatments, 0.2% borax maximally

upregulated the EjFK4 by 2.23-fold. Although the maximum

expressions of EjFK5 and EjFK6 were recorded in the loquats

treated with 0.2% borax, their levels remained upregulated with all

B treatments (Figure 7).
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Expression profiling of malic acid
metabolism-related genes

The expression patterns of core genes i.e., EjPEPC, EjNAD

(P)ME and EjNAD-MDH encoding key enzymes i.e., PEPC,

NADP-ME and NAD-MDP responsible for the malic acid

metabolism in fruit pulp of loquat were studied (Figure 8).

The expression of EjPEPC1 found significantly decreased with

the foliar application of 0.2-0.3% borax. The loquats treated with

0.1-0.2% borax exhibited downregulated expression of EjPEPC2.

EjPEPC2 was minimally expressed under the influence of 0.1 and

0.2% borax, which was ≥40% lower than that of control. The

EjPEPC3 also exhibited maximum downregulation under the

influence of 0.2% borax.

The relative expression patterns of EjNAD(P)-ME genes

increased with the foliar application of B. Among B

treatments, 0.1-0.2% borax significantly (p ≤ 0.05) upregulated

the expressions of EjNAD-ME1. Specifically, the maximum

expression of EjNAD-ME1 was recorded in the loquats treated

with 0.2% borax, which were 1.56-fold higher than that of

untreated loquats. Similarly, 0.1-0.3% borax significantly (p ≤
FIGURE 8

The expression profiling of core genes involved in malic acid metabolism of loquat as influenced by the foliar application of B. Same letters
indicate non-significant difference among treatments according to Fisher’s least significant difference (LSD) test, when p ≤ 0.05. Vertical bars
indicate mean ± standard error (4 biological and 3 technical replicates).
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0.05) improved the expression of EjNAD-ME2 in fruit pulp. The

expression of EjNADP-ME remained unchanged with B

treatments except when loquats received 0.1 and 0.3% borax.

Its maximum expression was recorded under the influence of

0.3% borax which was 2.20-fold higher than that of

control loquats.

The expression of EjNAD-MDH1 decreased with the

application of borax, regardless of its concentration. The

lowest EjNAD-MDH1 transcript was recorded in the loquats

treated with 0.2% borax. EjNAD-MDH2 was maximally

expressed under the influence of 0.1% borax, which was 2-fold

higher than that of control. The EjNAD-MDH3 exhibited

downregulation under the influence of 0.1-0.3% borax. The

relative expression pattern of EjNAD-MDH4 comparatively

increased with the foliar application of 0.1% borax, while

remained unchanged under the influence of other treatments.

The expression of EjNAD-MDH5 significantly reduced with the

foliar application of B, regardless of its concentration applied.

The expression of EjNAD-MDH6 reduced with the application

of 0.1-0.2% borax. The minimum expression of EjNAD-MDH6

was observed in the loquats treated with 0.2% borax, which was

29% less than that of control. The relative expression pattern of

EjNAD-MDH7 and EjNAD-MDH8 remained unchanged under

the influence of B treatments. The EjNAD-MDH9 and EjNAD-

MDH10 exhibited its upregulated expression only under the

influence of 0.1% borax. The 0.1-0.2% borax significantly (p ≤

0.05) improved the expressions of EjNAD-MDH11. Its

maximum expression level was recorded in the loquats treated

with 0.2% borax, which was 10.75-fold higher than control. The
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expression of EjNAD-MDH12 significantly (p ≤ 0.05) reduced

under the influence of 0.2-0.3% borax. The EjNAD-MDH13 was

significantly downregulated in fruit pulp of loquat with the foliar

application of 0.2% borax (Figure 8).
Correlation analysis

Principal component analysis (PCA) was conducted to

delineate concentration-dependent effects of B on basic fruit

quality variables (i.e., fruit weight, size, total soluble solids, total

titratable acidity and fruit juice pH), soluble sugars (i.e., fructose,

glucose and sucrose), organic acids (i.e., fumaric acid, ascorbic

acid, malic acid, cis-aconitic acid and acetic acid), key enzymes

related to soluble sugars (i.e., SPS, SS, HK and FK) and malic

acid metabolism (i.e., PEPC, NADP-ME and NAD-MDH), and

relative expression levels of sugar-acid metabolic pathway genes

(Figure 9A). Based on the highest squared cosine values

corresponding to factors F1 or F2, measured attributes were

clustered around B treatments. Factor F1, covering 64.18%

variability in data (eigenvalue 38.51), showed clustering of fruit

weight, fruit length, fruit diameter, total soluble solids, sugar-

acid ratio, fruit fructose, fruit glucose, ascorbic acid, activity of

SPS, HK, FK, NADP-ME, expression of EjSPS1-4, EjSS3, EjHK1-

3, EjFK1, EjFK2, EjFK4, EjFK6, EjNAD-MDH11, and EjNAD-

MDH13 with 0.2% borax suggesting its positive influence on

these parameters. While, the clustering in opposite quadrant

exhibited negative associat ion of 0.2% borax with

aforementioned variables. Second factor, covering 19.28%
BA

FIGURE 9

(A) Principal component analysis (PCA)among B treatments and sugar-acid attributes of loquat. Clustering of B treatments and measured
attributes into groups (coloured circles) is based on their highest squared cosine values corresponding to the factor, F1 (red) or F2 (green).
(B) Pearson (n) correlation analysis between “sugar-acid profile and key enzymes involved in their metabolism” and “relative expressions of
related genes” in fruit pulp of loquat. CK, control; B1, 0.1% borax; B2, 0.2% borax; B3, 0.3% borax; FW, fruit weight; FL, fruit length; FD, fruit
diameter; FSI, fruit shape index; TSS, soluble solid contents; TTA, total titratable acidity; TSS/TTA, sugar-acid ratio; pH, fruit juice pH; Fruc, fruit
fructose; Gluc, fruit glucose; Sucr, fruit sucrose; SPS, sucrose-phosphate synthase; SS, sucrose synthase; HK, Hexokinase; FK, fructokinase.
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variability in data (eigenvalue 11.566), showed clustering of cis-

aconitic acid, EjNAD-MDH2, EjNAD-MDH4, EjNAD-MDH9,

EjNAD-MDH10, EjSS2, and EjFK3 with 0.1% borax. The

presence of EjSS4 and EjNAD-MDH3 in opposite quadrant

indicated the negative association of 0.1% borax with these

parameters. Third factor of PCA (not shown), covering

16.55% variability in data (eigenvalue 9.927), showed

clustering of pH, fruit sucrose, fumaric acid, EjNADP-ME, and

EjNAD-MDH7 with 0.3% borax. Thus, principal component

analysis helped to delineate individual roles of B concentrations

in regulating sugar-acid metabolism of loquat (Figure 9A).

The correlation between “relative expression levels of sugar-

acid metabolism-related genes” and “sugar-acid profile and key

enzymes related to their metabolism” was analysed (Figure 9B).

The fructose and glucose were positively correlated with EjSPS1-

4, EjSS5, EjHK1-3, EjFK1,2,4-6, EjNAD-ME1,2, and NAD-

MDH7,11. The fruit sucrose content was negatively correlated

with most of the studied genes except EjSPS4, EjPEPC2, EjNAD-

ME3, and EjNAD-MDH6,12. The ascorbic acid was significantly

(p ≤ 0.05) positively correlated with EjSPS1-3, EjSS5, EjHK1-3,

EjFK1,2,4,6, EjNAD-ME1,2, andNAD-MDH7,11. The fruit malic

acid content was significantly (p ≤ 0.05) positively correlated

with EjSS1, EjPEPC3, EjNAD-MDH1, EjNAD-MDH5, EjNAD-

MDH8 and EjNAD-MDH13, while significantly (p ≤ 0.05)

negatively correlated with EjSPS1-3, EjSS5, EjHK1,3, EjFK1,2,4,

EjNAD-ME1,2, and NAD-MDH11. The negative association of

cis-aconitic acid was observed with the expression of EjSS4 and

EjNAD-MDH3. A positive correlation was also found between

acetic acid and EjPEPC3, EjNAD-MDH1 and EjNAD-MDH5.

The enzymatic activity of SPS was positively correlated with

EjSPS1-4, EjSS5, EjHK1-3, EjFK1,2,4-6, EjNAD-ME1,2, and

NAD-MDH7,11, while SS only found significantly (p ≤ 0.01)

and positively associated with EjSS1 and EjNAD-MDH8. The

HK and FK activity significantly (p ≤ 0.05) and positively

correlated with EjSPS1-4, EjSS5, EjHK1-3, EjFK1,2,4-6, EjNAD-

ME1,2, and NAD-MDH7,11. The enzymatic activity of PEPC

was positively correlated with EjSS1, EjPEPC2,3 and EjNAD-

MDH1,5,6,8,13. The NADP-ME activity was found significantly

(p ≤ 0.05) positively associated with EjSPS1-3, EjHK1,

EjFK1,2,4,6 and NAD-MDH11, while negatively correlated

with EjSS1 and EjNAD-MDH8. The NAD-MDH activity

positively correlated with EjPEPC3, EjNAD-MDH1, EjNAD-

MDH5 and EjNAD-MDH6 (Figure 9B).
Discussion

Soluble sugars

The quality of fruit is heavily influenced by soluble sugars

and organic acids, the two main components of fruit flavor

(Borsani et al., 2009). At the ripe fruit stage, the soluble sugar
Frontiers in Plant Science 12
33
content of ‘Jiefangzhong’ loquat was increased to a maximum of

19 mg·ml-1 in the current investigation. Previous research has

shown that the primary sugars that may be found in loquat fruits

are sucrose, glucose, and fructose (Toker et al., 2013; Wei et al.,

2017). When it comes to the amount of sugar that they contain,

various loquat cultivars have varying degrees of variation. The

majority of cultivars have a high concentration of sucrose,

followed by fructose and glucose, although wild species do not

have any sucrose (Liu et al., 2016). According to the findings of

our study, the fructose level was found to be the highest among

the soluble sugars that were examined.

In the present study, maximum fructose and glucose were

recorded in the loquats treated with 0.2% borax. In a previously

reported study, foliar spraying of B alone or in combination with

Zn led to a large rise in the concentration of non-reducing sugar

in fruit juice. On the other hand, these sprays led to a significant

reduction in the concentration of reducing sugar and total sugar

in pomegranate (Maity et al., 2021). After being sprayed with B,

it was found that the content of sugar in papaya, mandarin

orange, mango, and pomegranate fruits increased (Babu and

Yadav, 2005; Anees et al., 2011; Davarpanah et al., 2016; Subedi

et al., 2019). The effect of B on sugar concentration could be

attributed to its role in photosynthesis, starch and nucleic acid

metabolism, the transport of sugars, and carbohydrate

metabolism (Maity et al., 2021).

During soluble sugars metabolism in plant cell, sucrose is

cleaved into UDG-glucose and fructose by sucrose synthase (SS),

or can be cleaved into glucose and fructose by invertases (Ghosh

et al., 2013; Irfan et al., 2014; Chen et al., 2017). Fructokinases

(FKs) and hexokinases (HKs) can phosphorylate free fructose

with high substrate specificity and affinity (Renz and Stitt, 1993;

Irfan et al., 2016; 2021; 2022). The cleavage of sucrose and the

metabolism of sugar are crucial processes in the formation of

healthy vascular tissue, and hence it is thought that fructose

phosphorylation by FKs and HKs is required for these processes

to take place German et al., 2003; Damari-Weissler et al., 2009;

Kumar et al., 2016; 2019; Kumari et al., 2022). Both sucrose

phosphate synthase (SPS) and sucrose synthase (SS) are

important prerequisites in the biochemical process that results

in the formation of sucrose. The synthesis of 6-phosphate

sucrose from UDP-glucose and 6-phosphate fructose is

facilitated by the presence of SPS (Stein and Granot, 2019),

whereas SS converts sucrose into UDP-glucose and fructose

(Ruan, 2014) (Figure 10A). The majority of the SS proteins may

be found in either the cytosol or the plasma membrane, but some

can be localized in the vacuole, the cell wall, or the mitochondria

(Stein and Granot, 2019). In Arabidopsis thaliana and Malus

domestica, there are 4 and 6 SPS genes, respectively

(Langenkämper et al., 2002; Li et al., 2012). The number

of SS genes varies greatly among plant species. There are 6, 8,

12, and 14 SS genes in Arabidopsis, carrot (Daucus carota),

soybean (Glycine max) and tobacco (Nicotiana tabacum),

respectively (Wang et al., 2015; Xu et al., 2019). In Chinese
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pear, it is reported that there were thirty SS genes (Abdullah

et al., 2018).

The expressions of most important genes involved in sugar

metabolism and accumulation were studied under the influence

of B treatments. The SPS genes showed relative high expression

level, while sucrose content was very low. The high transcript

level, indicated a negative correlation between sucrose

accumulation and SPS activity. A possible reason for this

discrepancy is that sucrose is the major soluble sugar in

tomato (Dali et al., 1992) and watermelon (Liu et al., 2013;

Zhu et al., 2017) but the ‘Jiefangzhong’ loquat mainly showed the

accumulation of fructose (Li et al., 2015a).
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The enzyme known as sucrose synthase (SS) is also capable

of catalyzing the reversible process of the production of sucrose.

In peaches and pears, the SS activity has a positive correlation

with the amount of sucrose present, but in strawberries and

papaya, the correlation is negative (Moriguchi et al., 1992; Lo

Bianco et al., 2000; Zhou and Paull, 2001; Basson et al., 2010). It

has been hypothesised that when there is a high quantity of

glucose and fructose, the SS may be able to be down-regulated in

order to lower the enzyme activity (Stein and Granot, 2019). In

this study, the EjSS1-4 showed negative correlation with sucrose

content. The EjSS3,5 showed positive correlation with glucose

and fructose. Similar to sucrose, EjSS2,4 showed negative
B

A

FIGURE 10

Proposed schematic representation of soluble sugars (A) and malic acid (B) metabolic pathway in fruit cell. SUT, sucrose transporters; CWINT,
cell wall invertase; HT - hexose transporters; HK, hexokinase; FK, fructokinase; SPS, sucrose phosphate synthase; SS, sucrose synthase; SPP,
sucrose-phosphate phosphatase; SWEET, sugars will eventually be exported transporter; PK, phosphokinase; PPDK, pyruvate phosphate
dikinase; PEPC, phosphoenolpyruvate carboxylase; NADP-ME, NADP-dependent malic enzyme; NAD-MDH, NAD-malate dehydrogenase; ALMT,
aluminium activated malate transporter; tDt, terminal deoxynucleotidyl transferase.
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correlation with glucose and fructose. These results indicated

that EjSS3 or EjSS5 might were the candidate genes related to

fructose and glucose synthesis, while EjSS2,4 for sucrose

degradation at fruit ripening stage.

The glucose and fructose content, activities of their

metabolism related enzymes and expressions EjHK and EjFK

genes increased in loquats with the application of B. All EjHK

and EjFK genes exhibited significantly positive correlation with

fructose and glucose contents as well as SPS, HK and FK activity

of loquat fruits. However, the expression level of EjFK3 showed

negative correlation with glucose and fructose contents,

suggesting that EjFK3 may play a crucial role in regulating the

accumulation of glucose through post-transcriptional level

(Jiang et al., 2019).
Organic acids

Aliphatic carboxylic acids, sugar-derived organic acids, and

phenolic acids are the three categories that may be used to

classify fruit organic acids (Ren et al., 2017). The majority of the

organic acids found in loquat fruits are aliphatic carboxylic acids.

Some examples of these types of acids are fumaric acid, ascorbic

acid, and malic acid (Kumar et al., 2017; Batista-Silva et al., 2018;

Sáenz-Galindo et al., 2018). In the present study, the optimized

UPLC-MS method was used to detect fumaric acid, ascorbic

acid, malic acid, cis-aconitic acid and acetic acid from the fruit

pulp of loquat under the influence of foliar applied B. Among

them, the content of malic acid accounted for about 70%-80% of

the total acid. These results are in line with the previous findings

about organic acid profile of loquat (2009; Chen et al., 2007;

Yang et al., 2021). The composition and content of organic acids

in loquat fruits have genetic variation (Famiani et al., 2015), and

the differences are also manifested between different varieties

(Chen et al., 2009). In present study, the cultivar “Jiefangzhong”

was used as plant material which is already reported as high-acid

cultivar (Chen et al., 2007; 2009; Ali et al., 2021a; Yang

et al., 2021).

Fruits with intermediate acidity tend to be more palatable,

but increasing acid content can often lower the quality of the

fruit (Zhang et al., 2021). Organic acids build throughout fruit

development and are utilised as respiratory substrates as the fruit

ripens (Raza et al., 2022). The balance of organic acid

production, membrane transit, and breakdown or use

determines the ultimate organic acid content in ripened fruits

(Sadka et al., 2000; Cercós et al., 2006; Sharma et al., 2022). In

this process, malic acid metabolism-related enzymes including

phosphoenolpyruvate carboxylase (PEPC), NADP – dependent

malic enzyme (NADP-ME), and NAD-malate dehydrogenase

(NAD-MDH) may potentially play a role in fruit malic acid

biosynthesis and degradation (Chen et al., 2009; Wu and Chen,
Frontiers in Plant Science 14
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2016). The first step in the production of malic acid begins in the

cytosol with phosphoenolpyruvate (PEP), which is then actively

transported into the mitochondria and transformed to

oxaloacetate (OAA) by phosphoenolpyruvate carboxylase

(PEPC) (Tayal et al., 2022). Then, NAD-malate dehydrogenase

(NAD-MDH) catalyses the condensation of OAA to produce

malic acid. The cytosolic enzyme NADP - dependent malic

enzyme (NADP-ME) catalyses the conversion of pyruvate to

malic acid (Chen et al., 2009; Ma et al., 2019). According to these

metabolic routes, malic acid is mostly synthesised by the

catalytic activities of PEPC, NADP-ME and NAD-MDH (Wu

and Chen, 2016; Zhou et al., 2019) (Figure 10B).

Because of the relevance and high quantity of malic acid in

fruits, great progress has been made in determining the

metabolism of malic acid in fruits. NAD-MDH activity is

inversely linked to NADP-ME activity (Chen et al., 2009),

indicating that NAD-MDH and NADP-ME may both play

essential roles in malate production and degradation,

respectively. Yang et al. (Yang et al., 2011) also cloned the

genes encoding EjPEPC, EjNADP-ME, and EjcyNAD-MDH,

and they discovered that the transcript level of EjNADP-ME in

the high-acid cultivar was considerably greater than that in the

low-acid cultivar, but EjNADP-ME and EjmNAD-MDH

expression patterns were comparable in both cultivars,

however EjPEPC and EjcyNAD-MAD expression patterns were

different, suggesting that the expression of these genes may be

crucial in controlling malic acid production in loquat fruit.

Due to coenzyme specificity, subcellular localization, and

biochemical function, NAD-malic enzyme (NAD-ME)

contributes 70-80% to malic acid accumulation (Rao and

Dixon, 2016). In a recent study, it has been proved that NAD-

cytMDH is a key gene that regulates the acidity of peach fruits

(Etienne et al., 2002). The overexpression of MdNAD-ME genes

significantly increased the content of malic acid in apple callus

(Drincovich et al., 2001). It has been reported earlier that

NADP-ME catalyzes the carboxylation of pyruvate and fixes

CO2 to produce malic acid in grapes (Sweetman et al., 2009).

NADP-ME plays a major role in the degradation of malic acid in

the cytoplasm, such as the content of organic acids in apple were

negatively correlated with NADP-ME activity (Yao et al., 2009).

The change in the activity of NAD-ME is consistent with the

biosynthesis of malic acid, the increase in fruit respiration, and

the gradual decrease of malic acid during fruit ripening (Khan

et al., 2018). During storage of climacteric fruits e.g., apple, pear,

banana, etc. the respiration increases, accompanied by

accelerated degradation of malic acid (Farrar et al., 2000;

Ruan, 2014). In the current study, the fruit malic acid content

was significantly and positively correlated with EjSS1, EjPEPC3,

EjNAD-MDH1, EjNAD-MDH5, EjNAD-MDH8 and EjNAD-

MDH13, while significantly (p ≤ 0.05) negatively correlated

with EjSPS1-3, EjSS5, EjHK1,3, EjFK1,2,4, EjNAD-ME1,2, and

NAD-MDH11.
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Conclusions

The results of the current study suggest that fructose and

malic acid are the predominant sugar and acid in fruit pulp of

loquat, respectively. Among B treatments, 0.2% borax was the

promising treatment to enhance soluble sugars and reduce malic

acid concentration in fruit pulp of loquat. Boron treatments

remarkably improved the soluble sugars content by regulating

the activities of SPS, SS, HK and FK enzymes, and altering the

expressions of related genes. The combined activity of many

enzymes, including PEPC, NADP-ME, and NAD-MDH, was

responsible for controlling the dynamics of the malic acid

concentrations evaluated in the present investigation.

Correlation analysis suggested that NAD-MDH played a vital

role in the decrease of malic acid. These findings not only

elucidated previously unknown aspects of the metabolism of

soluble sugars and organic acids, but they also provide a

significant resource for prospective studies on the application

of molecular breeding techniques to loquat fruit.
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Sanjay Kumar1,2 and Vandana Jaiswal1,2*
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The Myo-Inositol-1-phosphate synthase (MIPS) gene family is involved in the

myo-inositol synthesis and plays a significant role in signal transduction,

membrane biogenesis, oligosaccharides synthesis, auxin storage and

transport, programmed cell death and abiotic stress tolerance in plants. This

study comprehensively identified the MIPS genes in Rosaceae plant species,

and 51 MIPS genes were identified from 26 Rosaceae species. The phylogenetic

analysis divided the MIPSs into two clades (clade I; subfamily Amygdaloideae

specific, and clade II; subfamily Rosoideae specific). MIPS genes of all 26

Rosaceae species consist of similar gene structure, motif and domain

composition, which shows their conserved nature. The cis-regulatory

elements (CREs) analysis revealed that most Rosaceae MIPS genes play a role

in growth, development, and stress responses. Furthermore, the qRT-PCR

analysis also revealed the involvement of RcMIPS gene in plant development

and response to abiotic stresses, including drought and heat. The results of the

present study contribute to the understanding of the biological function of

Rosaceae MIPS genes, and that could be used in further functional validations.

KEYWORDS

myo-inositol 1-phosphate synthase, phylogenetic analysis, gene structure, cis-
elements, drought stress
Introduction

The Myo-inositol phosphate synthase (MIPS) is a key enzyme in the myo-inositol

biosynthesis pathway, that produces myo-inositol (Loewus and Loewus, 1980). Myo-

inositol is an important component that regulates plant growth and development

processes (Martin, 1998), membrane biogenesis (Roth, 2004), oligosaccharides
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synthesis (Karner et al., 2004), auxin storage and transport

(Abreu and Aragao, 2007), programmed cell death (Meng

et al., 2009), phytic acid biosynthesis (Ali et al., 2013), etc.

MIPS enzymes have been ubiquitously found in a wide range

of organisms, including higher plants and animals, parasites,

fungi, green algae, bacteria, and archaea, and it is thought to be a

primordial protein/gene (Majumder et al., 1997). Recent reports

have also specified its functional diversity and shared

evolutionary clues from archaea to higher plants and animals

(Majumder et al., 2003). A genome-wide investigation of MIPS

copies in plant kingdom was carried out to unveil the mystery of

sequence conservation and divergence (Hazra et al., 2019). MIPS

evolved from a single common algal ancestor to seed plants, and

functional diversification is perhaps controlled by genomic

variations. The differences in the number and properties of

MIPS genes result from tandem, block, whole genome

duplication and subsequent divergence. Different MIPS gene

variants acquired distinct functions during duplication and

speciation events (Hazra et al., 2019).

Additionally, MIPSs are also involved in abiotic stress

regulation in plants (Taji et al., 2006; Kaur et al., 2013; Tan

et al., 2013; Sharma et al., 2020; Alok et al., 2022). For instance,

under NaCl treatment, salt-resistant rice varieties (Oryza sativa

L.) show increased activity of the chloroplast version of MIPS

either at the seedling stage or on fully grown plants

(Raychaudhuri and Majumder, 1996). The expression of wheat

TaMIPS2 was induced in various developmental seed stages

during heat stress treatment. Unfertilized ovaries also showed

greater TaMIPS2 transcript levels, with considerable quantities

remaining during the recovery phase, indicating that MIPS is

important for heat stress recovery and flower development

(Khurana et al., 2012). The expression of the MfMIPS1 gene

was induced by salt and drought stresses in Medicago falcata.

The overexpressed MfMIPS1 tobacco lines have increased levels

of Myo-inositol, leading to enhanced tolerance to multiple

abiotic stress, i.e., cold, salt and drought stress (Tan et al.,

2013). The IbMIPS1 overexpressed lines of sweet potato also

exhibited increased salt and drought tolerance (Zhai et al., 2016).

Recently, it was shown thatMdMIPS1 overexpressing apple lines

showed enhanced drought stress tolerance (Hu et al., 2022). The

above studies suggested that theMIPS genes were involved in the

regulation of various abiotic stresses in plants.

The MIPS genes have been investigated thoroughly in

several plant species, including the model plant Arabidopsis

(Johnson and Sussex, 1995), maize (Larson and Raboy, 1999),

sesame (Chun et al., 2003), rice (Feng and Yoshida,

2004), soybean (Kumari et al., 2012), wild rice; Porteresia

coarctata (Basak et al., 2018), cotton (Ma et al., 2019), and

oat (Qin et al., 2021). Compared with other species, studies on

the characterization of MIPS genes and their function in growth

and abiotic stress regulation in the Rosaceae family are limited.

Therefore, in this study, we comprehensively analysed the

distribution of MIPS genes in 26 different species of
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the Rosaceae family. We also characterized the MIPS gene

with respect to its exon-intron structure, motif analysis,

conserved domain, phylogenetic relationship, cis-regulatory

elements, and gene ontology. Furthermore, the expression

pattern of the rose MIPS gene was also performed in different

tissues and response to the drought and heat stresses using qRT-

PCR analysis. Altogether, this comprehensive information on

MIPS genes of Rosaceae could be used for further functional

validation and also provide insight into their functional role

during abiotic stresses in roses.
Materials and methods

Sequence retrieval and identification of
MIPSs in Rosaceae family

The genome sequences of 26 Rosaceae species available at

the Genome Database for Rosaceae (GDR) (https://www.

rosaceae.org; Jung et al., 2019) were utilized for the annotation

and identification of the MIPS genes (more details were provided

in Table S1). The three Arabidopsis MIPS protein sequences

(IDs: AT2G22240, AT4G39800 and AT5G10170) were retrieved

from the TAIR database (https://www.arabidopsis.org/) used as

a query in the BLASTp program (e-value < 1× 10-5) to obtain

MIPSs of the Rosaceae. Following that, all MIPS proteins were

further verified for the presence of MIPS signature domains

(NAD_5 Binding; PF07994 and Inos-1-P Synth; PF01658) using

the Pfam database (http://pfam.xfam.org; El-Gebali et al., 2019).

The molecular characteristics (aa length, molecular weight and

isoelectric point) were predicted using the online tool ExPASy

(http://web.expasy.org/; Artimo et al., 2012).
Multiple sequence alignments and
phylogenetic analysis of MIPSs

Using the MUSCLE package available in MEGA X software

(Stecher et al., 2020), all 51 MIPS protein sequences representing

26 Rosaceae species were aligned. The phylogenetic tree was

created using the maximum-likelihood (ML) method with

Poisson model, pair-wise deletion and 1000 bootstraps in

MEGA X software. The web programme iTOL (Letunic and

Bork, 2007) has been used to visualize the phylogenetic tree.
Gene structure and motif analysis
of MIPSs

The exon-intron structure of the MIPS gene was determined

using the online server GSDS 2.0 (Gene Structure and Display

server 2.0; http://gsds.cbi.pku.edu.cn/Gsds_abou.php). The

conserved motif was predicted by using the Motif Elicitation
frontiersin.org
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(MEME) program with the parameter set to find 20 motifs

(http://meme-suit.org; Bailey et al., 2015) and visualize the

structure using the TBtool software (Chen et al., 2020).
Cis-regulatory elements analysis

To analyze the cis regulatory elements (CREs) of MIPSs, the

upstream sequences (2,000 bp) of the start codon were fetched

from the GDR database. The CREs were identified in MIPS

genes using the PlantCARE online server (Lescot et al., 2002).
Nuclear localization signals, subcellular
localization and GO analysis

The NLS in MIPS were predicted using the web tool cNLS

Mapper (Kosugi et al., 2009). Using the WoLF PSOPT II online

resource (https://www.genscript.com/wolf-psort.html?src=

leftbar), the subcellular localization of Rosaceae MIPSs was

predicted. The rose MIPS gene ID were subjected to the

ShinyGO v0.75 database (Ge et al., 2020) to obtain gene

ontology (GO) annotation.
Plant material and stress treatment

In this study, the rose genotype (Rosa chinensis) was used.

The plants were grown in plastic pots containing soil, peat, and

sand mixed in a ratio of 1:2:1 and under greenhouse conditions

(photoperiod=14 h light/10 h dark and temperature=22 ± 2°C)

for the expression analysis of the RcMIPS gene. For tissue-

specific expression analysis, the following tissues, stem, leaf,

bud and flower tissues were harvested at the flowering stage.

To impose the heat stress (HS), plants were kept at 42°C for 24 h.

For drought stress (DS) treatment, we irrigated the plants with

20% PEG 6000. Leaf samples were harvested at the following

different times: 0h, 6h, 12h and 24h for both HS and DS. During

the experiment, the control tissues were collected from the

unstressed plants. In addition, we collected apple (Malus

domestica) stem and leaf tissues for MdMIPS tissue-specific

expression analyses. All of the tissues were collected in three

biological replications and kept at -80°C till further use.
RNA isolation and quantitative
real-time PCR

The PureLinkTMRNA Mini Kit (Invitrogen) was used to

isolate total RNA according to the manufacturer’s instructions.
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Then total RNA was converted to cDNA using Thermo

Scientific’s Verso cDNA Synthesis Kit. In the QuantStudio 3

applied biosystems Real-Time PCR System, quantitative RT-

PCR (qRT-PCR) was performed using SYBR green master mix

(Applied Biosystems, Foster City, USA). ApE–A plasmid Editor

(https://jorgensen.biology.utah.edu/wayned/ape/) was used to

generate primers for the specified RcMIPS; Forward primer–

AGGAGGAACACTTTGATTGGTGG and Reverse primer–

GGTTTGTGGAGCTGAAAGGTTC. As an internal control, the

housekeeping gene RcActin (RchiOBHm_Chr1g0322051) was

employed. For expression of MdMIPS, Forward primer–

ACAACTACGAGACCACCGAG and Reverse primer–

GTGAGGGTTGAGCCATTGTT, as well as an internal control

nad5, was used (Menzel et al., 2002). Each sample received three

biological replicates and three technical replicates for qRT-PCR.

The 2−DDCt technique was used to determine the relative

expression level of RcMIPS gene (Livak and Schmittgen, 2001).
Results

Distribution of MIPS genes in
Rosaceae family

The genome-wide search through BLASTp searches and

verification of the 26 Rosaceae species reference genomes

identified a total of 51 MIPS genes (Table 1). These 26 species

belong to two Rosaceae subfamilies (Amygdaloideae and

Rosoideae). The genes were then named based on the reported

genes in Arabidopsis and their chromosome location from top to

bottom. The length of the Rosaceae MIPS gene ranged from 1042

(MbMIPS3) to 4079 bp (FnMIPS), and the average length was

2810 bp. The protein length ranged from 197aa (MbMIPS2) to

585 aa (PpyMIPS2), and the average length was 492 aa. The

predicted molecular weight of Rosaceae MIPS protein varied

from 22.0 kDa (MdMIPS2) to 64.6 kDa (PpyMIPS2), and the

average molecular weight was 54.2 kDa. As shown in Table 1,

there are variations in the number of MIPS genes among 26

Rosaceae species, it ranges from one (14 species see Table 1) to

six (Pyrus bretschneideri). However, most of Rosaceae species (14

out of 26) were found to have single copy of MIPS gene and

some have multiple copies like Gillenia trifoliata (2), Malus

domestica (3), Malus sieversii (4), Prunus domestica (5), and

Pyrus bretschneideri (6). To find out the reason behind the

expansion of Rosaceae MIPS genes, we looked at gene

duplication events in different Rosaceae genomes. A total of 43

pairs of duplications were found in the 26 Rosaceae species (for

details see Table S2). We also calculated Ka/Ks value for

duplicated gene pairs, the Ka/Ks values for all gene pairs were

less than 1, with an average of 0.185 (Table S2). These results
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TABLE 1 Detailed information of MIPS genes from 26 Rosaceae plant species.

Subfamily/Plant species Gene name Gene ID Chromosome; location* Gene length (bp) E Protein

L pI MW(KDa)

Amygdaloideae

Gillenia trifoliata GtMIPS1 Gtrc1702g28691.t1 contig_1702_RaGOO; 37185 1625 8 200 8.15 22.21

GtMIPS2 Gtr09g3310.t1 9; 4198065 2422 8 510 5.70 56.13

Malus baccata MbMIPS1 MABA000009 scaffold1; 236392 3061 8 510 5.81 56.17

MbMIPS2 MABA026953 scaffold531; 444372 3968 5 197 5.05 22.00

MbMIPS3 MABA045782 scaffold7500; 1 1042 3 228 6.06 24.64

Malus domestica MdMIPS1 Mdg_01B002770 1B; 9309046 2499 8 511 5.51 56.17

MdMIPS2 Mdg_01A002870 1A; 10195884 2683 8 511 5.51 56.17

MdMIPS3 Mdg_15A031080 15A; 36243538 2463 8 511 5.51 56.17

Malus sieversii MsiMIPS1 Msi_01B002550 1B; 9466735 2500 8 511 5.51 56.17

MsiMIPS2 Msi_01A002550 1A; 10121248 2498 8 511 5.51 56.17

MsiMIPS3 Msi_15A029500 15A; 36274631 2463 8 511 5.70 56.16

MsiMIPS4 Msi_15B030020 15B; 37382931 2463 8 511 5.81 56.17

Malus sylvestris MsyMIPS1 Msy_01A002440 1A; 9097312 2491 8 511 5.51 56.17

MsyMIPS2 Msy_01B002610 1B; 9839865 2493 8 511 5.51 56.20

MsyMIPS3 Msy_15A028140 15A; 34739104 2466 8 511 5.70 56.20

Prunus armeniaca PaMIPS PARG01757m01 LG1; 13998443 3238 8 510 5.37 56.38

Prunus avium PavMIPS CpS0039G320m0 6; 15056760 3519 8 511 5.53 56.32

Pyrus bretschneideri PbMIPS1 rna28649-v1.1-pbr NA; 453960 2970 8 510 5.45 56.17

PbMIPS2 rna33244-v1.1-pbr 1; 13180500 3671 8 510 5.51 56.17

PbMIPS3 rna43611-v1.1-pbr NA; 100556 2920 8 510 5.81 56.15

PbMIPS4 rna43612-v1.1-pbr NA; 248286 2975 8 510 5.81 56.18

PbMIPS5 rna48894-v1.1-pbr NA; 116663 2892 8 510 5.51 56.21

PbMIPS6 rna52790-v1.1-pbr NA; 16022 1647 1 547 6.45 60.72

Pyrus communis PcMIPS1 pycom01g05310 1; 4948196 2506 8 511 5.61 56.25

PcMIPS2 pycom15g29820 15; 26879374 1925 6 401 5.31 44.00

Prunus domestica PdMIPS1 Pd.00g802200.m01-v1.0 scaffold17206; 51476 2901 8 510 5.61 56.36

PdMIPS2 Pd.00g872390.m01-v1.0 scaffold5369; 2100778 2892 8 510 5.71 56.41

PdMIPS3 Pd.00g936150.m01-v1.0 scaffold4694; 333516 2901 8 510 5.61 56.36

PdMIPS4 Pd.00g945110.m01-v1.0 scaffold6401; 146743 2134 6 455 5.21 50.44

PdMIPS5 Pd.00g1179490.m01-v1.0 scaffold2249; 1935754 2903 8 510 5.61 56.36

Prunus dulcis PduMIPS Prudul26A029919 6; 17553058 3386 8 511 5.38 56.43

Prunus mandshurica PmaMIPS Pruma.6G300700.t1.p1_1 6; 17234362 2892 8 511 5.31 56.33

Prunus mira PmMIPS Pmi06g1995 6; 19591497 3252 8 511 5.37 56.39

Prunus persica PpMIPS Prupe.6G180500.1 6; 18691855 3659 8 511 5.38 56.39

Pyrus pyrifolia PpyMIPS1 Ppy01g0259.1 1; 6678562 2506 8 510 5.51 56.18

PpyMIPS2 Ppy15g2730.1 15; 26879374 2728 9 585 7.70 64.61

Prunus sibirica PsiMIPS Prusib.6G327400.t1.p1_1 6; 19203084 3405 9 515 5.31 56.82

Prunus sanyueli PsMIPS PsSY0029765.1 LG04; 26042866 3288 8 511 5.61 56.36

Pyrus ussuriensis x communis PuMIPS1 Pdr1g002830.1 1; 7456171 2918 8 511 5.51 56.21

PuMIPS2 Pdr15g005650.1 15; 10111698 2950 8 511 5.70 56.18

Rosoideae

Fragaria ananassa FaMIPS1 FxaC_1g25440 1; 12191169 3327 8 511 5.38 56.48

FaMIPS2 FxaC_2g28890 2; 14519335 3138 8 511 5.38 56.53

FaMIPS3 FxaC_3g25020 3; 13883855 3145 8 511 5.38 56.47

Fragaria nilgerrensis FnMIPS evm.model.chr1.2310 1; 22143807 4079 8 511 5.38 56.47

Fragaria viridis FviMIPS evm.model.ctg108.72 1; 13382776 2701 8 511 5.31 56.45

(Continued)
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suggested that the MIPS genes in Rosaceae species are

continuously evolving via purifying selection.
Phylogenetic analysis of Rosaceae MIPSs

To gain insights into the evolutionary relationship of

the MIPSs in 26 Rosaceae species, a phylogenetic tree was

made using ML-based multiple sequence alignments of 51 full-

length protein sequences. The phylogenetic analysis divided the

MIPSs into two clades (clade I and clade II) (Figure 1). Clade I

had 40 MIPSs belonging to 18 species of Rosaceae subfamily

Amygdaloideae and clade II had 11 MIPSs belonging to 8 species

of Rosaceae subfamily Rosoideae (Figure 1).
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Gene structure, motif and domain
composition of MIPSs

The analysis of the exon-intron structures of the 51 MIPS

genes in 26 Rosaceae species showed that the lengths of the MIPS

genes were mainly distributed within the range of 1.5–4.0 kb.

The number of exons ranges from one (PbMIPS6) to nine

(PsiMIPS and PpyMIPS2). A total number of eight exons are

most abundant and found in 43 MIPS genes (84%) (Figure 2).

Motif distribution analysis predicted 20 different conserved

motifs in 51 Rosaceae MIPS genes. The motif’s amino acid

length was varied from 6 to 50. The 13 motifs (motifs 1 to 13)

were present in all Rosaceae MIPS genes (except GtMIPS1,

MbMIPs2, MbMIPS3, PbMIPS6 and PpyMIPS2), and the
TABLE 1 Continued

Subfamily/Plant species Gene name Gene ID Chromosome; location* Gene length (bp) E Protein

L pI MW(KDa)

Fragaria vesca FvMIPS1 Fv2339_1g21380 1; 13374562 2909 8 510 5.38 56.47

FvMIPS2 FvH4_1g21450 1; 13385153 3252 8 511 5.38 56.47

Rubus chingii RchMIPS LG01.1699 LG01; 14815667 2588 8 511 5.45 56.40

Rosa chinensis RcMIPS RC2G0276300 2; 27109903 2715 8 510 5.31 56.51

Rubus occidentalis RoMIPS Ro01_G10705 1; 11491881 2737 8 510 5.45 56.40

Rosa rugosa RrMIPS evm.model.Chr6.2780 6; 25125675 2626 3 510 5.31 56.47
fr
*start position; E, Exons; L, length (aa); NA, not available.
BA

FIGURE 1

(A) Phylogenetic relationship among MIPSs belonging to the 26 Rosaceae plant species. (B) Table showing the number of MIPS genes present in
each clade/sub-family.
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organization pattern of these 13 motifs in the MIPS protein

sequence was similar in all 26 Rosaceae plant species (Figure 3).

These data suggest that MIPS is a highly conserved Rosaceae

species. The conservation of MIPS genes was further confirmed
Frontiers in Plant Science 06
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as all Rosaceae plant species MIPS protein possessed NAD

binding domain (NAD_5_Binding; PF07994) and myo-

inositol-1-phosphate synthase (Inos-1-P_synth; PF01658)

domain (Figure 4A). Additionally, the stretches of conserved
FIGURE 3

Motifs organization of Rosaceae MIPS proteins. Colour boxes represent the position of different motifs and box sizes show the length of motifs.
Amino acid sequences for 20 different motifs (motif 1 to 20) are also provided on the right side.
FIGURE 2

Exon–intron structures of Rosaceae MIPS genes. Exons are shown as yellow boxes, introns were denoted by thin dark grey lines and upstream/
downstream regions are shown as sky-blue boxes. The lengths of exons and introns can be determined using the scale bar on the bottom.
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amino acid residues such as (1) GWGGNNG, (2)

LWTANTERY, (3) INGSPQNTFVPG, and (3) GIKPLSIASYN

were also present in Rosaceae plant species (Figure 4B).
Prediction of NLS and subcellular
localization of MIPSs

The NLS prediction results showed that all the Rosaceae

MIPSs had bipartite NLSs. The 51 Rosaceae MIPSs sequences

have 41 NLSs sites (Supplementary Table S3). The PpyMIPS2

protein sequence also contains two monopartite sites in addition

to bipartite NLSs. The results of subcellular localization

prediction showed that all 51 Rosaceae MIPSs were localized

in the cytoplasm (Supplementary Table S3).
Cis−regulatory elements analysis
of MIPSs

To understand more about the possible role of MIPS genes

in regulating growth and development and abiotic stress

responses in Rosaceae species, we search for possible CREs in

the two kb promoter regions of Rosaceae MIPSs genes. In total,
Frontiers in Plant Science 07
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2243 representing 64 types of CREs were present in 51 Rosaceae

MIPS genes (Figure 5). The preponderance of the cis-acting

elements found were hormone response factors. The majority of

the identified CREs were abiotic stress response elements (992;

44.22%), followed by plant growth-related elements (728;

32.45%), light-responsive elements (288; 12.83%), and

hormone response factors (235; 10.47%).

Among the CREs of the stress response, drought-responsive

CREs (ARE, DRE, MYB, MYC, MBS, F-box and ABRE) were

predominantly present in the Rosaceae MIPS gene as compared

to other stress-responsive elements. These findings suggest that

Rosaceae MIPSs are involved in response to abiotic stresses,

particularly drought. The 10 CREs involved in the growth and

development of plants were identified in Rosaceae MIPS genes.

These include AAGAA-motif, A-Box, TATA-box, AT-rich

element, CAT-box, CTAG -motif, circadian, GCN4 motif, O2

site and HD-Zip1. The TATA-box and O2site CREs seemed to

be the most prevalent and were detected in almost all MIPS

genes. We also notice that three AT-rich element, CAT-box and

CTAG -motif CREs found only in the Amygdaloideae subfamily

of Rosaceae and absent in the Rosoideae subfamily. The 20

different types of light-responsive CREs were also predicted in

Rosaceae MIPS genes. Among them, four CREs (Box 4, GATA-

motif, GT1-motif and TCT-motif) seemed to be the most
B

A

FIGURE 4

(A) Schematic representation of the conserved domain of Rosaceae MIPS protein. Two different conserved domains i.e., NAD binding domain
(NAD_5_Binding) and myo-inositol-1-phosphate synthase (Inos-1-P_synth) are shown in different coloured boxes. (B) Multiple sequence
alignment of ten representative Rosaceae MIPS proteins. Conserved domains are indicated with red and green underlines, the four stretches of
conserved amino acid residues within domains are indicated by blue underlines.
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prevalent and appeared in almost all MIPS genes. Plant

hormones-related CREs include the abscisic acid-responsive

elements (ABRE), methyl jasmonate responsive elements

(CGTCA-motif, TGACG-motif), salicylic acid-responsive

elements (TCA-element), gibberellins responsive elements (P-

box, GARE-motif), ethylene-responsive elements (ERE), and

auxin-responsive elements (AuxRR-core, TGA-element).

Altogether, these results indicate that MIPS genes may be

involved in a variety of abiotic stress responses as well as plant

growth regulation.
Frontiers in Plant Science 08
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GO annotation of MIPS gene

To gain more insight into the function of the RosaceaeMIPS

genes, we also performed a GO enrichment analysis for the

RcMIPS gene. The results of GO enrichment analysis revealed

that the RcMIPS gene was involved in the Inositol (phytic acid)

biosynthesis, intramolecular lyase activity, Inositol (phytic acid)

metabolic process and Polyol biosynthesis process (Figure 6).

This GO annotation suggested that the MIPS genes might play

an important role in phytic acid biosynthesis.
FIGURE 6

GO analysis using ShinyGo identified enriched biological processes of RcMIPS gene. The green dots represent the nodes for each GO biological
process, while the lines (yellow and grey) represent the interaction between the nodes (minimum of 20% genes common between two
connected) GO processes.
FIGURE 5

Showing the number of cis-regulatory elements (CREs) belonging to the following four categories (stress-responsive, hormonal regulation, plant
development and light-responsive) per Rosaceae MIPS gene as a heatmap. Bar plots on the right represent the number of CREs for each MIPS gene.
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Expression profile of MIPS gene

To investigate the putative biological role of Rosaceae MIPS

genes, we performed expression analysis in Malus domestica

(subfamily, Amygdaloideae) and Rosa chinensis (subfamily,

Rosoideae). In Malus domestica, the MIPS gene was expressed

in the leaf and stem. The expression level of the MIPS gene in

both tissues was almost similar; only a slightly higher expression

(although non-significant) was observed in the leaf as compared

to stem tissue (Figure 7A). In case of rose, a significant difference

in the relative expression of RcMIPS gene was observed in

different plant tissue (Figure 7A). Among the four tissues, least

expression was observed in the stem, however, the flower bud

showed maximum expression of RcMIPS (62.66 fold higher than

the stem). In the leaf and flower tissues, RcMIPS expressed 54.39

fold and 12.58 fold higher than the stem, respectively.

The significant difference of MIPS expression was observed

in the case of rose; thus, further experiments were focused only

in the rose. We performed drought stress treatment for six to

24 h on R. chinensis plants using 20% PEG-6000, and then we

checked the expression of RcMIPS gene using qRT-PCR analysis.

Expression analysis identified that under drought stress, RcMIPS

gene was significantly upregulated (12.82-fold) as compared to

control at only 24 h and before that its expression under drought

stress was at par with control (Figure 7B). In the same tissues, we

also calculated Fv/Fm to determine the physiological stress. As

expected, at 0 h, no significant difference was observed in Fv/Fm

values of control and drought stress tissue. Physiological stress

was induced at 6 h and enhanced till 12 h, however, at 24 h

physiological stress disappeared under drought stress. At 24 h,

RcMIPS got upregulated and provided tolerance to plants to
Frontiers in Plant Science 09
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cope with stress conditions, and this might be one of the reasons

that at 24 h no physiological stress was observed and Fv/Fm

values of control tissue and drought stress tissue were almost

same (Figure 7B). These results indicate that MIPS is possibly

involved in drought stress tolerance in rose and a similar

phenomenon might be operational in entire Rosaceae

plant species.

We also explored the expression dynamics of RcMIPS under

heat stress. For this purpose, plants were exposed to 42°C and

leaf samples were collected at 0 h (control) and three-time points

under heat stress i.e., 6 h, 12 h and 24 h. Under heat stress

conditions, RcMIPS got significantly downregulated (Figure 7C).

Further, physiological stress was also prominent in plants as Fv/

Fm values significantly dropped under heat stress (Figure 7C).
Discussion

The MIPS is a key enzyme in the myo-inositol biosynthesis

pathway and has been involved in multiple biological roles in

plants i.e., signal transduction, membrane biogenesis,

oligosaccharides synthesis, auxin storage and transport,

programmed cell death, phytic acid biosynthesis (Martin,

1998; Roth, 2004; Karner et al., 2004; Abreu and Aragao, 2007;

Meng et al., 2009; Ali et al., 2013; Hazra et al., 2019). MIPS genes

have been reported in various organisms including, bacteria,

fungi, animals, and plants (Abid et al., 2009). However, no

systematic identification and characterization of MIPS genes in

the Rosaceae family have been reported. Here, by utilizing the

reference genome sequence data of 26 Rosaceae species, we have

identified 51 MIPS genes in Rosaceae (Table 1). The gene
B CA

FIGURE 7

Relative expression level of MIPS in different plant tissue, during drought and heat stress, and effect of drought and heat stresses on
quantum yield efficiency (Fv/Fm). (A) Relative expression level of RcMIPS and MdMIPS in different plant tissue. (B) Relative expression level of
RcMIPS in leaf tissue at different times (0 h, 6 h, 12 h, and 24 h) treated with 20% PEG and effect of drought stress on quantum yield
efficiency (Fv/Fm). (C) Relative expression level of RcMIPS in leaf tissue at different times (0 h, 6 h, 12 h, and 24 h) under heat stress at 42°C
and effect of heat stress on quantum yield efficiency (Fv/Fm). * and ** represent the significant difference at p <0.05 and p <0.01,
respectively using Student’s t test.
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structures, phylogenetic relationships, conserved domain and

motifs, CREs, GO annotation and expression profiling during

drought and heat stresses for RcMIPS were also analyzed.

The number of MIPS genes among 26 Rosaceae species

ranges from one to six and more than 50% of Rosaceae species

had a single copy of MIPS genes. In earlier studies conducted in

plants, it was observed that algal members, bryophyte

(Marchantia), Gymnosperm (Ginkgo), Amborella, and

important dicots (Vitis vinifera, Eucalyptus grandis, and

Daucus carota) had only one copy of MIPS gene (Hegeman

et al., 2001; Abid et al., 2009; Hazra et al., 2019). More than one

copy of MIPS (two to four) was also reported in several plant

species including rice (two MIPS copies) (Khurana et al., 2012),

Arabidopsis (three MIPS copies) (Mitsuhashi et al., 2008), cotton

and soybean (four MIPS copies) (Chappell et al., 2006; Ma et al.,

2019). These results suggested that MIPSs are highly conserved

and expanded and diversified in some higher plants including

some Rosaceae species (Gillenia trifoliata, Malus spp., Pyrus

spp., Prunus spp., Fragaria spp.) via genome duplication and

polyploidization events.

The phylogenetic analysis showed that 51 MIPSs belonging

to 26 Rosaceae species were grouped into two distinct clades

(Amygdaloideae and Rosoideae subfamily specific) (Figure 1).

Interestingly, the MIPSs of 26 Rosaceae species were randomly

dispersed in every clade, demonstrating that Rosaceae MIPSs

were conserved and existed prior to Rosaceae plant species

divergence. Further, most of the Rosaceae MIPS genes had

similar exon-intron, motif and domain configurations

(Figures 2 & 3). Earlier research has found that several key

catalytic domains are highly conserved in MIPS amino acid

sequence throughout evolutionary lines, indicating that they are

catalytically active (Majumder et al., 2003; Hazra et al., 2019).

The four highly conserved amino acid stretches i.e., GWGGNG,

LWTANTERY, INGSPQNTFVPG and GIKPLSIASYN present

in all 26 Rosaceae plant species (Figure 4) are also highly

conserved in other plant species (Majumder et al., 2003; Hazra

et al., 2019).

Most of the Rosaceae MIPS have NLS domains (Table S3),

which are essential for these proteins’ precise targeting of the

nucleus. The sub-cellular localization analysis predicts that

Rosaceae MIPS were positioned in the cytoplasm (Table S3).

As reported in earlier studies on different plant species MIPS is

usually located in the cytoplasm but is also found in the nucleus,

plasma membrane and endomembrane (Mitsuhashi et al., 2008;

Donahue et al., 2010; Ray et al., 2010; Khurana et al., 2012; Ma

et al., 2019). These results suggested that MIPS may be involved

in signal transduction, membrane trafficking and regulation of

gene expression.

We also predict 64 types CREs in the promoter of Rosaceae

MIPS genes and these were associated with abiotic stress-

response, plant development, light-responsive and hormonal
Frontiers in Plant Science 10
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regulation (Figure 5). In the promoter regions of MIPS genes

in various plants, analogous CREs have been found (Khurana

et al., 2012; Hazra et al., 2019; Ma et al., 2019). We also

observed that drought-responsive CREs (ARE, DRE, MYB,

MYC, MBS, F-box and ABRE) were predominantly present in

the Rosaceae MIPS gene as compared to other stress-responsive

elements. These findings suggest Rosaceae MIPS genes might

play role in the growth and development, and stress response

regulations in plants.

The MIPSs have been shown to be involved in the regulation

of plant growth and development (Hazra et al., 2019). The

significant difference (up to 62.66 fold) of RcMIPS in different

plant parts like stem, leaf, bud, and flower suggested the

important role of this gene in the growth and development of

rose plants also (Figure 7A). MIPSs are also reported to play

important role in abiotic stress tolerance including drought (Wei

et al., 2010; Khurana et al., 2012; Kiranmai et al., 2018) and heat

(Khurana et al., 2012). For instance, in groundnut, the MIPS

gene was considered one of the drought-responsive genes and

upregulated in transgenic lines which were more tolerant against

drought as compared to wild type (Kiranmai et al., 2018).

Similarly, in the case of other plant species like Jatropha curcas

(Wang et al., 2011), Ricinus communis (Wei et al., 2010) Ipomea

batata (Zhai et al., 2016) etc. MIPS genes were upregulated

under drought stress. In the case of rice, splice variants of the

MIPS gene (OsMIPS1) were also upregulated under drought

stress (Khurana et al., 2012). Overexpression of chickpea

CaMIPS2 gene in Arabidopsis transgenic plants shows

improved tolerance to drought stress (Kaur et al., 2013).

Ectopic expression of Medicago falcate MIPS (MfMIPS1) gene

in tobacco enhanced resistance to drought stress (Tan et al.,

2013). During the present study, significant enhancement in

expression of MIPS gene was observed under drought stress in

the case of rose and suggested the positive role of theMIPS gene

in providing tolerance against drought case of rose (Figure 7B).

Additionally, we also identified drought-responsive elements

CREs (i.e., ABRE, DRE, MYB and MYC) in the promoter

sequence of MIPS genes which further suggested the

involvement of MIPS in providing tolerance to plants under

limited water conditions. Perhaps a similar kind of function may

also be expected in the entire Rosaceae family. Further,

biochemical studies also found an increase in myo-inositol

levels under drought stress in the case of Vigna umbellata

(Wanek and Richter, 1997) and Cicer arietinum (Boominathan

et al., 2004). Altogether, MIPS genes were found to be a positive

regulator which got upregulated under drought stress and

increase the synthesis of Myo-inositol and ultimately provide

tolerance to plants under drought stress.

Under heat stress, the expression of MIPS was reported to be

different in different tissues. In the case of wheat, TaMIPS got

upregulated in root and shoot tissues, however, downregulated in
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flower tissues under heat stress (Khurana et al., 2012). During the

present study, RcMIPS got downregulated under heat stress and

consequently, physiological stress (in form of Fv/Fm) was also

observed (Figure 7C). These results may be explained by the fact

that the genotype used in the present study was R. chinensis, and R.

chinensis is a heat-susceptible species (Qi et al., 2021). Further, in R.

chinensis, RNA seq study also suggested that genes involved in

carbohydrate biosynthesis and cell wall biosynthesis genes were

downregulated and resulted into physiological stress in R. chinensis

(Li et al., 2019). All these observations suggested that allele of the

RcMIPS gene in R. chinensis might be a susceptible allele for heat

stress which got downregulated under heat stress and resulted in

physiological stress in plants. However, the situation might be

reversible with heat tolerant rose accession where MIPS genes (with

tolerant allele) perhaps provide tolerance to plants under heat stress.

In conclusion, we identified 51 MIPS genes in 26 Rosaceae

species of plants which were grouped into two clades. Gene

structure analysis suggested one to nine exons in MIPS and the

total gene length of MIPS were found up to 4079 bp. In promoter

sequence, the presence of different elements including abiotic stress-

responsive elements suggested the important role of MIPSs in

different plant developmental processes as well as abiotic stresses.

Expression analysis of RcMIPS empathized the potential role of

MIPS in plant development, drought and heat stress tolerance.

Altogether, the present study provides compressive preliminary

information on MIPS genes which can be a good foundation for

functional characterization of this important gene family.
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Use of stability statistics in
the selection of Clausena
heptaphylla (Roxb.) Wight &
Arn for novel anethole rich
strain (Jor Lab CH-2)

Mohan Lal*, Sunita Munda, Anindita Gogoi, Twahira Begum,
Joyashree Baruah, Sanjoy K. Chanda and Himangshu Lekhak

Agrotechnology and Rural Development (ARD) Division, CSIR-North East Institute of Science and
Technology (NEIST), Jorhat, Assam, India
Introduction: Anethole is an industrially important compound which is

extensively used in pharmaceuticals, cosmetics, perfumery, food and

confectioneries. Anethole is primarily obtained from fennel, anise, and star

anise which is highly expensive. Therefore, a study was performed to identify a

cost-effective and natural anethole rich strain of Clausena heptaphylla through

selection and confirmed through multilocation trial.

Methods: The study was conducted using 23 accessions collected from North

eastern region of India from 2014-2018 (initial evaluation trial) and 2018-2022

(multilocation trial). The initial trial was conducted in the experimental farm of

CSIR-NEIST, Jorhat, AssamusingComplete RandomizedBlockDesignwith three

replications. Fiveagronomical traits (plantheight, leaf length, leafwidth, numberof

stem branching, herbage yield per plant per cutting) along with essential oil yield

and anethole content were evaluated which led to the identification of anethole

rich strain ofC. heptaphylla. This identified strainwas further evaluated alongwith

the twocheckgenotypes for stability basedon three yield parameters viz.herbage

yield, essential oil yield and anethole content at four multi-locations (Imphal,

Jorhat, Runne and Madang) for four years using the same experimental design.

Results and discussion: The identified superior line (Jor Lab CH-2) showed

consistent performance for the studied yield parameters across all the

environments maintaining its superiority. The identified strain exhibited average

herbage yield of 1.2 Kg/plant/cutting and essential oil yield of 1.22%. The GC-MS

analysisof theessentialoil depicted transanetholeas themajorconstituent (93.25%)

followed by estragole (4.85%) while benzene, 1,2-dimethoxy-4-(1-propenyl

Isoeugenol methyl ether and cis-anethole were the trace components. This is the

first novel report of anethole rich variant of C. heptaphylla which has undergone

multilocational trial over theyears. Jor LabCH-2strainwill openanewscope for the

industries to isolate anethole from a different source in a cost-effective approach.
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selection breeding, GC/MS, multilocation trial, superior strain, stability
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Introduction

Herbal drugs, natural health products and secondary

metabolites of medicinal plants are increasing enormously as

people are realizing globally the valuable sources of medicinal

plants and thereby focusing extensively more on conservation

and sustainable use of medicinal plants. There is enumerable

availability of medicinally important plant species worldwide

where several species of the genus Clausena are used as

traditional medicine for human ailment (Pandey et al., 2012).

The genus Clausena includes more than 30 species namely

C.anisata, C. excavata, C. harmandiana, C. indica, C. heptaphylla

which are allocated all over tropical and subtropical areas (Guo

et al., 2018). Among all, Clausena heptaphylla belonging to

Rutaceae family is one of the important medicinal and aromatic

shrubs. It is commonly known as panbahar which is distributed

widely in South and South east Asia (Majumder and Rahman,

2016). Clausena species are basically self-pollinated plant and is

bisexual in nature having chromosome number 2n = 4x = 36

(Mehra and Khosla, 1973). Morphologically, C. heptaphylla is a

shrub or tree which measure up-to 2-4 m long, leaves are

compound, alternate and spiral which emits most agreeable

fragrance with petiole slightly marginate, terminal paniculate

cymes in inflorescence with flower about 5 mm long, greenish

yellow and glabrous. A detailed investigation revealed that C.

heptaphylla posseses carbazole alkaloids like heptazolicine

extracted from roots (Bhattacharyya et al., 1984), clausenalene

extracted from bark stem (Bhattacharyya et al., 1993), clausnapin

(Bhattacharyya et al., 1984), clausenal (Chakraborty et al., 1995),

coumarins like lunamarin A and lunamarin B (Sohrab et al., 1999),

clausmarin A (Sohrab et al., 2001), lunamarin C (Sohrab et al.,

2002) extracted from leaves.

Ethnobotanical survey revealed that Clausena heptaphylla are

beneficial for the cure of paralysis, ulcerated nose, headache and

muscular pain. They are also putative to be used as diurectic,

astringent, insecticide, tonic, vermifuge (Yusuf et al., 1994;

Fakruddin et al., 2012) and have antiseptic properties (Begum

et al., 2011). It is chewed with leaves of Piper beetle 2-3 times daily

to cure digestive problem (Mannaf et al., 2013). The leaf part is also

used in fever, remove nicotine addiction and foul odor frommouth

(Hossan et al., 2009). The bark of the plant is used for curing cattle

wounds and sprains (Sohrab et al., 2001). The plant essential oil and

flower extracts are used for skin inflammation and ophthalmia

(Agarwal, 1986; Lal et al., 2022). A recent report suggested that the

aqueous extracts of C. heptaphylla leaves were used for relieving

cigarette craving and anti-obesity (Jerajasin et al., 2014). Various

experiments have been performedwhere it was found that this plant

possess various antimicrobial, antifungal, antioxidant, antidiabetic

properties (Sohrabet al., 2001;Fakruddinet al., 2012;Lal et al., 2022).

In comparison with costly synthetic drugs which have adverse

effects, the inclination towards extraction of essential oil for

preparation of green medicine which is safe and dependable is

increasing tremendously (Pandey et al., 2021). Many scientific
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reports suggested that essential oil has therapeutic proficiency in

curing various diseases (Lal et al., 2021; Dutta et al., 2021). The

previous report on composition of essential oil mentioned that

Clausena heptaphylla possesses a predominant component known

as anethole (Lockwood, 1984; Nath et al., 1996; Lal et al., 2022).

Anethole act asaflavoringagentand iswidelyused in food industry,

cosmetics, perfumery and pharmaceuticals industries (Lal et al.,

2022). It has multiple propitious effects in human health such as

anti-inflammatory, antidiabetic, immunomodulatory,

anticarcinogenic, antithrombotic consequence (Aprotosoaie et al.,

2016; Lal et al., 2022). Till now very few studies are found where a

detailed survey has been done on anethole rich essential oil

composition of Clausena heptaphylla. Recent report on the

biological activity of C. heptaphylla essential oil revealed skin

whitening effect, anti-diabetic, anti-inflammatory, antimicrobial,

antihelminthic, antinociceptive, gastroprotective, sedative

properties representatives which is non-toxic in nature (Marinov

and Kuzmanova, 2015; Munda et al., 2019; Lal et al., 2022).

Therefore, to meet the demand of the industries and owing to the

wide application of biological friendliness of this species, a study

was conducted to identify high anethole rich strain of Clausena

heptaphylla which will be stable across different locations over the

years. The ability of a genotype to maintain the consistency of the

character at high or low yield in various environments or during

various years is known as stability (Munda et al., 2020). Genotype

stability performance is a prerequisite for identification of superior

variety andmust be carried out inmany conditions since genotypes

are greatly influenced by the environment, locations, and years

(Gupta et al., 2015). Several stability models are developed to study

the consistency of the genotypes out of which AMMI, GGE biplot

andMTSImodels are used in the study for proper validation of the

results. Earlierno studieswereperformed tovalidate the superiority

and consistency of anethole rich strain of C. heptaphylla, therefore,

this can be considered as the first report for varietal development of

anethole rich JorLabCH-2.Thedevelopmentof aplant varietywith

good and consistent performance under many environmental

conditions is quite difficult for plant breeder. Therefore, the

identification of this beneficial line can be contemplated as a

novel and resourceful report as it will help in conservation of this

species for future prospect help in betterment of farmers as well as

pharmaceuticals industries thereby making the strain a good

candidate for further drug development program. Further, Jor

Lab CH-2 will open a new scope for the industries to isolate

anethole from a different source in a cost-effective approach.
Materials and methods

Initial evaluation trial

The matured seeds of Clausena heptaphylla were collected in

a total of 23 accessions from various parts of North East India in

the year 2014 and planted in augmented design for an initial field
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evaluation trial in March 2014. The list and source of the

collected germplasm are provided in the Table S1. The field

trial was conducted in the experimental farm of CSIR-NEIST,

Jorhat, Assam, India having GPS location of 26° 44’ 15.6948” N

latitude, 94° 9’ 25.4628” E longitude and elevation 94 m above

MSL. The texture of the soil was sandy loam with pH of 5.2. The

climatic conditions of the experimental site were recorded with

minimum temperature of 8.1°C, maximum temperature of

37.8°C; minimum relative humidity (%) of 64.3, maximum

relative humidity (%) of 100; average annual rainfall of

2480 mm respectively during the evaluation period. The field

trial’s plot was 3 x 2 m in size, with a 45 x 45 cm gap between

each plant and line, respectively. The leaf specimens of the

genotypes were used to prepare the herbarium voucher which

was deposited at departmental herbarium of the institute. The

data of an initial field evaluation trial for morphological,

essential oil yield and its constituents were tracked and

recorded in the year 2016, 2017 and 2018. The maturity of the

species can be attained after two years; therefore, the leaves were

harvested for three years after every four months. A high

essential oil and high herbage yielding accession (RRLCH-2)

was found after the review of the selection trial’s data which was

later named as Jor Lab CH-2.
Multilocation trials

The seeds of the selected line along with two check genotypes

was further planted in four separate locations of Northeast India

namely, Imphal (Manipur), Jorhat (Assam), Runne (Arunachal

Pradesh) and Madang (Assam) for four years during 2018-2022.

The agro-climatic conditions of the selected multilocations for the

study are represented in Table S2. The trial was conducted in

Randomized Complete Block Design (RCBD) with three

replications. All the morphological as well as essential oil and its

components were documented for two years (2021 and 2022) after

maturity which were further analysed statistically to check its

productivity, essential oil content and quality. A total of eight

environments (coded: E1, E2, E3, E4, E5, E6, E7, and E8) were

studied comprising of four locations for two-year evaluation.
Data observation and collection

A total of five agronomical traits like plant height (cm), leaf

length (cm), leaf width (cm), number of stem branching, herbage

yield per plant per cutting (Kg) were tracked for the evaluation.

The chemical profiling of the essential oil extracted from all the

accessions were documented as per the standard protocol (Lal

et al., 2022). For data collection, ten healthy and mature plants

were randomly chosen from each genotype of each replication,

eliminating the border plants. The average values were

considered to be the final values.
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Isolation of essential oil and
chemical profiling

The Clevenger apparatus (3000 mL) was used to isolate the

essential oil from the leaves of Clausena heptaphylla (300 gm) for

four hours at a temperature of 99⁰C. The standardized procedure

was formulated by Clevenger (1928) which was modified by Lal

et al., (2022). The essential oil was subjected to anhydrous

sodium sulphate for absorption of moisture content present

followed by preservation in the glass vial. The essential oil

percentage (v/w) of the isolated essential oils was estimated

using the following formula given by Munda et al., (2020):

Essential oil (FWB) = volume   of   essential   oil   isolated   (mL)
weight   of   fresh   leaves   used   (g) � 100
Qualitative analysis of essential oil

The qualitative analysis was performed in the Sophisticated

Analytical Instrument Facility of the institute (CSIR-NEIST,

Jorhat) during all the studied years for the initial (2016, 2017

and 2018) as well as multilocation (2021 and 2022) evaluation.

Thermo Scientific TRACE 1110 gas chromatograph instrument

was used to assess the chemical profiling of C.heptaphylla leaf

essential oil integrated with TG-WAXMS column and FID

(Flame Ionization Detector). The column dimension was 60 m

× 0.25 μm. The initial temperature of the oven was at 40°C for 2

minutes which was progressively escalated to 250°C at a rate of

5°C/min. The concluding temperature was maintained at 30°C/

min for 30 min at 300°C. The carrier gas used was Helium gas at

1mL/min flow rate. The prepared sample was diluted at a ratio of

1:100 (v/v) in acetone with a split ratio of 1:20 for 1min.

Similarly, Agilent technologies gas chromatograph mass

spectroscopy instrument fused with HP-5MS silica capillary

column and mass selective detector (MSD5975 C) was utilized

for GC/MS. The dimension of HP-5MS column was 30 m ×

0.25 mm i.d with film thickness of 0.25 μm. The range for the

GC/MS scan was set at 45-650 amu. The conditions used for GC/

MS were in accordance with the GC parameters used for GC

analysis. The mass spectral data from NIST/Willey library was

deployed to compare the detected peaks of the sample followed

by confirmation with Kovat’s index on HP-5MS. The standards

(Fluka and Sigma Aldrich, Germany) were run for

authentication of the isolated compounds. The conditions for

the GC used in the study were as per standardized by Lal

et al., (2022).
Statistical analysis

Analysis of variance (ANOVA) for both pooled and individual

datawere estimated for themulti-location trial for twoyears.TheF-

test was used for the significant analysis of ANOVA. The stability

models like AMMI (Additive multiplicative mean interaction
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model), GGE (genotype+ genotype × environment) biplot and

(MTSI) Multi trait stability index was measured through stability

analysis byOlivoto et al., (2019)developedR-package “metan”. The

consistent and better performing genotypes were identified by

using these multivariate analyses.

The G x E interaction of AMMI model is given by:

Yij =μ+gi+ej +dij

where Yij is the yield of the genotype; m is the grand mean; gi
is the deviation of the mean of genotype i from m; ej is the

deviation of the environment j from m
The GGE biplot was studied using the following equation:

cYij − m =  Gi +   Ej +  GEij

where Ŷij =average phenotype for genotype i in environment

j; m = overall constant; Gi = random influence of genotype i; Ej =

fixed effect of environment j; and GEij =random effect of the

genotype i versus environment j interaction

Similarly, the formula for MTSI is as follows:

MTSI = of
j=1 Fij −  Fj
� �2h i0:5

Where Fj= ideotype’s jth score; Fij = ith genotype’s jth score
Results and discussion

All the five morphological data for Clausena heptaphylla,

its essential oil and anethole content were recorded and

evaluated after two years of plantation in the year 2016, 2017

and 2018. The range of different morphological and chemical

characteristics of the collected germplasm of C. heptaphylla

were depicted in Table 1. The outcome of the selection trial was

the identification of superior genotype rich in anethole content

which was later named as Jor Lab CH-2. The average

quantitative and qualitative data of the anethole rich

genotype Jor Lab CH-2 of C. heptaphylla are indicated in

Table 2. The herbage yield per plant per cutting was found to

be 1.2 Kg while the essential oil yield and anethole content were

recorded to be 1.22% and 92.59% respectively. The leaf
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essential oil yield of C. heptaphylla of North eastern region

was found to be 0.81% with methyl chavicol as the major

(57.5%) component followed by anethole content of 40.3%

(Nath and Bordoloi, 1992). Later, Nath et al., in 1996 reported

leaf essential oil yield of 1.40% in flowering stage and 1.20% in

fruiting stage. Similarly, Munda et al., (2019) also reported

essential oil yield of 1.28% from the C. heptaphylla leaves which

was in accordance to the present study. The essential oil

isolated from the leaves of C. heptaphylla in the current

study was observed to be similar with the earlier study.

The stability of the selected line was further analysed

through multilocation trial conducted at four different places

of North East India planted for four years to confirm its

consistency across different environments. The two check

genotypes i.e., CV-1 and CV-2 which are the local genotypes

of Assam and Manipur respectively were considered for

comparison due to the absence of registered C. heptaphylla

varieties till date. The most essential requirement for

validation of genotype consistency and variety development is

the trial conducted in multi-locations or multi-years (Lal et al.,

2017; Munda et al., 2020). There are different parameters to

check the stability of the genotypes out of which AMMI

(Additive multiplicative mean interaction model), GGE

(genotype+ genotype × environment) biplot and MTSI (Multi

trait stability index) was used to confirm the stability of the

selected superior lines and the check genotypes. The

multilocation data of the selected strain Jor Lab CH-2 and

check genotypes CV-1 and CV-2 for the year 2021 and 2022

are depicted in the Tables S3, S4.

Analysis of variance (ANOVA) was computed using the

genotypes and multi-environment trial data which indicated that

all the seven traits were statistically significant in the studied

environments (E1, E2, E3, E4, E5, E6, E7, and E8). The

genotypes were found to be statistically significant for all the

studied traits. The genotype × environment (G × E) interaction

was observed for the traits leaf width, herbage yield, essential oil

and anethole content (Table 3). Since, G × E interaction was

observed in the economic traits, therefore, stability analysis was

performed for the three traits (HY, EO and AN). The variation
TABLE 1 Range for morphological and chemical data of C.heptaphylla germplasm in initial evaluation and multilocation trial.

S. No. Characters Range

Initial evaluation trial Multilocation trial

1. Plant height (cm) 108-260 120 - 234

2. Leaf length (cm) 4.6-15 4.3 - 8.6

3. Leaf width (cm) 2.7-5.6 1.8 - 2.85

4. No. of stem branching 1-7 2 - 6

5. Herbage yield/plant/cutting (kg) 0.6-1.2 0.41 - 1.12

6. Essential oil (%) 0.8-1.22 0.43 - 1.25

7. Anethole (%) 52-92.59 40.84 – 93.25
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observed in the three genotypes for the yield traits are

represented as boxplots for herbage yield/plant/cutting (Kg),

essential oil yield and anethole content (Figure 1). Boxplots are

the representative of the concerned traits on the basis of

variation, mean and range. The herbage yield (HY) varied

from 0.41 (CV1 in E4) to 1.12 (Jor Lab CH-2 in E6) Kg per

plant irrespective of different genotypes and multi-

environments. Similarly, essential oil ranged from 0.43 (CV1

in E3) to 1.25% (Jor Lab CH-2 in E1) with CV of 44.25% and

anethole content varied from 40.84 (CV1 in E7) to 93.25% (Jor

Lab CH-2 in E1) with CV of 32.11%. The CV (coefficient of

variation) was highest for essential oil yield (44.25%) followed by

the number of stem branching per plant (41.03%) and herbage

yield per plant (35.99%). The least variation was observed for leaf

width (12.89%) with a range of 1.8–2.85 cm. The genotype

variability in different environments was indicated for the

studied traits. The AMMI ANOVA for herbage yield per plant

depicted 97.85% of the total sum of squares (SS) was due to

genotype, 0.78 and 0.47% due to environment and interaction

between genotype-environment (GEI) respectively. Similarly,

98.64, 0.24, and 0.39% of the SS for essential oil yield was due

to genotype, environment and GEI respectively. The anethole
Frontiers in Plant Science 05
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content revealed highest SS% due to genotype (98.88), lowest for

environment (0.30) and GEI (0.49) (Table 3). The high value of

SS% for genotype depicted strong influence of genotypes on the

yield parameters while very low environmental influence can be

predicted. High value for sum of squares is an indication of

strong influence of the source as well as specifies its diverse

nature (Alam et al., 2015; Singh et al., 2019). The interaction of

genotype with the environment was partitioned into two

principal components for all the studied traits. Therefore, the

effects of environment as well as genotypes were illustrated

simultaneously in biplots of AMMI1 (additive main effects vs

IPCA1) and AMMI2 (IPCA1 vs IPCA2). The consistency and

high yield of the selected superior line (Jor Lab CH-2) was clearly

revealed in the AMMI biplots compared with the check

genotypes (Figures 2–4). The key to successful breeding

program for development of superior varieties is high yield

together with the consistent performance of the genotype in

different environments (Lal et al., 2020; Munda et al., 2021). The

GGE biplot was also generated since it enables evaluation of

environments due to discriminativeness and representativeness

of genotype plus genotype-environment interaction which

makes it superior to the AMMI biplot analysis (Figure 5) (Yan

et al., 2007). Similarly, MTSI analysis clearly demonstrated that

Jor Lab CH-2 is the most stable and high yielding genotypes

based on all the yield and quality traits (Figure 6). MTSI is a

unique technique for selecting stable preferred genotypes in crop

breeding programmes based on multiple traits (Benakanahalli

et al., 2021). All these parametric analysis supports the notion

that the selected strain performed well in all the multi-locations

over the years making it a novel anethole rich strain of C.

heptaphylla. The suitable environment for the herbage yield,

essential oil yield and anethole content were also determined in

GGE biplot. The environment E7 followed by E6 showed best

suitability for herbage yield while for essential oil yield (E2

followed by E6) and anethole content, environment E3 followed
TABLE 3 AMMI Analysis of variance for the seven traits in C. heptaphylla in MLT.

Source Plant Height Leaf Length
Leaf
Width

Number of Stem
Branching

Herbage
Yield

Essential Oil
%

Anethole
content

DF MS SS% MS SS% MS SS% MS SS% MS SS% MS SS% MS SS%

ENV 7 87.6 613.2 0.109 0.760 0.032 0.221 0.159 1.111 0.005 0.033 0.003 0.019 12.57 88.0

REP
(ENV)

16 31.4 502.7 0.329 5.274 0.048 0.773 0.917 14.667 0.002 0.038 0.003 0.055 5.83 93.3

GEN 2 64653.3 129306.7 67.334 134.668 1.578 3.156 43.931 87.861 2.072 4.145 3.709 7.419 14298.39 28596.

GEN × ENV 14 17.5 245.5 0.107 1.496 0.051 0.707 0.248 3.472 0.001 0.020 0.002 0.029 10.21 142.9

PC1 8 24.2 193.3 0.153 1.225 0.067 0.534 0.363 2.905 0.002 0.017 0.002 0.018 11.28 90.2

PC2 6 8.7 52.2 0.045 0.271 0.029 0.173 0.095 0.567 0.001 0.003 0.002 0.011 8.78 52.7

Residuals 32 36.6 1171.1 0.274 8.753 0.044 1.394 0.667 21.333 0.004 0.113 0.002 0.073 7.60 243.2

Total 85 1553.9 132084.6 1.794 152.447 0.082 6.959 1.522 131.917 0.051 4.369 0.089 7.623 344. 79 29307.1

CV 25.95 23.35 12.89 41.03 35.99 44.25 32.11
fronti
ENV, environment; REP, replication; GEN, genotype; PC, Principal components; DF, degree of freedom; MS, mean sum of squares; CV, coefficient of variation.
TABLE 2 Average quantitative and qualitative data of the anethole
rich genotype Jor Lab CH-2 of C. heptaphylla during the initial trial.

S. No. Characters Quantitative data

1. Plant height (cm) 234 ± 2.48

2. Leaf length (cm) 9.3 ± 1.06

3. Leaf width (cm) 3.2 ± 0.68

4. No. of stem branching 7 ± 0.92

5. Herbage yield/plant/cutting (Kg) 1.2 ± 0.23

6. Essential oil (%) 1.22 ± 0.08

7. Anethole (%) 92.59 ± 0.12
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by E2 were the most favorable environments. The location

Imphal and Madang located in Manipur and Assam

respectively could be considered as the suitable location for Jor

Lab CH-2.

The chemical profiling of the essential oil analysis for Jor Lab

CH-2 led to the identification of four compounds accounting for

98.54% of the total essential oil (Figure 7). The compound trans-

Anethole was the principal constituent with area percentage of

93.25% which was followed by estragole (4.85%). The trace

components were cis-Anethole (0.27%) and Benzene, 1,2-
Frontiers in Plant Science 06
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dimethoxy-4-(1-propenyl Isoeugenol methyl ether (0.17%)

(Table 4). Trans anethole is an ethanol soluble volatile

compound characterized by grassy and sweet aroma. It is an

isomer of E-anethole and is widely used in pharmaceutical,

cosmetic, food and fragrance industries (Akcan et al., 2018).

Anethole is dominantly present in the essential oil of Illicium

verum (72-92%) and also in Foeniculum vulgare and Pimpinella

anisum seed (Sharafan et al., 2022). In contrast, the present study

demonstrated that the superior strain of Clausena heptaphylla

essential oil exhibited an average of 92.59% trans anethole which
FIGURE 2

AMMI 1 and 2 model biplot for herbage yield/plant (Kg) of Jor Lab CH-2 compared with the check genotypes (CV1 and CV2) evaluated in
eight environments.
A

B

C

FIGURE 1

Box plots depicting the variation in (A)Herbage yield plant-1 (HY), (B) Essential oil yield (EO) and (C) Anethole content (AN) for individual genotypes over
the environments. The dashed line shows the overall mean.
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is higher than the Illicium verum essential oil. The essential oil

of I. verum, F. vulgare and P. anisum seeds are very expensive

which could be substituted with the easily available C.

heptaphylla proving to be a cost-effective alternative source.

The essential oil of the identified strain Jor Lab CH-2 can be a

good source of anethole for industrial applications due to its

various biological activities as pharmaceutical applications. A

recent study reported the efficiency of anethole rich Jor Lab

CH-2 as skin whitening agent, anti-diabetic and anti-

inflammatory representatives which is non-toxic in nature (Lal

et al., 2022). Similarly, other pharmacological applications include
Frontiers in Plant Science 07
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antimicrobial, anti-helminthic, antinociceptive, gastroprotective,

sedative properties (Marinov and Kuzmanova, 2015; Munda et al.,

2019). Additionally, it also serves as a masking agent to cover up

unpleasant odors in various products like mouthwash, toothpaste,

soaps etc. It is also used in food industry as flavoring agent and

additives in chewing gums, candies, baked foods etc. Therefore,

the anethole rich strain of C. heptaphylla will be highly beneficial

to the essential oil, food, perfumery and pharmaceutical

industries. Earlier studies from North Eastern region of India

performed on C. heptaphylla essential oil revealed only 40.3% E-

anethole in leaf essential oil and 12.7% in fruit essential oil which
FIGURE 4

AMMI 1 and 2 model biplot for anethole content (%) of Jor Lab CH-2 compared with the check genotypes (CV1 and CV2) evaluated in
eight environments.
FIGURE 3

AMMI 1 and 2model biplot for essential oil yield (%) of Jor Lab CH-2 compared with the check genotypes (CV1 and CV2) evaluated in eight environments.
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is much lower to the present strain (Nath and Bordoloi, 1992).

Later, Nath et al., (1996) reported the presence of E-anethole as

the major component in C. heptaphylla essential oil with 98.2% in

leaf essential oil at both fruiting and flowering stage while 61.67%

anethole was revealed in fruit essential oil. Some investigation also

reported that other species of Clausena like C. anisate, C.

austroindica and C. harmandiana possesses anethole (80.00–

97.44%) as major component in leaf essential oil (Addae-

Mensah et al., 1996; Johnson et al., 2022). Another report

mentioned that C. indica essential oil was rich in myristicin
Frontiers in Plant Science 08
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(35.3%) content (Diep et al., 2009) while C. pentaphylla yielded

0.80% essential oil having methyl eugenol (38.1%) as the principal

volatile constituent (Pandey et al., 2012). The variation in the

chemical constituents of the essential oil may serve as the

chemotaxonomic value for intraspecific differentiation of

Clausena species. A recent report was published by the same

team on the biological activities of Jor Lab CH-2 which indicated

the presence of anethole (88.59%) as the principal component (Lal

et al., 2022). However, the stability analysis was not performed to

observe its consistency across different locations over the years

which is an essential criterion for varietal development. The strain

clearly represented its stability based on herbage yield, essential oil

yield and anethole content across four different multi-locations of

NE India.
Conclusions

Clausena heptaphylla is a plant of industrial importance

because the essential oil of this plant consists of anethole which

is used in pharmaceutical, perfumery and food industries.

Currently, the industries rely on Illicium verum, Foeniculum

vulgare and Pimpinella anisum seeds to produce anethole but the

essential oil of these species are very expensive. Therefore, the

essential oil of these species can be substituted with Jor Lab CH-2

which is anethole rich strain and cost effective. This high

anethole rich strain of C. heptaphylla was identified through

evaluation trial for four years followed by multilocation trial in

four different locations for four years with a total of eight-year

study. The agronomical and the biochemical data clearly

indicated that Jor Lab CH-2 was superior than the other

studied genotypes with plant height of 234 cm, leaf length

(9.3 cm), leaf width (3.2 cm), number of stem branching (7),

herbage yield of 1.2 Kg per plant, essential oil% (1.22%) and
FIGURE 6

Multi trait stability index (MTSI) of Jor Lab CH-2 and check
genotypes based on three yield parameters (Herbage yield
plant-1, Essential oil yield and Anethole content).
A B C

FIGURE 5

interaction effect of Jor Lab CH-2, CV1 and CV2 over two years across four multilocations for (A) Herbage yield plant-1 (B) Essential oil yield (C)
Anethole content. The biplots were created based on Scaling = 0, Centering = 0,SVP = 2.
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anethole% (92.59%). Stability along with the superiority is an

important step in varietal development programme; therefore,

stability parameters like AMMI, GGE and MTSI were used to

confirm the results of the identified strain along with the check

genotypes indicating the stable performance of Jor Lab CH-2 in

terms of economic yield. This is the first report on the

identification of anethole rich novel strain of C. heptaphylla

which was followed by stability analysis, the results were found

to be consistent and satisfactory. This new strain will expand the

possibilities for the commercial production of anethole and offer

the pharmaceutical, perfumery and food industries new cheap

sources of raw materials.
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TABLE 4 GC-MS analysis of anethole rich variety of C. heptaphylla (Jor Lab CH-2) leaf essential oil planted at Madang location.

Compound Retention Time Retention Indicesexp Retention Indiceslit Area%

Estragole 10.55 1196 1198 4.85

cis-Anethole 11.48 1254 1256 0.27

trans-Anethole 12.03 1284 1285 93.25

Benzene, 1,2-dimethoxy-4-(1-propenyl Isoeugenolmethyl ether 15.55 1492 1492 0.17

Total identified 98.54

Total identified 1.46

Total 100.00
frontie
exp, experimental; lit, literature.
FIGURE 7

Chromatogram for GC-MS analysis of anethole rich variety Jor Lab CH-2 of Clausena heptaphylla.
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Global whole-genome
comparison and analysis to
classify subpopulations and
identify resistance genes in
weedy rice relevant for
improving crops

Zhenyun Han1, Fei Li1, Weihua Qiao1,2, Xiaoming Zheng1,2,3,
Yunlian Cheng1, Lifang Zhang1, Jingfen Huang1,
Yanyan Wang1, Danjing Lou1, Meng Xing1, Weiya Fan1,
Yamin Nie1, Wenlong Guo1, Shizhuang Wang1,
Ziran Liu1 and Qingwen Yang1,2*

1National Key Facility for Crop Gene Resources and Genetic Improvement, Institute of Crop
Sciences, Chinese Academy of Agricultural Sciences, Beijing, China, 2National Nanfan Research
Institute (Sanya), Chinese Academy of Agricultural Sciences, Sanya, China, 3International Rice
Research Institute, Metro Manila, Philippines
Common weedy rice plants are important genetic resources for modern

breeding programs because they are the closest relatives to rice cultivars and

their genomes contain elite genes. Determining the utility and copy numbers of

WRKY and nucleotide-binding site (NBS) resistance-related genes may help to

clarify their variation patterns and lead to crop improvements. In this study, the

weedy rice line LM8 was examined at the whole-genome level. To identify the

Oryza sativa japonica subpopulation that LM8 belongs to, the single nucleotide

polymorphisms (SNPs) of 180 cultivated and 23 weedy rice varieties were used

to construct a phylogenetic tree and a principal component analysis and

STRUCTURE analysis were performed. The results indicated that LM8 with

admixture components from japonica (GJ) and indica (XI) belonged to GJ-

admixture (GJ-adm), with more than 60% of its genetic background derived

from XI-2 (22.98%), GJ-tropical (22.86%), and GJ-subtropical (17.76%). Less

than 9% of its genetic background was introgressed from weedy rice. Our

results also suggested LM8 may have originated in a subtropical or tropical

geographic region. Moreover, the comparisons with Nipponbare (NIP) and

Shuhui498 (R498) revealed many specific structure variations (SVs) in the LM8

genome and fewer SVs between LM8 and NIP than between LM8 and

R498. Next, 96 WRKY and 464 NBS genes were identified and mapped

on LM8 chromosomes to eliminate redundancies. Three WRKY genes

(ORUFILM02g002693, ORUFILM05g002725, and ORUFILM05g001757) in

group III and one RNL [including the resistance to powdery mildew 8 (RPW8)

domain, NBS, and leucine r ich repeats (LRRs)] type NBS gene

(ORUFILM12g000772) were detected in LM8. Among the NBS genes, the
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RPW8 domain was detected only in ORUFILM12g000772. This gene may

improve plant resistance to pathogens as previously reported. Its classification

and potential utility imply LM8 should be considered as a germplasm resource

relevant for rice breeding programs.
KEYWORDS

weedy rice, population classification, structural variation, WRKY, NBS
1 Introduction

The genus Oryza comprises plants with an evolutionary

history spanning 15 million years, during which they underwent

both natural selection and artificial selection. Weedy rice (Oryza

sativa f. spontanea), which is a conspecific relative of cultivated

rice that commonly grows in close proximity to cultivated rice,

has certain wild rice characteristics that combine to form diverse

features (Li et al., 2017; Wu et al., 2021). Previous research

indicated that hybridizations between crops and weeds are

relatively uncommon, and alleles for excellent agronomic traits

in compatible rice plants may be introgressed into weed

populations (Lu et al., 2016; Merotto et al., 2016). According

to a recent analysis of genome sequencing data, Chinese weedy

rice lines independently de-domesticated from locally cultivated

rice varieties and were modified by balancing selection during

the de-domestication process (Qiu et al., 2017). Meanwhile, Li

et al. (2017) detected two strains of weedy rice in the USA that

originated from Asian indica and aus rice plants via de-

domestication events. On the basis of population genomic

analyses, weedy rice at high latitudes and weedy rice at middle

latitudes were grouped with japonica and indica accessions,

respectively (Sun et al., 2019). To date, the commonly used

rice reference genomes are from Nipponbare (NIP; Kawahara

et al., 2013), 93-11 (International Rice Genome Sequencing

Project, 2005), Shuhui498 (R498; Du et al., 2017), as well as

Zhenshan 97 and Minghui 63 (Zhang J W et al., 2016). To

accelerate the identification of beneficial alleles in weedy rice

potentially useful for enhancing cultivated rice, the genomes of

WR04-6 (Sun et al., 2019) and LM8 (Li et al., 2021), which are

two weedy rice lines, have been assembled.

Unlike animals, which can move toward the most

appropriate areas within their habitats and avoid diverse

stresses, plants are sessile and continuously exposed to various

abiotic and biotic stresses. Accordingly, identifying genetic

variations in resistant germplasms and clarifying complex

pathways regulating resistance are critical for the breeding of

resistant crop species. The immunity network and mechanisms

underlying the adaptation of plants to adverse environmental

stimuli remain to be thoroughly characterized, although WRKY
02
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and NBS genes resistance genes are confirmed contributors.

Specifically, WRKY-encoding proteins, also as one of

transcription factors (TFs), are involved in regulating plant

responses to multiple stresses, including pathogen or bacterial

infections, drought, cold, freezing, and wounding (Li et al.,

2020). They usually contain a DNA-binding region comprising

the highly conserved WRKYGQK sequence (i.e., WRKY

domain) at the N-terminus as well as a zinc finger structure

(CX4-5CX22-23HXH) (Eulgem et al., 2000). Both the W-box

region with the consensus sequence (C/T)TGAC(T/C) and the

sugar-responsive element comprising TAAAGATTACTAATAGGAA

in the downstream target gene promoters are specifically recognized by

WRKY TFs, resulting in activated transcription (Sun et al., 2003). The

WRKY TFs in group I contain two WRKY domains, whereas the

group II and III members have one WRKY domain. The WRKY TFs

in groups II and IIImay be distinguished by their C2H2 andC2HC zinc

fingers, respectively (Chen et al., 2017). The WRKY domain has been

detected in two Arabidopsis TIR-NBS-LRR (TNL) proteins (Narusaka

et al., 2009).

In fact, the TIR-NBS-LRR proteins, which are also called

TNL proteins, consist of a nucleotide-binding (NB) domain and

C-terminal leucine rich repeats (LRRs) along with a Toll/

interleukin-1 receptor/resistance (TIR) domain in the N-

terminal region (Collier and Moffett, 2009). The presence of a

coiled-coil (CC) domain instead of a TIR domain in the NBS-

LRR N-terminal region results in a CC-NBS-LRR (CNL) protein

(Collier and Moffett, 2009). Apart from TNL and CNL genes,

RPW8-NBS-LRR (RNL) represent a special N-terminal domain

known as RPW8 (resistance to powdery mildew 8) domain

containing NBS-LRR region (Zhang Y M et al., 2016). The

NB and LRR domains are separated by an ARC (Apaf-1, R

protein, and CED-4) domain (Collier and Moffett, 2009). The

functional central nucleotide-binding pocket includes the NB

and ARC domains (Collier and Moffett, 2009). During the co-

evolution with pathogenic microorganisms, plants evolved a

series of resistance (R) and avirulence genes that protect

against infections. Similar to other crops, rice has evolved two

defense strategies, namely pathogen-associated molecular

pattern (PAMP)-triggered immunity (PTI) and effector-

triggered immunity (ETI) (Dodds and Rathjen, 2010). Of the
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known R genes, NBS genes are the most prevalent and they

encode proteins with important roles in the ETI system (Meyers

et al., 2003). The WRKY TFs and NBS proteins in Oryza species

have been identified and analyzed, including those in cultivated

rice and wild rice; however, those in weedy rice species have not

been studied (Ross et al., 2007; Xu et al., 2016; Rawal et al., 2018).

The LM8 weedy rice line was named because its pericarp is

green until maturity. There is increasing interest in this weedy

rice line among breeders because of its green pericarp and small

grains, which may be preferred by consumers. In this study, LM8

was used for a whole-genome analysis after a high-quality

genome was assembled. The subpopulation classification of

LM8 was completed using cultivated japonica and indica

strains. Moreover, a comparative analysis was performed using

NIP and R498 reference genomes. In addition, the weedy rice

WRKY and NBS gene family members were identified and

collated for a comprehensive genome-wide analysis and

comparison with diverse species. Phylogenetic relationships

and the conserved motifs among families were investigated to

provide useful insights into the conserved regulator. On the basis

of our study findings, LM8 may be used to clarify the rice de-

domestication process, while also serving as a resource for plant

biotechnologists and breeders interested in enhancing rice traits

through genetic modifications.
2 Materials and methods

2.1 Plant materials and data selection

The 203 Oryza species used for the subgroup classification of

LM8 included 180 cultivated varieties and 23 weedy rice

varieties. The O. sativa groups japonica and indica were

designated as GJ and XI, respectively. Using the 3K database

(Wang et al., 2018; https://registry.opendata.aws/3kricegenome/

), 20 cultivated varieties were randomly selected from the GJ-

adm (admixture components within japonica and indica), GJ-

trp (Southeast Asian tropical), GJ-sbtrp (Southeast Asian

subtropical), GJ-tmp (primarily East Asian temperate), XI-1A

(East Asia), XI-1B (modern varieties of diverse origins), XI-2

(South Asia), XI-3 (Southeast Asia), and XI-adm groups. The

NIP and R498 genomes were selected as the representative

japonica and indica reference genomes for the whole-genome

comparison with LM8.
2.2 Detection and annotation of SNPs

The SNP databases for the 180 cultivated varieties are

available online (SNP-Seek; http://snp-seek.irri.org).

Information for 10 straw hull (SH) and 10 black hull awned

(BHA) US weedy rice lines and 3 Chinese weedy rice lines was

downloaded from the National Center for Biotechnology
Frontiers in Plant Science 03
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Information (NCBI) database (SRR4334499). The NIP, R498,

and Arabidopsis genome data at the chromosome level were

obtained from online databases (www.rice.uga.edu/, www.

mbkbase.org/R498/, and www.ncbi.nlm.nih.gov/data-hub/

genome/GCF_000001735.4/, respectively). Details regarding

the LM8 genome are available in the NCBI BioProject

database (accession number PRJNA754271).

Variant SNPs and insertions/deletions (InDels) were

detected using the GATK (4.2.2.0) software, which was

followed by (1) identification of active regions; (2) assembly of

plausible haplotypes; (3) estimation of the per read likelihoods

using the PairHMM algorithm; and (4) determination of the

sample genotype. First, the GATK-HaplotypeCaller tool

(versions 4.2.2.0) was used to analyze the bam files to obtain

the sample GVCFs, after GATK-GenotypeGVCFs were used to

genotype the variants with CombineGVCFs. Second, raw

variants generated from the calling steps were filtered to

identify the high-quality variants using the following

parameters of GATK VariantFiltration: QD <2.0, MQ <40.0,

FS >60.0, MQRankSum <−12.5, ReadPosRankSum <−8.0, and

SOR >4.0. After combining the 3K-SNP data, the 5.12 Mb raw

variants were filtered again (mis <10% and maf >5%) to generate

the 4.03 Mb variant files (Table S1).
2.3 Population structure and
phylogenetic analyses

On the basis of the whole-genome SNPs among the 201

Oryza species included in this study, a neighbor-joining

phylogenetic tree was constructed using the Treebest (versions

1.9.2) software, with 1,000 bootstrap replicates. As previously

described (Lee et al., 2014), a typical method to construct trees

has been: 1) calculating p-distance from all SNP data between

two samples, 2) making the p-distance matrix for all samples, 3)

constructing and drawing the phylogenetic tree image. The

principal component analysis (PCA) of the SNPs was

completed using the GCTA software to cluster the principal

components into different subsets according to the differences in

the individual genome SNPs. The population structure was

analyzed using the ADMIXTURE software. Low cross-entropy

values reflected high-quality runs. Independent runs were

performed for each simulated K value (from 2 to 10). The K

value for which the cross-entropy curve reflected a sensible

model was chosen (i.e., based on the likelihood value).
2.4 Genome comparison and analysis

Two comparisons were completed (LM8 versus NIP and

LM8 versus R498) using the MUMmer (4.0.0rc1) software with

the following parameters: nucmer -l 50 -c 100 -mum; delta-filter

-i 90 -l 100 -1. According to the results of the collinearity
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analysis, presence-absence variations (PAVs) and structural

variations (SVs) were identified using the SVUM and SYRI

programs, respectively. In the final sequence variation files,

variant sequences longer than 50 kb were retained, whereas

variant sequences in the gap region were eliminated during the

original variation test. Each SV was calculated for 1 Mb windows

to generate the final Circos results.
2.5 WRKY and NB-LRR gene
family analysis

To identify the WRKY and NB-LRR genes, the WRKY and

TIR, CC, NBS, or LRR amino acid motifs were searched. The

WRKY and NLR sequences in the LM8, NIP, and Arabidopsis

genomes were obtained from database (accession number

PRJNA754271 in the NCBI BioProject, www.rice.uga.edu, and

www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000001735.4/,

respectively). The Molecular Evolutionary Genetics Analysis

(MEGA; v11) program was used to construct a maximum-

likelihood gene family phylogenetic tree, with 1,000 bootstrap

replicates. Next, the WRKY and NB-LRR genes were mapped to

12 chromosomes using MapChart (2.3).
3 Results

3.1 Subpopulation classification of LM8
in Oryza plants

In 2021, Li et al. published the LM8 high-quality genome

sequence and revealed LM8 is a japonica-type weedy rice line. To

further classify LM8 within the japonica group, its SNPs as well

as those in other weedy rice lines and accessions from the 3K

database selected on the basis of the 3K classifications were

downloaded to construct a neighbor-joining phylogenetic tree.

The indica group (XI) served as the control. The phylogenetic

tree constructed according to pairwise Nei’s genetic distances

showed that the 10 subpopulations could be clustered into two

groups (japonica and indica) (Figure 1A). Additionally, LM8 was

located in the ‘adm’ branch (Figure 1A), implying that it was

admixed (i.e., between japonica and indica). Moreover, LM8 was

also classified in the japonica group. To verify the classification

of LM8 in GJ-adm, a PCA was performed using the genome-

wide SNPs in domesticated and weedy rice varieties (Figures 1B,

C, and S1). The first three principal components (PCs), which

explained 36.68% of the variance (Table S2), corresponded to

genetic evolutionary factors as follows: PC1 separated the

japonica (GJ-adm, GJ-trp, GJ-sbtrp, and GJ-tmp) and indica

(XI-1A, XI-1B, XI-2, XI-3, XI-adm, SH, and BHA) subgroups

(Figures 1B, C), whereas PC2 and PC3 distinguished between the

weedy rice lines. Consistent with this finding, the weedy rice

lines SH and BHA formed two clusters. The centralized
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subpopulation classification suggested the population

clustering according to 3K was accurate. In terms of LM8, PC1

revealed the obvious differences between LM8 and the cultivated

(japonica and indica groups) or weedy rice varieties (Figure 1B).

Next, the STRUCTURE program and an increasing

subpopulation (K) value (2 to 10) were used to assign

individuals to population structures and to explain the PC1-

based clustering of LM8. The final population subgroups were

determined according to (1) the likelihood value of these models

and (2) the previously reported classification of accessions on the

basis of the 3K database. When K was set to 2, the likelihood

value was highest (0.570) and most of the rice accessions were

clearly divided into the indica and japonica groups (Figure S3).

Additionally, 50.43% and 49.57% suggested the “misplaced”

LM8 was derived from a japonica and indica mixture (Table

S3). Of the nine runs for K = 9, the run with the lowest likelihood

value (0.462) was optimal for grouping samples and was selected

for assigning the posterior membership coefficients to each

accession (Figure S3). These rice accessions were grouped into

the following 11 subpopulations: SH, BHA, GJ-adm, GJ-trp, GJ-

sbtrp, GJ-tmp, XI-1A, XI-1B, XI-2, XI-3, and XI-adm

(Figure 1D). In addition, the indica/japonica admixture of

LM8 was easily identified and was in accordance with the

phylogenetic relationships, with 22.98% from XI-2, 22.86%

from GJ-trp, 17.76% from GJ- sbtrp, 9.86% from GJ-tmp,

8.63% from XI-3, 8.44% from BHA, 6.59% from XI-1A, 2.36%

from XI-1B, and 0.52% from SH (Table S3). Nearly 10% of the

genome contained genetic remnants of weedy rice, but in terms

of geographical locations, LM8 tended to be similar to the

tropical or subtropical accessions. These results suggested that

the LM8 admixed genetic background was derived mostly from

indica/japonica hybridizations rather than from weedy rice lines.

Furthermore, LM8 is a japonica-type weedy rice line.
3.2 Whole-genome comparisons with
NIP and R498

Considering a considerable proportion of its admixture

components was from XI and GJ, LM8 may be a novel rice

resource with a complementary gene pool. To further explore

genome-wide diversity, the PAVs and SVs in the genomes of

NIP (a typical japonica variety), R498 (a typical indica variety),

and LM8 were detected and examined. Next, the deletion

(DELs), insertion (INSs), inversion (INVs), translocations

(TRANS) and duplication (DUPs) were identified between

LM8 and NIP (as reference) and between LM8 and R498 (as

reference; Figure 2). No matter comparing to NIP or R498, DELs

and INSs were distributed relatively evenly across 12

chromosomes in the LM8 genome (Figures 2A, B). In contrast,

INVs, TRANS and DUPs were unevenly distributed across 12

chromosomes in LM8, with many of them detected on

chromosomes 2, 5, 6, 7, 8, 10, 11, and 12 (Figures 2A, B).
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Comparisons to NIP, the higher variation density of INVs were

detected in the position of Chromosome 3 (20000001-

21000000) , Chromosome 5 (16000001-17000000) ,

Chromosome 6 (12000001-19000000), Chromosome 8

(6000001-8000000 and 12000001-13000000), Chromosome 11

(18000001-19000000) and Chromosome 12 (14000001-

15000000; Figure 2A, Table S4). Besides, there was a sharp

peak in the 5000001-6000000 region of chromosome 8 and 78

variation density of TRANSs (Figure 2A, Table S4). Also, the

obvious variation density peak of DUPs were detected in the
Frontiers in Plant Science 05
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position of Chromosome 3 (20000001-21000000), Chromosome

5 (15000001-16000000), Chromosome 6 (12000001-20000000),

Chromosome 7 (11000001-14000000), Chromosome 8

(5000001-15000000), Chromosome 11 (9000001-10000000),

Chromosome 12 (14000001-18000000; Figure 2A, Table S4).

Differently, the maximum value of TRANSs located the

12000001-13000000 position on Chromosome 12 in the

comparison of LM8 and R498 group (Figure 2B, Table S5).

And comparisons to R498, the distinct peak value of INVs and

DUPs were detected in the 14000001-16000000, 9000001-
D

A

B C

FIGURE 1

Subpopulation classification of LM8. LM8 was classified and its population structure was determined via an analysis of genome-wide SNPs in
203 cultivated and weedy rice lines. (A) Maximum-likelihood phylogenetic tree. (B–C) Principal component analysis. (D) Genetic proportions
calculated using STRUCTURE ADMIXTURE (K = 9). GJ and XI represent the O. sativa groups japonica and indica, respectively. As described by
Wang et al. (2018), GJ-adm and XI-adm represent admixture components within japonica and indica. Additionally, GJ-trp, GJ-sbtrp, GJ-tmp,
XI-1A, XI-1B, XI-2, and XI-3 represent Southeast Asian tropical, Southeast Asian subtropical, primarily East Asian temperate, East Asia, modern
varieties of diverse origins, South Asia, and Southeast Asia, respectively.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1089445
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Han et al. 10.3389/fpls.2022.1089445
12000000, 12000001-14000000, 14000001-15000000, 11000001-

15000000 region of chromosome 6, 7, 8, 10, 11, respectively

(Figure 2B, Table S5). According to the result of the above

description, there were significant correlation between INVs and

DUPs of distribution in both LM8 versus NIP and LM8 versus

R498 comparisons.

As expected, there were fewer SVs between LM8 and NIP

than between LM8 and R498. The LM8 vs NIP comparison

revealed 27,125 SVs, of which 9,806 were DELs, 11,209 were

INSs, 1,040 were INVs, 3,783 were TRANSs, and 1,287 were

DUPs in LM8 (Figures 2A, C). Among the 36,760 SVs detected
Frontiers in Plant Science 06
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by the LM8 vs R498 comparison, 12,121 were DELs, 15,105

were INSs, 984 were INVs, 6,879 were TRANSs, and 1,671

were DUPs in LM8 (Figures 2B, C). We defined the SVs

exclusive to NIP or R498 as specific SVs, whereas the SVs in

both NIP and R498 were designated as common SVs. Of the

63,885 SVs revealed by the two comparisons, 9,739 were

common SVs (15.24%), including 4,773 DELs, 3,608 INSs,

240 INVs, 991 TRANSs, and 127 DUPs in LM8. In contrast,

27.21% (17,386/63,885) and 42.29% (27,021/63,885) of the

SVs were specific to the LM8 vs NIP and LM8 vs R498

comparisons, respectively.
A

B

C

FIGURE 2

Whole-genome comparisons between LM8 and NIP and between LM8 and R498. (A) Circular diagram of the variation distribution and density
on 12 chromosomes in LM8 revealed by the LM8 vs NIP comparison. (B) Circular diagram of the variation distribution and density on 12
chromosomes in LM8 revealed by the LM8 vs R498 comparison. (C) Venn diagram analysis of the number of variations. DEL, deletion; INS,
insertion; INV inversion; TRANS, translocation; DUP, duplication.
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3.3 WRKY transcription factor families

TheWRKY TFs have core functions affecting plant hormone

crosstalk and processes influencing plant growth and

development (e.g., stress responses). It is unclear whether the

abundant SVs in LM8 affect WRKY gene responses to various

biotic and abiotic stresses under natural conditions. To identify

WRKY genes and determine their chromosomal distribution, 96

WRKY genes in the LM8 and NIP genomes and 73WRKY genes

in the Arabidopsis genome were analyzed (Figure S4). Details

regarding these genes, such as their gene IDs and WRKY

domains and positions, are listed in Table S6. In LM8, WRKY

genes were detected on 12 chromosomes, some of which were

included in four clusters comprising at least four genes

(Figure 3A). These clusters were distinct from those in

Arabidopsis (Figure S5), with cluster 1 on chromosome 1

(35,398,161-35,468,751), cluster 2 on chromosome 5

(28,617,903-28,933,603), cluster 3 on chromosome 11

(756,297-803,420), and cluster 4 on chromosome 12 (854,961-

904,182; Table S6 and Figure 3A). Interestingly, 15 of the 18

WRKY genes in the four clusters belonged to group III. More

specifically, the comparison with Arabidopsis indicated 13 of

these 15 genes were clustered in subgroup IIIb (Figure 3B).

These 13 WRKY genes were identified as fol lows:

ORUFILM01g003806, ORUFILM01g003807, ORUFILM01g0

03809, ORUFILM01g003811, ORUFILM11g002299, ORUFI

LM11g002300, ORUFILM11g002301, ORUFILM11g002302,

ORUFILM11g002303, ORUFILM12g001262, ORUFILM12g001

263, ORUFILM12g001266, and ORUFILM12g001268.

The maximum-likelihood phylogenetic tree constructed

using the WRKY gene sequences in LM8, NIP, and

Arabidopsis and MEGA (v11) (Figure 3B) divided the genes

into subgroups Ia, Ib, IIa, IIb, IIc, IId, IIIa, IIIb, and IV, which

was in accordance with previously reported classifications (Ross

et al., 2007). The group IV WRKYs lack a complete zinc-finger

motif (Eulgem et al., 2000). An earlier study indicated japonica

contains relatively few group IV WRKY TFs (Ross et al., 2007).

In another study, Xie et al. (2005) proposed that group IV genes

may be incorrectly annotated because of genome sequencing

errors or they might be pseudogenes that lack biological

functions. Thus, the three main groups of WRKY family genes

(i.e., I, II, and III) are indicated by three red circles in Figure 3B.

The phylogenetic analysis suggested group I diverged into two

clades (subgroups Ia and Ib), whereas group II diverged into four

clades, with subgroups IIa and IIb clustered in one clade and

subgroups IIc and IId in another (Figure 3B). Group III was the

largest, with subgroup IIIa and IIIb in two clades (Figure 3B).

One of the subgroup IIIb members in LM8 was related to a gene

in NIP (Figure 3B). In the phylogenetic tree, the following three

genes were clustered with Arabidopsis genes and not NIP genes:

ORUFILM02g002693 (chromosome 2: 26,334,166-26,346,714),

ORUFILM05g002725 (chromosome 5: 1,733,309-1,734,147), and
Frontiers in Plant Science 07
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ORUFILM05g001757 (chromosome 5: 15,083,202-15,087,922)

(Figure 3B). Moreover, they were specifically detected in the

LM8 genome and not in the NIP genome (Figure 3A). According

to the constructed tree, ORUFILM02g002693 is most closely

related to AT2G44745, whereas ORUFILM05g002725 and

ORUFILM05g001757 are most closely related to AT2G23320

and AT2G40740, respectively (Figure 3B).
3.4 NBS gene families

To clarify the pathogen resistance associated with sequence

variants that may be applicable for breeding, the NBS-encoding

genes in LM8, NIP, and Arabidopsis were downloaded and

analyzed. The NIP genome had the most NBS genes (496),

followed by the genomes of LM8 (464) and Arabidopsis (165)

(Table S7 and Figure S6). The NBS genes in Arabidopsis were

detected on 5 chromosomes, while the NBS genes in LM8 and
A

B

FIGURE 3

WRKY gene family analysis. (A) Distribution of WRKY genes
across 12 chromosomes in the LM8 genome. (B) Phylogenetic
tree containing WRKY genes from Arabidopsis, Nipponbare, and
LM8. Ath, Arabidopsis thaliana; Osa, Oryza sativa. Nipponbare
was selected as a typical cultivated rice variety, whereas Ath and
Osa served as controls. The conserved WRKY structural domains
were used to classify the WRKY genes, which are indicated by
three red circles.
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NIP were on 12 chromosomes. In Arabidopsis, the NBS genes

were mainly designated as CNL and TNL types (Mondragón-

Palomino et al., 2002), according to Xiang et al. (2017),

which followed by CN, NBS, NL, RN, RNL, and TN types

(Figure 4). With the exception of one RNL-encoding gene

(ORUFILM12g000772) in LM8, the NBS genes in the LM8 and

NIP genomes were mainly CN, CNL, NBS, NL, and TN types

(Figure 4). These results are consistent with the findings of an

earlier study, in which CN- and CNL-encoding genes were

identified in Oryza species (i.e., non-TNLs) (Zhou et al., 2004).

In the LM8 and NIP genomes, there were three TN-encoding

genes that lacked the LRR domain (Figure 4). Compared with

the NIP genome, the LM8 genome had fewer CN-encoding

genes, but more CNL-encoding genes (Figure 4). To elucidate

the evolutionary relationships among the predicted NBS genes, a

phylogenetic tree were constructed based on the fact the

diversity of the protein domain was generally consistent with

that of the NBS region (Figure 5). The tree revealed a lack of

specific clustering, with the NBS genes divided into almost 200

groups. One of the clades included most of the CN-encoding

genes in LM8 and NIP and the TNL-encoding genes in

Arabidopsis, implying they may share a common origin and

may be functionally similar. Furthermore, the phylogenetic tree

indicated the NBS genes in Arabidopsis and rice (LM8 and NIP)

formed distinct clusters, unlike the WRKY genes (Figures 3, 5).
4 Discussion

Oryza sativa has been divided into two major groups (indica

and japonica). Advances in biotechnology-based research have
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clarified the differences among these two groups and other

varietal types at the isozyme, DNA, and genome levels. The

diverse 3K-RG accessions of Asian rice cultivars were classified

into the XI-1A, XI-1B, XI-2, XI-3, XI-adm, GJ-adm, GJ-trp, GJ-

sbtrp, and GJ-tmp subpopulations following a neighbor-joining

method-based phylogenetic analysis of genomic SNPs. The

results of the current study are consistent with previously

reported findings regarding japonica rice (Wang et al., 2018),

while also demonstrating that LM8 is closely related to GJ-adm

subpopulations and may have originated in tropical or

subtropical regions. Moreover, consistent with a previous

report (Li et al., 2017), the weedy rice lines SH and BHA were

included in the indica group and they were closely related to the

XI-1A and XI-2 subpopulations, respectively (Figure 1A). These

results directly supported the findings of earlier research on rice

evolution and further indirectly confirmed the accuracy of our

result that LM8 belongs to GJ-adm. Accordingly, LM8 may be a

source of heat resistance genes that can be exploited by breeders.

As expected, the LM8 genetic background was mostly derived

from cultivated rice varieties and was generally not altered by

selective breeding, thereby avoiding problems associated with

distant hybridizations. In terms of the genome SVs, 27.21% and

42.29% of the specific SVs were revealed by the LM8 vs NIP and

LM8 vs R498 comparisons, respectively. This may explain the

detection of LM8 between japonica and indica during the PCA

(PC1-3). Additionally, there were more specific SVs than

common SVs, reflecting the clear difference between the

evolution of LM8 and the evolution of NIP and R498. Besides,

considering of yield-related traits in rice, the small grain is

another representative characterize to LM8. As a results, the

quantitative trait loci for grain length were localized to
FIGURE 4

Number of different types of NBS genes in the LM8 genome.
Ath, Arabidopsis thaliana; Osa, Oryza sativa. Nipponbare was
selected as a typical cultivated rice variety, whereas Ath and Osa
served as controls.
FIGURE 5

Phylogenetic analysis of WRKY genes in Arabidopsis, Nipponbare,
and LM8. Ath, Arabidopsis thaliana; Osa, Oryza sativa.
Nipponbare was selected as a typical cultivated rice variety,
whereas Ath and Osa served as controls.
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chromosome 3 (Li et al., 2021) in LM8. The detected sequence

variations on chromosome 3 (18,000,001-19,000,000, Table S4,

S5) suggested that the SVs of DELs or INSs may be associated

with the production of short grains (Figures 2A, B). However,

the almost identical positions of the INVs and DUPs will need to

be further analyzed to uncover additional evolutionary

relationships and functions.

Similar to other weedy rice lines, LM8 grows in rice fields. It

has also survived because of stochastic introduction. Thus, the

genetic resistance of LM8 and other weedy rice lines to biotic

and abiotic stresses developed under complex environmental

conditions (Guan et al., 2019; Jia and Gealy, 2018). Many plant R

genes have been studied. For example, there are hundreds of

representative NBS genes that confer resistance to a wide range

of plant pathogens, including bacteria (Zhao et al., 2005), fungi

(Li et al., 2018), nematodes (Esmenjaud et al., 1996), and viruses

(Seo et al., 2006), as well as insects (Quisenberry and Clement,

2002). In addition, NBS genes belong to the most important class

of resistance-related gene families and they encode proteins that

recognize pathogen-secreted factors, thereby activating

downstream signaling pathways leading to defense responses.

To activate defense activities following the perception of

pathogen signals, TFs (e.g., WRKYs) bind to plant-specific cis-

regulatory elements and activate gene expression. Furthermore,

diverse plant processes may be responsive to various WRKY TF

family members during exposures to a variety of stresses (Viana

et al., 2018). Hence, genome-wide analyses of NBS and WRKY

genes may expand our understanding of the effects of the

proteins encoded by these genes on stress resistance, but

future investigations will need to further clarify the functions

of these proteins under natural conditions and/or the complex

network of associated responses.

Many WRKY TF-encoding genes have been identified in the

genomes of Oryza relatives. For example, Ross et al. (2007) mapped

non-redundant WRKY genes to individual chromosomes, which

resulted in the identification of 102 and 98 WRKY genes in indica

and japonica, respectively. A total of 89 WRKY genes in NIP

(japonica) and 97 WRKY genes in the Oryza nivara genome have

been identified and mapped to the corresponding chromosomes.

Wu et al. (2005) detected 102 putative WRKY genes in the rice

genome and compared them with Arabidopsis genes. Future

research on WRKY genes may further elucidate their genetic

diversity and contributions to stress resistance. In this study, 96

WRKY genes were identified in the weedy rice line LM8 and then

clustered into nine groups. The distribution of theWRKY genes on

12 chromosomes resulted from a long de-domestication process

and the evolution of Oryza species. Our findings suggest that the

group III rice WRKY gene family expanded more quickly than the

other gene families. This phenomenon likely contributed to the

adaptive responses of rice to complex environmental conditions. By

using an online resource (https://www.arabidopsis.org/), three genes
Frontiers in Plant Science 09
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in LM8 (ORUFILM02g002693, ORUFILM05g002725, and

ORUFILM05g001757) were predicted to affect the flowering stage,

embryo cotyledonary stage, and vascular leaf senescence stage.

The NBS genes encode proteins responsible for plant

immune responses to pathogens. Most of these genes in rice

were identified in earlier genome-wide re-sequencing analyses.

In 2004, Zhou et al. identified 535 NB domain-encoding

sequences in the NIP genome, but genes encoding TIR-NB-

LRR proteins were not reported. The NB-LRR genes in the

genomes of O. rufipogon Griff. wild rice lines Huaye 1 and

Huaye 2 reportedly differ from the corresponding genes in two

reference genomes. More than 108 of these genes were revealed

by different comparisons (Huaye 1 vs 93-11, Huaye 2 vs 93-11,

Huaye 1 vs NIP, and Huaye 2 vs NIP). Furthermore, these NB-

LRR genes were mainly localized to chromosomes 2 and 11. In

an earlier investigation, 2,688 NB-LRR genes served as queries

for a BLAST search; these genes were anchored to 12

chromosomes in three rice cultivars and eight wild rice

accessions (Rawal et al., 2018). In the present study, we

determined that LM8 contains one RNL-encoding gene

(ORUFILM12g000772). This gene includes sequences for the

CC, NB-ARC, and LRR domains. The ORUFILM12g000772

protein sequence was downloaded and aligned with

LOC_Os12g39620, At5g66900, At5g66910, and AtRWP8.1

(Figure S7). The analysis of the five alternatively spliced

sequences of LOC_Os12g39620 (Figure S7A) suggested amino

acids 1-251 may correspond to the Arabidopsis RPW8 domain

(Figure S7B, C). As previously reported for Arabidopsis, the

RPW8 loci, including RPW8.1 and RPW8.2, mediate the

resistance to the oomycete and fungal pathogens responsible

for downy mildew and powdery mildew, respectively (Xiao et al.,

2001). Li et al. (2018) confirmed that the ectopic expression of

RPW8.1 leads to increased resistance to the blast fungus

Pyricularia oryzae and the bacterial pathogen Xanthomonas

oryzae pv. oryzae. The ORUFILM12g000772 gene described

herein will need to be functionally characterized to assess

whether LM8 may be useful for breeding novel rice varieties

with enhanced resistance to various diseases.

Although the weedy rice line LM8 is one of many Oryza

resources, its diverse genetic background and GJ-adm

subpopulation closely related to rice cultivars should be

considered by rice breeders. The results of our whole-genome

analysis of LM8 and the comparison with the NIP and R498

genomes revealed specific SVs, indicative of genes that may be

useful for distinguishing between rice accessions. Perhaps not

surprisingly, four unique resistance genes were identified, among

which the RNL-encoding gene may confer broad resistance to

multiple pathogens. Hence, global whole-genome comparisons

and analyses may facilitate the classification of subpopulations

and the identification of elite genes that may be exploited by rice

breeding programs.
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Genetic improvement of temperate fruit and nut crops through conventional

breeding methods is not sufficient alone due to its extreme time-consuming,

cost-intensive, and hard-to-handle approach. Again, few other constraints that

are associated with these species, viz., their long juvenile period, high

heterozygosity, sterility, presence of sexual incompatibility, polyploidy, etc.,

make their selection and improvement process more complicated. Therefore,

to promote precise and accurate selection of plants based on their genotypes,

supplement of advanced biotechnological tools, viz., molecular marker

approaches along with traditional breeding methods, is highly required in

these species. Different markers, especially the molecular ones, enable direct

selection of genomic regions governing the trait of interest such as high quality,

yield, and resistance to abiotic and biotic stresses instead of the trait itself, thus

saving the overall time and space and helping screen fruit quality and other

related desired traits at early stages. The availability of molecular markers like

SNP (single-nucleotide polymorphism), DArT (Diversity Arrays Technology)

markers, and dense molecular genetic maps in crop plants, including fruit

and nut crops, led to a revelation of facts from genetic markers, thus assisting in

precise line selection. This review highlighted several aspects of the molecular
frontiersin.org01
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marker approach that opens up tremendous possibilities to reveal valuable

information about genetic diversity and phylogeny to boost the efficacy of

selection in temperate fruit crops through genome sequencing and thus

cultivar improvement with respect to adaptability and biotic and abiotic

stress resistance in temperate fruit and nut species.
KEYWORDS

gene mapping, genome sequencing, gene tagging, metabolomics, micro-satellites,
molecular markers, QTL, transcriptomics
Introduction

Traditional methods of genetic improvement of temperate

fruit and nut crops that are generally propagated asexually face a

dozen of problems which include a long juvenile phase, absence

of seed, higher degree of intra- and interspecific incompatibility,

frequent heterozygosity, sterile seeds, and particularly presence

of certain specific traits in wild species only (Mehlenbacher,

1995). Natural processes and older tools for generating novel

varieties or cultivars of plant species are being used in

conventional/classical breeding techniques which are time-

consuming, are labor-intensive, and often have less efficiency

(Jain and Kharkwal, 2004). The term “molecular markers” refers

to naturally occurring polymorphisms in nucleic acids

(Thottappilly et al., 2000). A particular segment of the DNA

(deoxyribonucleic acid) which represents variations at the

genome levels comprises a molecular marker (Dhutmal et al.,

2018). At the DNA level, polymorphisms are revealed by

molecular markers and might be applied in many genetic

studies. A gene or DNA sequence that has a well-known

location on a chromosome and is linked to a specific gene or

trait is called a genetic marker. It can be characterized as a

variance that may result from a mutation or other noticeable

modification in the genetic locus (Al-Samarai and Al-Kazaz,

2015). The development of high-throughput molecular markers

and genetic maps facilitated the location of genes governing the

agronomically important traits and may possibly help in

boosting the breeding through MAS (marker-assisted

selection). As compared with traditional breeding approaches,

MAS is capable of surpassing the obscurity of phenotypic

selection including significant efficiency of selection (Wani

et al., 2022). A primary gene or several other genes governing

an individual trait that is distributed in multiple chromosomal

regions are known as quantitative trait loci (QTLs) (Igarashi

et al., 2015). Molecular markers can be found at the position of a

particular gene in prominent locations of the genome mapping

(Raza et al., 2015). Molecular markers which are actually the

nucleotide sequences are generally differentiated on the basis of

polymorphism or variability present between these nucleotide
02
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sequences of different living beings (Nadeem et al., 2018). With

the help of genetic marker patterns of heredity, variations in the

genome, evolutionary analysis, and marker-assisted breeding

can be done for the improvement of different crop species

(Hayward et al., 2015).

The role of molecular markers for the characterization and

improvement of various genotypic and phenotypic traits in

temperate fruit and nut crops such as assessment of genetic

diversity in almond, red skin color in apple, sharka disease

resistance in apricot, and genome sequencing in almond has

been extensively studied in the last few years (Lozano et al., 2014;

Halasz et al., 2019; Mori et al., 2019; Alioto et al., 2020).

Therefore, to overcome such difficulties, the implementation of

radical and sophisticated tools of molecular breeding along with

classical breeding would be an efficient and reliable alternative.

The molecular marker approach is a viable option which selects

desirable individuals in a breeding program based on the use of

DNA markers rather than, or in addition, to their trait values.

This review provides facts regarding several applications of

molecular marker and omics approaches in temperate fruit

and nut crop breeding in terms of their genetic improvement

and cultivar development.
Genetic diversity assessment

Recent advances in molecular markers propose great

possibilities to assess the genetic diversity in a vast range of

germplasms (Nawaz et al., 2013; Nawaz et al., 2016; Wang et al.,

2017). Genetic diversity estimation is very useful to study the plant

evolution and in turn the comparative genomics of plants, for

understanding the composition and construction of various

populations (Liu et al., 2015; Nawaz et al., 2017). In recent

years, a lot of research has been done for the assessment of

genetic diversity in temperate fruit and nut crops via the

molecular marker approaches (Table 1). Thurow et al. (2016)

reported that a population genetic assessment of Brazilian peach

breeding germplasm was determined using SSR (simple sequence

repeat) markers, selected by their high polymorphism levels. This
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study was conducted in 204 desirable peach genotypes and is the

first acumen of available peach genetic variability. Later studies

laid the evidence of the population structure of peach to be

exploited facilitating the genome-wide similarity and

relationship studies. Lim et al. (2016) conducted a study using

5SSR markers that are highly polymorphic in nature, to report the

genetic diversity among 160 strawberry accessions. They

discovered 60 distinct alleles, with allele frequencies ranging

from 0.006 to 1 and similarity ratings ranging from 0.034 to

0.963 (average: 0.507). There was frequent clubbing of accessions

within a pedigree, and further study revealed a total of 30 unique

accessions classified along with the existing accessions, allowing

fruit breeders to develop strategies in order to assess genetic

diversity present in the new cultivars.

A similar study was conducted for estimating divergence in

30 sandy pear (Pyrus pyrifolia Nakai.) selections with 26 SSR

markers. On the basis of SSR dendrogram data provided by Jan

(2016), the selections were divided into two groups with four

subgroups and one independent selection. The similarity

coefficients ranged between 0.12 and 0.69, depicting a wide

diversity due to the nature of genotypes and interspecific

hybridization. A total of 48 cultivars and 54 wild accessions of

Slovenian hazelnut (Corylus avellana) were evaluated for the

genetic variability and subsequently the population structure

using AFLP and SSR markers. These studies demonstrated

higher levels of genetic diversity, with mean dissimilarity

values of 0.50 and 0.60 for cultivars and wild accessions,

respectively. There were 49 SSR markers and 11 AFLP primer

combinations that produced 532 and 504 polymorphic
Frontiers in Plant Science 03
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fragments, respectively, showing high levels of genetic

diversity. Additionally, these accessions were categorized for

seven kernels and 10 nut attributes, with some wild accessions

exhibiting breeding potential. In all, 49 SSRs were prominently

linked with nut and kernel traits. Later studies by Öztürk et al.

(2017) demonstrated the first application of association mapping

in hazelnut and revealed that molecular markers are linked to

significant qualitative features.

Genotyping by sequencing was adopted to determine the

genetic diversity in Actinidia species, including the native A.

arguta of Korea. As stated by Oh et al., later investigations

cleared the path for kiwifruit breeding programs to generate

cultivars employing A. arguta that are disease and cold stress

tolerant and may be utilized as a base material for further

breeding improvements (2018). A genetic diversity analysis of

1, 378 wild and cultivated grapevine accessions (Vitis vinifera L.)

around Central Asia and the Mediterranean Basin was

conducted employing 20 nuclear SSR markers in order to

understand the possible events of domestication, gene flow,

and adaptive introgression (Riaz et al., 2018). Using 14 ISSR

primers, Wu et al. (2018) examined the genetic diversity and

structure of 33 plum (Prunus spp.) cultivars grown in Southern

China. They observed a total of 146 bands, 130 of which were

found to be polymorphic. This indicates that there is frequent

genetic exchange across closed subpopulations and existence of

genetic diversity within the population.

By using molecular SSR markers and 110 amplified

polymorphic markers for hierarchical cluster analysis of

genetic variability, Patzak et al. (2019) assessed the genetic
TABLE 1 DNA markers for genetic diversity assessment in temperate fruit and nut crops.

Fruit/nut crop Molecular marker types References

Peach (Prunus persica L. Batsch.) SSR Thurow et al. (2016)

Strawberry (Fragaria × ananassa Duch.) SSR Lim et al. (2016)

Sandy pear (Pyrus pyrifolia Nakai.) SSR Jan (2016)

Hazelnut (Corylus avellana) AFLP (amplified fragment length polymorphism) and SSR Öztürk et al. (2017)

Kiwifruit (Actinidia spp.) SNP (single-nucleotide polymorphism) Oh et al. (2019)

Grapes (Vitis vinifera L.) SSR Riaz et al. (2018)

Plum (Prunus spp.) ISSR (inter-simple sequence repeats) Wu et al. (2018)

Sweet cherry (Prunus avium L.) SSR Patzak et al. (2019)

Almond (Prunus dulcis (Mill.) D.A Webb.) SSR Halasz et al. (2019)

Apple (Malus ×domestica Borkh.) SSR Syed (2019)

Pecan nut (Carya spp.) SSR Zhang et al. (2020)

European chestnut (Castanea sativa Mill.) RAPD (random amplified polymorphic DNA) Nunziata et al. (2020)

Walnut (Juglans regia L.) ISSR Houmanat et al. (2020)

Apricot (Prunus spp.) SNP Li et al. (2020)

Peach (Prunus persica L. Batsch.) SNP Mas-Gomez et al. (2021)
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diversity within sweet cherry accessions of Czech genetic

resources. The resulting dendrogram was in line with the

ancestry and geobotanical traits of individual accessions, which

were divided into five clusters. In order to assess genetic diversity

metrics, characterize genetic differentiation, and investigate the

mechanisms underlying the maintenance of population

structure and genetic diversity in almond, 15 SSR loci were

genotyped on 86 accessions of diverse ancestries (Halasz et al.,

2019). Genetic divergence studies were examined in 17 clonal

rootstocks (M9, MM106, MM111) of apple (Malus ×domestica

Borkh.) using eight SSR markers, revealing that rootstocks were

highly diverse as the SSR dendrogram data grouped rootstocks

into two clusters with two-way similarity coefficients ranging

from 0.00 to 0.32 (Syed, 2019).

The distribution of simple sequence repeat (SSR) motifs in

two draft pecan genomes was examined in a study by Zhang

et al. (2020). In pecan, PCR (polymerase chain reaction)

amplification validated 66 SSR loci. In this work, it was

discovered that 22 new development markers can be used to

advance genetic research in the genus Carya. According to

Nunziata et al. (2020), a group of cultivars were initially

defined to assess the extent of genetic variation using random

amplified polymorphic DNA (RAPD) markers for the purpose

of varietal identification in European chestnut (Castanea sativa

Mill.). Also, high-resolution melting (HRM) was employed for

SNP mining inside 64 expressed sequence tags (EST) that

involved all linkage groups and was validated by target

resequencing. Genetic diversity estimation among 33 local

Moroccan walnut (Juglans regia L.) trees which were

compared with eight Bulgarian varieties belonging to an ex

situ collection was studied employing ISSR markers, grown in

two contrasted agroecosystems. In this study by using 13

primers, 120 ISSR markers (reproducible) were generated,

demonstrating the high rate of polymorphism among

genotypes with 7 to 13 bands and an average of nine bands

per primer. According to these investigations, the overall

polymorphism level (average) was 75.2%, with an average

polymorphic informativeness content of 0.32 and a range of

0.212 to 0.370 (Houmanat et al., 2020). From these studies, it was

concluded that ISSR markers were found to be more systematic

in measuring the genetic diversity of walnut genotypes among

two major areas in Morocco in comparison with foreign varieties

as reported by Houmanat et al. (2020).

By using restriction site-associated DNA sequencing (RAD-

seq) to sequence 168 apricot (Prunus spp.) accessions distributed

in five ecological groups, Li et al. (2020) examined the genetic

diversity and genetic relationships of these accessions. This study

included 74 accessions of cultivated apricots (Prunus armeniaca

L.) and 94 accessions of wild apricots (Prunus armeniaca L. and

Prunus sibirica L.). This study provided authentic and relevant

genomic resources to significantly promote apricot

improvement and its effective utilization. Genome-wide

diversity in peach germplasm in Spain has been explored by a
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new high-density (HD) Illumina peach SNP chip (9 + 9K). In

this study, 9, 796 SNPs were used to genotype 90 peach

accessions. There were 15 separate groups with genetically

similar members found with the aid of identity-by-descent

(IBD) estimate analysis. This study elucidated exchange of

valuable germplasm among various regions of Spain for

efficient management of the National Peach Germplasm

Collection for preservation of genetic resources and benefit of

impending genome-wide association studies (GWAS) of

economically important fruit-related traits in peach as

reported by Mas-Gomez et al. (2021). Although different DNA

markers have been successfully used in estimation of genetic

diversity as well as categorization of genetic material (Tiwari

et al., 2013; Naeem et al., 2015; Wang et al., 2015), nowadays

marker platforms particularly diversity array technology

(DArT), as reported by Sanchez-Sevilla et al. (2015) for

diversity analysis in octoploid cultivated strawberry (Fragaria

× ananassa), are most commonly used for more efficient and

reliable estimation.
Gene tagging

When a gene is at close proximity to a known genetic

marker, it is termed as “tagged.” Since the genetic markers

operate as “signs” or “flags” rather than as the target genes

themselves, they represent the genetic variation between certain

organisms or species. Gene “tags” are genetic markers that are

present physically next to genes (i.e., closely related to them).

Due to their proximity to or “linking” to the genes governing the

trait, these markers do not affect the phenotyping of the trait of

interest by themselves (Collard et al., 2005). Molecular markers

are being extensively used for breeding of modern temperate

fruit crops for the selection of desired phenotypic traits. There

are several previous studies demonstrating the applications of

molecular markers for gene tagging in temperate fruit and nut

crops (Table 2). Chaney et al. (2015) studied various traits in

pecan (Carya illinoinensis). Genomic areas containing EST

sequences, conserved gene sequences from various plant

species, and simple sequence repetitions were amplified using

PCR. This study offers a foundation for characterizing

germplasm and locating molecular markers connected to

features of practical significance.

As reported by Hale et al. (2018), in two different species of

kiwifruit, viz., Actinidia arguta and Actinidia kolomikta, sex-

linked polymorphism was investigated via the genotyping-by-

sequencing (GBS) method and from where independent

populations were validated from both the species which were

then converted into PCR markers (gel-based) for marker-assisted

breeding programs. In this study, a 157-bp GBS amplicon marker

for Actinidia arguta was created, and it displayed absolute sex

linkage throughout the entire series of the kiwifruit germplasm. In

a similar way, a 161-bp marker for Actinidia kolomikta was
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created with specific male allele primers pertaining to a 3-bp indel

in a 270-bp GBS fragment, which displayed absolute sex linkage.

The sex screening estimations of seedling populations with higher

throughput now frequently use both of the markers, which were

validated in separate populations.

Marker analysis has been done for fruit firmness by

screening of 40 genotypes of Malus × domestica Borkh. (apple)

maintained at the Division of Fruit Science SKUAST-Kashmir.

In this study, the Md-ACO1 and Md-ACS1 markers were

adopted and it was found that there are two allelic forms of

Md-ACO1 andMd-ACS1, which are amplified in the forms Md-

ACO1-1, Md-ACO1-2, and Md-ACS1-1 and each having three

allelic combinations as ACS1-1/1 and ACS1-1/2, ACS1-2/2 and

ACO1-1/1, and ACO1-1/2 and ACO1-/2/2, out of which ACS1-

2/2 and ACO1-1/1 confirm high firmness with low ethylene

production. Out of the 40 genotypes, for Md-ACS1, three were

found to be homozygous ACS1-2/2 which include Gala Redlum,

Gala Mast, and Fuji Zhen Aztec and were found to be highly

firm. For Md-ACO1, three genotypes were found to be

homozygous ACO1-1/1, including Red Velox, Shalimar Apple-

1, and Oregon Spur which were found to be firm (Rasool, 2018).
Frontiers in Plant Science 05
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MdSWEET genes governing the sugar accumulation with high

expression inMalus × domestica Borkh. were identified by Zhen

et al. (2018), through development of gene-tagged SSR and

CAPS (cleaved amplified polymorphism sequence) markers

which revealed considerable phenotypic variation, thereby

serving as an efficient tool in apple-breeding programs for

genetic improvement of fruit sweetness.

To determine the time of flowering in Prunus dulcis Mill.

D.A Webb. (almond), 140 RAPD primers, 87 nuclear SSR

markers, and five chloroplast SSR markers were used. The

results of this study directly indicated that the trait is

quantitatively inherited. This study is also applicable to other

Prunus species as mentioned by Rasouli et al. (2018). Cantin

et al. (2018) detected one new allele for the gene Dw determining

brachytic dwarfism in Prunus persica (peach). The gibberellin-

insensitive dwarf 1 (G1D1) gene underwent a single-nucleotide

polymorphism (SNP) mutation that was described in this study.

In peach breeding programs, this study was used as a marker-

assisted selection tool and undertaken to verify this marker in

the F2 population of the cultivar “Nectavantop.” Using PCR

molecular techniques, Patzak et al. (2020) evaluated the S-
TABLE 2 Traits of economic importance tagged with molecular markers in temperate fruit and nut crops.

Trait/gene Fruit/nut crop Markers/analysis References

Nut characteristics, disease resistance and
maturity

Pecan (Carya illinoinensis (Wangenh.)
K.Koch)

CTAB method (cetyltrimethylammonium bromide)
Chaney et al.
(2015)

Sex-linked polymorphism
Kiwifruit spp.(Actinidia arguta) and
(Actinidia kolomikta)

GBS (genotyping-by-sequencing) analyses/SNP Hale et al. (2018)

Apple flesh firmness (ACO and ACS) Apple (Malus × domestica Borkh) Md-ACS1 and Md-ACO1 Rasool (2018)

Sugar accumulation in apple Apple (Malus × domestica Borkh.)
SSR and CAPS (cleaved amplified polymorphic
sequence)

Zhen et al. (2018)

Almond blooming time
Almond (Prunus dulcis (Mill.) D.A
Webb.)

RAPD and SSR
Rasouli et al.
(2018)

Brachytic dwarfism (Dw) Peach (Prunus persica L. Batsch.) SNP
Cantin et al.
(2018)

Self-incompatibility in Sweet cherry (S-
locus)

Sweet cherry (Prunus avium L.) PCR analyses
Patzak et al.
(2019)

Fruit quality traits Apricot (Prunus armeniaca L.)
qPCR (quantitative polymerase chain reaction)
analyses

Garcia-Gomez
et al. (2019)

Dwarfism (PcDw locus) Pear (Pyrus communis L.)
qRT-PCR (quantitative reverse transcription
polymerase chain reaction) analyses

Xiao et al. (2019)

Phenology, yield, and pellicle color Persian walnut (Juglans regia L.)
Axiom™ 700K SNP array and GWAS (genome-wide

association study)

Marrano et al.
(2019)

Epistatic suppression of repeat fruiting
Strawberry (Fragaria × ananassa
Duch.)

SSR
Lewers et al.
(2019)

Cultivar improvement Hazelnut (Corylus avellana) SSR Frary et al. (2019)

Phenology, fruit quality, and post-harvest
quantitative parameters

Japanese plum (Prunus salicina Lindl.)
GLM (generalized linear model)/MQM (multiple-
QTL mapping) analyses

Salazar et al.
(2020)

Stem photosynthetic capability (SPC) Wild almond (Prunus arabica
(Olivier) Meikle)

SNPs Brukental et al.
(2021)
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incompatibility locus in 153 accessions of sweet Prunus avium L.

(cherry), identifying 13 distinct S-alleles in 29 S-locus

combinations for 24 distinct incompatibility groups. The most

prevalent S-alleles in this investigation were S1 (60 cultivars), S2

(34 cultivars), S3 (88 cultivars), S4 (54 cultivars), and S6

(28 cultivars).

In a study by Garcia-Gomez et al. (2019), Prunus armeniaca

L. (apricot) was examined for eight important fruit quality traits,

viz., fruit diameter, fruit weight, stone weight, blush color, skin

ground color, firmness, acidity content, and soluble solid

content. QTLs associated with these traits were identified, and

the biological validity of these QTLs was assessed using qPCR

gene expression analysis. Xiao et al. (2019) studied candidate

genes governing dwarfism in pear revealed by comparative

transcriptome analysis. This study offered a systemic

perspective on the intricate regulatory networks governing the

dwarf and standard phenotypes of the pear. The genetic

regulation of Persian walnut (Juglans regia L.) phenology,

yield, and pellicle color was uncovered by Marrano et al.

(2019). In this study, the most recent Axiom™ J. regia 700K

SNP array was used to create genetic profiles using phenotypic

data. Furthermore, these research findings made a turning point

in Persian walnut breeding as it moved from traditional to

genome-assisted breeding.

By creating advanced markers (SSR) for the repeat fruiting

region, Lewers et al. (2019) reported evidence of epistatic

suppression of repeat fruiting in cultivated strawberries. This

trait in strawberry is under the control of a dominant allele at a

single locus, which has been formerly mapped by numerous

research groups. It was found that repeat fruiting is suppressed

by two more genes, among which one is dominant and the other

one is recessive. The European hazelnut (Corylus avellana) was

studied by Frary et al. (2019) by combining phenotypic data of

kernel and nut with the corresponding genotypic data resulting

from 406 SSR marker alleles with association mapping of

quantitative trait loci for the respective traits. This analysis

resulted in the identification of loci for cultivar improvement

and revealed the effect of domestication and subsequent

selection on kernel and nut traits. In this study, 78 loci were

found, with the largest percentages for the parameters of the

kernel (26%) and nut (24%) followed by other attributes like

shell thickness (16%), quality (19%), and yield-related (15%)

attributes. The loci regulating fruit quality, phenology, and post-

harvest quantitative characteristics in Prunus salicina Lindl.

(Japanese plum) were investigated, as found by Salazar et al.

(2020). By using two genome association QTL analysis

methodologies, general linear model (GLM)-based single

marker–trait association and multiple QTL model analysis, 23

phenotypic traits were assessed over three harvest seasons to find

the best linear unbiased predictors (MQM). According to these

investigations, the most important QTLs in LG (linkage groups)

were 4 and 2, which were related to the fruit weight and fruit

developmental periods, respectively. In contrast, it was noted
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that small QTLs for fruit firmness evolution were validated in LG

4 and 5 using destructive and non-destructive approaches. In the

existing and next breeding efforts for Prunus salicina, this study

will offer useful information for MAS. Prunus arabica (Olivier)

Meikle is a wild species of almond where there is assimilation of

CO2 at greater levels by its green stem in the winter period on

comparison with Prunus dulcis cv. Um el Fahem (U.E.F.)

improving rates of carbohydrates in the dormant period.

While unrevealing the inheritance pattern along with the

mechanism for stem photosynthetic capability (SPC) in

Prunus arabica, an F1 segregating population has been

developed through crossing between Prunus arabica and

Prunus dulcis cv. Um el Fahem (U.E.F.). The whole genome of

both the parent plants has been sequenced, and with

identification of 4, 887 informative SNPs for genotype

assessment. There was the generation of a genetic map

(robust) for Prunus dulcis cv. Um el Fahem (U.E.F.) and

Prunus arabica involving (971 and 571 markers, respectively).

Through mapping via QTLs (quantitative trait loci) and an

association study (AS) with the phenotype for SPC, it was found

that there were major QTLs [log of odd (LOD) = 20.8] upon

chromosome number 7 and another minor (significant) upon

chromosome number 1 (LOD = 3.9). This study investigated the

physiology of the SPC trait in almond nut crop to breed varieties

acquainted to winter temperature (Brukental et al., 2021). These

studies indicate that the evolving gene-tagged markers are quite

efficient to explore the functionality of genes and can be directly

employed in temperate fruit and nut breeding programs in case

of any association with horticultural traits of interest.
Gene mapping

Another important subject of molecular marker utility is the

preparation of molecular maps that help in identifying genomic

regions controlling the horticultural important traits in

temperate fruit crops. On the basis of markers of phenotypic

nature, traditional linkage mapping allocates a specific location

of genes for a desired chromosome. Based on cytogeny, there can

be localization of genes for a specific band of chromosomes like

association of the improved phenotype through deleting a

desired band of chromosomes. Vast areas of a chromosome

require the molecular marker approach for mapping in case of a

specific type of special restriction endonucleases which check the

specific sites as per intervals that are non-frequent. Into those

fragments, subdivisions can be made and mapping can be done

via endonucleases of traditional origin. Also, the contig type of

maps locates desired genes with a specified fragment for precise

gene mapping. The large-scale mapping of genes is shown in

Figure 1. The principle behind gene mapping is the

chromosomal recombination during meiosis, which results in

the segregation of genes (Nadeem et al., 2018). Till date, QTL

mapping and genome-wide association studies have successfully
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been implemented for mining several desirable alleles in a

diverse range of crops and fruits species (Samantara et al.,

2021). An overview of the QTL mapping is depicted in

Figure 2. A vast range of linkage maps has been constructed in

various temperate fruit crops employing the molecular marker

approach (Table 3). Wang et al. (2015) created a mapping

population from ‘Wanhongzhu’ and ‘Lapins’ and, moreover,

constructed a linkage map in commercial sweet cherry along

with QTL analysis for trunk diameter. This study used the SLAF

sequencing technique (specific locus-amplified fragment) that

included an SNP (single-nucleotide polymorphism) platform

that produced 701 genotypic assays, together with 16 SSRs and

the S (incompatibility) gene to prepare a map that covered 849.0

cM of distance involving eight LGs with a mean distance of 1.18

cM and had few gaps longer than 5 cM (centimorgan). This map

demonstrated that four loci, corresponding to three distinct LGs

(linkage groups), are responsible for controlling trunk diameter.

This high-density map favors better-resolution identification of

QTLs for horticultural important traits and speeds up

improvement of sweet cherries. A genetic linkage map of

Castanea crenata Sieb. Et Zucc. (Japanese chestnut) was

prepared by Nishio et al. (2018) using two breeding

populations, viz., ‘Kunimi’ and ‘709-034 (Kx709) and ‘Porotan’

and ‘Tsukuba-43’ (Px43). In this study, maps of four parents

along with two integrated ones were constructed employing 443

SSRs and 554 SNPs. Out of which, Kx709 was the most saturated

map involving 12 LGs, covering 668 and 1 cM, with an inter-

distance of 0.8 cM. By using anchor SSRs, all the six maps were

aligned to a Chinese chestnut consensus map. Eight agronomic

traits were evaluated to identify molecular markers associated

with them and at least one QTL was detected for each of the

traits. With the help of this map, it was revealed that these
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mapping populations and their parents are essential material for

Japanese chestnut breeding programs with these QTLs to be

used for MAS to improve breeding programs. In the Japanese

plum (Prunus salicina L.), Carrasco et al. (2018) created a

linkage map that was intensely saturated utilizing GBS for

SNP calling, the mapping population (Angelenox aurora), and

the identification of 49, 826 SNPs while using the V2.1 peach

genome as a reference. After rigorous filtering, 137 (Angelenox

aurora) offspring revealed about 1, 441 SNPs of high quality that

were mapped in eight linkage groups. An inter-distance of 0.96

cM was created utilizing 732 SNPs spanning 617 cM to create a

consensus map. This map revealed a greater degree of

collinearity and synteny between the genomes of peach and

Japanese plum.

Aradhya et al. (2018) built a fine-scale genetic linkage map

with 2, 220 SNPs in 16 linkage groups with a mapping

population, spanning 1, 141.1 cM, deciphering genomic

regions governing economic traits viz . , yield, lateral

fruitfulness, harvest date, nut weight shell thickness, and

kernel fill in walnut (Juglans regia). At LG 1, two to three

pleiotropic QTLs were in charge of controlling the thickness of

the shell, nut weight, and kernel fullness. QTLs showed a

negligible impact on such trait expressions, as seen by their

tiny positive cumulative effects for shell thickness, harvest date,

and nut weight and minor negative cumulative impacts for

kernel fill. Using the Gulcan-2 × Lauranne mapping

population, an SSR-based linkage map for almonds was

created. The consensus map has 168 markers spread across

eight LGs. According to this study, there were 13 mapped

markers (LG 6) and 31 markers (LG 2), and the length of the

LGs ranged between 47.8 cm (LG 6) and 84.6 cm (LG 1), with a

mean distance of 3.1 cm. This study came to the conclusion that
FIGURE 1

Large-scale gene mapping.
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this map served as a foundation for the development of markers

associated with critical almond features after the completion of

the phenotypic data, as reported by Paizila et al. (2019).

Using the ddRAD (double digest restriction-associated

DNA) sequencing approach, Hossain et al. (2019) was able to

identify 13, 181 SNPs for the development of a high-density

linkage map and QTL mapping for runner production in

Fragaria × ananassa (octaploid strawberry). Mendelian

segregation was detected in 3, 051 SNPs in F1, among which

1, 268 were linked to 46 linkage groups covering 2, 581.57 cM

with a 2.22-cM intergenic distance. In addition, seven QTLs

were found for runner production, the LOD values of which

ranged between 3.5 and 7.24 and phenotypic variances of 22–

38%. From this research, it was concluded that both vegetative

and reproductive behaviors of strawberry could be determined

and can serve as a tool for breeding targets regarding flowering
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and runner production. Zhang et al. (2019) crossed two Chinese

cultivars, “Chuanzhihong” and “Luotuohuang, “ along with a

recently built reduced representation library, to create a high-

density linkage map and QTL analysis for pistil abortion in

Prunus armeniaca L. (apricot). A total of 12, 451 polymorphic

markers were created for this map using resequencing data; the

final map was composed of eight linkage groups with 1991

markers encompassing 886.25 cM, with a mean distance of 0.46

cM. This is the most detailed genetic map of the apricot

currently available. This map was used in this study to identify

the QTL responsible for apricot pistil abortion by analyzing the

central regions of LG 5 (51.005–59.4 cM) and LG 6 (72.884–

76.562 cM), which contained nine SLAF markers that were

strongly associated with pistil abortion. It was determined by

this analysis to be a very valuable connection map. This study

deciphered that it is a quite valuable linkage map for identifying
FIGURE 2

An outline of mapping of genes/QTL in fruit crops.
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QTLs related to different agronomic traits in apricot and the

well-organized markers are useful for molecular breeding

of apricot.

Han et al. (2019) created an integrated linkage map of Korean

pears (Pyrus hybrid) as per the pseudo-chromosomes of the

reference genome of the Chinese pear known as “Dangshansuli”

(Pyrus bretschneideri), using GBS-based SNPs and SSRs with

consensus maps for “Whangkeumbae” and “Minibae” that

contains 321 SNP and 30 SSR markers with 1511.1 cm with an

average genetic distance of 4.3 cm. This consensus map was

compared to other apple and pear maps using 30 SSR markers

in total. According to the results of this investigation, SSRs coming

from pear and apple maps exhibit strong synteny. With the help of

pseudo-chromosomes and SNPs, 17 linkage groups of this genus’

physical length were revealed, and genome-based regions that were

discovered by QTL analysis were annotated. The genotyping by

sequencing-based SNPs integrated with SSRs provide a description

of the genome structure of the Korean pear resources serving as a

reference map. A high-density linkage map was constructed in

apple (Malus × domestica Borkh.) employing the ‘Fuji’ × ‘Red 3’

population with homozygous alleles R1R1 and R6R6, respectively,

by Yang et al. (2020). The linkage map contains 7, 630 SNPs that

distinguish between “Fuji” and “Red 3, “ of which 3, 903 and 3, 925

were mapped into the linkage groups of the parents, respectively,
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the male and the female. The number of “Fuji” SNP markers for

the female parent linkage group ranged from 108 to 366, with a

mean of 231. The distance between all linkage groups ranged

between 70.17 and 168.23 cM, with a mean value of 109.14 cM.

Each linkage group’s SNP count ranged from 58 to 434 for the

male father “Red 3, “ with an average of 230. Each linkage group’s

distance ranged between 72.11 and 227.10 cM, with a mean

distance of 140.26 cM. With 17 linkage groups and a mean

density of 0.30 cM per marker, the consensus map covered 2,

270.21 cM. With 0.19 cM per marker, LG10 exhibited the lowest

heterozygosity, whereas LG17 displayed a high level of

heterozygosity at 0.73 cM per marker, according to this map.

The SNP density of other 15 LGs ranged between 0.21 and

0.48 cM.

In order to discover loci determining the firmness of the

berry in grapes, a high-density genetic map with 19 linkage

groups, 1, 662 bin markers including 26, 039 SNPs, spanning a

total distance of 1, 463.38 cM, and an inter-marker distance of

0.88 cM was generated (Vitis vinifera L.). Four potential genes

related to abscisic acid (ABA), endoglucanase, and transcription

factors were linked in this study to berry hardness. Using qRT-

PCR research, it was discovered that Muscat Hamburg had

higher levels of the endoglucanase 3 gene and abscisic-

aldehyde oxidase-like gene expression at the veraison stage
TABLE 3 Development of molecular maps in temperate fruit and nut crops.

Fruit/nut crop Parents/population used Marker type and
number

Total map length (cM) and
linkage groups (LG) References

Sweet cherry (Prunus avium L.) ‘Wanhongzhu’ and ‘Lapins’ SNPs and 16 SSRs
849.0 cM
8 LG

Wang et al.
(2015)

Japanese chestnut (Castanea crenata
Sieb. Et Zucc.)

‘Kunimi’ and ‘709-034 (Kx709)
‘Porotan’ and ‘Tsukuba-43’(Px43)

554 SNPs and 443
SSRs

668.1 cM
12 LG

Nishio et al.
(2018)

Japanese plum (Prunus salicina
Lindl.)

Angelenox aurora 732 SNPs
617 cM
8 LG

Carrasco et al.
(2018)

Walnut (Juglans regia L.) Chandler × Idaho 2, 220 SNPs
1, 141.1 cM

16 LG
Aradhya et al.
(2018)

Almond (Prunus dulcis (Mill.) D.A
Webb.)

Gulcan-2 × Lauranne 168 SSR
47.8–84.6 cM

8 LG
Paizila et al.
(2019)

Strawberry (Fragaria × ananassa.) Maehyang × Albino 13, 181 SNPs
2581.57 cM

46 LG
Hossain et al.
(2019)

Apricot (Prunus armeniaca L.)
‘Chuanzhihong’ and
‘Luotuohuang’

1, 991 polymorphic
markers

886.25 cM
8 LG

Zhang et al.
(2019)

Korean pears (Pyrus hybrid) ‘Whangkeumbae’ and ‘Minibae’
321 SNPs and 30
SSRs

1, 511.1 cM
17 LG

Han et al.
(2019)

Apple (Malus ×domestica Borkh.) ‘ Fuji’ × ‘Red 3’ 7, 630 SNPs
2, 270.21 cM

17 LG
Yang et al.
(2020)

Grapes (Vitis vinifera L.)
Muscut Hamburg × Crimson
Seedless F1 population

26, 039 SNPs
1463.38 cM

19 LG
Jiang et al.
(2020)

Sweet cherry (Prunus avium L.)
‘Vic’ × ‘Cristobalina’ F1
population

910 SNPs
(Vic)
789 SNPs
(Cristobalina)

636.7 cM
(Vic)

666.0 cM
(Cristobalina)

Calle et al.
(2021)
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than Crimson Seedless, which was consistent with the parent

berry firmness. The above two genes were found to be the

candidate genes determining berry firmness in grapes as

reported by Jiang et al. (2020). In the sweet cherry (Prunus

avium L.) ‘Vic’ × ‘Cristobalina’ F1 population, QTL mapping of

phenolic substances and that of cherry fruit color was done by

Calle et al. (2021) using 6 + 9K SNPs, 910 SNPs (Vic), and 789

SNPs (Cristobalina) array genetic map with a map distance of

636.7 cM (Vic) and 666.0 cM (Cristobalina). These studies

reflect that the genetic linkage maps play a vital role to explore

the genetic control of important traits and serve as a DNA-based

diagnostic tool in future for marker-aided breeding techniques.
Abiotic and biotic stress tolerance

Molecular markers have made it possible to impart abiotic

and biotic stress tolerance in temperate fruit and nut crops by

tapping resistant genes from their wild relatives and

incorporating them into commercial cultivated varieties,
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thereby reducing the yield losses due to various stresses

(Table 4). Zhu et al. (2015) built a high-density genetic map of

anthracnose resistance in walnut according to specific AFLP

markers (total 153, 820), out of which 2, 577 markers were

employed to build genetic linkage maps (448 for male, 2, 395

into 16 LGs for female map, and 2, 577 for integrated map). By

considering the range of all LGs, the marker coverage for the

integrated map was 2, 457.82 cM, with an average interval of

0.95 cM. In addition, 5, 043 SNP loci correspond to two SNP loci

per SLAF marker. In this study, for identifying anthracnose

resistance, QTLs were detected ranging from 165.51 to 176.33

cM on LG 14. The phenotypic variation in this study varied from

16.2 to 19.9% with LOD scores (logarithm of odds) (3.22 to

4.04). This study is a base for aiding molecular marker-assisted

breeding for identification of walnut resistance gene. A study was

described by Montanari et al. (2016) who detected a QTL on LG

2 using a previously conducted genetic map published in 2013

with SSR and SNP markers for the segregating population of

PEAR3x ‘Moonglow’. This QTL corresponds with the QTL for

fire blight disease resistance earlier found in ‘Harrow Sweet’ (Le
TABLE 4 DNA markers for abiotic and biotic stress tolerance in temperate fruit and nut crops.

Trait/resistance Fruit crop/parents Markers/genes/technique References

Anthracnose Walnut (Juglans regia L.)
SLAF (specific locus-amplified fragment)/
SNPs

Zhu et al.
(2015)

Fire blight
PEAR3 (PremP003, P. × bretschneideri × P.
communis) × ‘Moonglow’(P. communis)

QTL
Montanari et al.
(2016)

X-Disease Chokecherry (Prunus virginiana) QTL
Lenz and Dai
(2017)

Ink disease Castanea sativa × Castanea crenata Microsatellite/SNPs
Santos et al.
(2017)

Powdery mildew Strawberry (Fragaria × ananassa.) QTL
Cockerton et al.
(2018)

Apple scab Apple (Malus × domestica Borkh.) AL07 and AM19 (SSR) Rasool (2018)

Brown rot Almond ‘Texas’ × Peach ‘Earlygold’ population QTL
Baro-Montel
et al. (2019)

Downy mildew Grapes (Vitis vinifera L.)
SSR/RT-qPCR (quantitative reverse
transcription polymerase chain reaction)

Zhao et al.
(2019)

Sharka disease Apricot (Prunus armeniaca L.) SNP
Mori et al.
(2019)

Wilt Kiwifruit (Actinidia spp.) SSR
Oliveira et al.
(2020)

Powdery mildew Peach (Prunus persica L. Batsch.) Vr3/Prupe2G111700/Prupe2G112800
Marimon et al.
(2020)

Black spot Japanese pear (Pyrus pyrifolia (Burm.) Nak.) SSR
Terakami et al.
(2021)

Abiotic stress Apple (Malus × domestica Borkh.) qRT-PCR/MdDREB2A transcription factor Lian et al.
(2021)

Codling moth Cydia pomonella (Linnaeus)
(Lepidoptera: Tortricidae)

Sweet cherry (Prunus avium (L.)) PCR/(COI) gene Yokomi et al.,
2021)
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Roux et al., 2012), additionally giving an insight that these two

favorable alleles were not identical by descent. In this study, few

little effect QTLs were identified from susceptible parent PEAR3.

This study proposed that the SNP and SSR markers were linked

to the higher effect QTL on LG2 candidates for MAB for

resistance of pear fire blight disease. Lenz and Dai (2017)

mapped X-disease phytoplasma resistance in Prunus

virginiana, employing chokecherry consensus map “Cho”

containing 16 LGs covering 2, 172 cM with average marker

density of 3.97 cM. Also, three QTLs were associated with this

trait, accounting for about 45.9% of phenotypic variation. This

study deciphered a framework for genomics, molecular genetics,

and further breeding aspects for X-disease resistance in

Chokecherry and other Prunus species. Ink disease resistance

in European chestnut was imparted by Santos et al. (2017)

through an approach involving construction of a genetic

linkage map from Castanea sativa × Castanea crenata for

detection of QTL for this trait. In this study, chestnut

populations were genotyped with 452 SNPs and microsatellites

derived from available chestnut transcriptomes. Non-parametric

approaches and composite interval mapping identified two

QTLs in two LGs, E and K. The presence of QTL in LG E is

in accordance with a previous study by Santos et al. (2015) in

American × Chinese chestnut populations, depicting the

presence of a defense system throughout the species. From the

above research, it was concluded that genomic resources of

Castanea genus act as a tool for future breeding aspects.

For regulating abiotic stresses, viz., drought, salinity, and

stresses due to ABA, in apple (Malus ×domestica Borkh.), the

MdDREB2A transcription factor from the AP2/ERF family has

been isolated from cultivar ‘Royal Gala’. By using quantitative

reverse transcription polymerase chain reaction (qRT-PCR), it

was found that the length of the open reading frame is 1, 197 bp

encoding a 398-long amino acid chain protein with a molecular

weight of 43.8 kD (Lian et al., 2021).

The fruit export can be easi ly faci l i tated with

implementation of advanced molecular techniques to

improvise the pest diagnostics in a faster way via polymerase

chain reaction (PCR) and latest techniques of sequencing. The

larvae of codling moth Cydia pomonella (Linnaeus)

(Lepidoptera: Tortricidae) were found in a pack house of

cherry Prunus avium (L.) being differentiated via PCR

compared to various other internal fruit moth larvae, viz., the

oriental fruit moth, Grapholita molesta (Busck) (Lepidoptera:

Tortricidae); lesser appleworm, G. prunivora (Walsh)

(Lepidoptera: Tortricidae); cherry fruitworm, G. packardi

(Zeller) (Lepidoptera: Tortricidae); and filbertworm, Cydia

latiferreana (Walsingham) (Lepidoptera: Tortricidae). Also,

there is conformity of identifying pests via amplicon

sequencing (301 bp) part of the (COI) gene obtained via PCR

in the DNA of suspected moth through comparison with other

(COI) gene sequences from the rest of the internal fruit borers in

fruits of the pome group. This study was conducted for meeting
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phytosanitary aspects to export fruits globally (Yokomi

et al., 2021).

Resistance against powdery mildew was identified by

Cockerton et al. (2018) using genotypes from two phenotyped

bi-parental mapping populations, “Emily” × “Fenella” and

“Redgauntlet” × “Hapil, “ to present quantitative trait loci in

Fragaria × ananassa (strawberry). Multiple QTLs were found in

this study, and six of them demonstrated a level of persistent

resistance across different phenotyping events. It was examined

whether found QTL showed close linkage to associated genes for

resistance in the larger germplasm after the identified QTL was

subjected to screening across an evaluation set. This study

showed that quantitative resistance develops across the

strawberry germplasm via several predominantly additive

sources. An investigation was carried out to document and

characterize the apple germplasm comprising 40 apple

cultivars in which molecular characterization was performed

for scab resistance using AL07 (codominant primer) and AM19

(dominant primer), and the results obtained with primers

confirmed the presence and absence of the Vf gene. It was also

found that AL07 (codominant primer) are helpful to

discriminate homozygous from heterozygous plants for the Vf

gene as analyzed by Rasool (2018). As reported by Baro-Montel

et al. (2019), resistance to brown rot disease caused byMonilinia

spp. in stone fruits as explored in an interspecific almond ‘Texas’

× peach ‘Earlygold’ population (named T1E) was identified. This

study revealed that ‘Texas’ is a resistant source for brown rot

disease and many quantitative trait loci were detected in various

linkage groups, but two proximal QTLs were identified in G4,

accounting for 11.3–16.2% of phenotypic variation. Hence, a

MAS-based strategy is needed to incorporate this trait into the

susceptible parent peach with other desirable traits for

sustainable crop production.

The variations in the rates of downy mildew resistance of

various Chinese wild grapevine were identified by Zhao et al. in

2019. In this study, in vitro leaf disc testing was used to assess the

level of downy mildew resistance, and RT-qPCR (quantitative

reverse transcription polymerase chain reaction) was used to

determine the expression pattern of various important genes

following Plasmopara viticola inoculation. Using 30 pairs of SSR

markers, 120 grapevine germplasm resources were chosen,

showing a disease index range of 0.00 to 78.70. The RGA9

marker was a standard marker that, among other markers,

expressed the highest phenotypic variation of 80.83% that may

be used in the generation of disease resistance, providing the

basis for widespread as well as rapid discovery of downy mildew

disease resistance in many organisms. Mori et al. (2019) reported

that resistance to sharka disease in apricot was identified by

comparing phase-constructed susceptible and resistant

haplophytes of ‘Lito’ and Chromosome 1 along with

assessment of candidate genes. A pseudo-test cross-mating

design with 231 individuals was followed to discover the fact

that the ‘Lito’ genotype had heterozygosity for the resistance that
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has been used to map a significant QTL on LG 1. Additionally,

this analysis included 19 SNP markers that covered 236 kb of

chromosome 1 in total. A BAC (bacterial artificial chromosome)

library for the ‘Lito’ cultivar was created, and markers for the

area were used to screen it. Positive BAC clones were then

sequenced. The whole genome of the given cultivar was

sequenced for refinement for a high coverage using PacBio

technology, deciphering a detailed analysis of the genes in the

QTL region. This cultivar drastically distinguished structural

variants between two haplophytic regions and also predicted

specific allelic expression leading to mining of the PPVres locus.

Therefore, a valuable prediction method has been developed to

study the substitute transcription and regulatory mechanisms

underpinning PPV resistance.

Oliveira et al. (2020) conducted a study for resistance to

Ceratocystis wilt in kiwifruit cultivars, employing 46 isolates with

14 SSR markers for genotyping. Among 14 markers, 13 were

polymorphic and 26 genotypes were identified. On susceptible

cultivar, 14 prominent genotypes were tested for identification of

aggressive ones, eventually by inoculating an equal mixture of

five of the most aggressive ones for evaluating seven resistant

types, viz., Red Arguta, Green Arguta, Chieftain, Allison,

Hayward, Monty, and Tomuri, which could be used as

rootstocks for future programs. The powdery mildew-resistant

(Vr3) gene in peaches was mapped to a genome area of 270 kb

containing 27 identified genes to get molecular markers strongly

connected to this gene. The results of this study’s analysis

revealed that there was a difference in the expression of a gene

known as Disease Resistance Protein RGA2 (Prupe2G111700) or

Eceriferum 1 protein resulting in biosynthesis of epicuticular

wax (Prupe2G112800) between resistant and susceptible

individuals. Only Prupe2G111700 contains a variant that has

an adverse impact on the protein encoded, which showed

overexpression in both homozygous and heterozygous
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individuals. With the help of this study, molecular markers

tightly linking and flanking the Vr3 gene could be identified

and validated as reported by Marimon et al. (2020). Terakami

et al. (2021) developed the SSR marker set, viz., Mdo.chr11.27

and Mdo.chr11.34, for efficient selection for black spot disease

resistance in pear breeding by performing inoculation tests and

genotyping with 207 pear cultivars. In addition to this, with the

molecular marker approach, pyramiding multiple resistant

genes into the host plant with accelerated breeding programs

provide durable and broad-spectrum resistance for further

research in temperate fruit and nut breeding programs.
Genome sequencing

The ultimate goal of genomics is sequencing of the whole

genome and understanding of the function of each gene. For

both functional genomics and breeding programs in fruit crops,

the publication of a dozen genomes represents a milestone. This

review provides some insights regarding various genome

sequencing projects in temperate fruit and nut crops

employing the molecular marker approach (Table 5). Along

with high-throughput sequencing technology, rapid advances

have revolutionized the manner and scale of genomics in

temperate fruit and nut crops. Employing shotgun sequencing

of a nearly homozygous genotype (cv.PN40024) which was

originally derived from Pinot Noir by a French-Italian public

consortium, the first 8X version of the Vitis vinifera genome

sequence was obtained and was the first sequenced fruit crop

(Jaillon et al., 2007). The presence of the grape genome sequence

with a haploid chromosome number of 19, containing 490 Mb

with 30, 000 protein-coding genes, is causing a rapid increase in

Vitis genetic research by providing tools for genetic

improvement to grow well with stresses like diseases and pests
TABLE 5 Status of sequencing projects in temperate fruit and nut crops.

Species Common name Genome size (Mb) References

Vitis vinifera Grapes 490 Martinez-Zapater et al. (2010)

Malus × domestica Borkh. Apple 742 Velasco et al. (2010)

Prunus persica L. Batsch. Peach 230 Arus et al. (2012)

Fragaria × ananassa Strawberry 813.4 Hirakawa et al. (2014)

Pyrus communis L. ‘Bartlett’ European pear 577.3 Chagné et al. (2014)

Juglans regia L. Walnut 667 Martinez-Garcia et al. (2016)

Prunus dulcis cv. Texas Almond 238 Alioto et al., 2020

Prunus armeniaca L. Apricot 221.9 Jiang et al. (2019)

Actinidia chinensis Kiwifruit 653 Wu et al. (2019)

Prunus fruticosa Pall. Ground cherry 366 Wohner et al. (2021)
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while maintaining specific fruit composition and a new research

framework, which was confirmed by Martinez-Zapater

et al. (2010).

A significant scientific milestone was reached for Malus ×

domestica Borkh. variety Golden Delicious in 2010 with the

publishing of the first drought whole-genome sequence (WGS),

which had a genome size of 742 Mb (Velasco et al., 2010). As the

first reference for sequencing data, precise mapping, gene

discovery, variation finding, and tool creation, this WGS, v1.0,

proved useful. The reference genome for apples is now

GDDH13v1.1, a fresh, high-quality whole-genome sequence

for apple that was published in 2017. These whole-genome

sequences of apple have a significant effect on understanding

the biological functioning of apple, its trait physiology, and

subsequently its inheritance, which find practical applications

for enhancing this high-value crop, as stated by Peace et al.

(2019), with immense potential for crop improvement. The

genome sequencing of Prunus persica L. Batsch (peach) has

just lately been made accessible to the scientists and researchers.

With its short juvenile period (2–4 years) and self-mating design,

the peach’s short (230 Mbp), simple, diploid distribution on

eight pairs of chromosomes provide a great way to build a robust

sequence of its entire genome, which improves the way for the

rapid development of genomics in peaches (Arus et al., 2012).

Guo et al. (2020) gave an integrated structural map of the peach

genome with 202, 274 SVs (structural variations) which

influence 2, 268 genes. Using genome-wide association studies,

26 horticultural traits with the help of those SVs detected various

candidate variants, viz., 9-bp insertion in Prupe.4G186800

(encoding NAC transcription factor) for early bearing and

487-bp deletion with the PpMYB10.1 promoter for flesh color

around the stone. In addition, 1.67 MB inversion relates to fruit

shape and a gene adjacent to inversion breakpoint, PpOFP1,

relates to flat shape type.

Fragaria vesca (woodland strawberry; 2n = 2x = 14), a

herbaceous perennial with a genomic size of 240 MB, is highly

specific to genetic transformation and shares a large sequence

identity with Fragaria × ananassa (the cultivated strawberry).

Through gene prediction modeling which is supported by

transcriptome mapping, almost 34, 809 genes have been

identified. These genes are valuable to critical horticultural

traits like nutritional values, flavor, and flowering time. The

strawberry sequence is diploid, whereas other rosids’ massive

genomic duplications are absent (Shulaev et al., 2011). The

assembly and annotation of the Fragaria ×ananassa (octoploid

strawberry) genome have been completed in cultivar “Camarosa,

“ with an average genome size of 813.4 Mb (Hirakawa et al.,

2014). A high-quality reference genome is required for the

octaploid strawberry in order to properly utilize it as a model

system for investigating allopolyploidy and to provide a platform

for discovering physiologically and horticulturally significant

genes and using genome enabled breeding techniques (Collard

and Mackill, 2008).
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Using second-generation sequencing technology, Chagné
et al. (2014) presented a dwarf assembly of the Pyrus

communis (European pear) ‘Bartlett’ genome from single-end,

2- and 7-kb insert paired end reads using Newbler (v 2.7). This

assembly included 142, 083 scaffolds longer than 499 bases, with

a maximum scaffold length of 1.2 Mb, spanning 577.3 Mb, and

its re-sequencing of the samples “Old Home” and “Louise Bonne

de Jersey” allowed the detection of 8, 29, 823 potential SNPs.

About 2, 279 genetically mapped SNPs anchor 171 Mb of the

assembled genome. This study revealed that the draft assembly

‘Bartlett’ v 1.0 is an incredible tool for detecting important

horticultural traits in Pyrus enabling marker-assisted and

genomic selection for speeding pear breeding progress. To

discover target genes and additional unknown genes, in

Persian walnut (Juglans regia L.), the genome sequence was

obtained from cultivar ‘Chandler’. Using two methods, viz.,

SOAPdenovo2 and MaSuRCA, a genome of the size 667 Mbp

was congregated having an N50 scaffold size of 464, 955 bp

(according to the genome size of 606 Mbp), 37% GC content,

and 221, 640 contigs. The walnut genome sequence provides

information to boost the breeding and favor the complex traits

in genetic dissection as reported by Martinez-Garcia et al.

(2016). In a recent study by Marrano et al. (2020), Chandler

v2.0 (the new chromosome level assembly of the reference

genome for walnut) was obtained employing combination of

Oxford Nanopore long-read sequencing with Hi-C

(chromosome conformation capture) technology. In

comparison with the former reference genome, the new

assembly possesses a 84.4-fold increase in N50 size and

assemblage of 16 chromosomal pseudomolecules, accounting

for 95% of the total length. With this Chandler v2.0, walnut

biology can be better explored for future breeding aspects.

Alioto et al. (2020) attempted the genome sequencing of

Texas, a highly heterozygous cultivar of almond (Prunus dulcis).

From about 238-Mb estimated size of the almond genome,

genome assembly of 227.6 Mb was obtained, from which 91%

is clamped to eight pseudomolecules leading to its haploid

chromosome constituent, elucidating about 27, 969 coding

genes (protein) and 6, 747 non-coding transcripts. According

to a phylogenomic analysis of 16 genomes of other nearby and

far-off species, the almond and peach diverged roughly 5.88

million years before. With 20 nucleotide substitutions per

kilobase, these two genomes exhibit remarkable sequence

conservation and strong collinearity. Transposable elements

(TE) have evolved into a variety of presence/absence variants

between peach and almond, depicting a recent history of the

movement of TE looks markedly between them, suggesting that

TE share an important role in the history and diversification of

peach and almond. This study revealed that TE have evolved

into a variety of presence/absence variants between almond and

peach. A high-quality reference genome has been elucidated by

Jiang et al. (2019), using long-read single-molecule sequencing

with 40.46 Gb, corresponding with a genetic map for
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chromosome scaffolding. The assembled genome covers 221.9 Mb,

with a contig NG50 size of 1.02 Mb. In over eight chromosomes,

scaffolds spanning 92.88% of the assembled genome were

anchored. This study concluded that this highly contiguous

reference genome of Prunus armeniaca will elucidate Rosaceae

family evolution for future breeding endeavors by identifying

agronomic traits of interest for further improvement. Based on

PacBio long reads and Hi-C data, Wu et al. (2019) built a revised

chromosome-level reference genome of A. chinensis (v3.0), which

is 653 Mb long and contains 0.76% heterozygosity. At least 43% of

the sequences in this genome repeat, and the most prevalent long

terminal repeats, which make up 23.38% of the unique genome,

have also been found.

Wohner et al. (2021) drafted chromosome-level genome

assembly of tetraploid ground cherry (Prunus fruticosa Pall.)

with 366 Mb comprising eight chromosomes to pave a way for

breeding, molecular, and evolutionary studies in Prunus. With this

research, it was suggested that molecular assessment of diverse

genetic traits can be done for further breeding and evolutionary

studies. In addition to this, advances are required to upgrade the

basic nucleotide sequences in the genome of different temperate

fruit crops as summarized by Peace et al. (2019), in apple with a

view to improve the reference WGS (whole-genome sequencing)

genome ensuring its accuracy and completeness so as to mark all

the suspicious regions identified while comparing the WGS with

high-quality genetic linkage maps. Also, advances in genome

sequencing are required by devising a gene atlas of different

temperate fruit and nut crops to describe the functions and

relationships of different genes to explore the role of various

putative protein-coding genes which are unknown.
Omics approach in temperate fruits
and nuts

Over the recent decades, the advent of several omics

approaches has proven to be highly beneficial against different

biotic and abiotic stress responses by developing novel crop

species through modification of the genetic and molecular

pathways via alteration of DNAs, transcripts, proteins,

metabolites, and mineral nutrient levels (Muthamilarasan

et al., 2019). The analysis of transcriptome, metabolome, and

proteome profiles promotes insights on several functional roles

of different genes. It also assists in identification and

quantification of transcripts, non-coding RNAs, and pathways

that are concerned with fruit traits such as sugar metabolism,

their developmental and ripening process, shelf life, quality

characteristics, and resistance mechanism under adverse

physiological and environmental stresses (Zheng et al., 2021).

Overall, the integrated omics approaches, viz., genomics,

transcriptomics, metabolomics, and proteomics, could

elucidate precise genomic information and may offer further
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opportunities for their genetic alteration via gene engineering

tools like CRISPR (clustered regularly interspaced short

palindromic repeats) and RNAi (RNA interference), in terms

of better fruit quality and production through accelerating the

long breeding generations (Mathiazhagan et al., 2021).

Currently, GAB (genomics-assisted breeding) has tremendous

utilization in terms of addressing better quality, yield, and

several biotic and abiotic stress (drought and salt) resistances

(in a wide range of crop species; Ganie et al., 2021; Wani et al.,

2022). Also, several applications of omics platforms have been

implemented in the way of different fruit improvements. For

instance, a comparative transcriptomics study between unripe

and ripe berries of grapevine demonstrated several ripening-

linked secondary metabolisms, viz., anthocyanins (Wu et al.,

2014), proanthocyanidins (Carrier et al., 2013), and volatile

compounds (Cramer et al., 2014). A transcriptome analysis of

Chinese pear showed high variation of gene expressions during

the developmental phase of tissues and fruits (Xie et al., 2013). In

strawberry, a multiomics approach revealed the association of

different genes regulating volatile organic compounds behind

the flavor characteristics of its berries (Fan et al., 2022). A

comparative transcriptome analysis among several apple

verities exhibited 34 genes regulating the anthocyanin contents

which are associated with preferred appearance of apples (El-

Sharkawy et al., 2015). Zaini et al. (2020) conducted a deep

comparative proteomics study in kernel pellicle tissues of two

elite walnut cultivars and detected proteins that are concerned

with secondary metabolism governing the pigmentation leading

to nut qualities. In avocado, an integrated proteomics and

metabolomics study indicated the induction of ripening

homogeneity through heat treatment that boosts the sugar

soluble accumulation, viz., sucrose and galactose and other

stress-related enzymes (Gavicho Uarrota et al., 2019).

Similarly, another study has been carried out by combining

transcriptomics with network analysis to determine the control

mechanisms concerned with acid accumulation and citrate in

sweet orange varieties that contributes to their fruit quality and

tastes (Huang et al., 2016). These omics approaches have also

played crucial roles in deciphering different gene regulations

behind abiotic and biotic stress responses. For example, a

metabolomics analysis in peach determined the association of

different metabolites, viz., mannitol, galactinol, and raffinose,

particularly higher raffinose accumulation under freezing stress

conditions (Brizzolara et al., 2018). In case of biotic stress, a

comparative proteomics study in resistant and susceptible apple

leaves affected with Alternaria alternate disease demonstrated a

major involvement of 43 differentially expressed proteins behind

both pathogenesis and defense mechanism (Zhang et al., 2015).

Another study through a quantitative proteomics analysis

revealed up- and downregulation of several differential

accumulated proteins that are associated behind gray mold

disease of kiwifruits (Liu et al., 2018).
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Conclusions and future prospects

The temperate fruit and nut crops being perennial in nature

undergoes several difficulties in terms of their genetic

improvement through classical methods of breeding, which

involves long-term deliberate crossing of closely and distantly

related individuals to develop desired cultivars and varieties.

Therefore, the advance molecular breeding approach since the

last three decades have been widely adapted and assisted in

revolutionizing the fruit crop improvements. The current

advances in gene sequencing technologies have facilitated deep

insights on genes regulating desirable fruit qualities, their

ripening, and aroma development mechanisms, including

biotic and abiotic stress responses. However, a systemic

method in using sequence information on the complex

pathways of fruit crop development is still less frequently

utilized. Hence, an integrated systems biology approach

through implementation of the multiomics approach which

can generate functionally validated genomic knowledge is

required for fruit improvement programs. The genome-wide

association study and genomic selection approaches can assist in

association of multiple traits and eliminate the requirement for

developing mapping population, thus shortening the duration

and space necessary for fruit orchard maintenance. Next, the

cutting-edge technologies, viz., CRISPR-mediated genome

editing, can be a beneficial asset in the way of transgene-free

precise genetic modification that facilitate no genetic footprints

and no off-targets in developing novel and resistant qualitative

fruit and nut varieties. Hence, for improvement in commercial

temperate fruit and nut crops, the integration of various
Frontiers in Plant Science 15
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biotechnological tools, viz., high-throughput molecular

markers along with the CRISPR gene editing systems can

accelerate the pace of precision breeding programs in future,

opening greater avenues for research and sustainability to

farmers and consumers.
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Nitric oxide promotes
adventitious root formation in
cucumber under cadmium stress
through improving antioxidant
system, regulating glycolysis
pathway and polyamine
homeostasis

Lijuan Niu, Yunlai Tang, Bo Zhu, Zhenfu Huang, Dan Wang,
Qiyang Chen and Jian Yu*

School of Life Science and Engineering, Southwest University of Science and Technology, Mianyang,
Sichuan, China
Cadmium (Cd) as a potentially toxic heavy metal that not only pollutes the

environment but also interferes with plant growth. Nitric oxide (NO) regulates

plant growth and development as well as abiotic stress response. However, the

mechanism underpinning NO-induced adventitious root development under Cd

stress remains unclear. In this study, cucumber (Cucumis sativus ‘Xinchun No. 4’)

was used as the experimental material to investigate the effect of NO on the

development of adventitious roots in cucumber under Cd stress. Our results

revealed that, as compared to Cd stress, 10 mM SNP (a NO donor) could

considerably increase the number and length of adventitious roots by 127.9%

and 289.3%, respectively. Simultaneously, exogenous SNP significantly increased

the level of endogenous NO in cucumber explants under Cd stress. Our results

revealed that supplementation of Cd with SNP significantly increased

endogenous NO content by 65.6% compared with Cd treatment at 48 h.

Furthermore, our study indicated that SNP treatment could improve the

antioxidant capacity of cucumber explants under Cd stress by up-regulating

the gene expression level of antioxidant enzymes, as well as reducing the levels

of malondialdehyde (MDA), hydrogen peroxide (H2O2) and superoxide anion

( O  ·−
2 ) to alleviate oxidative damage and membrane lipid peroxidation.

Application of NO resulted in a decrease of the  O  ·−
2 , MDA, and H2O2 level by

39.6%, 31.4% and 60.8% as compared to Cd-alone treatment, respectively.

Besides that, SNP treatment significantly increased the expression level of

related genes involved in glycolysis processes and polyamine homeostasis.

However, application of NO scavenger 2-(4-carboxy -2-phenyl)-4, 4, 5, 5-

tetramethy limidazoline -1-oxyl -3-oxide (cPTIO) and the inhibitor tungstate

significantly reversed the positive role of NO in promoting the adventitious root

formation under Cd stress. These results suggest that exogenous NO can

increase the level of endogenous NO, improve antioxidation ability, promote
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glycolysis pathway and polyamine homeostasis to enhance the occurrence of

adventitious roots in cucumber under Cd stress. In summary, NO can effectively

alleviate the damage of Cd stress and significantly promote the development of

adventitious root of cucumber under Cd stress.
KEYWORDS

nitric oxide, cadmium, rooting response, antioxidants, glycolysis, polyamine pathway
1 Introduction

Cadmium (Cd), a widely spread heavy metal, is easily absorbed

by plant roots, thus enters the food chain, and eventually poses a

substantial threat to human health (Falco et al., 2005; Ahmad et al.,

2016a; Ahmad et al., 2016b). It has been discovered that Cd, as a

non-essential element for plant growth and development, disturbs

nutrient and water uptake/transport (Rivelli et al., 2014; Hafsi et al.,

2022). Moreover, Cd induces a number of stress responses in plants

including ion balance changes (Kucerova et al., 2020; Hafsi et al.,

2022), change in antioxidant enzymes activities (Guo et al., 2019),

photosynthesis inhibition (Rizwan et al., 2018), and changes in the

expression of related genes and proteins (Muhammad et al., 2019;

Manara et al., 2020). Plant response to abiotic stress is usually

accompanied by an increase in the level of reactive oxygen species

(ROS) (Polle and Schützendübel, 2003; Kohli et al., 2019; Mansoor

et al., 2022), and the increase in ROS content caused the destruction

of cell structure and function (Panyuta et al., 2016; Kohli et al., 2019;

Mansoor et al., 2022). Previous research have demonstrated that Cd

stress could trigger the ROS generation, such as hydrogen peroxide

(H2O2) and superoxide radical ( O  ·−
2 ) accumulation in plants (Qi

et al., 2021; Li et al., 2022). Some studies have also shown that

excessive accumulation of ROS under Cd stress can trigger protein

post-translational modification (Gzyl et al., 2015), enzyme

inactivation and denaturation, DNA and RNA damage, resulting

in cell damage and cell death (Singh et al., 2016). These series of

reactions may aggravate the degree of lipid peroxidation (Heyno

et al., 2008), disrupts metabolic activities and eventually affect plant

growth and development (Yu et al., 2015; Anwar et al., 2021; El

Rasafi et al., 2022). It has been demonstrated that plants have a

series of antioxidant defense system to mitigate the oxidative

damage caused by ROS (Gill and Tuteja, 2010). Antioxidant

enzymes such as ascorbate peroxidase (APX), superoxide

dismutase (SOD), catalase (CAT) or glutathione reductase (GR)

have been demonstrated to regulate accumulation of ROS and

protect plants from oxidative damage under Cd stress (Irfan

et al., 2014; Guo et al., 2019). Therefore, the possibility of

oxidative signal or oxidative damage depends on the balance

between antioxidant enzyme activity and ROS level (Møller

et al., 2007).

Nitric oxide (NO) has been implicated as an essential signaling

molecule in plants. Numerous studies have discovered that NO

plays an essential role in the regulation of plant growth and
0294
development including seed germination (Ren et al., 2020), root

growth and development (Pagnussat et al., 2002; Sun et al., 2019;

Liu et al., 2022a), pollen tube germination (Prado et al., 2004) and

fruit senescence (Zuccarelli et al., 2021). The increasing evidence

indicates that, NO function in plant stress response. As a multi-

functional regulator, NO signaling is involved in a range of abiotic

stress responses to mitigate oxidative damage caused by abiotic

stress (Parankusam et al., 2017; Gao et al., 2022; Xia et al., 2022). For

example, exogenous NO could stabilize the cell membranes in

hulless barley under drought stress (Gan et al., 2015). Moreover,

application of NO could upregulate the gene expression of

antioxidative enzymes to enhance the antioxidant capacity under

Cd stress (Chen et al., 2010).Thus, the protective roles of NO in

alleviating oxidative injury have focused on regulating antioxidant

systems, reducing the generation of ROS, mediating related gene

expression, and maintaining protein stability, eventually enhancing

plant stress tolerance (Terrón-Camero et al., 2019; Wei et al., 2020).

Cucumber is a member of the Cucurbitaceae family (Hashem

et al., 2018). As one of the most popular vegetables, cucumber is

shallow-rooted crop and is used to be an bioindicator species to

assess toxicity of soils polluted by Cd (An et al., 2004). As

mentioned above, NO plays an essential role in regulating plant

growth and development. Moreover, it has been shown that NO is

involved in the response to Cd stress. However, the mechanism

underpinning NO-induced adventitious root development in

cucumber under Cd stress remains unclear. The aim of this study

was to investigate the role of NO in promoting the development of

adventitious root in cucumber under Cd stress. Therefore, we

conduct this experiment to test the effect of NO on root

development, oxidative defence, glycolysis and polyamine

metabolism in cucumber under Cd stress. The objective of this

study was to provide evidence to elucidate the potential mechanism

of NO signaling in responses to Cd stress in plants.
2 Materials and methods

2.1 Plant materials

Cucumis sativus L. (‘Xinchun No. 4’) was used in this

experiment. The sterilized cucumber seeds were pre-soaked in

distilled water for 5 hours. The seeds were germinated on filter

paper in petri dishes and then incubated in a climate box at 25°C
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with a 14 h photoperiod (200 mmols-1m-2). The experiment was

repeated three times, with 10 seedlings per replicate.
2.2 Explant treatments

Experiment 1: Sodium nitroprusside (SNP, purity≥98.5%,

Solarbio, China) as a NO donor. Cucumber explants were placed

in petri dishes containing distilled water or different concentrations

of SNP (0, 1, 10, 100, 500 mM) under Cd stress for 5 days. The

concentrations of NO was selected based on the results of our

previous studies (Niu et al., 2017; Niu et al., 2019). These media

were changed every day in order to keep the solution fresh.

Experiment 2: 200 mM 2-(4-carboxy-2-phenyl)-4, 4, 5, 5-

tetramethylimidazoline -1-oxyl-3-oxide (c-PTIO, purity≥98%,

Sigma, USA) as NO scavenger, 200 mM tungstate (Solarbio, China)

as a NO inhibitor. The concentrations of CdCl2, NO scavenger or

inhibitor were based on the results of a preliminary experiment.
2.3 Endogenous NO content

The NO content was determined using the Greiss reagent

method with minor modifications (Xuan et al., 2012). Cucumber

explants were ground and mixed with 4 mL of 50 mM ice cold acetic

acid buffer (containing 4% zinc diacetate). The mixture was

centrifuged at 10000 g for 15 min at 4°C, and the supernatant

was collected. Then, 0.1 g of charcoal was added. After vortex and

filtration, the filtrate was mixed with 1mL Greiss reagent at room

temperature for 30 min. Finally, the absorbance was assayed at

540 nm.
2.4 Malondialdehyde, superoxide anion (O2)
and hydrogen peroxide (H2O2) content

For measuring MDA, 0.2 g of samples were ground in ice bath

and extracted with 5 mL trichloroacetic acid (TCA). The

homogenate was transferred to a centrifuge tube and centrifuged

at 4°C at 12000 g for 15 min. The supernatant was added to 0.5%

TBA solution. The mixture is heated in a boiling water bath for 30

min and then centrifuged for 10 min. The absorbance of the

supernatant was measured at 450 nm, 532 nm and 600 nm (Liu

et al., 2022b). For estimating  O  ·−
2 generation, the samples were

homogenized with potassium phosphate buffer (pH 7.8) and

centrifuged for 10 min. The supernatant was added to

hydroxylamine hydrochloride and reacted at 25°C for 20 min.

Finally, the absorbance was measured at 530 nm (Gong et al.,

2014). Superoxide accumulation was also examined by nitroblue

tetrazolium (NBT) staining, as described previously (Wang et al.,

2019). H2O2 content in cucumber explants was determined as

described by the method with minor modification (Liao et al.,

2011). 0.5 g of cucumber explants were ground in liquid nitrogen

and then homogenized in 3 mL ice-cold aceton. After centrifugation

at 10000 g for 10 min at 4°C, the reaction mixture composed of 0.5
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mL of the supernatant, 0.5 mL of trichloromethane (CHCl3), 1.5 mL

carbon tetrachloride (CCl4) and 2.5 mL of distilled water. The

mixture was then centrifuged at 1000 g for 1 min and the

supernatant fractions were collected for H2O2 determination. In

addition, H2O2 was detected with the DAB method with some

modifications. Briefly, leaves were placed in the diaminobenzidine

(DAB) staining solution. After then, the treated leaves were placed

in 95% ethanol for 10 min. The reaction of DAB with H2O2 could

produce the deep brown polymerization product (Yang et al., 2013).
2.5 Quantitive real-time PCR assays

In order to investigate the effect of NO on antioxidant system,

glycolysis and polyamine pathway during adventitious rooting

under Cd stress. The relative expression of genes encoding for

antioxidant enzymes, glycolysis pathway and polyamine

biosynthetic enzymes were measured. Cucumber explants were

ground into powder with liquid nitrogen. Total RNA was

extracted using the DP419 kit (TianGen, Beijing, China).

Quantitative real-time PCR reactions were performed using SYBR

Green SuperReal PreMix Plus kit (TianGen, Beijing, China)

according to the cycling parameters: 95°C for 15 min; 95°C for 10

s and 60°C for 32 s, 40 cycles. qRT-PCR amplification primers are

shown in Table 1. The relative expression of the gene was calculated

by the 2 -DDCT method.
2.6 Statistical analysis

Three independent replicates were set for each experiment.

Means were separated by Duncan test at 0.05 probability level.

Analysis of variance (ANOVA) was done. SPSS V. 13.0 was used for

statistical analysis.
3 Results

3.1 Effect of exogenous NO on
adventitious root formation under
Cd stress

To understand the effect of exogenous NO on the development of

adventitious root under Cd stress, we performed a dose-response

experiment with NO. As shown in Figure 1, compared to CK

treatment, CdCl2 treatment significantly reduced root number and

root length by 66.3% and 81.7%, respectively. Moreover, the

development of adventitious roots altered considerably with

increasing concentrations of NO donor, SNP (1, 10, 100, 500 mM).

As shown in Figure 1, the root number and root length of 10 mMNO

treatment was significantly increased by 127.9% and 289.3%,

respectively, as compared to CdCl2 treatments. However, a high

concentration of NO (500 mM) obviously decreased the number and

length of adventitious roots under Cd stress (Figures 1A, B).

Therefore, exogenous NO displayed a concentration-dependent

influence on adventitious rooting under Cd stress, and these results
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indicated that 10 mM NO significantly ameliorated the adverse effect

of Cd stress on the development of adventitious roots.
3.2 Effect of cPTIO or tungstate on
adventitious root formation under
Cd stress

To further investigate the key role of NO in affecting

adventitious root formation in cucumber under Cd stress, NO

scavengers or inhibitor was utilized in this experiment. As shown

in Figure 2, NO treatment obviously induced the adventitious

rooting under Cd stress. However, application of cPTIO or

tungstate significantly inhibited the NO-promoted adventitious

rooting under Cd stress. The number of adventitious roots which

treated with NO scavenger or inhibitor decreased by 73% and

67.6%, respectively, when compared to CdCl2 + NO treatment

(Figure 2A). Meanwhile, the adventitious root length of explants

treated with cPTIO or tungstate reduced by 68.9% and 44.3%,

respectively, as compared to that of NO treatment (Figure 2B).

These results implied that NO might be responsible for promoting

the formation of adventitious root under Cd stress.

3.3 Changes in the endogenous NO level during
NO-induced adventitious root formation under
Cd stress

In order to further validate the influence of NO on adventitious

root production under Cd stress, endogenous NO level was detected

during NO-induced adventitious rooting under Cd stress condition

(Figure 3). The concentration of endogenous NO in CdCl2
treatment gradually decreased during the process of adventitious

root development (Figure 3). However, the level of endogenous NO

which treated with CdCl2+NO was considerably higher than those
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in Cd group, reaching a maximum at 48 h. As shown in Figure 3, at

48 h, exogenous NO treatment significantly enhanced endogenous

NO level by 65.6% as compared to CdCl2. However, cPTIO and

tungstate treatments obviously decreased endogenous NO level

during adventitious root development, which was 65.3% and

55.5% lower than that of NO treatment, respectively (Figure 3).
3.4 Effect of NO on reactive oxygen
species during adventitious root
development in cucumber under Cd stress

The levels of MDA, H2O2 and  O
  ·−
2 in cucumber explants under

Cd stress were measured in our experiment (Figure 4). As shown in

Figure 4A, CdCl2 treatment significantly increased MDA content in

cucumber explants which compared to that of control. However,

exogenous NO significantly decreased MDA level under Cd stress.

As compared to Cd stress, the MDA content which treated with NO

treatment significantly decreased by 31.4% (Figure 4A). However,

cPTIO or tungstate treatment significantly elevated the content of

MDA compared to CdCl2 + NO treatment. Also, CdCl2 treatment

significantly increased the content of  O  ·−
2 in cucumber explants.

Exogenous NO could reverse the increase in  O  ·−
2 level which

caused by Cd stress (Figures 4B, D). As shown in Figure 4B,

application of NO obviously decreased the  O  ·−
2 level by 39.6%

when compared to CdCl2 treatment. However, the content of  O  ·−
2

in cucumber explants which treated with cPTIO or tungstate was

significantly higher than that of CdCl2 + NO treatment.

Furthermore, the effect of NO treatment on H2O2 level followed

the same pattern as the effect on  O  ·−
2 level (Figures 4C, E). These

results indicated that NO could obviously alleviate membrane lipid

peroxidation and inhibit the accumulation of ROS, thus reducing
TABLE 1 Sequences of primers used for this study.

Gene Forward Primer Reverse Primer

Actin 5’-TTGAATCCCAAGGCGAATAG-3’ 5’-TGCGACCACTGGCATAAAG-3’

CsPOD 5’-TTGTGATGGGTCGGTGCTAC-3’ 5’-TGTCCTGATGCCAAGGTGAC-3’

CsCAT 5’- CATGGACGGTTCAGGTGTCA-3’ 5’- CCACTCAGGGTAGTTGCCAG-3’

CsAPX 5’-CTGCTACTGTTTTTGGAACCGCCG-3’ 5’- GCGGAGGAGAGGAAACGAGTAGTT-3’

CsSOD 5’-CACCCAAGAAGGAGACGGTC-3’ 5’- CAGCAGGGTTGAAATGTGGC-3’

CsGR 5’-GATATGAGAGCCGTGGTTGC-3’ 5’-AGTCGCAAACAACACAGCAT-3’

CsPFK 5’-TTGGTTGATAATTGGCATAAG-3’ 5’-GCATCCACTATCTTCTTCA-3’

CsPK 5’-TGCTGTCATCACCTATTG-3’ 5’-ACAAGAGTCGGTTTACAC-3’

CsFK 5’-CCTGGATGAAGAATACTATGA-3’ 5’-CGGCGTGTAATGATAATG-3’

CsHK 5’-TGTTGTGGTGAAGTTCTT-3’ 5’-CCTCCATTTCCCTCTATTC-3’

CsADC 5’-GGATCCCAGATCCCTTCTAC-3’ 5’-GTCAATACCCAGACCACCTC-3’

CsODC 5’-CGTCGTTGGCGTGTCATTT-3’ 5’- CAAGTCGGACTGCCGTTTC-3’

CsPAO 5’-TCTCCTTCTCGTTCCTCCGT-3’ 5’-CCACCGACTCCAACAATCCA-3’
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oxidative damage and promoting the formation of adventitious root

in cucumber under Cd stress.
3.5 Effect of NO on the expression level of
antioxidant enzymes under Cd stress

We further explored the effect of NO on the antioxidant system

during adventitious root development under Cd stress. As shown in

Figure 5, CdCl2 treatment has a significant effect on the expression

level of antioxidant enzymes during the process of adventitious root

formation. Compared to CK treatment, Cd treatment significantly

decreased the expression level of ascorbate peroxidase (APX),

Cu, Zn-superoxide dismutase (Cu, Zn-SOD), glutathione
Frontiers in Plant Science 0597
reductase (GR) and peroxidase (POD) (Figure 5). However, the

expression of these genes in NO treatment was significantly higher

than that of Cd stress alone (Figure 5). As shown in Figure 5A,

exogenous NO significantly increased APX relative expression by

90.8% compared with Cd treatment alone. Meanwhile, Zn/Cu-SOD,

CAT, GR and POD relative expression of CdCl2 + NO treatment

was significantly higher 63.3%, 31.0%, 43.0% and 40.9% than those

of Cd treatment, respectively (Figure 5). Nevertheless, NO

scavengers or inhibitor obviously down-regulated the

transcriptional levels of the antioxidant enzymes compared to

those of NO treatment under Cd stress (Figure 5). Thus, these

results might give an exploration of the positive role of NO in

hindering ROS production by regulating the transcriptional levels

of antioxidant enzymes.
FIGURE 1

Effect of NO on adventitious root formation under Cd stress. The primary roots were removed from 5-day-old seedlings. Explants were then
incubated for 5 days with distilled water (CK) or 1 mM CdCl2, 1 mM CdCl2 +1 mM SNP, 1 mM CdCl2 + 10 mM SNP, 1 mM CdCl2 + 100 mM SNP, 1 mM
CdCl2 + 500 mM SNP. Ten explants were used per replicate. The numbers (A) and root length (B) of adventitious roots were expressed as mean ± SE
(n = 3). Photographs (C) were taken after five days of the treatments indicated. Bars with different letters are significantly different at P < 0.05
according to Duncan’s multiple range test.
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3.6 Effect of NO on the expression level of
glycolysis-related genes under Cd stress

We evaluated the effect of NO on glycolysis pathway during the

development of adventitious root in cucumber under Cd stress. As

shown in Figure 6, compared with CK treatment, CdCl2 treatment

significantly down-regulated the gene expression levels of FK, PK

and HK. However, compared to those of Cd treatment, exogenous

NO significantly enhanced the expression level of glycolysis-related

genes. As shown in Figures 6A, B, exogenous NO resulted in a

83.8% increase in PFK relative expression and a 87.1% increase in

FK relative expression compared with Cd treatment alone,

respectively. Moreover, Cd treatment decreased PK relative

expression by 12.4% and caused a 52.7% decrease in HK relative

expression compared with NO + Cd treatment, respectively

(Figures 6C, D). On the contrary, NO scavengers or inhibitor

obviously reversed the positive effect of NO on regulating the
Frontiers in Plant Science 0698
mRNA transcription level of these genes (Figure 6). Therefore,

NO promoted adventitious rooting under Cd stress through

regulating glycolysis-related gene expression.
3.7 Effect of NO on the expression level of
polyamine enzymes under Cd stress

Cd stress significantly decreased the expression level of arginine

decarboxylase (ADC) and ornithine decarboxylase (ODC) in our

experiment (Figures 7A, B). As shown in Figure 7, compared to

CdCl2 treatment, the expression level of ADC and ODC in CdCl2 +

NO treatment were significantly higher than those of CdCl2
treatment alone. Moreover, CdCl2 + NO treatment resulted in a

32.2% decrease in PAO relative expression compared with Cd

treatment. However, NO scavenger or inhibitor treatment could
FIGURE 2

Effect of cPTIO or tungstate on adventitious root formation under Cd stress. The primary roots were removed from 5-day-old seedlings. Explants
were then incubated for 5 days with distilled water (CK) or 1 mM CdCl2, 1 mM CdCl2 +10 mM SNP, 1 mM CdCl2 + 10 mM SNP + 200 mM cPTIO, 1 mM
CdCl2 + 10 mM SNP + 200 mM tungstate. Ten explants were used per replicate. The numbers (A) and root length (B) of adventitious roots were
expressed as mean ± SE (n = 3). Photographs (C) were taken after five days of the treatments indicated. Bars with different letters are significantly
different at P < 0.05 according to Duncan’s multiple range test.
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reverse the effect of NO on the expression level of polyamine

enzymes (Figure 7). These results imply that application of NO

could regulate polyamine homeostasis during adventitious root

development in response to Cd stress.
4 Discussion

Cadmium stress as an environmental factor has a significant

impact on the growth and development of plants. It has been

confirmed that Cd stress is an important limiting factor for plant

growth and development, which inhibits the growth of plants to a

certain extent (Azevedo et al., 2012; El Rasafi et al., 2022). As an

important signal molecule in plants, NO is involved in a variety of

abiotic stress response in plants. In this experiment, we

demonstrated that NO could promote the development of

adventitious roots of cucumber under Cd stress. In our study, the

root number and root length of adventitious roots under Cd stress

condition were significantly lower than those of the control

(Figure 1). These results showed that Cd stress could significantly

inhibit the process of adventitious root in cucumber explants.

Previous studies found that Cd stress inhibited the adventitious

root formation in plants (Li et al., 2019; Gong et al., 2022). However,

suitable concentration of NO treatment significantly promoted

adventitious root formation under Cd stress (Figure 1). Previous

studies have shown that NO can resist abiotic stress through

protecting cell membrane stability, up-regulating antioxidant

enzyme activity and inducing resistance-related gene expression

(Fan et al., 2015; Kaya et al., 2015). For example, it has been

reported that NO could alleviate Cd toxicity through maintaining

the growth regulation and nutritional status in cauliflower (Ma et al.,

2022). Also, Zhao et al (2022) found that NO enhanced Cd

resistance of Pleurotus eryngii through overcoming oxidative

damage and regulating short-chain dehydrogenase/reductase

famliy. Our results implied that suitable concentration of NO
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might alleviate the negative effect of Cd stress on the adventitious

rooting of cucumber. Moreover, several studies indicated that NO

could regulate the growth and development of plant roots, including

root elongation, lateral root growth and adventitious root formation

(Dıáz et al., 2021; Wang et al., 2021; Liu Y.Y. et al., 2022). In our

experiment, low concentration of NO significantly alleviated the

inhibitory effect of Cd stress on the formation of adventitious root,

while high concentration of NO obviously inhibited the occurrence

of adventitious root under Cd stress (Figure 1). These results showed

that NO had a concentration-dependent effect on adventitious root

formation under Cd stress. In addition, NO scavengers or inhibitor

dramatically reduced the root number and root length of cucumber

explants (Figure 2), implying that NO plays a vital role in the

development of adventitious roots under Cd stress.

Several reports suggested that the endogenous NO

accumulation has been implicated as being responsible for the

development of adventitious root in plants (Kang et al., 2018;

Altamura et al., 2023). Compared to CK treatment, Cd stress

significantly decreased endogenous NO levels during adventitious

root development (Figure 3), implying that Cd stress might lead to a

significant reduction of adventitious root formation through

inhibiting endogenous NO production. However, exogenous NO

significantly increased the endogenous NO production during

adventitious root formation under Cd stress (Figure 3). Our

results are in agreement with previous data on the implication of

NO generation during root growth and development under stress

conditions. For example, Zhang et al. (2022) suggested that

endogenous NO was required for melatonin to stimulate the

lateral roots growth of cucumber seedlings under nitrate stress.

Moreover, Li et al., (2019) reported that NO significantly elevated

endogenous NO level during the adventitious root formation in

mung bean hypocotyl under cadmium and osmotic stresses. These

observations support the view that NO could promote the

formation of adventitious root through enhancing the

endogenous NO production under Cd stress.
FIGURE 3

Changes in the endogenous NO level during NO-induced adventitious root formation under Cd stress. The primary roots were removed from 5-
day-old seedlings. Explants were then incubated for 72 h with distilled water (CK) or 1 mM CdCl2, 1 mM CdCl2 +10 mM SNP, 1 mM CdCl2 + 10 mM SNP
+ 200 mM cPTIO, 1 mM CdCl2 + 10 mM SNP + 200 mM tungstate. Bars with different letters are significantly different at P < 0.05 according to
Duncan’s multiple range test.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1126606
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Niu et al. 10.3389/fpls.2023.1126606
Excessive ROS results in membrane lipid peroxidation and cell

oxidation, causing serious damage to plants (Huang et al., 2019).

Meanwhile, MDA level is considered to be an indicator of lipid

peroxidation during response to various environmental stresses

(Gaweł et al., 2004). Previous study has suggested that Cd

treatment caused oxidative stress (He et al., 2014) by increasing

the contents of H2O2 and MDA of rice seedlings. Moreover, under
Frontiers in Plant Science 08100
Cd stress, H2O2 and MDA in wheat plants significantly increased

(Kaya et al., 2019). Similarly, in our study, the results showed that

CdCl2 treatment significantly increased the ROS level and MDA

content of cucumber explants during adventitious root formation

(Figure 4), resulting in oxidative damage (Jaleel et al., 2007),

eventually inhibiting adventitious root formation. However,

exogenous NO significantly decreased the levels of MDA, H2O2
A

B

D E

C

FIGURE 4

Effect of NO on MDA content (A),  O  ·−
2 content (B) and H2O2 content (C) during adventitious root development in cucumber under Cd stress.

Explants were incubated for 48 h with distilled water (CK) or 1 mM CdCl2, 1 mM CdCl2 +10 mM SNP, 1 mM CdCl2 + 10 mM SNP + 200 mM cPTIO, 1 mM
CdCl2 + 10 mM SNP + 200 mM tungstate. Photograph showing NBT (D) and DAB (E) staining after 48 h of treatments. Bars with different letters are
significantly different at P < 0.05 according to Duncan’s multiple range test.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1126606
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Niu et al. 10.3389/fpls.2023.1126606
and  O  ·−
2 in cucumber explants to further alleviate the oxidative

damage and membrane lipid peroxidation of cucumber explants

under Cd stress (Laspina et al., 2005; Jaleel et al., 2007). Previous

studies have shown that NO plays a key role in alleviating oxidative
Frontiers in Plant Science 09101
stress under Cd stress (Panda et al., 2011; Kaya et al., 2020). For

instance, exogenously applied NO significantly reduced oxidative

stress and proline content of wheat seedlings under Cd stress (Kaya

et al., 2020). Similar to our results, application of NO resulted in an
A

B

D

E

C

FIGURE 5

Effect of NO on the expression level of APX (A), Zn/Cu-SOD (B), CAT (C), GR (D) and POD (E) in cucumber explants under Cd stress at 48 (h) Explants
were incubated for 2 days with distilled water (CK) or 1 mM CdCl2, 1 mM CdCl2 +10 mM SNP, 1 mM CdCl2 + 10 mM SNP + 200 mM cPTIO, 1 mM CdCl2
+ 10 mM SNP + 200 mM Tungstate. The values (means ± SE) are the average of three independent experiments. Bars with different letters are
significantly different at P < 0.05 according to Duncan’s multiple range test.
A B

DC

FIGURE 6

Effect of NO on the expression level of PFK (A), FK (B), PK (C) and HK (D) in cucumber explants under Cd stress at 48 (h) Explants were incubated for
2 days with distilled water (CK) or 1 mM CdCl2, 1 mM CdCl2 +10 mM SNP, 1 mM CdCl2 + 10 mM SNP + 200 mM cPTIO, 1 mM CdCl2 + 10 mM SNP + 200
mM Tungstate. The values (means ± SE) are the average of three independent experiments. Bars with different letters are significantly different at P <
0.05 according to Duncan’s multiple range test.
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obviously decrease of  O  ·−
2 , H2O2 and MDA content to decrease the

Cd stress of cauliflower (Ma et al., 2022). These results suggested

that NO is involved in ameliorating oxidative impairment under Cd

stress. However, the treatment of NO scavengers or inhibitor

significantly reversed the positive effect of NO on alleviating the

oxidative damage during adventitious root formation under Cd

stress (Figure 4). These results indicated that NO could significantly

reduce the degree of membrane lipid peroxidation and alleviate

oxidative stress under Cd stress, thus promoting the occurrence of

adventitious roots under Cd stress.

Overproduction of ROS caused oxidative damage, plants need

to counteract the toxicity of ROS through a highly efficient

antioxidative defense system (Dumanović et al., 2021). At present,

plants have effective antioxidant defense mechanisms to alleviate

the effects of oxidative stress in plants. Xu et al. (Xu et al., 2008)

found that transgenic Arabidopsis plants structurally overexpressed

peroxisome gene HvAPX1, which reduced ROS accumulation and

significantly improved the tolerance of Arabidopsis plants to Cd

stress. In addition, Cd stress mediates the transcriptional expression

of APX, GR, Cu/ZnSOD and other related antioxidant enzyme genes

in ryegrass, which effectively alleviates the oxidative damage (Luo

et al., 2011). Our results showed that Cd stress significantly affected

the expression level of antioxidant enzyme genes (Figure 5).

Moreover, compared to Cd treatment, exogenous NO

significantly up-regulated the gene expression levels of these

antioxidant enzymes, indicating that NO could alleviate oxidative

damage of cucumber explants through enhancing the antioxidant

system as well as eliminating excess ROS and MDA (Mostofa et al.,

2019; Terrón-Camero et al., 2019). It has been investigated that NO

significantly increased the activities of antioxidant enzymes of

wheat under Cd stress (Kaya et al., 2019). Moreover, NO have the

ability to enhance the antioxidant activities in bamboo plants under

Cd stress (Emamverdian et al., 2021). Our present investigation
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suggested that NO could obviously enhance the plant defense

system during adventitious rooting in the response to Cd stress.

The glycolysis process is the basis for controlling carbohydrate

metabolism, which also considered to be one of the key pathways

for plant respiration (Plaxton, 1996; Sun et al., 2021). In addition,

glycolysis has been demonstrated to be involved in the plant

response to abiotic stress (Zhang et al., 2011a; Dong et al., 2020;

Sun et al., 2021). For example, it has been reported that the increase

of PFK and PK activity could enhance the tolerance to salt stress

(Zhong et al., 2016). Moreover, the enhancement of the expression

level of PFK, PK and PEPC of cucumber leaves allows to convert

more carbohydrates and maintain the normal physiological

metabolism of cucumber (Zhong et al., 2016). Previous study

found that Cd stress caused changes in carbohydrate metabolism,

glycolysis and pentose phosphate pathway-related enzymes in pea

(Devi et al., 2007). Moreover, Shahid et al (2019) found that Cd

treatment significantly inhibited the activities of FK, HK, PFK and

PK in potato plants. In our study, we found that Cd stress

significantly down-regulated the gene expression levels of key

glycolysis enzymes during adventitious root formation (Figure 6),

indicating that Cd stress may lead to the inhibition of glycolysis

pathway and further affect respiratory pathway during the

adventitious rooting. However, under Cd stress, NO treatment

could significantly up-regulate the gene expression levels of PFK,

PK, FK andHK (Figure 6). In agreement with the present study, NO

could obviously elevate the activities of FK to improve the chilling

tolerance of banana fruit (Wang et al., 2015). Similarly, Pandey et al

(2019) found that NO treatment may up-regulated the expressional

level ofHK1-like, phosphofructokinase 6-like and PK which involved

in glycolysis pathway during seed germination of chickpea.

Furthermore, previous study suggested exogenous nitric oxide

improved NaCl tolerance by enhancing glycolysis metabolism in

barley seedlings (Ma et al., 2021). These results implied that NO
A

B C

FIGURE 7

Effect of NO on the expression level of ADC (A), ODC (B) and PAO (C) in cucumber explants under Cd stress at 48 (h) Explants were incubated for 2
days with distilled water (CK) or 1 mM CdCl2, 1 mM CdCl2 +10 mM SNP, 1 mM CdCl2 + 10 mM SNP + 200 mM cPTIO, 1 mM CdCl2 + 10 mM SNP + 200
mM Tungstate. The values (means ± SE) are the average of three independent experiments. Bars with different letters are significantly different at P <
0.05 according to Duncan’s multiple range test.
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plays an essential role in regulating glycolysis metabolism in plant.

In the present study, NO may trigger glycolysis metabolic pathway

through increasing the gene expression levels of key glycolysis

enzymes to produce more energy and activate intermediate

metabolism during the process of adventitious root formation

under Cd stress, in order to enhance resistance to Cd stress (Shu

et al., 2011).

Previous studies found that polyamines (PAs) play an essential

role in plant growth and development, as well as response to biotic

and abiotic stress (Wimalasekera et al., 2011; Rakesh et al., 2021). In

plants, it has been reported that PAs could be produced by ornithine

decarboxylase (ODC) or arginine decarboxylase (ADC) pathway,

respectively (Groppa and Benavides, 2008). Meanwhile, polyamine

oxidase (PAO) plays a major role in mediating PAs degradation in

plant (Goyal and Asthir, 2010). In our study, the gene expression of

ADC and ODC was significantly down-regulated in CdCl2
treatment, as compared to CK (Figures 7A, B). However,

exogenous NO obviously enhanced the gene expression of ADC

and ODC which compared with Cd stress, resulting in the

accumulation of endogenous polyamine. In addition, removing

endogenous NO further implied that NO is involved in PAs

accumulation through increasing the expression of ADC and ODC

(Figures 7A, B) under Cd stress. Previous studies indicated that PAs

metabolism plays a vital role in abiotic stress responses (Gupta et al.,

2013). Also, it has been reported that NO could obviously regulate

the transcriptional level of polyaminemetabolism genes ofMedicago

truncatula (Filippou et al., 2013). Moreover, exogenous NO resulted

in cold tolerance by regulating the expression level of ADC andODC

of tea root (Wang et al., 2020). Furthermore, application of NO

could significantly increase the expression of PA biosynthetic

enzyme and lower the activity of PAO activity under salt stress

(Tailor et al., 2019). In our study, Cd stress remarkably enhanced the

expression of PAOwhile a significant decline in PAO expression was

observed in NO treatment (Figure 7C) which may help maintaining

PAs levels. These results suggested that NO might enhance abiotic

stress tolerance through regulating PAs metabolim. Thus, during

adventitious root development under Cd stress, exogenous NO

might positively modulate PAs homeostasis through regulating

polyamines - related genes expression for adapting to Cd

stress condition.
Conclusion

Exogenous application of NO alleviated Cd damage and

promoted the adventitious rooting in cucumber explants under

Cd stress. Through further studies, our results suggested that NO

could reduce oxidative damage and depress lipid peroxidation

through improving the antioxidant capacity of cucumber during

adventitious root formation in response to Cd stress. Additionally,

NO alleviated the damage of Cd stress on the process of

adventitious rooting through regulating glycolysis processes and
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polyamine homeostasis. Therefore, our study may provide new

insights into the positive role of NO in promoting adventitious root

development under Cd stress. Taken together, our study provided

evidence that NO promoted the adventitious root development

under Cd stress in cucumber explants through enhancing

antioxidant capability, promoting glycolysis pathway and

maintaining polyamine homeostasis. However, the regulatory

mechanism underlying NO-induced adventit ious root

development under Cd stress is complex. Further research should

focus on the molecular mechanism of NO-regulated rooting

response under Cd stress.
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Stability estimation through
multivariate approach among
solasodine-rich lines of Solanum
khasianum (C.B. Clarke): an
important industrial plant

Twahira Begum1, Sunita Munda1, Tanmita Gupta1,
Roktim Gogoi1, Vikash Kumar Choubey1, Sanjoy K. Chanda1,
Himangshu Lekhak1, G. N. Sastry2 and Mohan Lal1*

1Agrotechnology and Rural Development Division, Council of Scientific and Industrial Research
(CSIR)-North East Institute of Science and Technology, Jorhat, Assam, India, 2Advanced Computation
and Data Sciences Division, Council of Scientific and Industrial Research (CSIR)-North East Institute of
Science and Technology, Jorhat, Assam, India
Solanum khasianum is a medicinally important plant that is a source of steroidal

alkaloids ‘solasodine.’ It has various industrial applications, including oral

contraceptives and other pharmaceutical uses. The present study was based

on 186 germplasm of S. khasianum, which were analyzed for the stability of

economically important traits like solasodine content and fruit yield. The

collected germplasm was planted during Kharif 2018, 2019, and 2020 in RCBD

with three replications at the experimental farm of CSIR-NEIST, Jorhat, Assam,

India. A multivariate approach for stability analysis was applied to identify stable

germplasm of S. khasianum for economically important traits. The germplasm

was analyzed for additive main effects and multiplicative interaction (AMMI), GGE

biplot, multi-trait stability index, and Shukla’s variance which were evaluated for

three environments. The AMMI ANOVA revealed significant GE interaction for all

the studied traits. The stable and high-yielding germplasm was identified from

the AMMI biplot, GGE biplot, Shukla’s variance value, and MTSI plot analysis. Lines

no. 90, 85, 70, 107, and 62 were identified as highly stable fruit yielders while,

lines no. 1, 146, and 68 were identified as stable high solasodine lines. However,

considering both traits, i.e., high fruit yield and solasodine content, MTSI analysis

was performed which showed that lines 1, 85, 70,155, 71, 114, 65, 86, 62, 116, 32,

and 182 could be used in a breeding program. Thus, this identified germplasm

can be considered for further varietal development and could be used in a

breeding program. The findings of the present study would be beneficial for the

S. khasianum breeding program.
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anova, AMMI, GGE biplot, MTSI, Shukla’s variance, solasodine, Solanum khasianum
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1 Introduction

The Solanaceae family with worldwide distribution comprises

90 genera, containing more than 3000 species. The Solanaceae

family’s largest genus is Solanum with more than 2000 species

(Kaunda and Zhang, 2019). Solanum khasianum (C.B. Clarke), also

called Solanum aculeatissimum Jacq., is a member of the Solanaceae

family and is cultivated in China, Bhutan, and the Indian states of

Assam, Arunachal Pradesh, Meghalaya, Sikkim, Manipur, Orissa,

Nilgiri Hill, and West Bengal (Gogoi et al., 2021). Alkaloids,

flavonoids, phenols, and numerous other phytoconstituents found

in S. khasianum are recognized to have the ability to reduce

inflammation, blood sugar levels, and oxidative stress (Gupta,

2019). The potential glycoalkaloids reported to be present in S.

khasianum include solasodine, solamargine, solanine, and

solasonine (Srivastava et al., 2016; Kaunda and Zhang, 2019).

Among the Solanum plants screened for solasodine production, S.

khasianum was found to possess the maximum solasodine content

(Weissenberg, 2001; Begum et al., 2022; Lal et al., 2022a). It is widely

known for its range of therapeutic applications. Solasodine was

found to possess many pharmacological properties like anti-

inflammatory, antioxidant, antinociceptive, antimicrobial,

cytotoxic, anti-obesity, antiandrogenic, and hepatoprotective

properties (Srivastava et al., 2016; Kumar et al., 2019; Gogoi et al.,

2021). Moreover, previous reports suggested that the berries possess

anti-diabetic, anti-inflammatory, anti-cholinesterase, anticancer,

and antibacterial properties (Rosangkima and Jagetia, 2015; Gogoi

et al., 2021; Pavani and Shasthree, 2021). As an ethnomedicine, the

plant has been used for treating diseases like whooping cough,

bronchitis, smallpox, trachoma, snake bites, rheumatism, and tooth

and skin infections (Schmelzer and Gurib, 2008; Chirumamilla

et al., 2021; Lal et al., 2022a).

Solanum khasianum is a sturdy, branched shrub with a height of

approximately 0.75 to 1.5 m. The stem and leaves bear spines on

both its surfaces with the shape of ovate to lobate. It possesses

hermaphrodite flowers and abundant berries and turns yellowish

upon maturity (Begum et al., 2022; Lal et al., 2022a). The cultivation

area of S. khasianum is more than 4000 ha in India across the states

of Assam, Meghalaya, Tripura, Manipur, Maharashtra, and

Karnataka (Gogoi et al., 2021). S. khasianum is a storehouse of

solasodine, the steroidal alkaloid which has high industrial and

medicinal significance (Sanwal et al., 2016; Gogoi et al., 2021). It is

the starting base for synthesizing steroid hormones, such as

cortisone and oral contraceptives (Begum et al., 2022). Solasodine

is a key intermediate and substrate in steroidal drugs and sex

hormone production (Sanwal et al., 2016; Lal et al., 2022a). It is

used in steroidal hormone production for commercial use in oral

pills or injections (Sinani and Eltayeb, 2017; Lal et al., 2022a). It,

thus, plays a crucial role in human birth control purposes. The

valuable part of the plant is the berries which contain the source of

solasodine that can be extracted from ripened berries. The

maximum content of solasodine is produced when the berries

have ripened and turned yellow in color. The seeds are mucilage

in nature, small in size, and are the primary source of propagation

(Begum et al., 2022). Increased consumption of this medicine and

reckless harvesting of the plant from the wild as a raw material
Frontiers in Plant Science 02108
source has led to the depletion of genetic diversity and habitat loss

(Canter et al., 2005; Julsing et al., 2007). Due to its rapid growth and

low initial culture cost, it is one of the best sources of affordable raw

materials for industrially significant solasodine extraction.

Therefore, it would be very advantageous to identify and include

plant breeding for this neglected plant species.

As for the definition of stability, a genotype that can consistently

produce consistent performance regardless of any change in its

environmental conditions can be termed a stable genotype. In plant

breeding, the stability of yield traits is a significant aspect. However,

with ever-changing fluctuations in environmental conditions, the

determination of yield factor is challenging. The phenotypic

expression of a genotype is a controlled result of both genotypic

constitutions of the genotype and the environment. Hence, the

genotype may show inconsistent performance under varying

environmental conditions. A stable genotype with superior yield

in varying environments is considered the mostly desired genotype.

This compels the necessary study of the genotype × environment to

identify stable genotypes with desirable traits.

A stable genotype is one which produces a stable yield in an

environment (Annicchiarico, 2002; Munda et al., 2020). The

performance of a genotype in multi-environments is difficult to

study when the genotype-environment interaction is stronger

(Alwala et al., 2010). The selection of a stable genotype is difficult

due to the interaction between genotype × environments (Gupta

et al., 2015). The genotypic response to an environment is

multivariate; hence, the determination of stability using

parametric and nonparametric statistical analysis which is

univariate would not be very effective. There are many

multivariate models available for the analysis of stability. Among

the various multivariate model, additive main effects and

multiplicative interaction (AMMI) method and ‘GGE biplot’ are

widely used (Lal et al., 2022b). The AMMI model is an

amalgamation of the analysis of variance and the principal

component analysis. It efficiently illustrates the adaptive responses

of genotypes to the environment by providing details on the main

and interaction effects along with a biplot. The main effects of G × E

are assessed using variance analysis (main additive effects) while the

G × E interaction is estimated using the principal analysis

components (multiplicative interactions). The GGE biplot was

developed to represent graphically the G × E interaction and

genotype main effects. Shukla’s variance analysis is effective to

partition the total G × E interaction for the estimation of the

variance attribution for each of the genotypes in an unbiased

manner. For the simultaneous estimation of stability and

identification of genotypes with multiple superior traits, the MTSI

is useful for exploiting wide adaptability. The plant breeding

program is aimed at the identification of superior yielding lines

due to varying genotypes’ performance and varying environments.

Thus, the results obtained are either for the identification of

genotypes with high-yielding traits or different environment-

adapted genotypes. However, with the multivariate approach for

stability analysis across multilocation, both the issues of varying

genotypic and environmental interactions can be addressed. The

present stability analysis was verified by AMMI, GGE, MTSI, and

Shukla’s variance methods. High fruit-yielding germplasm with
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high solasodine content, which shows a consistent performance

across different locations of NE India, is the major selection criteria

for the identification of elite lines.

So far, none of the stability studies in S. khasianum are available

in the public domain. Hence the present study was conducted for

the first time to assess the performance of large numbers of

germplasm of S. khasianum with high solasodine content.
2 Materials and methods

2.1 Materials and methods

Initially, 273 germplasm of S. khasianum were collected from

different regions of NE India. Among them, 186 high solasodine

content-rich (>0.8%) lines were identified and used in the present

study (Begum et al., 2022). The identified 186 germplasm were

planted for three years in Kharif in 2018, 2019, and 2020 at the

experimental farm of CSIR-North East Institute of Science and

Technology (NEIST), Jorhat, Assam, India, and were evaluated for

three years. The plant specimens were identified by the plant

breeder of CSIR-NEIST, Jorhat, India, and the prepared

herbarium was deposited in the departmental record with

identification ID: RRLJ-SK-1 to RRLJ-SK-186.
2.2 Morphological characters recorded

The morphological data were recorded for the three years of

study. The data included plant spread (cm), plant height (cm), leaf

width (cm), leaf length (cm), fruit diameter (cm), number of

fruits/plants, fresh fruit weight per plant (kg), and days to

maturity. Along with the morphological characters, the

solasodine content (%) was also recorded for each year (Table

S1). All the data were recorded for ten randomly selected healthy

plants for each germplasm.
2.3 Solasodine extraction and
quantification

The dried ripe berries of S. khasianum were used for the

estimation of solasodine. Solasodine extraction and quantification

were done as per the method suggested by Begum et al. (2022).
2.4 Statistical analysis

R software was used for performing all the statistical analyses.

The mean-multi-environment trial analysis package in R software

was used in the study (Olivoto et al., 2019). The analysis of variance

(ANOVA), AMMI, multi-trait stability index (MTSI), GGE, and

Shukla’s variance were used to analyze the three-year data of

Solanum khasianum for economic traits like solasodine content

and fresh fruit weight per plant.
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3 Results

The evaluation of germplasm is pivotal to elite germplasm;

therefore, the identified or selected germplasm needs to be further

assessed for its stability and consistent performance in varied

environments. The present study focuses on the identification of

stable germplasm of S. khasianum for economically important

traits. The pooled data for three years were analyzed with

ANOVA and various stability analyses (AMMI, GGE, MTSI, and

Shukla’s variance). The coefficient of variation is a significant

parameter for the comparison between traits based on phenotypic

variation. Concerning the coefficient of variation, a higher variation

was found in the fresh fruit weight per plant followed by plant

height while a moderate coefficient of variation was observed for

solasodine content and days to maturity (Table 1).

The AMMI analysis of variance (ANOVA) revealed that the

environmental effect was significant for all the traits while the

genotypic effect was significant for plant height, fruit diameter,

fresh fruit weight per plant, solasodine content, and days to

maturity. Significant G × E interaction was observed for all the

studied traits indicating divergent performances across the

different environments. Thus, a precise selection of germplasm

with elite traits is essential for a breeding program. The interaction

effect was analyzed from the principal component analysis (IPCA)

of AMMI ANOVA from which G × E interaction sum of squares

percentage value of 48.660 and 16.955 was recorded for fresh fruit

weight per plant and solasodine content, respectively (Table 2). A

more precise analysis for the selection of germplasm with elite

traits from the genotype-environment interaction was identified

through the AMMI biplot. The genotype-environment interaction

for yield is an important analysis in which the less interacting

genotypes are closer to the center of the AMMI biplot and

considered more stable than their counterpart for that region. In

contrast, the far-centered genotypes have individual stability with

each environment which indicates the high-performing

germplasm for each environment. The AMMI was performed

for the economically important traits i.e., solasodine content and

fresh fruit weight per plant for which AMMI biplots were

constructed. From the AMMI results, it was found that lines no.

1, 146, 68, 178, 52, 107, and 44 were among the high yielders and

were stable for solasodine content (Figure 1). Lines no. 90, 85, 70,

107, and 62 were considered stable and high yielders for fresh fruit

weight per plant (Figure 2). The individual competence of the

genotypes in the studied environments was evaluated using the

AMMI2 model in which the first two principal components

(Factor 1 and Factor 2) were used to generate the plot. In the

AMMI2 biplot for solasodine content, line no. 116 was considered

a high yielder in environment one, line no. 51 and 32 in

environment two, and line no. 105 in environment three,

respectively (Figure 3).
Similarly, for the fresh fruit weight per plant, line no. 128 and 7

were considered stable in environment one, lines no. 29 and 35 in

environment two, and line no. 30 in environment three, respectively
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(Figure 4). The above-identified genotypes showed the best

performance in the studied environments and were found to be

highly competent.

The genotype in a studied environment that possesses the highest

mean performance and absolute stability can be considered the ideal

genotype. Such a genotype possessing a superior trait with zero-G × E

interaction is ideal. It should be described as the one possessing the

most excellent vector length from genotype markers to the origin of

the biplot. In the GGE biplot, lines no. 149, 61, and 32 were the most

unstable lines. Their vector lengths were longer compared to the

other genotypes. Whereas lines no.1, 169, and 146 had high

solasodine content and were found to be stable genotypes since

their vector lengths were short (Figures 5, 6). While considering the

trait of the fresh fruit weight per plant from the GGE biplot,

genotypes 29, 30, and 35 had higher weights of fresh fruit/plant

than average but were unstable as they exhibited longer vector

lengths. Lines no. 90, 85, and 114 had high fresh fruit weight per

plant and exhibited short vector lengths which characterize a stable

genotype (Figures 7, 8). The discriminating ability is directly

proportional to the vector length. Environments E2 and E3 had

longer vectors than E1 for the trait fresh fruit weight per plant

(Figure 8). While, for the trait solasodine content, E1 and E2 had

longer vectors than E3 (Figure 6). Thus, E2 and E3 were the best

environments to exhibit germplasm differentiation for fresh fruit

yield per plant while environment E1 and E2 were the most

discriminating environment for solasodine content.

Shukla’s variance was studied for genotype performance across

the environments according to how the germplasm with minimum

values is intended to be more stable. On the basis of our present

results, lines no. 153, 135, 149, 163, 166, and 123 were considered

stable for fresh fruit weight per plant while lines no. 149, 3, 4, 2, 16,

181, 5, and 28 were considered stable for solasodine content (Table 3).

The MTSI study revealed that the mean of the selected germplasm

(Xs) was higher than the mean of the original (Xo) for fresh fruit

weight per plant and solasodine content. The selection gain (SG) was

positive for both traits with SG% of 7.022 and 7.610 for the traits of

fresh fruit weight per plant and solasodine content, respectively. The

selection differential (SD) was favorable for both traits and heritability

of 0.520 and 0.873 for fresh fruit weight per plant and solasodine

content, respectively (Table 4). As per the MTSI analysis, lines no. 90,

1, 85, 70, 155, 63, 115, 107, 71, 103, 114, 65, 86, 124, 101, 62, 34, 110,

137, 171, 174, 116, 12, 32, 22, 182, 147, and 33 were considered as

stable germplasm (Figure 9). Based on the multivariate and univariate

approaches used in the study, it can be concluded that lines 90, 85,

107, and 62 were the elite lines with a high yield and stable nature.

The study of stability is an important aspect in the identification of

stable genotypes with elite traits. The elite germplasm in the study

refers to the stable germplasm with a high fruit yield and solasodine

content. The study of S. khasianum is significant for commercially

cultivating the industrially important solasodine-rich plant.
4 Discussion

The assessment of the different landraces worldwide is

crucial for identifying and preserving genetically rich
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TABLE 2 The AMMI Analysis of variance on the three-year data of Solanum khasianum germplasm that was used in the study.

LW NOF

% SS MS % SS MS %

1.677*** 0.932 0.466 0.052*** 2172.553 1086.277 0.174*

0.029* 0.477 0.080 0.027* 2842.380 473.730 0.227***

66.782 1642.942 8.881 92.290 1235319.272 6677.401 98.780

31.541*** 136.330 0.368 7.658*** 13090.780 35.380 1.047*

31.155 133.316 0.717 7.489 9711.842 52.214 0.777*

0.386 3.014 0.016 0.169 3378.938 18.364 0.270*

14.412 311.590 0.281 17.503 112908.953 101.720 9.029

1.677 2228.601 1.091 0.052 1379424.719 675.196 0.174

DOM

% SS MS %

0.055* 2588.649 1294.324 1.318***

0.662** 624.781 104.130 0.318*

82.989*** 132502.973 716.232 67.487***

16.955* 61248.018 165.535 31.195***

9.207* 34686.809 186.488 17.667***

7.748* 26561.209 144.354 13.528**

67.301 144715.885 130.375 73.707

0.055 402928.324 197.224 1.318

P, fresh fruit weight/plant; SOL, Solasodine content; DOM, Days to maturity; CV, coefficient of variation, %,
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A

Source DF
PH PS LL

SS MS % SS MS % SS MS

ENV 2 376989.4 188494.7 27.650*** 8049.256 4024.628 0.430*** 19.915 9.957

REP
(ENV) 6 4285.538 714.2563 0.314* 1788.864 298.144 0.095*** 0.339 0.057

GEN 185 416682.1 2252.335 30.561*** 1693809.673 9155.728 90.396 793.179 4.287

GEN × ENV 370 569760.4 1539.893 41.789*** 171910.078 464.622 9.175*** 374.612 1.012

PC1 186 462109.9 2484.462 33.893 169330.977 910.382 9.037 370.031 1.989

PC2 184 107650.4 585.0567 7.896* 2579.101 14.017 0.138* 4.581 0.025

Residuals 1110 985714.5 888.031 72.297 117275.136 105.653 6.259 171.167 0.154

Total 2043 2923192 1430.833 27.650 2164743.084 1059.590 0.430 1733.825 0.849

B

Source DF
FD FWP SOL

SS MS % SS MS % SS MS

ENV 2 27.026 13.513 5.522** 0.021 0.011 0.615** 0.0071 0.0035

REP
(ENV) 6 12.929 2.155 2.642*** 0.026 0.004 0.762** 0.0846 0.0141

GEN 185 393.950 2.129 80.499*** 1.739 0.009 50.725*** 10.6063 0.0573

GEN × ENV 370 68.407 0.185 13.978*** 1.668 0.005 48.660** 2.1670 0.0059

PC1 186 59.108 0.318 12.078 1.300 0.007 37.907 1.1767 0.0063

PC2 184 9.299 0.051 1.900 0.369 0.002 10.753 0.9903 0.0054

Residuals 1110 127.211 0.115 25.994 4.892 0.004 142.686 8.6013 0.0077

Total 2043 697.930 0.342 5.522 10.016 0.005 0.615 1110 8.601

ENV, environment; REP, replication; GEN, genotype; PC, Principal component; DF, degree of freedom; MS, mean sum of squares; FD, Fruit diameter; FW
explained %; ***, significant at p <0.005; **, significant at p < 0.01; *, significant at p < 0.05.
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resources. The various landraces of different crops have been the

storehouse for significant desirable traits. These are widely used

in various breeding programs, which can be exploited to increase

genetic variability. Hashemi et al. (2018) stated that different

crop genotypes exhibit variable responses under different

environmental conditions; hence, to reduce the influence of the

environment on the genotypes, the compatibility and stability of

the genotype need to be studied for multiple years at the

multilocation. The most preferable genotype from the breeding

point of view is the one exhibiting stability along with a

significantly positive main effect, or in other terms, which has

broad adaptability (Lal et al., 2022c; Munda et al., 2023). So far,

no stability analysis has been studied to date for S. khasianum;

hence, the results were considered with previous reports of the

Solanaceae family.
Frontiers in Plant Science 06112
A study on Solanum melongena from Iran was performed by

Khankahdani et al. (2022) on fifteen germplasm for stability

analysis by using the AMMI model. The AMMI biplot revealed

that genotype 7 (AM5) followed by genotypes 12 (Y7), 5 (AM7),

and 13 (SA15) were identified and ranked for their stability against

yield factor since they revealed the lowest genotype × environment

interaction. The least stable genotypes were the ones that exhibited

the highest level of genotype × environment interaction, and the

most unstable identified genotypes were genotypes 1 (Y), 8 (AM4),

and 19 (GHE12), respectively. Similar results were obtained in our

study on the basis of which germplasm with commercially

important traits and stability were identified for future

breeding programs.

A similar study by Bagheri et al. (2016) reported the AMMI

stability assay where 22 germplasm of the long eggplant were
FIGURE 1

AMMI biplot model 1 for solasodine content in 186 germplasm of S. khasianum.
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studied for three years. A report on the stability analysis in tobacco

by the AMMI model has been previously reported by Sadeghi and

Samizadeh (2011). The AMMI model was also used to study

stability in general along with individual stability in different

studied environments for production yield in numerous other

crops like cotton (Damavandi-Kamali et al., 2011), barley

(Koocheki et al., 2012), bread wheat (Bigonah, 2012), Soybean

(Soltan Mohamadi et al., 2017), and durum wheat (Sadeghzadeh

et al., 2018). Scavo et al. (2023) assessed six genotypes of Solanum

tuberosum L. for AMMI and GGE. The study revealed the Salad

Blue genotype as the most suitable genotype for total phenolic

content, dry matter, FRAP, and vitamin C throughout eight

studied environments due to its above-average mean values and

stability. Another study by Das et al. (2021) was conducted on 21

potato cultivars in the eastern sub-Himalayan plains of West
Frontiers in Plant Science 07113
Bengal, India, to assess their suitability, stability, and yield

factors. The study revealed ‘Kufri Pukhraj’ and ‘Kufri Chipsona-

3’ as higher yielder cultivars along with ‘Kufri Surya’ as the heat-

resistant cultivar. However, two cultivars, namely, ‘Kufri

Khyati’and ‘HPS II/67’ were identified as stable for eastern

Himalayan conditions. A study on stability analysis for nine

genotypes of Elite Irish Potato (Solanum tuberosum L.) was

conducted in western Ethiopia . The s tudy revea led

CIP384321.30 as the stable genotype for the region on the basis

of the mean tuber yield, regression slope identified, and GGE

biplot (Fufa and Fufa, 2021). Similar conclusions were drawn from

our present study in which stable germplasm was identified across

the studied environments along with individual stable germplasm

fo r e a ch env i r onmen t w i t h t he wh i ch -won -whe r e

pattern approach.
FIGURE 2

AMMI biplot model 1 for the weight of fruit in 186 germplasm of S. khasianum.
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A study on the African tomato landraces was reported by

Tembe et al. (2018) in which the morphological traits were

assessed. The study revealed that significant variations among

the studied samples can be useful as a potential source of genetic

diversity for the crop improvement of tomatoes. Similar previous

findings on other vegetable crops have also been reported by

different workers in tomato (Manzano et al., 2015; Sousaraei et al.,

2021), lettuce (Missio et al., 2018), and eggplant fields (Taher et al.,

2017; Gramazio et al., 2019), identifying superior genetic

resources. Tonk et al. (2011) studied the GGE biplot analysis in

maize, revealing that the G16 hybrid was found to have high

suitability to the tested environments for grain yield. A study was

conducted on 10 genotypes of potatoes in different environments

for AMMI by Almohammedi et al. (2019). The percentage of
Frontiers in Plant Science 08114
variation of 98.44%, 0.24%, and 1.31% was recorded for genotypes,

environments, and GEI, respectively, which revealed that

genotypes contributed more towards variation than the other

parameters. As per the definition by Bernardo (2002), when the

progeny of a genotype shows consistent results for the traits of

interest, the genotype is regarded as possessing a good breeding

value. Based on our study, lines no.1, 90, 146, 68, 85, 107, 70, and

62 were identified as superior stable germplasm. Germplasm no.

90, 85, 70, 107, and 62 were identified as high yielding and stable

for fresh fruit weight per plant. While germplasm no. 1, 146, and

68 were identified for high solasodine stable lines. Thus, this

identified germplasm can be considered for further large-scale

cultivation on a commercial level or can be used in

breeding programs.
FIGURE 3

AMMI biplot model 2 for solasodine content in 186 germplasm of S. khasianum.
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GGE-biplot based on genotype and environment-focused scaling for the comparison of genotype and environments for solasodine content.
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GGE-biplot based on genotype and environment-focused scaling for the comparison of genotype and environments for the weight of fruit.
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TABLE 3 Shukla’s variance on the three-year data for solasodine content and weight of fruit for Solanum khasianum germplasm that was used in the study.

Shukla’s variance for solasodine content Shukla’s variance for fresh fruit weight per plant

GEN Y GEN Y GEN Y GEN Y GEN Y GEN Y

1 1.321 63 1.158 125 0.894 1 0.197 63 0.169 125 0.172

2 0.812 64 0.98 126 0.914 2 0.192 64 0.174 126 0.169

3 0.81 65 1.094 127 0.833 3 0.196 65 0.173 127 0.176

4 0.811 66 0.896 128 0.932 4 0.197 66 0.185 128 0.195

5 0.827 67 0.862 129 1.023 5 0.184 67 0.159 129 0.153

6 0.858 68 1.028 130 0.907 6 0.196 68 0.158 130 0.149

7 0.831 69 0.942 131 0.924 7 0.177 69 0.155 131 0.179

8 0.847 70 1.076 132 0.927 8 0.195 70 0.208 132 0.167

9 0.918 71 1.015 133 0.911 9 0.179 71 0.191 133 0.135

10 0.842 72 0.943 134 0.895 10 0.208 72 0.166 134 0.171

11 0.832 73 1.015 135 0.894 11 0.198 73 0.161 135 0.123

12 0.978 74 0.872 136 1.054 12 0.186 74 0.140 136 0.144

13 0.882 75 0.915 137 1.048 13 0.197 75 0.167 137 0.169

14 0.872 76 0.876 138 0.891 14 0.154 76 0.160 138 0.136

15 0.883 77 0.886 139 0.903 15 0.181 77 0.164 139 0.161

16 0.815 78 0.935 140 0.863 16 0.194 78 0.166 140 0.146

17 0.864 79 0.838 141 0.928 17 0.200 79 0.171 141 0.169

18 0.843 80 1.015 142 1.021 18 0.141 80 0.155 142 0.135

19 0.846 81 0.951 143 0.903 19 0.182 81 0.153 143 0.159

20 0.971 82 0.881 144 1.071 20 0.162 82 0.195 144 0.139

21 0.842 83 0.945 145 0.922 21 0.151 83 0.155 145 0.168

22 0.923 84 0.88 146 1.147 22 0.189 84 0.194 146 0.140

23 0.867 85 0.953 147 0.996 23 0.174 85 0.259 147 0.171

24 0.875 86 0.982 148 1.082 24 0.191 86 0.203 148 0.132

25 0.908 87 0.893 149 0.774 25 0.149 87 0.171 149 0.123

26 0.861 88 0.945 150 1.007 26 0.162 88 0.166 150 0.155

27 0.903 89 0.941 151 0.886 27 0.173 89 0.157 151 0.151

28 0.828 90 1.055 152 0.953 28 0.193 90 0.351 152 0.177

29 1.12 91 0.868 153 1.014 29 0.343 91 0.157 153 0.111

30 0.997 92 0.865 154 0.987 30 0.337 92 0.163 154 0.171

31 0.857 93 1.034 155 0.998 31 0.172 93 0.159 155 0.196

32 0.975 94 1.004 156 0.9 32 0.176 94 0.163 156 0.147

33 0.99 95 0.91 157 0.885 33 0.169 95 0.180 157 0.139

34 0.946 96 0.893 158 0.868 34 0.192 96 0.165 158 0.143

35 0.915 97 0.957 159 0.841 35 0.317 97 0.166 159 0.151

36 0.886 98 0.924 160 1.034 36 0.154 98 0.168 160 0.135

37 0.924 99 0.902 161 0.913 37 0.181 99 0.172 161 0.143

38 0.968 100 0.904 162 0.886 38 0.175 100 0.181 162 0.139

(Continued)
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5 Conclusions

The natural source of solasodine from S. khasianum is an

important medicinal plant species. The identification of high

fruit-yielding and solasodine-rich germplasm is significant for

the commercial success of the industrially important solasodine.

The multivariate stability analysis is a novel approach that

provides an easy way to select high-performance and stable

lines in S. khasianum that performs better under varied
Frontiers in Plant Science 15121
environmental conditions. On the basis of the present study,

lines no. 90, 85, 70, 107, and 62 were identified as stable and

high-yielding fruit yields per plant. Further, lines no. 1, 146, and

68 were identified as stable and high-solasodine lines. MTSI

analysis revealed lines 1, 85, 70, 155, 71, 114, 65, 86, 62, 116, 32,

and 182 as stable for both high yielders, high fruit yields, and

high solasodine lines. The large-scale cultivation of this

germplasm can prove to be a cheap natural source of steroidal

alkaloid solasodine. Moreover, the AMMI, GGE, MTSI, and
TABLE 3 Continued

Shukla’s variance for solasodine content Shukla’s variance for fresh fruit weight per plant

GEN Y GEN Y GEN Y GEN Y GEN Y GEN Y

39 0.925 101 1.002 163 0.922 39 0.164 101 0.187 163 0.124

40 0.878 102 0.851 164 0.907 40 0.175 102 0.179 164 0.177

41 0.9 103 1.008 165 1.072 41 0.171 103 0.188 165 0.141

42 0.893 104 0.928 166 1.14 42 0.156 104 0.167 166 0.126

43 0.89 105 0.88 167 0.984 43 0.169 105 0.176 167 0.133

44 0.936 106 0.93 168 0.974 44 0.169 106 0.178 168 0.146

45 0.897 107 0.947 169 1.201 45 0.167 107 0.205 169 0.137

46 0.894 108 0.855 170 0.874 46 0.166 108 0.164 170 0.169

47 0.915 109 0.87 171 1.07 47 0.170 109 0.197 171 0.166

48 0.903 110 1.011 172 0.903 48 0.179 110 0.173 172 0.171

49 0.903 111 0.901 173 1.015 49 0.183 111 0.186 173 0.168

50 0.864 112 0.838 174 0.976 50 0.147 112 0.168 174 0.179

51 0.83 113 0.834 175 0.888 51 0.163 113 0.137 175 0.145

52 0.887 114 0.892 176 0.835 52 0.172 114 0.225 176 0.143

53 0.934 115 0.956 177 0.933 53 0.166 115 0.202 177 0.165

54 0.933 116 0.998 178 0.97 54 0.169 116 0.175 178 0.152

55 0.89 117 0.893 179 0.907 55 0.181 117 0.172 179 0.143

56 0.96 118 0.891 180 0.91 56 0.175 118 0.182 180 0.178

57 0.837 119 1.018 181 0.822 57 0.177 119 0.157 181 0.171

58 0.903 120 0.853 182 0.944 58 0.197 120 0.203 182 0.188

59 0.891 121 0.903 183 0.876 59 0.157 121 0.160 183 0.138

60 0.94 122 0.881 184 0.887 60 0.172 122 0.156 184 0.149

61 0.942 123 1.015 185 0.927 61 0.168 123 0.127 185 0.167

62 0.91 124 1.06 186 0.896 62 0.203 124 0.174 186 0.186
fronti
GEN, genotype; Y, variance response.
TABLE 4 Estimates of selection differential, selection gain, and heritability based on MTSI for 186 S. khasianum germplasm across three environments.

VAR Factor Xo Xs SD SD % h2 SG SG %

FWP FA 1 0.172324 0.195579 0.023256 13.49529 0.520354 0.012101 7.022332

SOL FA 1 0.929534 1.010556 0.081022 8.716357 0.873092 0.070739 7.610179
Xo, Overall mean of genotypes; Xs, Mean of the selected genotypes; SD, Selection differential; SG, Selection gain or impact; h2, heritability; FWP, fresh fruit weight/plant; SOL, Solasodine content.
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Shukla’s variance models were found to be effective plant

breeding models for the evaluation of stability which would

maximize the utilization of resources thereby making a

significant contribution to the sustainability of breeding

programs. The identified genotypes of the study can be utilized

for commercial cultivation and can be useful in future

breeding programs.
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ISSR molecular markers and
anatomical structures can assist
in rapid and directional
screening of cold-tolerant
seedling mutants of medicinal
and ornamental plant in
Plumbago indica L.

Yirui Li , Xu Cheng, Junlin Lai, Yunzhu Zhou, Ting Lei ,
Lijuan Yang, Jiani Li , Xiaofang Yu and Suping Gao*

College of Landscape Architecture, Sichuan Agricultural University, Chengdu, China
Plumbago indica L. is a perennial herb with ornamental and anticancer medicinal

functions widely distributed in the tropics. It is affected by temperature and

cannot bloom normally in colder subtropical regions, which seriously affects its

ornamental value. To create low-temperature resistance mutants and enrich

new germplasm resources, this study used tissue culture and chemical reagent

(0.5 mmol/L NaN3) and low-temperature stress (0°C, full darkness for 48h)

induction to target and screen for cold-resistance mutants. The results

showed that the ISSR band polymorphism ratio of the 24 suspected mutant

materials was 87.5%. The DNA profiles of the 9 mutants initially identified were

altered. The content of plumbagin in the stems and leaves of the mutants was

examined, and it was found that the accumulation in the leaves of the mutant

SA24 could be as high as 3.84 times that of the control, which was 0.5991%.

There were significant differences in the anatomical structures of roots, stems

and leaves. The mutants mostly exhibited reduced root diameter (only 0.17-0.69

times that of CK), increased stem diameter (up to 2.19 times that of CK), enlarged

mesophyll cells, increased thickness (up to 1.83 times that of CK) and high

specificity, which are thought to be important for the different cold resistance

obtained by the mutants. In the cold resistance experiment, four cold-tolerant

mutants were successfully screened according to their morphological

characteristics and physiological indexes, and the mutagenesis efficiency could

be as high as 2.22% and did not affect the accumulation of plumbagin in their

stems and leaves, even higher than CK. The responses of the screened mutants

SA15, SA19, SA23 and SA24 to low temperature showed slower leaf wilting,

higher light energy conversion efficiency, less accumulation of MDA content,

increased enzymatic activities of antioxidant enzymes (SOD, CAT, POD) and

more accumulation of soluble sugars and proline content. These characteristics

are consistent with the response of cold-resistance plants to low temperatures.

The cold- resistance mutants cultivated in soil were observed of agronomic and

ornamental traits for one year, mainly manifested as delayed flowering and
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delayed entry into the senescence stage. This study provides a more rapid and

accurate technique for identifying and screening cold-tolerant mutants, and lays

the foundation for future experiments on the creation of new cold-

resistant varieties.
KEYWORDS

combined tissue culture and chemical mutagenesis techniques, ISSR analysis,
anatomical structure, targeted screening for cold-resistant mutants, cold
resistance evaluation
1 Introduction

Cold is one of the major environmental stresses that limit plant

growth and development, affects geographic distribution, and

significantly reduces plant biomass. The increasing frequency and

severity of extreme weather and climate events are one of the most

pressing threats facing humanity today (Robinson, 2021; Liu et al.,

2022). Extreme environmental changes have led to serious threats to

the survival and growth of ornamentals introduced and cultivated

from higher heat locations (Zheng et al., 2022). These plants are

usually subjected to cold stress at temperatures below 10°C, or even

higher (Zhuang et al., 2021).Cold damage leads to complex changes

in plant morphology, physiology and biochemistry, which trigger

complex cellular tissue dysfunction in plants (Knight and Knight,

2012), such as epidermal tissue damage or even necrosis in plant

organs (Chen et al., 2020b). Plants establish cold acclimation in

order to overcome the stress caused by exposure to freezing-

injurious environments through complex biological system

regulation that induces changes affecting biomass such as lignin
02126
in nutrient organs such as rhizomes (Podgorbunskikh et al., 2020),

as well as changes in photosynthesis, enzyme activity, carbon

metabolism, and protein metabolism in vivo (Theocharis

et al., 2012).

Plumbago indica L. is a tropical evergreen perennial plant of the

genus Plumbago in the family Plumbaginaceae. In China, it is native

to areas such as Yunnan (Hekou), Guangdong and Hainan

provinces, where heat accumulation is high. Its corolla is purplish

red or crimson and flowers from November to April (in some places

it blooms all year round). Its root secondary metabolite, plumbagin,

is also utilized as an anticancer (Li et al., 2014; Vasav et al., 2020)

and antibacterial (Venkateswarulu et al., 2018) drug ingredient.

This is introduced to the subtropical region (Chengdu region, for

example), and the temperature starts to drop in November every

year. Although the flower buds can be differentiated normally and

some branches can form flakes, the low temperature at the time of

flowering has a serious impact on the complete unfolding of the

petals, resulting in a serious shortening of the flowering period and

a major loss of ornamental value (Figure 1). Therefore, improving
FIGURE 1

Comparison diagram of growth status of Plumbago indica L. wild planted in Hainan province and Sichuan province from December to February
(winter average temperature). (A), cultivated in Hainan province; (B), cultivated in Sichuan province.
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its cold tolerance is an important goal for breeding. Since Plumbago

indica L. is a heterostylous plant and has not been seen to bear fruit

in nature, it is difficult to improve its cold hardiness by cross

breeding. Integrated tissue culture and chemical mutagenesis for

mutant induction provides a new breeding technique for creating

new cold-tolerant mutant materials that can shorten breeding cycles

and accelerate breeding programs (Shi et al., 2022) and has been

successfully applied to several plants, including rice (Chen et al.,

2013), Cerastigma willmottianum Stapf (Shi et al., 2022), olive

(Sheikh and Moradnejad, 2014).

Traditional plant breeding utilizes natural mutation that can

randomly produce a number of variant traits, and since the

discovery of mutagens, various mutagenesis methods have been

widely used in plant molecular breeding to identify new traits

conferred to plants (Shelake et al., 2019). The use of DNA

technology, mutation breeding to create new varieties in response

to abiotic stresses has become a popular research theme (Janni et al.,

2020). Among them, the effect of chemical mutagens can be

detected by morphological characteristics, genetic mapping and

changes in chromosome number (Chaudhary et al., 2019).

Traditionally morphological character changes can be used to

screen for mutants. However, this method is both time-

consuming and unreliable due to environmental and multiple

factors. In addition, mutations in many plant genes may not

result in readily identifiable phenotypes. Molecular markers have

been used for genetic identification and improvement of many crop

species. Recently, molecular breeding and traditional breeding

techniques have been used to obtain new varieties (Gentile and

La Malfa, 2019). Therefore, direct selection based on DNA markers

circumvents these limitations, thereby increasing efficiency and

reducing the cost and time of selection.

Molecular marker technologies have different approaches based

on different principles, but all contribute to the successful

identification of variation loci in the whole genome (Polat et al.,

2015). Among them, ISSR has been widely used to assess plant
Frontiers in Plant Science 03127
genetic diversity, genetic stability, and the identification and

screening of mutant plants (Wu et al., 2020). The advantage of

this technique is that the designed microsatellite sequences are

randomly distributed in the plant, deletions/duplications at binding

sites can be used with ISSR primers, and multiple motifs can be

detected simultaneously with high reliability and reproducibility (Li

et al., 2018a), making it particularly suitable for the analysis of many

mutants with limited genetic variation. This technique has been

used previously in the screening of mutants in several ornamental

plants, such as tulips (Li et al., 2022c), chrysanthemums (Wu et al.,

2020), and has also worked well. Therefore, the present study uses

ISSR-PCR markers combined with anatomical structural features of

nutrient organs to identify mutant ideas, which is a combination of

microscopic and macroscopic identification tools, and provides a

practical technical solution for the identification of new mutant

materials created by tissue culture and chemical mutagenesis

(NaN3) in Plumbago indica L. Meanwhile, artificial low

temperature stress experiments using plant tissue culture ex vivo

platform provide a new pathway for rapid screening of cold-tolerant

mutant strains for early targeted breeding.
2 Materials and methods

2.1 Plant materials

The experimental materials were cultivated species in Sanya,

Hainan Province. After being introduced and cultivated from

Chengdu, Sichuan Province, sterile seedlings were cultivated for

mutation breeding (Figure 2). These were 26 plants 90 d tissue

culture seedlings of the same genotype, which contained 24

suspected mutant plants and 2 wild control plants. The 24

suspected mutants were sourced from: A single-factor experiment

was conducted to mutagenize the terminal buds of sterile seedlings

of Plumbago indica L. using NaN3 as mutagen. And it was set at 0
FIGURE 2

Geographical tagging of the research area in China. The red circle indicates the introduction or cultivation site of Plumbago indica L. in China, and
the green arrow indicates the introduction and cultivation direction in China.
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mmol/L, 0.1 mmol/L, and 0.2 mmol/L, 0.3 mmol/L, 0.4 mmol/L, 0.5

mmol/L, 0.6 mmol/L, 0.7 mmol/L, 0.8 mmol/L, 0.9 mmol/L; 0h,

0.5h, 1h, 2h, 4h, 8h; pH=3.0, NaN3 concentration was referenced

Sen (2016) and Szurman-Zubrzycka et al. (2018); single-factor

experiments were used to mutate the terminal buds of Plumbago

indica L. sterile seedlings (30 as a group, biological replicated 3

times), and the survival rate was counted after 20 d. The LD50 was

used as the best mutagenic formulation of NaN3. Based on the

pretreatment results, 180 sterile terminal buds (VM0) from the same

mother plant (60 in one group, biological replicates three times)

were finally treated with in vitro chemical mutagenesis using the

best NaN3 mutagenesis formulation (0.5 mmol/L, 1 h, pH=3.0). The

terminal buds of VM1 were inoculated and succeeded as VM2. And

so on, successive successions were cultured for 5 generations to

VM5. Rooted plants were counted under environmental conditions

of 25 ± 1°C, 12 h/d photoperiod, and 1500-2000 lx light intensity.

After 30d acclimatization, the seedlings were transplanted to pots

and cultivated for 90d, and plant morphological variation was

observed and evaluated in the field. Plants with morphological

variation rate greater than 25% were used as suspected mutant

plants for this experiment, and a total of 24 suspected mutant plants

were obtained. Two controls were wild-type plants without NaN3

treatment, one treated with sterile water set as CK and one treated

with phosphate buffer solution set as PBS.
2.2 ISSR molecular markers and analysis

The CTAB method was used to extract the total DNA from the

young leaves of CK, PBS and 24 suspected mutant plants,

respectively, and the extracted DNA was stored in a refrigerator

at -20°C for backup. Synthesis of 100 universal primers (Sangon

Biotech, Shanghai) published by UBC (University of British

Columbia) for mutant plant screening. The optimized 25 mL
ISSR-PCR amplification system (Li et al., 2022c) was 12.5 mL
2xPCR Master Mix, 1 mL template DNA, 1 mL primer, and 10.5

mL ddH2O. The PCR reaction system was pre-denatured at 95°C for

3 min, denatured at 95°C for 15 s, annealed at 61°C for 15 s,

extended at 72°C for 1 min, 32 cycles, and then extended at 72°C for

5 min to complete the amplification and terminate the program at

12°C. The obtained products were used for gel electrophoresis

experiments. The gel was evaluated on a 1.5% agarose gel with 10

mL TS-GelRed Ver.2 Nuclear Staining Dyes and 8 mL product, and

the plate was run in 1× TAE buffer at 150 V for 20 min. After

completing electrophoresis, pictures were taken and analyzed on a

gel imaging system.
2.3 Plumbagin content of medicinal
ingredients in stems and leaves by HPLC

9 plants from each of the CK and nine mutant strains (three

plants per group in three biological replicates) were transplanted for

60 d, and fresh samples of stems and leaves were collected separately

and stored in liquid nitrogen for freezing. The cryopreservation

samples were dried at 65°C for 24h, followed by adjusting the
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temperature to 45°C and drying to constant weight, and then

ground into powder for later using. Precisely weigh 0.10 g of

sample powder, extract with 1 mL of methanol (HPLC, purity ≥

99.9%) at ordinary temperature for 30 min by ultrasonication,

collect the extract and filter using 0.22 mm microporous filter (Li

et al., 2022c), and store the filtered extract at 4°C away from light.

The analysis of plumbagin was performed by LabSolitions-PAD

system. Experimental reference Nayak et al. (2015) experimental

method, and the method was optimized the sample injection

volumes were all 20 mL, and the separation was performed on a

Shim-pack GIS C18 (4.6×250 mm, 5 mm) column at a flow rate of

1mL/min and a column temperature of 35°C. The mobile phase A

was methanol and liquid B was 0.1% H3PO4 (vacuum filtered

through a 0.45 mm filter membrane before use). The gradient

elution steps were: 40% A, 60% B, 0 min; 75% A, 25% B, 21 min;

90% A, 10% B, 23 min; 90% A, 19% B, 30 min; 40% A, 60% B,

40 min. Plumbagin was detected at 254 nm. A linear regression

equation y=8.20712×107x+151720.60002 (R2 = 0.98543) was

constructed for the quantitative analysis using plumbagin

standard (CAS: 481-42-5, Solarbio, purity≥98%).
2.4 Analysis of cellular anatomy

At 9:00 a.m., 26 (including 2 controls) plants of 120d seedlings

after acclimatization cultivation were taken for cytological

observation of roots (main root maturation zone about 1 cm

long), stems (about 1 cm long) and leaves (1 cm wide and 2 cm

long). Samples were taken and fixed individually in microcentrifuge

tubes containing FAA fixative. The slices were prepared by paraffin

sectioning method, observed, measured and micrographically

photographed with an Olympus BX53 fluorescent microscope (Li

et al., 2022a), and the thickness of leaf spongy tissue (mm),

fenestrated tissue thickness (mm), leaf thickness (mm), main vein

thickness (mm), root diameter (mm), stem diameter (mm), and stem

epidermal cell thickness (mm) were measured and counted.
2.5 Cold-tolerant mutant screening
and identification

2.5.1 Low temperature stress treatment
The materials were identified mutant plants, seedlings aged

120d, and un-mutagenized wild-type plants of the same age were

used as controls, and three pots of uniform growth each were

selected for the cold stress experiment. Pre-treatment first: the

mutant and control plants were pre-cultured in a light incubator

(light intensity 3000 lx, light time 14h, day/night temperature 25/

20°C, relative humidity 65%) for 3 d. Then the temperature was

gradually lowered by 5°C for every 5 h interval (Zheng et al., 2022),

and after 24h, the temperature was reduced to 0°C, at which point

the low-temperature stress treatment was carried out: the design

was 0°C with full dark period treatment. Ambient temperature of

25°C and a photoperiod of 12/12h were used as controls. After 48h

of incubation, the plants were placed at room temperature for 24h

to recover for morphological observation, and the leaves of mutant
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and control plants were taken simultaneously by punching method,

snap frozen in liquid nitrogen and stored in -80°C refrigerator for

physiological index determination.

2.5.2 Preliminary identification of cold hardiness
of mutant appearance and morphological index
after low temperature treatment

During the low-temperature stress treatment , the

morphological characteristics of Plumbago indica L. mutants and

wild-type plants were observed, including leaf shape, leaf color,

degree of leaf chlorosis, and curling or not. After the low-

temperature treatment, the morphological injury indexes were

observed after 24h of recovery at room temperature, and the

preliminary identification of cold tolerance was carried out.

2.5.3 Identification of physiological and
biochemical indicators of cold resistance in
mutants after low temperature treatment

Seven time periods, 0, 3, 8, 16, 24, 36, and 48 h, were selected

during the low temperature stress treatment for the determination

of chlorophyll fluorescence kinetic parameters (Li et al., 2022b). The

fluorescence parameters such as Fo, Fm, Fm/Fo, Fv/Fm were

measured by Handy PEA plant efficiency meter after 30 min of

dark acclimation by taking the vigorously growing leaves without

pests and diseases in the upper middle part of the plant, avoiding

the leaf veins as much as possible and making the leaves be evenly

clamped in the leaf clips when measuring. In addition, the leaves of

the mutant and control plants were taken after 48 h of low

temperature treatment and 24 h of recovery, and the two

materials at room temperature were used as controls (Peng et al.,

2018). The MDA content was determined using the thiobarbituric

acid (TBA) method (Janero, 1990; Chen et al., 2020a) SOD, CAT

and POD activities, and soluble sugar content and proline (Pro)

content were determined using kits (Li et al., 2022b).

2.5.4 Observation on field morphological
indicators of cold resistant mutants

The consistent growth of Plumbago indica L. control and four

mutant strains were selected for morphological observation. Three

pots of each strain were selected and each pot was a biological

replicate. Measurement method reference Shen et al. (2020).

Plant height: The vertical distance (cm) from the collar to the

top of the plant was measured under natural conditions (no support

with flower racks) (estimation: 0.01 cm).

Crown diameter: Based on the vertical projection as a theory,

the length of longest axis and its horizontal and vertical axis are

recorded and the average value (estimation: 0.01cm) was taken.

Number of inflorescences and inflorescence length: The number

of inflorescences per pot was recorded, while the distance from the

bottom of a single inflorescence to the base of the top flower was

randomly measured in each pot and recorded as inflorescence

length (estimation: 0.01cm).

Flower length: The vertical distance from the base of the sepals

of three fully open flowers to the top of a single flower was measured

randomly per pot (mm).
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Flower diameter: The maximum diameter of the flower (mm)

was measured for three fully open flowers randomly per pot.

2.5.5 Data processing
CTR = fence tissue thickness/leaf thickness × 100%

SR=sponge tissue thickness/leaf thickness×100%

MDA concentration: C(mmol/L) =6.45(A532-A600)-0.56A450

MDA content ratio in fresh weight: MDA = C (mmol/L) ×

volume of extraction solution (L)/fresh weight of leaf tissue (g)

CAT (U/g fresh weight) = 764.5 × DA/leaf tissue fresh

weight (g)

In the formula: DA: the difference between the OD value before

and after the reaction.

POD (U/g fresh weight) = 9800 × DA/leaf tissue fresh weight (g)

In the formula: DA: the difference between the OD values before

and after the reaction.

Soluble sugar content (%) = (C × V/a × n) (W×1000)

In the formula: C: standard equation for the amount of sugar

(mg); a: volume of aspirated sample liquid (mL); V: volume of

extraction solution (mL); n: dilution times; W: weight of tissue (g).

Proline (mg/g FW or DW) = C × V/a × W

In the formula: C: standard equation for pro volume (mg); V:
volume of extraction solution (mL); a: volume of aspirated sample

liquid (mL); W: weight of tissue (g)

Data from this study were correlated using SPSS 26.0 software

and analyzed for significance (P <0.05), with Excel 2013 for data

statistics and Origin9 for graphs. All data were subjected to three

biological replicates, and the analysis is expressed as s ± x
�

(standard deviation).

The band loci were generated according to ISSR-PCR

amplification, and the band polymorphisms were counted. In the

same loci, the presence of the strip loci was recorded as “1” and the

absence was recorded as “0” to construct a binary data matrix, while

the genetic similarity coefficient of Dice was calculated using the

biological software NTSYS-pc2.10, and the unweighted group

average method (UPGMA) was used to cluster the ISSR-PCR

amplified bands for genetic similarity analysis and used construct

a dendrogram by the Mega.
3 Results

3.1 ISSR primer screening and
polymorphism analysis

PCR amplification of wild-type DNA was performed with 100

UBC (University of British Columbia) ISSR universal primers, and

the amplification products were detected by agarose gel

electrophoresis. 9 primers, UBC807, UBC811, UBC818, UBC826,

UBC844, UBC866, UBC874, UBC888, and UBC891, showed the

best amplification results (Table 1), and it was finally determined

that these 9 ISSR primers were used for PCR amplification of the

suspected mutant of Plumbago indica L. ddH2O control under the

same conditions to exclude false positive results. The amplification

products range from 500bp to 2000bp (Figures 3, 4).
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The screened nine ISSR universal primers (Table 1) were used

to PCR amplify the DNA of 24 Plumbago indica L. suspected

mutant materials, and a total of 32 bands were amplified, of which

28 were polymorphic bands with a polymorphism ratio of 87.5%,

indicating that the test materials were rich in variation. Each primer

could amplify 2-5 bands, with an average of 3.6 bands and an

average of 3.1 polymorphic bands, among which UBC888 amplified
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the most bands and polymorphic bands, both of which were 5, as

detailed in Table 2.

The results of partial ISSR amplification of 26 (including 2 controls)

materials with 9 primers are shown in Figure 3, and some of the 24

strains showed band increases and deletions. For example, under

UBC818 amplification, material SA15 has one more band between

1000-2000 bp compared with the wild type, material SA16, SA17, SA21

and SA23 have one missing band between 500-750 bp, and material

SA18 and SA24 have completely missing bands; under UBC866

amplification, material SA24 has one more band between 500-750 bp

compared with the wild type. Under UBC866 amplification, material

SA24 is missing one band between 500-750 bp compared with wild type,

and SA13, SA21, and SA23 are completely missing. These examples

indicate that these numbered materials are likely to be mutants.
3.2 Genetic similarity and
clustering analysis

Based on the 28 polymorphic sites amplified by the 9 primers,

the genetic similarity coefficients of the 24 suspected mutations and

the 2 wild type materials were calculated and were shown in the

Supplementary Material. Based on the ISSR genetic similarity
A

B

D

C

FIGURE 3

Amplification profile of ISSR partial primers. PC is the positive control, PBS is the control with phosphate buffer as the solution, and CK is the wild-
type control. (A–D) are the amplification profiles of primers UBC807, UBC818, UBC866, UBC874, respectively.
TABLE 1 ISSR primer screening results and primer sequences.

Primers Primer sequences

UBC807 AGA GAG AGA GAG AGA GT

UBC811 GAG AGA GAG AGA GAG AC

UBC818 CAC ACA CAC ACA CAC AG

UBC826 ACA CAC ACA CAC ACA CC

UBC844 CTC TCT CTC TCT CTC TRC

UBC866 CTC CTC CTC CTC CTC CTC

UBC874 CCC TCC CTC CCT CCC T

UBC888 BDB CAC ACA CAC ACA CA

UBC891 HVH TGT GTG TGT GTG T
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coefficients, the cluster analysis of the 26 test materials constructed

using UPGMA by the Mega unweighted arithmetic mean method

was shown in Figure 4, which could be classified into 10 classes,

among which SA1-SA10 had close genetic coefficients to CK and

PBS and were the most closely related, followed by SA22, and SA11,
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SA12, and SA14. The remaining 9 materials had low genetic

similarity coefficients and were more distantly related to CK.

In conclusion, after further molecular marker identification and

cluster analysis of the 24 suspected mutants initially identified by

morphology, 9 materials SA13, SA15, SA16, SA18, SA19, SA20,

SA21, SA23, and SA24 could be tentatively judged as mutant strains

of Plumbago indica L.
3.3 Analysis of plumbagin content in stem
and leaves of mutants

The contents of the medicinal component plumbagin in control

and nine mutant strains were detected, as shown in Figures 5A, B.

As with the standard solution, both stem and leaf extracts of control

plants and mutant strains had signal peaks at about 25 min,

indicating that the mutant stems and leaves contained plumbagin.

The content of plumbagin in the leaves was calculated (Figure 5C),

and it was found that except for SA13, SA16 and SA18, which were

significantly lower than CK, the content of all plants was not

significantly different compared with CK, indicating that

mutagenesis affected the accumulation of plumbagin in the leaves

of SA13, SA16 and SA18. In the stems, only SA24 had significantly

higher plumbagin content than CK, 0.5991%, which was 3.84 times

higher than the control, while SA16 was significantly lower than the
FIGURE 4

Cluster analysis of 24 suspected mutants of Plumbago indica L. and wild materials. 24 putative mutants (SA1 to SA24) derived from simple
intersequence repeats (ISSR), 2 controls (CK, PBS); horizontal coordinates are genetic distances.
TABLE 2 Amplification polymorphism analysis of 24 suspected mutant
strain materials by 9 primers of ISSR.

Primers
Number of
amplified
bands

Number of
polymorphic

bands

Polymorphism
ratio (%)

UBC807 3 3 100.0

UBC811 4 2 50.0

UBC818 3 3 100.0

UBC826 4 4 100.0

UBC844 2 1 50.0

UBC866 4 4 100.0

UBC874 3 3 100.0

UBC888 5 5 100.0

UBC891 4 3 75.0

Total 32 28 87.5
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control group. For the above-ground parts, the total plumbagin

content was highest in SA24, followed by SA21. Therefore, SA15,

SA19, SA20, SA21, SA23 and SA24 can be continuously observed as

better mutants, provided that their medicinal value is not affected.
3.4 Characterization of the anatomical
features of the nutrient organs of nine
mutants of Plumbago indica L.

3.4.1 Anatomical features of the root
The wild strain’s roots of the nine mutants identified by ISSR

molecular markers were separated, and their anatomical characteristics

are displayed (Figure 6; Table 3). The xylem, vascular cambium, and
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phloem cells in the root cross-section of CK are all tightly packed and

clearly bound. Compared with CK, mutants SA13, SA16, SA18, SA19,

and SA24 (Figures 6B, D–F, J) had tightly arranged xylem cells and

reduced the number of cambium cell layers in the vascular bundle, and

SA13 root cross-sections were irregularly elliptical. SA15 and SA23 root

cross-sectional areas were significantly reduced (Figures 6C, I; Table 3),

and SA23 phloem cells were large and had a reduced number of cell

layers. SA21 (Figure 6H) has a small xylem area, small and dense cells,

and is closely surrounded by vascular cambium; the cells of the phloem

are large, and this part accounts for the majority of the root cross-

sectional area.

Root cross-sections of CK, SA13, SA15, SA16, SA18, SA19,

SA20, SA21, SA23, SA24(a-j); Root diameter(RD); In Figure 3A, 1 is

the xylem of the root, 2 is the cambium, and 3 is the phloem.
A

B

C

FIGURE 5

Plumbagin content of 9 mutants in stems and leaves. Note: (A) the peak plot of plumbagin standard product; (B) the peak plot of the plant sample
(CK as an example); (C) The comparison chart of plumbagin content between plant samples; “*” means with significant differences between different
mutants and the control group ( at P<0.05).
FIGURE 6

Comparison of the anatomical and structural characteristics of the roots of nine Plumbago indica L. mutants with the wild type: *Root cross-
sections of CK, SA13, SA15, SA16, SA18, SA19, SA20, SA21, SA23, SA24 (A–J); Root diameter (RD); In (A), 1 is the xylem of the root, 2 is the cambium,
and 3 is the phloem..
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3.4.2 Anatomical features of the stem
The stem anatomical features of the nine mutant and wild-type

materials are displayed (Figure 7; Table 4). Stem diameter and stem

epidermal cell thickness showed significant differences (P<0.05)

from CK, manifested as an increase (7 plants) or decrease (2 plants)

in stem diameter; among them, SA13, SA16, SA20, and SA24

(Figures 7B, D, G, J) showed significant differences (P<0.05) from

wild type in stem epidermal cell thickness, and SA24 was the most

significant in both stem diameter and stem epidermal cell thickness,

with 1.19-fold and 1.15-fold increase respectively. The cross-

sectional shape did not change significantly in the other eight

mutant materials compared with CK, except for SA16 (Figure 7).

On the cell arrangement characteristics, the xylem, cambium, and

phloem of SA15 showed no ring arrangement, and the collenchyma

on one side was obviously thickened, and the epidermal cells

formed in the middle divided the transverse section of the stem

into two parts (Figure 7C). SA16 has a “lunar” shaped stem cross-

section, with xylem, cambium, and phloem scattered in the middle
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expansion area and abnormal distribution of cellular tissue

structure (Figure 7D). The collenchyma on one side of SA18 was

thickened and irregularly distributed on the thickened side in

addition to the circularly arranged xylem, cambium, and phloem.

The rest of the mutant strains showed no significant abnormalities

compared with the CK, and only differences in the degree of

compactness of collenchyma and cortical cell arrangement were

observed (Figure 7E).
3.4.3 Anatomical features of the leaf
The structures of mesophyll and leaf main vein cross-sections of

nine mutant and wild-type leaves are shown (Figure 8; Table 5). The

mutant plants exhibited changes in leaf thickness and main vein

cross-sectional size; the results of statistical analysis of the relevant

parameters are shown in Table 5.

In terms of leaf thickness, only SA13, SA19 and SA23 were not

significantly different from the wild type, while the rest were

significantly thicker than the wild type; leaf main vein thickness

was significantly greater than the wild type except for SA16. The

largest of them was SA15, reaching 980.333 mm, which was 1.48

times more than the wild type. As can be seen, most of the mutant

strains exhibited plump leaves with prominent veins.

The microstructure also showed some differences. The lower

epidermis was thicker than the upper epidermis in general, and the

thickness of the upper epidermis cells ranged from 16.1063-21.8013

mm, which was not significantly different from CK. The thickness of

the lower epidermal cells ranged from 18.59-28.91 mm, with only

SA16, SA18 and SA19 mutant strains being thicker than the wild

type that showed significant differences. Compared with the CK

spongy tissue thickness, seven of the nine materials showed

thickening, SA20 thickness was the largest, and the cells were

more loosely arranged at 81.0693 mm, which was a 0.97-fold

increase; the palisade tissue thickness was no difference among

the seven materials.

Analysis of cell tense ratio (CTR) and spongy ratio (SR) of the

nine mutant materials and the wild type showed that only SA16 and

CK had no significant difference in CTR and SR. In terms of CTR,
TABLE 3 Root diameter of nine mutants and wild-type material of
Plumbago indica L.

Strain Root diameter(mm)

CK 1337.86 ± 18.76a

SA13 811.66 ± 20.99d

SA15 317.08 ± 8.92h

SA16 656.14 ± 21.04e

SA18 507.31 ± 7.73f

SA19 435.41 ± 21.68g

SA20 506.28 ± 13.32f

SA21 926.53 ± 14.98c

SA23 228.89 ± 9.64i

SA24 961.40 ± 12.09b
The same letters are non-significantly different for different mutants and controls (at P<0.05).
FIGURE 7

Comparison of the anatomical and structural characteristics of the stem of nine Plumbago indica L. mutants with the wild type: Stem cross-sections
of CK, SA13, SA15, SA16, SA18, SA19, SA20, SA21, SA23, SA24 (A–J); Stem epidermal cells(SE); Stem diameter(SD); (A) 1 is the xylem of the stem, 2 is
the cambium, and 3 is the phloem.
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SA23 had the largest value of 27.93%, followed by SA13, SA19,

SA16, and SA24 in descending order, all of which were not

significantly different from the wild type. In terms of SR, it was

found that SA24 had the largest value, followed by SA21, SA19,

SA23, and SA18 in descending order, all of which were larger and

significantly different than CK.

In summary, the nine mutant materials differed significantly

from the wild type in the anatomical features of the leaf.

Combining the anatomical features of the mutant material in

the root, stem, and leaf nutrient organs (Figures 8, 9), it can be seen

that, compared with the wild type, the thickness of the root of the

mutant strain is smaller than that of the wild strain, and there are

significant differences; the stem diameter is generally thicker, with

SA24 being the most prominent in terms of stem diameter and stem

epidermal cel l thickness . The leaves mostly changed

morphologically, as shown by an increase in leaf thickness, and

the microstructure showed the same trend. In summary, the nine

mutant materials differed significantly from the wild-type plants in
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the three nutritional organs of roots, stems, and leaves, both in

macroscopic and microscopic anatomical features, and this result

confirmed the reliability of the ISSR molecular marker

identification results. The nine Plumbago indica L. materials,

SA13, SA15, SA16, SA18, SA19, SA20, SA21, SA23 and SA24,

were further identified as mutants.
3.5 Changes in the morphological
characteristics of Plumbago indica L.
mutants under low-temperature stress

The morphological changes of the mutants and wild type after

low-temperature stress are shown (Figure 10). Compared with CK,

all nine mutant and wild-type plants were damaged to different

degrees, showing leaf crinkling and wilting, yellowing of leaves, and

stem collapse, with SA13 and SA18 being more severely damaged

than the wild type. After 24 h of rewarming, the mutants SA15,

SA19, SA23 and SA24 were found to have only slightly crinkled

leaves and slightly yellowed leaves, and the damage was weaker than

that of wild-type plants. We tentatively judged that these four

mutants could be the focus of observation.
3.6 Changes in the physiological
and biochemical characteristics of
Plumbago indica L. mutants under
low-temperature stress

3.6.1 Chlorophyll fluorescence kinetic parameters
of the mutant

It shows the changes of Fv/Fm in the leaves of nine mutant

materials and wild-type plants under low-temperature stress

(Figure 11), and it can be seen that after 48 h of low-temperature

treatment, there was an overall decreasing trend, from 0.75-0.81

before treatment to between 0.48-0.66. Except for SA20 which Fv/

Fm value decreased by 50.42%, which was greater than CK (0.40,
TABLE 4 Parameters related to the stem anatomical features of nine
putatively mutants and wild type of Plumbago indica L.

Strain Stem diameter
(mm)

Stem epidermal cell thickness
(mm)

CK 239.38 ± 1.81g 3.33 ± 0.41e

SA13 333.54 ± 4.31c 4.91 ± 0.48bc

SA15 217.56 ± 6.86h 3.43 ± 0.15de

SA16 221.31 ± 2.99h 5.34 ± 1.11b

SA18 321.50 ± 9.06d 3.81 ± 0.59de

SA19 328.86 ± 2.11cd 3.63 ± 0.59de

SA20 350.14 ± 6.52b 4.21 ± 0.50cd

SA21 258.68 ± 7.38f 3.25 ± 0.40e

SA23 279.66 ± 6.16e 3.64 ± 0.36de

SA24 525.28 ± 8.41a 7.18 ± 0.78a
The same letters are non-significantly different for different mutants and controls (at P<0.05).
FIGURE 8

Comparison of the mesophyll cross-sections of nine Plumbago indica L. mutants with the wild type Mesophyll cross-sections of CK, SA13, SA15, SA16,
SA18, SA19, SA20, SA21, SA23, SA24 (A–J); Upper Epidermal(UR); Lower Epidermal (LE); Leaf Thickness(LT); Spongy Tissue(ST); Palisade Tissue(PT).
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46.41%), the other eight mutant materials decreased by less than

CK, between 18.90% and 42.34% indicated that the mutant plant as

a whole had a stronger ability to cope with short-term low-

temperature stress than CK, among which SA23 decreased the

least compared with CK, 18.90%, and the damage of photosynthesis

was the least. This was followed by SA24 (20.49%), SA15 (22.16%)

and SA19 (24.29%). It can be seen that the mutant materials

generally have better cold tolerance than the wild type, among

which SA15, SA19, SA23 and SA24 have higher light energy

conversion efficiency and better ability to cope with low-

temperature stress.

3.6.2 Malondialdehyde content of Plumbago
indica L. mutants under low-temperature stress

The changes in MDA content are shown (Figure 12). Before the

treatment without low-temperature stress, the MDA content of

both the treatment group and CK was low. After 48 h of low-

temperature stress treatment, the MDA content in the leaves of all

materials increased rapidly, the relative MDA content and the rise

in CK were 42.82 mmol/L and 112.21%, respectively. The mutant

materials increased between 50.00% and 114.00%, except for SA16,

the rest eight mutant materials increased less than the wild strain

and showed better resistance than the wild type, among which,

SA24 MDA relative content increased the least, 17.99%, indicating

the lowest degree of cell membrane injury and the strongest

resistance to low-temperature stress, followed by SA15, SA19, and

SA23, with relative MDA content increased by 26.80 mmol/mL,

18.06 mmol/mL, and 26.07 mmol/mL, respectively.

3.6.3 SOD, CAT, and POD activities of Plumbago
indica L. mutants under low-temperature stress

The changes of SOD, CAT, and POD activities after low

temperature stress in the nine mutant materials and the control

are shown in Figure 13. Before low temperature stress treatment, all

mutant strains except SA13 had significantly higher SOD activity

than CK (P<0.05) (Figure 13A); only SA19 had significantly higher

CAT activity than CK(Figure 13B); only SA15 had significantly

higher POD activity than CK (Figure 13C). After 48 h of low

temperature stress treatment, SOD activity in the leaves of all

materials increased rapidly, and all mutant strains were higher

than that of CK, among which the highest SOD activity was SA24,

with 679.04 U/g, was 1.09 times higher than that of CK after stress,

followed by SA15 (493.25 U/g, 0.62 times), SA23 (493.23 U/g, 0.58

times), and SA19 (458.74 U/g, 0.53 times); CAT activity showed

that SA15, SA23, and SA24 were significantly higher than that of the

control (P<0.05), with 429.71 U/g, 278.985 U/g and 593.316,

respectively. while the CAT enzyme activities of SA16 and SA18

were significantly lower than those of the control (P<0.05); in the

performance of POD activities, all four mutant strains of SA19-

SA24 were significantly higher than that of CK (P<0.05), and SA19

was the highest at 30627.76 U/g, followed by SA24 at 30052.09 U/g.

3.6.4 The soluble sugar content of Plumbago
indica L. mutants under low-temperature stress

None of the mutant materials had high soluble sugar content

before low-temperature stress, but all were significantly higher than
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FIGURE 9

Comparison of the main leaf vein cross-sections of nine Plumbago indica L. mutants with the wild type. * Main leaf vein cross-sections of CK, SA13,
SA15, SA16, SA18, SA19, SA20, SA21, SA23, SA24(A–J); Thickness of main vein(TV).
FIGURE 10

Comparison of the morphology of mutant material and wild type of Plumbago indica L. under low-temperature stress.
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CK (P<0.05), ranging from 5.33-8.14 mg/g. After 48 h of low-

temperature stress, the contents of both mutants and CK increased

significantly (P<0.05), and the contents of mutant materials rose to

between 8.85-21.9 mg/g, with SA24 showing the highest increment

of 14.39 mg/g, a 1.92-fold increase compared to CK, followed by
Frontiers in Plant Science 13137
SA15 (10.42 mg/g, 1.30-fold), SA23 (8.21 mg/g, 1.25-fold), and SA21

(5.51 mg/g, 0.68-fold), indicating that they were stronger than CK in

mobilizing osmoregulatory substances to resist low-temperature

stress, which laterally reflected that their cold tolerance was also

stronger than CK (Figure 14).
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FIGURE 11

Variation of Fv/Fm in leaves of Plumbago indica L. mutants and wild material under low-temperature stress.
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Effect of low-temperature stress on the MDA content of mutant material of Plumbago indica L.. “*” means with significant differences between
different mutants and the control group (at P<0.05). The green part is the MDA content of each strain before treatment, the total column length is
the MDA content of each strain after treatment, and the orange part is the relative MDA content.
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3.6.5 Proline content of Plumbago indica L.
mutants under low-temperature stress

After low-temperature stress treatment, the Pro content in CK

increased from 2.64 mg/g to 5.08 mg/g, and compared with CK, the

Pro content of all eight mutant materials increased significantly,

except for SA13, SA16, and SA20, the increase was significantly

greater (P<0.05). SA24 had the highest Pro content of 11.77 mg/g,

a2.74-fold increase compared to CK, followed one is SA23 (9.36 mg/

g, 2.70-fold), SA15 (7.63 mg/g, 1.75-fold), and SA19 (7.11 mg/g,

1.67-fold). It reflected that these four mutants had a higher ability to

withstand cold stress than CK from the side (Figure 15).

In conclusion, by analyzing the changes in chlorophyll fluorescence

parameters, MDA, soluble sugar, and proline contents between the

mutant and wild plant CK before and after the onset of low-

temperature stress, it was evident that the two types of materials

differed to different degrees in their cold tolerance. Compared with CK,

some mutant materials showed weaker cold tolerance and some

showed stronger cold tolerance. Taken together, the four mutant

materials SA15, SA19, SA23, and SA24 showed higher light energy
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conversion efficiency, less accumulation of MDA content, have the

capable of actively mobilizing the activity of antioxidant enzymes. and

they also have more accumulation of soluble sugar and proline content

in response to low-temperature stress, and did not affect or even exceed

the accumulation of plumbagin in stems and leaves in control. They

showed some cold tolerance at the level of physiological and

biochemical characteristics, which was more consistent with

the morphological observation of low-temperature injury

performance. Therefore, these four mutants can be used as backup

materials for the screening of cold-tolerant Plumbago indica L. varieties

for subsequent field observations.

3.6.6 Observation on morphological indicators in
the field of cold-resistant mutants

Agronomic ornamental traits were observed in the end of

November of the next year (temperature 12°C-18°C) for the cold-

tolerant mutants grown in soil culture for one year. As shown in

Table 6 and Figure 16, the plant height of SA19 and SA24 was

significantly lower than that of CK (P<0.05), which showed a dwarf
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FIGURE 13

Effects of low-temperature stress on SOD (A), CAT (B), and POD (C) activities of mutant material of Plumbago indica L.. “*” means with significant
differences between different mutants and the control group (at P<0.05).
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and compact plant size; the crown diameter of SA19, SA23 and SA24

was significantly smaller than that of CK (P<0.05), and only SA15

retained the original crown diameter but the inflorescence length was

significantly lower than that of control and more compact compared

with control; SA19 and SA24 mainly showed lagging inflorescence
Frontiers in Plant Science 15139
growth. In Figure 16, the leaves of control gradually yellowed and

wilted, and the flowers started to wither gradually; the leaves of the

cold-tolerant mutant became green to dark green, and SA15 and

SA23 were in full flowering stage, while SA19 and SA24 were under

reproductive growth. Therefore, the cold-resistant mutant mainly
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FIGURE 14

Effect of low-temperature stress on the soluble sugar content of mutant material of Plumbago indica L.. “*” means with significant differences
between different mutants and the control group (at P<0.05).
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FIGURE 15

Effect of low-temperature stress on the proline content of mutant material of Plumbago indica L.. ”*“ means with significant differences between
different mutants and the control group (at P<0.05).
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showed the characteristics of delayed flowering and delayed

senescence, and had a longer ornamental period.
4 Discussion

4.1 NaN3 mutagenesis is an effective
method to obtain mutants of
Plumbago indica L.

The genotoxicity of NaN3 has been extensively studied, and its

produced metabolite b-azidoalanine fraction [N3-CH2-CH(NH2)-

COOH] plays a mutagenic role, inducing chromosomal mutations at

a lower rate than other chemical mutagens (Gomez et al., 2019). Thus

NaN3 is characterized by random regions causing a high frequency of

mutations and a low frequency of chromosomal abnormalities

(Turkoglu et al., 2022). In this study, plants treated with NaN3 and

low-temperature stress in the field mainly showed dwarf plants, slightly

curled leaves and slightly yellowed leaves, consistent with the

mutagenic characteristics of NaN3. The concentration of mutagen

affects tissue survival and mutagenic capacity, and using the optimal

concentration of mutagen is necessary to achieve successful

mutagenesis by balancing reasonable survival rates and finding the

desired mutant sample (Wannajindaporn et al., 2016). The LD50

concentration that results in 50% mortality is usually considered to
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be the better equilibrium point. The material for this experiment was

derived from the optimal protocol 0.5 mmol/L, treated for 1h, at which

time LD50 = 53.33%, closest to 50% mortality, and mutagenesis

efficiency of 5% by morphological and anatomical features, mutants

confirmed by the combination of ISSR molecular markers,

corroborates the feasibility of the previous conclusions on the

equilibrium point. Therefore, NaN3 was further demonstrated to be

a better mutagen for mutant induction in plants (e.g. Plumbago indica

L.) due to its low damage to genes and high mutagenic efficiency.
4.2 ISSR molecular markers can be an
effective method for screening mutant
strains of Plumbago indica L. at the
seedling stage

ISSR amplification techniques are sensitive enough to distinguish

closely related individuals and assess the genetic diversity of

germplasm and an effective means of assessing mutants (Velu

et al., 2008). ISSR and genetic distance analysis allow better

determination of variations originating from the same genotype

(Ziarovska et al., 2013). In this study, the disappearance of normal

bands and the appearance of new bands due to the effect of NaN3

mutagen were found under the characterization of ISSR technique

using NaN3 in vitro mutagenesis of Plumbago indica L. New bands
TABLE 6 Statistics of morphological indicators of cold-tolerant mutants at the end of November.

Strain Plant height
(cm)

Crown diameter
(cm)

Inflorescence
number

Inflorescence length
(cm)

Flower diameter
(mm)

Flower length
(mm)

CK 48.60 ± 1.55a 50.80 ± 2.23a 10.33 ± 2.52a 21.47 ± 5.86a 20.45 ± 1.02a 22.35 ± 3.33a

SA15 45.73 ± 1.31ab 51.80 ± 2.93a 13.67 ± 2.52a 14.59 ± 3.12b 19.98 ± 1.79a 24.20 ± 3.49a

SA19 33.83 ± 3.07c 19.80 ± 1.87d 3.67 ± 1.53b – – –

SA23 43.47 ± 1.30b 43.63 ± 1.40b 11.33 ± 1.53a 23.21 ± 3.99a 21.25 ± 3.49a 23.80 ± 4.36a

SA24 35.90 ± 1.95c 28.13 ± 1.81c 1.00 ± 1.00b – – –
”-“ means with the data is not available, and the same letters are non-significantly different for different mutants and controls. (at P<0.05).
FIGURE 16

Comparison of the growth of the four Plumbago indica L. mutant materials at the end of November 2022 (12°C-18°C) (A–E) in the figure are CK,
SA23, SA15, SA19, and SA24, in that order.
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may be associated with mutations, while loss of bands may be

associated with DNA damage, DNA methylation and chromosomal

damage (Turkoglu et al., 2022). In the dendrogram and genetic data

analysis, it was demonstrated that the mutant strains SA19, SA16,

SA15, SA20, SA18, SA24, SA21, SA13, and SA23 had sequentially

increased genetic distances compared to the parent and that the

mutual strains showed different physiological, biochemical, and

anatomical characteristics, which also indicated the uniqueness of

each mutant strain (Ziarovska et al., 2013). ISSR marker clustering

analysis is associated with differences in phenotypic traits (Wu et al.,

2020), and this identification technique can help distinguish between

morphologically distinct plants; it can also provide a solution for early

seedling targeted breeding to screen for mutants, as the undirected

nature of mutagenesis leads breeders to overlook invisible resistance

indicators. Sulu et al. (2020) also used this approach to demonstrate

induced mutations and genetic differentiation of citrus and lemon

mutant genotypes as an effective tool for determining plant

genotypes. In this study, the initial screening of mutants by clever

use of ISSR molecular markers was more advantageous than

morphological markers, and the mutant strains initially identified

by this method were corroborated by subsequent anatomical

evidence, indicating the reliability of ISSR molecular marker

identification. In addition, using this marker technology, that solves

the hidden variation of non-appearance changes that are difficult to

screen by in vitro mutagenesis, and can quickly locate the plant body

at the seedling stage, which facilitates later narrowing down the

observation and testing population and targeted screening of target

plants. Therefore, we believe that ISSRmolecular markers can be used

as a reliable method to screen NaN3 in vitromutagenesis of Plumbago

indica L. mutants at the seedling stage.
4.3 Accumulation of plumbagin content in
Plumbago indica L. mutants

Previous studies have pointed out that a biologically active

secondary metabolite, plumbagin, isolated from Plumbaginaceae

plant, clearly showed anticancer potential both in vitro and in vivo

(Liu et al., 2017b). Medicinal plants have a special function to

produce a large number of bioactive substances in response to

biotic or abiotic stresses, which are not only involved in plant

growth, development or reproduction, but also enhance plant

resistance (Singh et al., 2020). In our study, the accumulation of

plumbagin content in the stems and leaves of Plumbago indica L.

mutants were almost unaffected or even higher than that of CK,

which could be that mutagenesis was an abiotic stress for Plumbago

indica L., and responded to this stress. Plumbago indica L.retained or

even enhanced this property, which was consistent with the results of

previous studies. In addition, it had also been suggested that

enhanced antioxidant enzyme activity, expression of resistance

genes, and production of defense signaling molecules could

stimulate the production and accumulation of secondary

metabolites (Katoch et al., 2022), and in this study we screened

cold-resistant mutants, and the original accumulation of plumbagin

in the cold- resistant Plumbago indica L. mutants was greater than or
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equal to that of the control, suggesting that this the cold-resistant

mutant, in addition to better mobilization of antioxidant enzyme

activity, may also derive from its higher plumbagin content, which

has better cold tolerance.
4.4 Relationship between anatomical and
structural properties and cold resistance of
Plumbago indica L. mutants

Mutagenesis causes morphological changes in plants (Li et al.,

2021), and there are still limitations to the study of cellularity

dissections. In ISSR polymorphism studies, it was found that NaN3

mutagenesis leads to a random point mutation of Hologene in

Plumbago indica L. resulting in the deletion or increase of the DNA

gene fragment may result in the acquisition of mutants with specific

functions (Mago et al., 2017). Janosevic et al. (2011) also found leaf

development in Arabidopsis mutants that the mesophyll cell became

loose and the cellular layers were irregularly arranged, among other

phenomena. In this study, the microstructure of the nine mutant plants

screened also changed in varying degrees, with the more cold-tolerant

mutants changing root, stem, and leaf microanatomy in response to

cold stress. Sun et al. (2017) found in the anatomical feature of

sugarcane roots after cold stress that the root cells gradually

expanded, the cell walls started to break down and the structure

started to be disordered. In cold-tolerant strains of Plumbago indica

L., the cell of the root became larger and the thickness of xylem, phloem

and cambium changed, which is consistent with the result that mutant

strains have different cold resistance. Meanwhile, in a study on cold

domestication of rhododendron, it was demonstrated that the ability of

plants to acquire resistance to cold was correlated with lignin content

(Liu et al., 2022). Unfortunately, although changes in the xylem in

roots, stems, and leaves were found in this study, the lignin content and

the size of the area occupied by the xylem were not examined, and

relevant studies will be conducted in the next step.

Plant size reduction due to low temperature is a common

phenomenon in temperate species and the phenomenon is

considered to be an adaptive value of the plant to the cold

environment (Lorenzo et al., 2019). At the same time, mutagenesis

can cause dwarf due to damage to cells (Li et al., 2022c). The cold-

resistant mutant strain screened in this case was also found to have

dwarfed plants, which will be an important shape for future field

performance to follow. Based on plant variation, cold environmental

conditions lead to longer leaf epidermal cell margins, increased leaf

thickness, and smaller leaves (Lorenzo et al., 2019). In turn, the

increase in leaf thickness was correlated with the increase in the size

of the mesophyll cell (Wang et al., 2008) or the number of mesophyll

cell layers (Dumlao et al., 2012). We found a significant increase in

leaf thickness of SA15 and SA24, which is consistent with the results

of previous studies, so it is inferred that the level of cold resistance is

positively correlated with leaf thickness. However, no significant

changes were observed in SA19 and SA23, which were finally

screened in this study, also indicating that plants acquire cold

resistance as a complex process of multiple changes, and a single

index cannot accurately determine their cold tolerance.
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At the same time, cold stress tends to alter intracellular osmotic

substances, resulting in leaf palisade tissue cellular structure that can

be loosened by water loss, and SA19 in the study had the same

cytological manifestation (Xu et al., 2022). In general, an increase in

leaf thickness usually corresponds to an increase in palisade

thickness, which is accompanied by an increase in leaf light driving

capacity (Coble and Cavaleri, 2017). Thicker palisade tissues contain

more chloroplasts to maximize light absorption, and there is growing

evidence that f palisade tissues and spongy tissues are the main

limiting factors for optimal photosynthesis, as evidenced by an

increase in CTR with decreasing temperature and a gradual

decrease in SR (He et al., 2018). In our study, we found an increase

in CTR except for SA20, SA23, and SA24, indicating that the plant’s

protective strategy when encountering cold damage tends to increase

leaf photosynthetic capacity, which is another reason why cold-

tolerant strains of Plumbago indica L. are resistant to cold. SA23

and SA24 were not increased, which may be related to the specificity

of the mutant. In addition, SR values were found in the study and

increased in different mutant strains, this reason is most likely due to

the specificity exhibited by Plumbago indica L. being an herbaceous

plant with high water use efficiency (He et al., 2018).
4.5 Physiological and ornamental traits
assessment of cold tolerance in cold-
tolerant mutants of Plumbago indica L.

When exposed to cold stress, plants naturally create a defense

system. This process involves a number of physiological and

biochemical changes, such as maintaining altered photosynthesis,

maintaining ROS homeostasis, and altering the structure of the

soluble sugar plasma membrane (Zhu, 2016; Zheng et al., 2022).

Photosynthesis is an important physiological process in plants that is

highly sensitive to changes in temperature, and Fv/Fm is an

important parameter indicating plant exposure to cold stress

(Yamori et al., 2014). In the present study, cold stress significantly
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reduced Fv/Fm, and these results are consistent with previous reports

that cold stress reduces Fv/Fm. Second, cold stress may promote

oxidative stress by inducing excessive production of ROS, while

greatly reducing photosynthetic activity(Li et al., 2018b), when

MDA levels and hydrogen peroxide levels are significantly elevated

and cold damage occurs in the plant body, which is consistent with

the results of the present study. Our study also found that the cold-

tolerant mutant strains SA15, SA19, SA23, and SA24 had reduced

relative MDA content, and increased SOD, CAT and POD activities,

and were therefore more cold-tolerant, which also indicated that

plants would mobilize different levels of antioxidant enzyme activity

in the face of abiotic stress to respond to or alleviate injury (Li et al.,

2022b; Duan et al., 2023). In addition, peroxidase plays a key role in

cell elongation and cell wall thickening (Lorenzo et al., 2019), and the

thickening of leaves and the thickening of epidermal cells found in

this study all show the functional significance of mutants with

stronger production of peroxidase to eliminate peroxide damage.

Sugar can also act as an inducer of signals to affect

photosynthesis in response to low temperatures in winter (Liu

et al., 2017a). The accumulation of sugars by plants in response

to cold injury is also an important factor affecting cell structure,

especially the cell wall and the mesophyll cell (Bilska-Kos et al.,

2018). Sugars accumulate strongly in response to cold stress,

polysaccharide was catabolized into soluble sugars and different

types of sugars were accumulated to regulate osmotic potential

depending on the severity and nature of the stress (Zheng et al.,

2016). Proline, which has been widely reported to play an important

role in cold stress or cold domestication for protection from cold

injury, is considered another tolerance mechanism for abiotic

stresses (Shin et al., 2018). The results of this study showed that

the significant accumulation of soluble sugars and proline in the

cold-tolerant strains SA15, SA19, SA23, and SA24 reflects one of the

mechanisms to obtain higher tolerance from the physiological level.

Therefore, combining anatomical features and physiological and

biochemical indices, is a proven method to comprehensive screen

for cold-tolerant mutants of Plumbago indica L.
FIGURE 17

Flowchart for targeted screening of cold-tolerant mutants and evaluation of cold-tolerance in Plumbago indica L.
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In the field, the cold-tolerant mutants SA19 and SA24 were found

to have reduced plant height, delayed flowering and short

inflorescences, which are consistent with the studies of Li et al.

(2022c) and Li et al. (2021). The phenomenon may be related to

plant cell damage or DNA mutation due to mutagenesis, resulting in

damage during plant growth and development, but such damage does

not necessarily affect the ornamental traits of the plant (Amirikhah

et al., 2019). In this study, the Plumbago indica L. cold-resistant mutant

showed overall delayed flowering and delayed senescence, and was able

to maintain good ornamental traits, making it a better mutant for both

cold tolerance and medicinal ornamental properties.
5 Conclusion

In this study, four cold-tolerant mutants were targeted and

screened by a combination of ISSR molecular markers,

morphological anatomy, and artificial low-temperature stress

experiments using NaN3 mutagenesis treatment of Plumbago indica

L., and their cold-tolerance characteristics were reported for the first

time, and the technical procedure is shown (Figure 17). The mutagenic

effect of NaN3 on the genetic variation occurring in the same genotype

of Plumbago indica L.was remarkable, with 87.5% molecular marker

polymorphism and 5.00% mutagenic efficiency of mutants. The four

cold-tolerant mutants showed consistency in morphological and

physiological and biochemical characteristics and initially showed the

ability to adapt to short-term stress at low temperature of 0°C for 48h

using ISSR markers combined with plumbagin content and

morphological anatomical structures identification has a high

accuracy in identifying Plumbago indica L. mutants.
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Comparative transcriptome
analysis reveals the involvement
of an MYB transcriptional
activator, SmMYB108, in anther
dehiscence in eggplant

Ruolin Hu1,2†, Jiali Wang1,2†, Huiqing Yang1,2, Dayong Wei1,2,
Qinglin Tang1,2, Yang Yang3, Shibing Tian3* and Zhimin Wang1,2*

1College of Horticulture and Landscape Architecture, Southwest University, Chongqing, China,
2Chongqing Key Laboratory of Olericulture, Chongqing, China, 3The Institute of Vegetables and
Flowers, Chongqing Academy of Agricultural Sciences, Chongqing, China
Male sterility is a highly attractive agronomic trait as it effectively prevents self-

fertilization and facilitates the production of high-quality hybrid seeds in plants.

Timely release of mature pollen following anther dehiscence is essential for

stamen development in flowering plants. Although several theories have been

proposed regarding this, the specific mechanism of anther development in

eggplant remains elusive. In this study, we selected an R2R3-MYB transcription

factor gene, SmMYB108, that encodes a protein localized primarily in the nucleus

by comparing the transcriptomics of different floral bud developmental stages of

the eggplant fertile line, F142. Quantitative reverse transcription polymerase

chain reaction revealed that SmMYB108 was preferentially expressed in

flowers, and its expression increased significantly on the day of flowering.

Overexpression of SmMYB108 in tobacco caused anther dehiscence. In

addition, we found that SmMYB108 primarily functions as a transcriptional

activator via C-terminal activation (amino acid 262–317). Yeast one-hybrid and

dual-luciferase reporter assays revealed that genes (SmMYB21, SmARF6, and

SmARF8) related to anther development targeted the SmMYB108 promoter.

Overall, our results provide insights into the molecular mechanisms involved in

the regulation of anther development by SmMYB108.

KEYWORDS
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frontiersin.org01146

https://www.frontiersin.org/articles/10.3389/fpls.2023.1164467/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1164467/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1164467/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1164467/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1164467/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1164467&domain=pdf&date_stamp=2023-07-11
mailto:minzniwang_555@163.com
mailto:2508436730@qq.com
https://doi.org/10.3389/fpls.2023.1164467
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1164467
https://www.frontiersin.org/journals/plant-science


Hu et al. 10.3389/fpls.2023.1164467
Highlights

• Excavating the differentially expressed gene SmMYB108 of

eggplant fertile line F142 in anther different developmental stages.

• Elucidating that SmMYB108 functioned as a transcriptional

activator to regulate anther development.

• Finding some genes related to anther development directly

targeted SmMYB108 promoter.

• The research results are of great significance to understand the

molecular mechanism of SmMYB108 regulating anther development.
Introduction

Eggplant (Solanum melongena), an important vegetable crop,

cultivated in tropical, subtropical, and temperate regions, exhibits

heterosis and is mainly produced by hybrids. The use of a strict

pollination control system is a prerequisite to avoid self-fertilization

in plants (Kempe and Gils, 2011). Male sterility is generally used to

produce hybrid seeds that can effectively avoid self-fertilization and

solve the difficulties of traditional seed production. Molecular

mechanisms of male infertility have been reported in previous

studies (Ma et al., 2015; Singh et al., 2015). RNA-sequencing

(RNA-seq) technology helps in understanding the gene

expression patterns and inferring the candidate genes related to

male infertility. Many studies have conducted RNA-seq analyses of

the male sterile floral organs of tomatoes (Jeong et al., 2014), cotton

(Wei et al., 2013), peppers (Liu et al., 2013), Brassica napus (Yan

et al., 2013), and watermelons (Rhee et al., 2015).

Stamen is the male reproductive organ of flowering plants, which

consists of an anther, a space for pollen development, and a filament

that provides the anther with structural support and nutrients.

Development of anther, an important component of stamens, is

mainly divided into two stages. In the first stage, the initial stamen

primordium forms a complete pollen sac wall after tissue specialization

andmeiosis, which is followed by the formation of the outer epidermis,

endothecium, middle layer, and tapetum from the outside to the inside.

Tetrad structure of the microspores is located at the center of the

anther chamber. In the second stage, the anther continues to expand,

filament elongates, microspores develop into pollen grains from the

tetrad structure, pollens sac cracks and releases pollens, and pollination

and fertilization are completed, after which, the anther tissue gradually

ages and degenerates (Goldberg et al., 1993; Wilson et al., 2011).

An anther dehisces in a timely manner to release mature pollen for

complete pollination and fertilization. Transcription factors (TFs)

containing the MYB domain in plants are known as MYB TFs.

MYB domain consists of one to four amino acid (aa) sequences and

forms a helix-turn-helix motif (Dubos et al., 2010). On the basis of the

number of adjacent repeats, MYB proteins are divided into four

categories: 1R-MYB (MYB-related), 2R-MYB (R2R3-MYB), 3R-

MYB (R1R2R3-MYB), and 4R-MYB (Katiyar et al., 2012). Among

them, R2R3-MYB TFs are one of the most abundant gene families in

plants (Stracke et al., 2001) that are involved in plant cell development

and morphogenesis, biological and non-biological stress responses,

hormone signal transduction, and secondary metabolism regulation

(Wang et al., 2016; Kocábek et al., 2018; Guan et al., 2019).
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Secondary thickening of the inner wall of the anther chamber is

essential for anther dehiscence (Zhao and Dong, 2015). AtMYB26 is

vital for secondary thickening, directly inducing the expression of

AtNST1 and AtNST2 in the anthers. Both myb26 and nst1 nst2

mutants failed to exhibit anther dehiscence (Yang et al., 2017).

Previous studies have reported that AtMYB103, AtMYB83, and

AtMYB46 are direct targets of AtNST1 and AtNST2, regulating

secondary wall biosynthesis to affect anther dehiscence and pollen

development. Another study reported that AtMYB83 acts

redundantly with AtMYB46 as a key molecular in the regulating

of secondary wall biosynthesis (Zhong et al., 2008; McCarthy et al.,

2009; Zhong et al., 2007). Li et al. (2019) revealed that RUS4 affects

the synthesis of the secondary wall of the inner wall of the drug

chamber by indirectly activating the expression of the TFs,

AtMYB103 and AtMYB85 (Li et al., 2019). Because of the defects

in filament elongation, anther dehiscence, and pollen viability,

myb21 myb24 double-mutant plants are male sterile. R2R3-MYB

TFs, MYB21 and MYB24, are essential for filament elongation,

anther dehiscence, and pollen maturation, jasmonic acid (JA)

regulation of male fertility in Arabidopsis thaliana (Song et al.,

2011). Overexpression of GhMYB24 in Arabidopsis severely

decreases the fertility by inhibiting filament elongation and anther

dehiscence and decreasing the pollen viability. atmyb21 atmyb24

double-mutant plants have been reported to be severely male sterile,

and the expression of GhMYB24 in the atmyb21 atmyb24 double-

mutant has been reported to partially rescued the sterile phenotype

(Li et al., 2013). Several studies have investigated the role of the TF,

MYB108, in anther development. AtMYB108 and AtMYB24 have

been reported to coordinate the JA pathway during anther

dehiscence (Mandaokar and Browse, 2009). Sun et al. reported

that a JA-induced R2R3-MYB TF, CaMYB108, is involved in the

regulation of capsaicinoids, cap biosynthesis, and stamen

development. Silencing of CaMYB108 has been reported to delay

anther dehiscence and decrease the pollen viability (Sun et al.,

2019). arf17 mutant anther is indehiscent, and the auxin response

factor, ARF17, can directly bind to the AtMYB108 promoter and

induce its expression in arf17mutant to rescue its anther dehiscence

phenotype (Xu et al., 2019).

Molecular mechanism by which TF MYB108 regulates the

development of anthers remains poorly understood. In this study,

we identified differentially expressed gene (DEG), SmMYB108, in

eggplant, whose expression was highest on the day of flowering

(FD). We verified that this TF was involved in stamen development.

In addition, we found that proteins related to anther development

(SmMYB21, SmARF6, and SmARF8) directly bound to the

promoter of SmMYB108. Our findings indicate that SmMYB108

plays a central role in anther development.
Results

Identification of DEGs

We determined the mRNA (messenger Ribonucleic Acid)

expression levels in the floral buds of the eggplant fertile line, F142,

at different developmental stages. The FPKM (fragments per kilobase
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of exon per million mapped fragments) method was used to identify

the DEGs. In total, 5,549 DEGs were identified via pairwise

comparisons. Comparison of 8 days before flowering (DBF) and 5

DBF revealed the lowest number, 269 DEGs, of which 203 were

upregulated and 66 were downregulated. The maximum number of

DEGs was between 8 DBF and the day of flowering (FD), including

2,756 upregulated and 1,750 downregulated genes (Figure 1A).

Notably, 2,552 common DEGs (1,739 upregulated and 816

downregulated) were shared between the 8 DBF and FD and

between 5 DBF and FD groups (Supplementary Figures S1A–C).

TFs play an important role in anther development. Eighty-nine

TFs were identified among all DEGs, which could be classified into 29

families. The important families were bHLH (basic helix-loop-helix)

(19.10%), MYB(v-myb avian myeloblastosis viral oncogene

homolog)-related (13.48%), AP2 (APETALA2) (11.24%), NAC

(NAM、ATAF1/2、CUC1/2) (1.12%), WRKY (7.87%), TCP

((TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING

CELL FACTORS) (7.87%), and the MADS (2.25%) families

(Supplementary Figure S2A). On the basis of the similarity in gene

expression, hierarchical clustering was performed using the 89

differentially expressed TFs in samples (Figure 1B; Supplementary

Table 2). Hierarchical clustering of the gene expression profiles in the

three stages revealed different expression patterns in these samples,
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providing an overall understanding of the changes in gene expression.

Forty-two MYB TFs were identified among 89 TFs, of which 31 were

upregulated and 11 were downregulated. Moreover, 11 common

MYB TFs between 8 DBF and FD and between 5 DBF and FD were

identified, and the expression pattern was visualized using a heat map

(Supplementary Figure S2B; Supplementary Table 3). Interestingly,

we found that the expression levels of gene F01_transcript_42496

(referred as SmMYB108 in this study) were significantly higher in FD

than that in 8 and 5 DBF (Figure 1C). These results suggest the

involvement of an extremely intricate transcriptional network in

anther development.
SmMYB108 is highly expressed during the
flowering period

To verify the RNA-seq data, quantitative reverse transcription

polymerase chain reaction (qRT-PCR) was conducted on nine

randomly selected genes, and the results confirmed the accuracy

of transcriptome analysis (Supplementary Figure S3). We found

that SmMYB108 was predominantly expressed in the flowers,

followed by roots, but its transcript levels were low in the stems,

leaves, anthers, petals, and sepals through qRT-PCR (Figure 2A).
A B

C

FIGURE 1

Analysis of DEGs between the eggplant fertile line F142 in different stages of flower buds. (A) The total number of upregulated and downregulated
DEGs. (B) Heat map of differentially expressed transcription factors. (C) Heat map analysis of 11 common differentially expressed genes.
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Moreover, we quantitatively analyzed the expression levels of

SmMYB108 at different developmental stages. Within the floral

buds, SmMYB108 transcript level was stable from 8 to 3 DBF,

increased slightly 2 DBF, and reached the maximum level at

flowering (Figure 2B). Taken together, our results indicate

SmMYB108 as a candidate regulator of anther development.

Moreover, SmMYB108 may have roles other than anther

development regulation in plants.

To visualize the detailed expression patterns of SmMYB108,

its promoter was cloned approximately 2-kb 5′ upstream of

the sequence included in gSmMYB108 in this study. We generated

prSmMYB108:GUS Arabidopsis transgenic lines expressing GUS

(Β-glucuronidase) fused with the promoter sequence of SmMYB108

to detect SmMYB108 expression patterns. Consistent with the gene

expression pattern, blue staining was high in the roots, flowers, and

leaves of mature plants (Figures 3B–I) and mainly observed in the

mature anthers in flowers (Figures 3E, J). GUS staining was observed

in all organs in approximately 2-week-old seedlings (Figures 3A, F).

These findings highlight the potential role of SmMYB108 in

anther development.
SmMYB108 encodes a nucleus-localized
R2R3 MYB TF

Full-length coding sequence (CDS) of SmMYB108 was isolated

from the eggplant fertile line F142, and its open reading frame was

954 bp, encoding a protein of 317 amino acids, located on

chromosome 5 (Figure 4A). Aa sequence analysis revealed that

SmMYB108 contains two motif DNA-binding domains (BDs) (R2-

R3 MYB type) next to the N-terminus (Figure 4B). We retrieved

SmMYB108 homologs from Solanum lycopersicum, S. tuberosum,

Nicotiana attenuata, Capsicum annuum, and A. thaliana. A

phylogenetic tree was constructed to identify the orthologs of

these genes. We found that the nearest MYB TFs from StMYB108

(S . tuberosum), CaMYB108 (C . annuum), SlMYB78 (S .

lycopersicum), and NaMYB108 (N. attenuata), shared sequence

identity > 90% (Figure 4C). AtMYB108, which showed only 60%
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aa sequence identity, was the MYB TF most closely related to A.

thaliana. Interestingly, both CaMYB108 and AtMYB108 were

induced by JA to participate in anther development (Mandaokar

and Browse, 2009; Sun et al., 2019), suggesting that SmMYB108may

also play a role in stamen development.

TFs regulate transcription depending on their localization in the

nucleus. To determine the subcellular localization of SmMYB108,

the CDS of SmMYB108 was fused in frame with the green

fluorescence protein (GFP) to generate a 35Spro::GFP-SmMYB108

fusion protein (Figure 4D). 35Spro::GFP-SmMYB108 was

transiently expressed in the nucleus of N. benthamiana leaf

epidermal cells. GFP-SmMYB108 was observed exclusively in the

nucleus, whereas free GFP (35S::GFP) was observed in both the

cytoplasm and nucleus of epidermal cells (Figure 4E), suggesting

that SmMYB108 is localized in the nucleus.
Overexpression of SmMYB108 promotes
stamen development

To further study the function of SmMYB108, we constructed an

overexpression vector used for the Agrobacterium-mediated

transformation of tobacco. We successfully developed 14

transgenic tobacco plants overexpressing SmMYB108. In T0 plants,

SmMYB108-OE-2, SmMYB108-OE-3, and SmMYB108-OE-5 were

selected for further analysis (Figure 5A). Floral organ morphology

and pollen vitality were not significantly different between the wild-

type and SmMYB108-OE lines as they exhibited normal anther

dehiscence and released viable pollen (Figure 5B). However, the

anthers of transgenic tobacco were completely dehiscent and covered

by pollen, whereas those of wild-type tobacco were partially

dehiscent and covered by a small amount of pollen. These results

revealed that the degree of anther dehiscence in transgenic tobacco

was greater than that in wild-type tabacco. Moreover, flower buds

immediately at the top of tobacco developed earlier than those in

transgenic tobacco andwild-type plants. Taken together, these results

suggest that SmMYB108 overexpression promotes the early

dehiscence of anthers (Figure 5C).
A B

FIGURE 2

Expression analysis of SmMYB108. (A) Expression of SmMYB108 in different tissues. (B) Expression of SmMYB108 in different developmental stages of
flower buds.
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SmMYB108 functions as a transcriptional
activator

SmMYB108 contains an N-terminal R2R3 repeat domain,

responsible for DNA binding, and a C-terminal domain.

Transcriptional activation domain of the R2-R3 type MYB TF,

which encodes the aa, was located at the C-terminus, as previously

reported (Song et al., 2011). We performed a transactivation

activity assay in yeast to test the transcriptional activation

activity of SmMYB108. On the basis of the presence of conserved

domains, full-length and a series of truncations were fused in-

frame with the GAL4 DNA-binding domain (BD) in the pGBKT7
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(BD) vector, and the constructs were transformed into the yeast

two-hybrid (Y2H) gold yeast strain. Yeast carrying BDSmMYB108

grew and turned blue on SD/−Trp selective medium along with X-

a-gal, indicating that TF SmMYB108 acts as a transcriptional

activator (Figure 6). To determine the specific domain

influencing the activation activity of SmMYB108, the constructed

truncated SmMYB108 was transformed into the Y2H gold yeast

strain (Figure 6). The results showed reduced transcriptional

activation of SmMYB108 (275–317 aa) and SmMYB108 (262–

274 aa), indicating destruction of the self-activating domain.

Therefore, the C-terminus (262–317 aa) was essential for the

activation activity of SmMYB108 (Figure 6).
FIGURE 3

Tissue-specific expression analysis of SmMYB108 in prSmMYB108:GUS transgenic plants. (A–E) Seedling, root, leaf, mature flower, and anther (from
left to right) were from wild type. (F–J) Gus-stained seedling, root, leaf, mature flower, and anther (from left to right) were from prSmMYB108:GUS
transgenic plants. Bar, 500 µm.
D
E

A

B

C

FIGURE 4

Phylogenetic and subcellular analyses of SmMYB108. (A) The genomic sequence of SmMYB108 that is mapped to eggplant genome. (B) Sequence
analysis of SmMYB108. To compare the MYB sequences among different plant species, SmMYB108 was used as a bait gene and searched in National
Center for Biotechnology Information (NCBI) database for highly similar sequences MYB TFs in other species. (C) A phylogenetic tree showing aa
sequence similarities among SmMYB108 and closely related MYB TFs in other species. (D, E) Subcellular localization of 35S:SmMYB108-GFP fusion
protein in Tobacco epidermal cells. 35S::GFP served as a control. Bar, 50 µm.
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Anther development-related genes directly
target SmMYB108

AtMYB21, AtMYB26, AtARF6, and AtARF8 participated in

anther development in A. thaliana, as previously reported (Song

et al., 2011; Yang et al., 2017; Nagpal et al., 2005). To determine the
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direct target genes of SmMYB108, we selected SmMYB21, SmMYB26,

SmARF6, and SmARF8 as candidate target genes for screening via

Y1H assay. SmMYB108 promoters were ligated into the pAbAi vector

to construct bait vectors (pAbAi-ProSmMYB108). SmMYB21,

SmMYB26, SmARF6, and SmARF8 were ligated into the pGADT7

vector to construct a prey vector. Subsequently, bait and prey vectors
FIGURE 6

SmMYB108 is a transcription activator. Activation analysis of SmMYB108 in yeast. Full-length and truncated SmMYB108 was used for activation
analysis. The number shown on the right indicates the protein region used for activation analysis. Auxotroph plates of SD/–Trp(left) and SD/–Trp–x-
a-gal(right) showing transcriptional activation of protein.
A

B

C

FIGURE 5

Morphological characterization of SmMYB108-OE plants floral organ. (A) RT-qPCR analysis of SmMYB108 transcripts present in wild-type (WT) and
SmMYB108-OE lines. Error bars, 6 SEM (n = 3). Three lines were selected for further research (red arrows). (B) Morphological features of flowers in
the same period in wild type and SmMYB108-OE lines. (C) The degree of antherin the same period in wild type and SmMYB108-OE lines.
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were transformed into the Y1H gold yeast strain. As shown in

Figure 7A, the negative control (pGADT7 + ProSmMYB108) and

transformant (pGADT7-SmMYB26 + ProSmMYB108) did not grow

well on the medium containing aureobasidin A (AbA; 600 ng ml−1).

However, the positive control (p53 + Prop53) and transformants

(pGADT7-SmMYB21 + ProSmMYB108, pGADT7-SmARF6 +

ProSmMYB108, and pGADT7-SmARF8 + ProSmMYB108) grew

well on the medium containing AbA. These findings indicate that

SmMYB21, SmARF6, and SmARF8 are associated with the

SmMYB108 promoters in vitro.

Next, we used a dual-luciferase (LUC) reporter assay to confirm

whether SmMYB108 promoter transcription could be activated by

SmMYB21, SmMYB26, SmARF6, and SmARF8 in vivo. SmMYB108

promoter fragment was fused to a firefly LUC reporter sequence

and co-transformed into tobacco leaves either with 35S:SmMYB21,

35S:SmMYB26, 35S:SmARF6, and 35S:SmARF8 effector constructs

or with an empty vector before determining the relative LUC

activity using the LUC/Renilla (REN) ratio (Figure 7B). We found

that SmMYB21, SmARF6, and SmARF8 activated the transcription

of SmMYB108 promoter in a gene-dependent manner. SmMYB108

promoter transcription was strongly activated by SmMYB21,

SmARF6, and SmARF8 in N. benthamiana leaves. However, no

difference was observed between SmMYB108 promoter-driven and

empty vector LUC activity (Figure 7C). Taken together, these

results indicate that SmMYB21, SmARF6, and SmARF8 are the

transcriptional activators of SmMYB108.
Discussion

RNA-seq is used to determine the gene expression patterns and

analyze DEGs responsible for genetic variation. Transcriptome
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analysis is often used to identify the DEGs involved in male

sterility in various species (Jeong et al., 2014; Wang et al., 2021;

Yuan et al., 2021). In this study, we conducted RNA-seq to

determine the gene expression changes at different developmental

stages (8 DBF, 5 DBF, and FD) in eggplant floral buds. Overall,

5,549 genes were identified via pairwise comparisons (Figure 1A).

The anther is not only an important part of the stamens but also the

place of pollen development. Normal dehiscence of anthers and

timely release of pollen are essential for the completion of

pollination and fertilization in plants (Goldberg et al., 1993;

Wilson et al., 2011). Various TFs, including MYB TFs, play an

important role in anther development (Veenstra and Wolffe, 2001).

We identified 11 common MYB TFs in 8 DBF vs. FD and 5 DBF vs.

FD groups. The expression of SmMYB108 (F01_transcript_42496)

was significantly increase on the FD (Figure 1C). Nine genes among

all DEGs were randomly selected, and their expression levels were

of consistent in both platforms (Supplementary Figure S3). qRT-

PCR analysis revealed that the expression of SmMYB108 was

highest on the FD (Figure 2). pSmMYB108:GUS Arabidopsis

transgenic lines also exhibited consistent gene expression

patterns (Figure 3).

N-terminal of MYB TFs has a conserved MYB domain, which is

divided into four types: 4R-MYB, 2R-MYB (R2R3-MYB), 3R-MYB

(R1R2R3-MYB), and 1R-MYB (MYB-related) (Katiyar et al., 2012).

We identified a novel MYB TF, SmMYB108, in the nucleus that had

a length of 317 aa. It encoded a R2R3-MYB protein in the N-

terminus and was involved in anther development. (Figure 4E).

Sequence analysis of SmMYB108 and its orthologs revealed that

CaMYB108, StMYB108, SlMYB78, and NaMYB108 shared a fairly

high sequence identity with SmMYB108 (>90% aa sequence

identity), whereas AtMYB108, which is most closely related to

SmMYB108, shared only 60% sequence identify. JA-inducible
A

B
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FIGURE 7

Anther development-related genes targets the promoters of SmMYB108. (A) Y1H analysis of SmMYB21, SmARF6, and SmARF8 associated with the
promoters of SmMYB108. (B) ProSmMYB108, empty vector (pGreenII62-SK), 35S:SmMYB21, 35S:SmMYB26, 35S:SmARF6, and 35S:SmARF8 were
infected into N. benthamiana cells. (C) Dual-luciferase reporter assay of SmMYB21, SmARF6, and SmARF8 activated the transcription of SmMYB108
promoters. Values are the mean ± SD of six replicates. One-way ANOVA was used to identify significant differences (**p < 0.01).
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AtMYB108 has been reported to mediate stamen and pollen

maturation as well as response to pathogens. Silencing the JA-

inducible CaMYB108 resulted in delayed anther dehiscence,

decreased pollen viability, and promoted the synthesis of

capsaicin. In our study, phenotypic analysis of transgenic tobacco

revealed that the overexpression of SmMYB108 promoted anther

dehiscence (Figure 5C). Our results indicated an intriguingly

convergent evolution of MYB108 gene function among different

plant species (Mandaokar and Browse, 2009; Sun et al., 2019);

however,MYB108 gene function is known to differ among different

plant species. Zhang et al. (2019) reported that RhMYB108

participates in the interaction between ethylene and JA signals

and is strongly expressed in rose petals. Silencing RhMYB108

promoted the expression of senescence associated genes, delaying

the petal senescence (Zhang et al., 2019). Both PsnMYB108 and

MdMYB108Lmediate plant stress resistance and can improve plant

salt tolerance under abiotic stress (Wang et al., 2019; Zhao et al.,

2020). However, the specific roles of SmMYB108 in different species

require further investigation.

In addition to the conserved R2R3 DNA-BD, the C-terminus

performs several vital functions (Dubos et al. , 2010).

Transcriptional activation domain of CaMYB31 is at the C-

terminus (213–234 aa) (Zhu et al., 2019). CaMYB48 has a motif

that is rich in amino acids at the C-terminus (168–191 aa) that

functions as a transcriptional activation domain (Sun et al., 2020).

In this study, transcriptional activation analysis of yeast showed that

C-terminus (262–317 aa) was crucial for the activation activity of

SmMYB108 (Figure 6). Multiple transcriptional binding sites were

identified in the myb108 promoter sequence. Y1H and dual-LUC

reporter assays revealed that SmMYB21, SmARF6, and SmARF8,

but not SmMYB26, could activate the SmMYB108 promoter

(Figure 7). AtARF6 and AtARF8 promote anther dehiscence in

floral buds (Nagpal et al., 2005). JA and auxin are important

hormones in plant development and stress response, which are

also involved in the regulation of anther dehiscence. AtARF6 and

AtARF8 regulate anther dehiscence by activating DAD1, a key gene

in JA biosynthesis, to mediate JA synthesis (Tabata et al., 2010).

Moreover, AtMYB21 mediates the JA pathway during anther

dehiscence (Song et al., 2011). Whether SmMYB108 also regulates

anther development via the hormone pathway needs to be

investigated further in future studies.
Conclusion

In summary, we found that the promoter of SmMYB108 directly

combines with the targets genes related to anther development—

SmMYB21, SmARF6, and SmARF8, but not SmMYB26. We also

found that SmMYB108 functions as a transcriptional activator to

regulate anther development. Our findings provide mechanistic

insights into the evolution of male sterility in plants and can aid

in future investigation of the transcriptional regulatory networks

involved in anther development in eggplant.
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Materials and methods

Plant materials

F142, a fertile eggplant (Solanum melongena) line, was provided

by the Institute of Vegetables and Flowers, Chongqing Academy of

Agricultural Sciences (Chongqing, China). All plants were cultivated

in a controlled chamber (16/8-h light/night photoperiod and 28/22°

C light/night temperature with 60%~65% relative humidity). Floral

buds were collected respectively at 8 DBF, 5 DBF, and the FD for

transcriptome sequencing. Various tissues (roots, stems, leaves,

anthers, sepal, petals, and flower buds at different periods) were

collected for qRT-PCR. Every sample was set three biological

replicates. N. benthamiana is kept and supplied by our laboratory.

Wild-type Arabidopsis thaliana is provided by our laboratory.
RNA-seq analysis

The transcriptome data of the fertile line F142 were retrieved

from the previous studies (Wang et al., 2021; Yuan et al., 2021).

These data included transcription data of genes from different

developmental stages of floral buds. Raw reads were first filtered

to obtain clean reads, which were aligned to the eggplant HQ-1315

genome using Hisat2 (version 2.1.0). Only reads with a perfect

match or one mismatch were further analyzed and annotated based

on the reference genome. Each gene expression level was calculated

as FPKM. Differential expression analysis (three biological

replicates at different developmental stages) was performed using

the DESeq. Genes with an adjusted P-value <0.01, as found by

DESeq, were considered as differentially expressed (Anders and

Huber, 2010).
Quantitative reverse transcription
polymerase chain reaction analysis

For the extraction of total RNA from the samples, the RNAprep

Pure Plant Kit polysaccharide and polyphenol total RNA extraction kit

(Tianmo, China) were used. cDNA was synthesized from RNA (1 µg

per sample) using the Prime Script RT Kit (Takara, China) according

to themanufacturer’s instructions. Using real-timeqRT-PCR validated

the RNA-seq data and performed the expression of gene in different

tissues. qRT-PCR primers were designed using Primer Premier 5.0

(Supplementary Table 1). The reactions of qRT-PCR were performed

with the SYBR Green qPCR Mix (Takara, Japan) on the Bio-Rad

CFX96 Touch Real Time PCR detection System (Bio-Rad

Laboratories). In addition, reactions were performed three biological

replicates and three technical replicates. The GAPDH (Glyceraldehyde

-3-phosphate dehydrogenase) gene was used as the reference to

quantify transcript levels. The 2−△△CT approach was applied to
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calculate the relative expression levels of target genes (Livak and

Schmittgen, 2001; Vandesompele et al., 2002).
Histochemical analysis of GUS expression

A section (2 kb) of the SmMYB108 promoter was cloned into

the pGreen vector harboring the GUS reporter to construct

pSmMYB108:GUS. Tissues for GUS staining were first infiltrated

with staining solution [50 mM sodium phosphate buffer (pH 7.0),

0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide,

and X-Gluc (0.5 mg ml−1)] in a vacuum chamber and, subsequently,

incubated with the same solution at 37°C for 4 h.
Sequence alignment and phylogenetic tree
construction

To understand the location of the TFs on chromosome, the

protein sequence of SmMYB108 was obtained from eggplant

reference genome HQ-1315. Other MYB TF sequences that

showed the higher sequence identity with SmMYB108 was

retrieved from the public database National Center for

Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov/

) and Sol Genomics Network (http://solgenomics.net/) and used for

phylogenetic tree construction. The MYB TF sequences were

aligned by CLUSTALW with the default parameters, and the

phylogenetic tree was constructed by MEGA 7.0 using the

neighbor-joining method with 1,000 bootstrap replications.
Subcellular localization

The full-length SmMYB108 cDNA was cloned from fertile line

F142, which was inserted into the pCAMBIA1300 vector without

the stop codon and fused with GFP-generating SmMYB108-GFP

fusion proteins under the control of the CaMV35S promoter. The

SmMYB108-GFP fusion proteins were introduced into

Agrobacterium tumefaciens strain GV3101, which was infiltrated

into tobacco leaves epidermal cells along with empty plasmids.

After 48 h of inoculation, the GFP signal was visualized by confocal

fluorescence microscopy (Carl Zeiss, Germany). The primers used

in this study were listed in Supplementary Table 1.
Transcriptional activation analysis

The ability of SmMYB108 to activate transcription was

verified by a yeast transcriptional activation assay according to

the manufacturer’s instructions of the Matchmaker Gold yeast

two-hybrid system (Takara, China). Full-length or deleted

SmMYB108 was fused in frame with the GAL4 DNA-BD in

pGBKT7 vector. The pGBKT7 empty vector that only expressed

GAL4 BD was used as a negative control. Recombinant plasmids

and empty vector were transformed into yeast strain Y2H Gold.
Frontiers in Plant Science 09154
Yeast cells were incubated on SD/-Trp medium at 30°C for 3 days.

The positive clones were diluted in 0.9% NaCl solution, and 10 µl

of each dilution was inoculated on SD/-Trp +X-a-gal medium at

30°C for 3–5 days; the clones were stained with x-a-Gal (Takara,
China). The primers used in this study were listed in

Supplementary Table 1.
Y1H assay

The ORF (Open reading frame) of four genes (SmMYB21,

SmMYB26, SmARF6, and SmARF8) were inserted into SmaI and

XhoI of the pGADT7 vector to generate prey. The promoter

fragments of SmMYB108 were ligated into SacI and SmaI of the

pAbAi vector as bait. The Y1H experiment was carried out using the

Matchmaker Gold yeast one-hybrid system (Takara, China)

according to the manufacturer’s protocol. The primers used in

this study were listed in Supplementary Table 1.
Dual-LUC assay

The SmMYB108 promoter (2,000 bp) was amplified by PCR

from eggplant fertile line F142 and inserted into the SacI and

BamHI of pGreenII-0800-LUC vector to serve as the reporters.

The full-length CDS of four genes (SmMYB21, SmMYB26, SmARF6,

and SmARF8) was cloned into the SacI and BamHI of pGreenII62-

SK vector under the CaMV35S promoter to serve as an effector. The

recombinant plasmids were transformed to the Agrobacterium

tumefaciens strain GV3101 (pSoup-p19). The GV3101 harboring

the SmMYB108 reporter and the corresponding effectors were

injected into 30-day-old tobacco (Nicotiana tabacum) leaves.

After incubation for 48–72 h, the firefly LUC and REN LUC

activities were measured with the Dual Luciferase Reporter Gene

Assay Kit (Yisheng, Shanghai) according to the manufacturer’s

introduction. The Varioskan™LUX (Thermo Fisher Scientific,

USA) was used to carry out the assay. Activity was expressed as

the ratio of firefly LUC activity to REN LUC activity. The primers

for all constructs in this study were listed in Supplementary Table 1.
Construction of a pCAMBIA-2301G-
SmMYB108 vector and tobacco
transformation

SmMYB108 was generated through PCR amplification by using

specific primers containing BamHI and SacI sites. The fragments

were inserted into the pCAMBIA-2301G vector (Lü et al., 2017) to

form the construct pCAMBIA-2301G-SmMYB108. Agrobacterium-

mediated transformation of N. benthamiana was then performed, as

previously described (Zhao et al., 2012). The sterile tobacco leaves of

15–20 days were cut into 1-cm2 size into resuspension for 10 min at

25°C dark culture for 2 days and transferred to screening medium for

differentiation to induce indefinite shoots; differentiated shoots were

transferred to culture medium for rooting screening.
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Volatile profiling as a potential
biochemical marker for
validation of gamma irradiation
derived putative mutants in
polyembryonic genotypes of
mango (Mangifera indica L.)

Nusrat Perveen1*, M. R. Dinesh1, M. Sankaran1*,
K. S. Shivashankara2, K. V. Ravishankar2,
R. Venugopal3 and Hidayatullah Mir4

1Division of Fruit Crops, Indian Council of Agricultural Research (ICAR)-Indian Institute of Horticultural
Research, Bengaluru, India, 2Division of Basic Sciences, Indian Council of Agricultural Research
(ICAR)-Indian Institute of Horticultural Research, Bengaluru, India, 3Division of Social Sciences and
Training, Indian Council of Agricultural Research (ICAR)-Indian Institute of Horticultural Research,
Bengaluru, India, 4Department of Horticulture (Fruit and Fruit Technology), Bihar Agricultural
University, Bhagalpur, India
Introduction: Putative mutants were generated through gamma irradiation in

the polyembryonic mango genotype Nekkare. The putative mutant progenies

along with control seedlings andmother plants were evaluated by comparing the

compositions and relative proportions of their major volatile compounds.

Methods: Volatile profiling was done using headspace-solid phase micro-

extraction (HS SPME) method coupled with gas chromatography–mass

spectrometry (GC-MS MS). Furthermore, characterisation of putative mutants

and control seedlings was carried out using simple sequence repeat (SSR)

markers to ascertain the genetic diversity present in the samples under study.

Results: Monoterpenes were the most abundant volatile compound in all the

studied samples (ranging from 34.76% to 91.41%) out of which I-Phellandrene

and cis-Ocimene formed the major fraction in mother plants (20.45%–21.86%

and 16.17%–21.27%, respectively) and control seedlings (23.32%–24.95% and

18.95%–20.81%, respectively), while beta-Phellandrene was dominant in the

selected putative mutant samples (2.34%–29.53%). Among sesquiterpenes,

trans-Caryophyllene was detected only in the putative mutant samples

(0.10%–30.18%). Grouping together of mother plants and control seedlings

was seen in the cluster analysis, while the putative mutants grouped apart

from them suggesting genetic diversity. Genetic distance between the mother

plants and control seedlings ranged from 0.97 to 2.73, while between putative

mutants, control seedlings, and mother plants, it ranged from 6.54 to 9.82. SSR-

based characterisation of putative mutant seedlings showed that mutation

caused variability in the treated population. This was evident from the high

allelic richness ranging from 4 to 12 with a mean of 7 and a higher mean

Shannon’s Information Index (1.50) of the putative mutant population.
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Discussion: The study demonstrates that volatile profiling and molecular

characterisation using SSR markers could be used as a tool to detect variation

in a mutated population. In addition, volatile profiling can be used to validate

putative mutants in polyembryonic mango genotypes where the seedlings of

nucellar origin are similar to mother plants.
KEYWORDS

mango, polyembryony, mutation, nucellar seedlings, SSR markers, volatile profiling
1 Introduction

Polyembryony is a trait in certain mango genotypes where

multiple apomictic embryos develop from the maternal nucellar

tissues along with a single zygotic embryo (Asker and Jerling, 1992).

The plants originating from apomictic embryos, also known as

nucellar seedlings, are “true-to-type.” The polyembryonic

genotypes are ideal as rootstocks, as they are uniform owing to

their “true-to-type” nature. However, the use of these genotypes in

breeding programme is often limited by their narrow genetic base.

Hence, creating variability in these genotypes for various desirable

traits, viz., plant stature and salinity tolerance, would make them

highly suitable as rootstocks. Induced mutations have been widely

employed for creating variability in heterozygous crops like mango

(Rossetto et al., 1997; Karsinah et al., 2012; Kumar et al., 2018; Rime

et al., 2019).

In polyembryonic mango genotypes, the vigorous and first

emerging seedlings, which grow well until maturity, are reported

to be of nucellar origin (Srivastava et al., 1988). These nucellar

seedlings would be similar to mother plants. The variation observed

in the nucellar seedlings upon gamma irradiation can be considered

to be due to mutation. Several studies in the past were used to

validate mutants including molecular markers like microsatellite

markers (Damasco et al., 2019), inter-simple sequence repeats

(ISSR) markers (Due et al., 2019), phenotypic characterisation

(Atay et al., 2019), and stomatal characters (Yasmeen et al.,

2020). Volatile profiling was used as a biochemical marker for the

characterisation of germplasm in fig (Oliveira et al., 2010), mango

(Li et al., 2017), avocado (Ali et al., 2020), and apple (Roberts and

Spadafora, 2020) owing to its species, cultivar specificity, and

stability under different environmental conditions. Volatile

compounds have also been used as biomarkers for determining

susceptibility of different Mangifera indica genotypes to mango gall

fly (Augustyn et al., 2010) and for distinguishing between the fruit

type and the pickling type of mango (Vasugi et al., 2012).

In our previous study, a high level of variability was observed for

both morphological and stomatal traits in the putative mutant

population of Nekkare (Perveen et al., 2022). Hence, in this study,

genetic diversity analysis was carried out in putative mutants of

Nekkare exhibiting maximum morphological variability using

simple sequence repeat (SSR) markers. Gamma irradiation is

likely to cause mutation through deletion and is more likely to
02158
induce small deletions between 1 and 10 kbp (Morita et al., 2009).

Hence, DNA markers can effectively be used to detect these

variations. In this study, putative mutant seedlings generated by

gamma irradiation were validated by comparing the leaf volatile

profiles of mother plants, control seedlings, and selected putative

mutants of polyembryonic mango genotype Nekkare. Our

hypotheses were as follows: i) being nucellar in nature, the

control seedlings will be similar to mother plants, and any

variation observed in the seedlings emerging from gamma

irradiation treated kernels could be considered to have been a

result of mutation, and ii) SSR markers can be useful in

determining whether the morphological diversity in the putative

mutant population has manifested at genetic level or not.
2 Materials and methods

2.1 Experimental material

This study was a part of mango rootstock breeding programme

undergoing at ICAR-Indian Institute of Horticultural Research

(IIHR), Bengaluru, India. For gamma irradiation, fruits were

collected from 30 years old Nekkare mother plants (NMP) being

maintained in the Field Gene Bank of IIHR. The putative mutant

population was generated by irradiating the seed kernels extracted

from these fruits with five doses of gamma irradiation, viz., T1: 15

Gy, T2: 20 Gy, T3: 25 Gy, T4: 30 Gy, and T5: 35 Gy. Polyembryonic

genotypes produce more than one seedling per seed. The putative

mutant seedlings obtained after sowing the irradiated seed kernels

were first evaluated for determining the radio-sensitivity and LD50

dose (Perveen et al., 2023a). Higher doses of gamma irradiation

resulted in decreased number in seedlings per seed, and only the

vigorous seedlings were found to survive (Perveen et al., 2023a).

Two months after germination, multiple seedlings emerging from

each seed kernel were separated and transplanted in new polybags.

Six months after germination, only one to two seedlings

survived per seed, which were considered to be nucellar in origin

due to the vigour taking cognisance of the previous study

(Srivastava et al., 1988). At this stage, a total of 100 randomly

selected putative mutants (20 from each treatment) and 20 control

seedlings were screened for morphological and stomatal

parameters. On the basis of coefficient of variability (CV), T5: 35
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Gy irradiation treatment was found to result in maximum

morphological diversity (Perveen et al., 2022). Hence, the putative

mutants generated through 35 Gy gamma irradiation were used for

the present study. Leaf volatile profiling was carried out for two

Nekkare mother plants (NMP1 and NMP2) and 9 months old, 18

control seedlings (NC) along with 18 putative mutants (NM).
2.2 HS-SPME extraction of volatiles

Recently matured leaves from NMP, NC, and NM were

collected, wrapped separately in aluminium foil after proper

labelling, and flash frozen in liquid nitrogen. Owing to the

limitation of resources and to reduce the cost of volatile profiling,

the samples for analysis were made by mixing leaves from more

than one seedling. A total of 18 control seedlings were divided into

three samples, viz., NC1, NC2, and NC3, each sample consisting of

leaves from six seedlings. A total of 18 putative mutants were

divided into six samples, each consisting of leaves from three

putative mutant seedlings. These samples were as follows: NM1,

consisting seedlings of 10–15 cm (dwarf); NM2, having seedlings of

16–25 cm (moderately vigorous); NM3, comprising seedlings of >26

cm height (vigorous); NM4, comprised of seedlings with narrow

leaves (leaf blade width <3 cm); NM5, comprised of seedlings with

broad leaves (leaf blade width ≥3 cm); and NM6, comprised of

seedlings with dark green leaf.

The volatile compounds were analysed using headspace-solid

phase micro-extraction (HS-SPME) method, which involved

submerging a thin fused-silica fibre covered with the extracting

phase in the headspace of the samples being analysed in order to

extract the analytes onto it. It is made of a fused silica fibre that is 1–

2 cm long and coated with a stationary phase, such as

polydimethylsiloxane (PDMS), divinyl benzene (DVB), carboxen

(CAR), or a mixture of all the above three compounds, bonded to a

stainless-steel plunger and holder. These fibres are first conditioned

at 250°C for 2–3 h in the injector port of GC with a continued flow

of helium gas. For extraction of volatiles, 5 g of properly ground leaf

sample was taken in a 150-ml conical flask containing a magnetic

stirrer, and the mouth of conical flask was properly covered with

silicon stopper. This step was followed by insertion of a previously

conditioned SPME fibre in the conical flask to adsorb the headspace

volatiles for 2 h.
2.3 Gas chromatography and
mass spectrometry

The SPME fibre was pumped into the gas chromatography–

mass spectrometry (GC-MS) injector port after 2 h, and the

adsorbed volatiles were allowed to desorb for 10 min. A Varian-

3800 gas chromatograph and a Varian-4000 mass spectrometer

with an ion trap mass selective detector were used to conduct the

GC-MS analysis. The fused-silica capillary column used for the

analysis had the following dimensions: 30mm × 0.25mm, 0.25mm

film thickness. The column temperature programmes were 40°C for

2 min at an increment of 3°C/min to 190°C with a hold for 1 min,
Frontiers in Plant Science 03159
followed by an increment of 5°C/min to 220°C. The injector

temperature was set at 250°C, and all injections were made in

split-less mode for 0.2 min.

The spectrometer was operating in external electron ionisation

mode, with helium serving as the carrier gas (1.5ml/min), the

injector temperature being 250°C, the trap temperature being

180°C, the ion source heating being 190°C, the transfer line

heating being 260°C, the EI mode being at 70eV, and the full

scan range being 50–350amu. The total chromatogram for each

sample was obtained by adding all the GC peak areas, and each

volatile compound was expressed as relative per cent area. By

comparing the collected mass spectra to the spectra found in the

Wiley and NIST-2007 libraries, the volatile compounds were

identified by their retention periods with reference to standard

compounds. The analysis of all the samples was done in triplicate.

The results correspond to mean of three readings, generally

followed for SPME analysis (Fernandes et al., 2009).
2.4 Molecular characterisation of selected
putative mutants

Young healthy leaves were taken from 9-month-old, 20

putative mutants (generated through 35Gy gamma irradiation)

and 20 untreated (control) seedlings. The collected leaves were

wiped with 70% (v/v) alcohol and stored in butter paper envelopes

at −10°C until DNA isolation. DNA isolation was done using

modified Cetyltrimethylammonium bromide (CTAB) method

(Ravishankar et al., 2000). Using Nanodrop, the absorbance at

260 and 280nm was measured to assess the DNA content, and the

ratio of the absorbance at 260–280nm (A260/A280) was used to

quantify the purity of the DNA. The extracted genomic DNA

samples were analysed on a 0.8% (w/v) agarose gel using 0.5× Tris-

acetate-EDTA (TAE) buffer to perform a qualitative examination

of the DNA.

Fluorescence-based PCRmethod was used for fast, efficient, and

precise amplification of microsatellites (Schuelke, 2000), carried out

in 20-µl reaction volume. Previously, 90 genomic SSR markers were

developed using next-generation sequencing technology

(Ravishankar et al., 2015). These markers exhibited high

polymorphism information content (PIC) values ranging from

0.738 to 0.960 with a mean of 0.899 and showed high

transferability within the Mangifera genus (Ravishankar et al.,

2015). From these 90 markers, 12 most informative SSR markers

as shown by subsequent studies (data not given) were used for this

study. The details of SSR primers, components of PCR reaction

mixture along with their concentration, and the PCR protocol

followed are presented in Supplementary Tables S1.1, S1.2, and

S1.3, respectively. The amplification of PCR products was first

confirmed by separating them on 3% (w/v) agarose gel. Once the

amplification of PCR products was confirmed, four PCR products

labelled with four different fluorophores, viz., FAM, VIC, NED, and

PET, were mixed to get a single sample. Genotyping of these

samples was then performed using an automatic 96-capillary

automated DNA sequencer (ABI 3730 DNA Analyser, Applied

Biosystems, USA) at ICRISAT facility, Hyderabad, India.
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2.5 Statistical analysis

2.5.1 Volatile profiling
After applying Squared Euclidian Cluster analysis to all of the

characters’ means, Ward’s approach was used to create a

dendrogram (Rencher, 1995). From the Euclidean distances, a

Pearson correlation matrix was created using PROC CLUSTER

and PROC PRINCOMP of SAS V 9.3. Principal components

analysis (PCA) was then performed on the correlation matrix

(SAS, 2012). A two-dimensional graph was used to plot the first

two main principal components.

2.5.2 Analysis of molecular data and
genetic diversity

Samples were separated on the automatic capillary automated

DNA Sequencer once the PCR product’s amplification was

validated. Peak Scanner V1.0 software (Applied Biosystems) was

used to analyse and compile the raw data to determine the allele size

(in base pairs). The obtained results were further employed for

genetic analysis using CERVUS 3.0.3 software (Kalinowski et al.,

2007). Using GenAIEx 6.5, genetic diversity metrics for each group

were calculated, including allelic richness, heterozygosity,

Shannon’s Information Index, and fixation index (Peakall and

Smouse, 2006; Peakall and Smouse, 2012). The Gower similarity

coefficient served as the input for a dendrogram/phylogenetic tree

constructed using the unweighted pair-group method with

arithmetic mean (UPGMA) clustering option of the PAST 4.0

software (Hammer et al., 2001).
3 Results

3.1 Volatile profiling

The compositions and proportions of major volatile

compounds (VCs) present in the leaf samples of mother plants,

control, and putative mutants determined by GC-MS-MS analysis is

presented in Table 1. In this study, monoterpenes and

sesquiterpenes were found to be the main VCs present in all the

studied samples. a-Pinene was detected in all the selected putative

mutant samples except in NM2. Camphene was detected in two

putative mutant samples, NM2 (15.82%) and NM3 (22.52%), and

trans-Ocimene was detected in NM5 (0.3%) and NM6 (0.84%),

while these were absent in all other samples under study. Sabinene,

which was present in all the mother plants and control seedlings,

was detected only in three of the six putative mutant samples, NM4

(0.41%), NM5 (0.54%), and NM6 (0.88%). Similarly, beta-Ocimene,

3-Carene, g-Terpinene, and a-Terpinolene were present only in a

few putative mutant samples, while they were not detected in either

mother plants or control samples. Furthermore, I-Phellandrene was

one of the major monoterpenes (more than 20%) detected in all the

mother plants and control samples and was also present in higher

amount in two of the selected putative mutant samples, NM5

(29.06%) and NM6 (25.47%). Unlike I-Phellandrene, beta-

Phellandrene was not detected in any of the mother plants or
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control seedlings. However, it was present in all the selected putative

mutant seedlings (highest in NM1, 29.53%). Furthermore, Cis-

Ocimene, which was another most abundant monoterpene

ranging from 16.16% to 21.27% in the mother plants and control

samples, was detected only in one of the putative mutant samples,

(NM4 17.37%) (Table 1). Many of the sesquiterpenes were detected

only in the putative mutants such as alpha-Cubebene, trans-

Caryophyllene, Germacrene, alpha-Amorphene, Aromadendrene,

delta-Cadinene, alpha-Copaene, alpha-Lonipinene, and

(−)-ISOLEDENE (Table 1). In the present study, in general, the

concentration of monoterpenes was more than sesquiterpene in all

the samples except putative mutant sample NM4, where

sesquiterpenes dominated the overall volatile profile (59.14%).

Aldehyde (trans-2-Hexenal) was observed to be present only in

putative mutant samples NM1, NM4, and NM6 among the studied

samples, while alcohol (1-Hexyn-3-ol) was present in the putative

mutant sample NM2.
3.2 Cluster analysis

Cluster analysis showed high variability among the selected

putative mutant samples; NM1, NM2, and NM3 were different from

the mother plants and control seedlings but were similar to each

other with respect to composition of volatile compounds (Figure 1;

Supplementary Table S2). The genetic distance was lowest between

samples NC1 and NC2 (0.97) followed by NMP1 and NC1 (1.18),

while among the putative mutant samples, NM6 was genetically

closest to mother plants and control samples. Using the volatile

composition of different samples, a dendogram was generated to

understand the relationship between them. The studied samples

were divided into two main clusters with two sub-clusters in the first

cluster. Cluster 1 comprised of eight samples including mother

plants, control, and three putative mutants. Out of these, samples

NMP1, NC1, NC2, NC3, NMP2, and NM6 were present in the first

sub-cluster, while the second sub-cluster comprised of two putative

mutants, viz., NM4 and NM5. Cluster 2 comprised of putative

mutants NM1, NM2, and NM3, suggesting that these three putative

mutants are more distant from mother plants and control seedlings

as compared to the other three putative mutants (NM4, NM5,

and NM6).
3.3 Principal component analysis

A total of 29 volatile compounds detected in different samples

under study were subjected to principal component analysis (PCA)

based on a matrix of Pearson correlation coefficients (p<0.05)

(Supplementary Table S3). PCA results indicated that the total

variability is being explained by 29 principal components out of

which the components <2.0 eigenvalue were ignored. A principal

component loading of more than 0.50 was considered significant for

each factor. The correlation matrix, eigenvalues, and factor loadings

are provided as Supplementary Tables S3–S5. The first four

principal components with eigenvalue >2 together explained
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TABLE 1 Compositions and mean relative content (area %) of leaf volatile compounds of mother plants (NMP1, NMP2), control samples (NC1, NC2,
and NC3), and selected putative mutant samples (NM1, NM2, NM3, NM4, NM5, and NM6) of Nekkare (data are mean of three biological replicates; ND,
not detected).

Volatile Compound Mother plants Control Mutants

NMP1 NMP2 NC1 NC2 NC3 NM1 NM2 NM3 NM4 NM5 NM6

Alcohols

1-Hexyn-3-l ND ND ND ND ND ND 1.38 ND ND ND ND

Aldehydes

trans-2-Hexenal ND ND ND ND ND 0.13 ND ND 0.44 ND 0.34

Mono-terpenoids

a-Pinene ND 18.48 13.80 17.31 19.15 32.83 ND 0.09 8.15 8.80 13.23

Camphene ND ND ND ND ND ND 15.83 22.52 ND ND ND

Sabinene 1.04 1.06 1.35 1.15 1.83 ND ND ND 0.42 0.55 0.89

trans-Ocimene ND ND ND ND ND ND ND ND ND 0.31 0.85

beta-Ocimene ND ND ND ND ND 4.19 1.68 2.08 ND ND ND

I-Phellandrene 20.45 21.86 23.32 24.95 24.88 ND 1.54 ND 0.34 29.06 25.48

3-Carene ND ND ND ND ND 2.25 ND 1.76 ND ND ND

beta-Phellandrene ND ND ND ND ND 29.53 22.62 29.13 2.34 13.06 22.20

Cis-Ocimene 21.27 16.17 20.44 20.81 18.95 ND ND ND 17.37 ND ND

trans-Ocimene ND ND 2.44 ND ND 21.71 21.56 21.59 6.14 ND ND

g-Terpinene ND ND ND ND ND 0.65 0.56 ND ND ND ND

a-Terpinolene ND ND ND ND ND 0.25 0.19 ND ND ND ND

Total Monoterpenoids (%) 42.76 57.57 61.35 64.22 64.80 91.41 63.98 77.17 34.76 51.78 62.64

Sesqui-terpenoids

alpha-Gurjunene 18.92 17.93 17.07 16.62 16.03 0.51 6.98 2.07 5.78 0.24 6.73

alpha-Cubebene ND ND ND ND ND 0.15 0.32 ND ND ND ND

trans-Caryophyllene ND ND ND ND ND 0.10 ND 0.82 30.18 18.28 ND

Germacrene ND ND ND ND ND ND ND ND 0.11 0.15 ND

alpha-Amorphene ND ND ND ND ND 6.98 ND ND ND ND ND

Aromadendrene ND ND ND ND ND ND ND ND 0.09 0.12 ND

a-Guaiene ND ND ND ND ND 0.16 ND ND 3.86 6.01 0.75

beta-Cadinene 1.42 1.72 1.97 1.68 1.28 ND 1.87 1.14 ND ND 1.64

delta-Cadinene ND ND ND ND ND 0.55 ND ND ND ND 0.59

alpha-Copaene ND ND ND ND ND ND 24.09 17.41 0.26 0.83 23.29

alpha-Humulene 11.89 10.84 9.20 10.37 9.29 ND ND ND 16.46 10.50 0.41

beta-Selinene 12.79 ND 10.40 7.11 8.61 ND ND 1.21 ND 9.08 1.19

Valencene ND ND ND ND ND ND ND ND 2.32 2.91 1.97

alpha-Lonipinene ND ND ND ND ND ND 1.24 0.18 ND ND 0.44

(−)-ISOLEDENE ND ND ND ND ND ND 0.13 ND 0.06 0.10 ND

Total Sesqui-terpenoids (%) 45.01 30.48 38.65 35.78 35.20 8.46 34.64 22.83 59.14 48.22 37.01
F
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85.29% of the total variability in VC. The first two principal

components that collectively explained 59.60% of the total

variability was depicted as two-dimensional biplot (Figure 2). Out

of these, 35.9% of total variation was explained by the first principal
Frontiers in Plant Science 06162
component, which had an eigenvalue of 10.78. A total of 17 volatile

compounds (with loading of >0.5) significantly contributed to the

variation in this principal component. Among these, 11 volatile

compounds showed positive loadings wherein highest positive

loading (>0.8) was exhibited by monoterpenes, viz., beta-

Ocimene, gamma terpinene, and alpha-Terpinolene. The second

principal component with an eigenvalue of 7.11 explained

23.71% of total variation. Sesquiterpenes like Germacrene,

Aromadendrene, trans-Caryophyllene, and alpha-Guaiene with

positive loading of >0.9 contributed largely to the variation of this

principal component.
3.4 Characterisation of putative mutant
progenies using SSR markers

3.4.1 Genetic diversity parameters on
population level

The level of genetic divergence in the putative mutant

population was determined using 12 SSR markers, out of which

eight showed polymorphism and were thus used for further

analysis. The analysis of molecular variance (AMOVA) showed

that most of the variance in the sample was attributable to the

variation within individuals being 58% (Table 2).

Genetic diversity parameters of eight loci for each population are

presented in Table 3. In the treated population, for different loci, the

mean value for number of alleles (Na) was 7 ranging from 4 to 12

(Table 3) where the highest number of alleles (12) was recorded for

locus MiMRD80. The total number of alleles for the control population

was less than that of treated population ranging from 3 for locus

MiKVR71 to 12 for locus MiMRD80 with a mean of 6.25. Mean

number of effective alleles (Ne) was found to be 3.77 and 3.61 for

treated and control populations, respectively. The mean Shannon’s

Information Index (I), an important measure of genetic diversity, was

maximum (1.50) for the treated population followed by control (1.42).

In the treated population, out of eight loci, for five loci, viz., MiIIHR99,

MiKVR98, MiMRD88, MiIIHR78, and 21478, Ho was found to be

lower than He, while for other three loci, Ho was found to be higher

than He. Contrarily, in the control population for all the loci, Ho was

lower than He, except locus MiKVR71 where Ho (0.95) was higher

than He (0.596). However, irrespective of the samples, Ho was lower

than He, and mean Ho was recorded to be 0.48 and 0.46, while mean

He was 0.72 and 0.68 for treated and control plants, respectively. In the

treated population, negative fixation index was recorded for three loci,

and contrastingly, in the control population, negative fixation index

was recorded only for one locus, viz., MiKVR71 (−0.593) (Table 3).

Phylogenetic analysis resulted in the separation of studied samples into

two main clusters, viz., I and II (Figure 3). Cluster I comprised of only

one putative mutant, while cluster II separated into various sub-clusters

forming specific groups. A clear separation between clustering of

putative mutants and control plants was observed (Figure 3),

suggesting that mutation could bring about changes in the

treated population.
FIGURE 2

Two-dimensional principal component analysis biplot of individual
volatile compounds in Nekkare mother plants (NMP1 and NMP2),
control sample (NC1, NC2, and NC3), and selected putative mutant
samples (NM1, NM2, NM3, NM4, NM5, and NM6).
FIGURE 1

Cluster analysis of Nekkare mother plants (NMP1 and NMP2), control
sample (NC1, NC2, and NC3), and selected putative mutant samples
(NM1, NM2, NM3, NM4, NM5, and NM6).
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4 Discussion

4.1 Volatile profiling

Volatile organic compounds including aldehydes, ketones,

esters, and terpenes conferring aroma are among the major

determinant of fruit quality. Terpene hydrocarbons including

terpinolene, 3-carene, caryophyllene, and a-Pinene are reported

to be the major volatiles (depending upon the cultivars) in the pulp

of mango fruit (Li et al., 2017). The analysis of volatile compounds

in the leaves of polyembryonic mango genotype Nekkare showed

the differences between gamma irradiation-derived and untreated

plants. Mango volatile profile has been reported to be contributed

by volatile compounds like monoterpenes, sesquiterpenes, alcohols,

lactones, aldehydes, esters, ketones, fatty acids, and carotenoid

compounds (Pandit et al., 2009; Li et al., 2017). In this study,

monoterpenes and sesquiterpenes were found to be the main

volatile compounds present in the studied samples. However,

significant differences were observed in the compositions and

proportions of terpenes in the studied samples. On the basis of

abundance of different terpenes, Andrade et al. (2000) classified

mango genotypes into terpinolene, 3-carene, and myrcene

genotypes. In the selected putative mutant samples, the number

of monoterpenes was more ranging from 5 (in NM5 and NM6) to 7

(in NM1 and NM2) as compared to mother plants and control
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seedlings where it ranged from 3 (in NMP1) to 5 (in NC1). Earlier

studies have also confirmed terpenes as the most abundant volatile

constituent of mango (Pino et al., 2005; Li et al., 2017). The number

of sesquiterpenes detected in the selected putative mutants was

more ranging from 6 (in NM1, NM2 and NM3) to 10 (NM5) in

comparison to mother plants and control samples where it ranged

from 3 (NMP2) to 4 (NMP1, NC1, NC2, and NC3). Among the

sesquiterpenes, only alpha-Gurjunene was found to be present in all

the samples under study including mother plants, control samples,

and selected putative mutants. However, the amount detected in

mother plants and control samples was more than in the putative

mutants. In a study, all the sesquiterpene-dominated mango

cultivars were found to be of Indian origin (Pandit et al., 2009).

Oliveira et al. (2010) reported differences in volatile composition of

white and dark varieties of fig and found sesquiterpenes,

Germacrene D, beta-caryophyllene, and s-elemene to be the main

volatile compounds in the leaves of the studied fig cultivars.

Furthermore, in the present study, aldehyde (trans-2-Hexenal)

was found to be present only in putative mutant samples NM1,

NM4, and NM6 among all the studied samples. Although present in

lower concentrations, aldehydes and alcohols contribute

significantly towards flavour and aroma to mangoes (Pino et al.,

2005). A very little concentration of aldehyde was detected in two of

25 cultivars studied being 0.38% in Chinese cultivar Renong No.1

and 0.01% in Indonesian cultivar Gleck (Li et al. 2017). Aldehydes
TABLE 3 Number of alleles (Na), number of effective alleles (Ne), Shannon’s Information Index (I), observed heterozygosity (Ho), expected
heterozygosity (He), and fixation index (F) for different loci in treated (35Gy gamma irradiation) and control (untreated) seedlings of polyembryonic
mango genotype Nekkare (n=20).

Population 8095 MiIIHR78 MiKVR71 MiMRD80 MiKVR99 MiKVR98 MiMRD88 21478 Mean

Treated Na 4 7 4 12 7 6 6 10 7.00

Ne 3.941 2.061 2.834 3.547 4.614 4.364 4.226 4.579 3.77

I 1.379 1.105 1.153 1.667 1.684 1.583 1.577 1.861 1.50

Ho 0.815 0.077 0.962 0.852 0.5 0.083 0.5 0.08 0.48

He 0.746 0.515 0.647 0.718 0.783 0.771 0.763 0.782 0.72

F -0.092 0.851 -0.486 -0.186 0.362 0.892 0.345 0.898 0.32

Control Na 4 6 3 12 5 6 6 8 6.25

Ne 2.711 1.77 2.477 5.674 3.88 4.73 4.762 2.893 3.61

I 1.101 0.934 0.988 2.079 1.452 1.652 1.656 1.489 1.42

Ho 0.278 0.158 0.95 0.6 0.611 0.167 0.6 0.333 0.46

He 0.631 0.435 0.596 0.824 0.742 0.789 0.79 0.654 0.68

F 0.56 0.637 −0.593 0.272 0.177 0.789 0.241 0.491 0.32
front
TABLE 2 Summary AMOVA table.

Source Df SS MS Est. Var. %

Among Population 1 8.741 8.741 0.097 3%

Among Individuals 46 193.957 4.216 1.202 39%

Within Individuals 48 87.000 1.813 1.813 58%

Total 95 289.698 3.111 100%
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break down to alcohols and lactones, which further contribute to

fruit aroma. In this study, no lactones were detected, but alcohol (1-

Hexyn-3-ol) was present in the putative mutant sample NM2.
4.1 Characterisation of putative mutant
progenies using SSR markers

High level of morphological and stomatal diversity was

observed in the irradiated population of polyembryonic mango

genotype Nekkare (Perveen et al., 2022). Genetic divergence in the

putative mutant population was estimated by using 12 SSR markers.

Out of the 12 markers, eight showed polymorphism and were thus

used for further analysis. The mean total number of alleles for the

treated population was found to be more than that of control

population. The high allelic richness observed suggests that
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mutation treatment could bring about variability in the treated

population. An increase in the mean number of alleles with increase

in dosage of irradiation has previously been reported (Taheri et al.,

2016). The mean Shannon’s Information Index (I), an important

measure of genetic diversity, was also recorded and was highest for

treated population as compared to control. The higher value of I

reflects the effectiveness of SSR markers used to identify the

variation created by irradiation treatment. Several reports of

utilisation of molecular markers for the detection of genetic

diversity in mutant population are available in different fruit

crops like citrus (Sülü et al., 2020), grapes (Dev et al., 2021), olive

(Tekin et al., 2022), and pomegranate (Perveen et al., 2023b). SSR

markers have been widely preferred for germplasm characterisation

and phylogenetic studies in mango (Azam et al., 2018; Azam et al.,

2019; Arogundade et al., 2022). Hitherto, reports on molecular

characterisation of mutant population of mango are very few, and

results of this study showed the effectiveness of SSR markers for

determining the variability in putative mutant population of

Nekkare. However, further research using more number of

polymorphic SSR markers is paramount to validate the findings

of the present study before using these results in devising mango

rootstock breeding programme. The selected putative mutants are

being maintained and will be evaluated in ensuing studies.
5 Conclusion

The studied samples of polyembryonic mango genotype

Nekkare, including mother plants, control, and selected putative

mutants differed in total concentration and compositions of major

volatile compounds, allowing us to distinguish between gamma

radiation-treated and untreated plants. Monoterpenes and

sesquiterpene hydrocarbons were found to be the major volatile

compounds of these samples, wherein untreated samples (control

and mother plants) were found to be rich in monoterpenes, while an

abundance of sesquiterpenes was detected in the putative mutants.

Mother plants and control seedlings grouped together, suggesting

the similarity between them while the genetically distant putative

mutants grouped apart from the mother plants and control

seedlings; this could be the result of mutation. High allelic

richness and mean Shannon’s Information Index observed in the

putative mutant population suggest that mutation created

variability in the treated population. Hence, volatile profiling and

molecular characterisation using SSR markers could be an effective

tool to detect variation in mutated population, and the former can

be used to validate putative mutants in polyembryonic mango

genotypes where the seedlings are similar to mother plants due to

their origin from nucellar region.
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