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Abstract: To evaluate the genetic basis of drought tolerance in rice, an experiment was
conducted using 120 recombinant inbred lines (RILs) derived from Neda x
Date Ahlamitarom cross. A factorial experiment based on completely randomized design
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Kavous University. In this study, Polyethylene Glycol (PEG) 6000 was employed to
induce osmotic stress (at levels of —4.5 and -9 bar) during both vegetative and
reproductive stages. In addition to assessing root and shoot morphological characters,
genetic linkage map was constructed using Simple Sequence Repeat (SSR), Inter Primer
Correspondence Bindi T - .

inding Site (iPBS), Inter-Retrotransposon Amplified Polymorphism (IRAP), and Inter
Simple Sequence Repeats (ISSR) markers. Sixteen Quantitative Trait Loci (QTLs) were

identified during vegetative growth stage, while twenty QTLs were identified during
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the reproductive stage. Through a comparative analysis of the three evaluated
treatments, the qRN-12, qRS-11, and qRV-12 lines were determined as stable QTLs
suitable for the selection of drought-tolerant lines at the vegetative stage under varying

Noryan, M., Majidi Harvan, I, Sabouri, H., conditions. Several new alleles associated with drought-tolerant QTLs were identified
and Darvish Kojouri, F. (2022). Genetic

structure of drought tolerance in Iranian rice
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in this study. Notably, in two distinct environmental conditions, crucial QTLs, such as
gNTF-12 and qNL-3, related to the numbers of fertile tillers and leaves, were identified

o ti binant lines at vegetati . . . .
(Oryza safiva) recombinant lines at vegetative as stable QTLs at the reproductive stage. The QTLs identified at vegetative and
and reproductive stages. | Plant Mol Breed
102): 1-18.
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reproductive stages in this study can serve as stable and major QTLs for selecting
drought-tolerant lines in marker-assisted selection (MAS).
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Introduction

Rice (Oryza sativa L.) is a staple food consumed
regularly and plays a crucial role in ensuring the
food security over half the world’s population.
Global rice production is projected to increase
significantly, with estimates ranging from 58 to 567
million tons (Mt) by 2030 (Mohidem et al., 2022).
Rice constitutes the primary food source for
overhalf of the population in 60% of the world
(Mohidem et al, 2022), with its derivatives
contributing to 70% of their energy requirements.
Drought stands out as the major environmental
constraint to rice production and yield stability in
rainfed areas. Asia emerged as the most drought-
affected region from 2003 to 2013, experiencing a
40% of total crop and livestock production resulting
in losses totaling 28 billion USD (Rajurkar et al.,
2021). The imperative to improve rice adaptation to
drought and drought- resilient varieties is growing
in significance, especially in light of the diminishing
agricultural water resources worldwide (Pandey
and Shukla, 2015). Drought is the foremost
environmental factor that often negatively affects
cereal yield. Therefore, improving drought
tolerance becomes a crucial objective in cereal
breeding programs (Aliyu et al., 2011; Giasi Oskoei
et al., 2014). As outlined by Kramer and Boyer
(1995), water scarcity can manifest during the early
growing season or at any point from flowering to
the grain filling, with stress severity contingent
upon the duration and frequency of stress
occurrences. A study indicates that stress
application causes changes in plant roots,
promoting increased water absorption. During
drought stress exposure, water is typically scarce in
the soil surface layer, prompting the the main plant
root to grow deeper to cope with drought stress and
enhance water absorption. On the other hand,
lateral root development is inhibited under drought
stress (Zhang et al., 2010).

The detrimental effect of drought stress is directly
associated with reduced biomass production (Ji et
al., 2012). Drought also caused significant
reductions in seedling wet and dry weights.
Jongdee (2001) observed that drought stress
reduced leaf development and tillering, thereby
lowering the photosynthetic rate and leaf surface
area because of early aging. All these factors reduce
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grain yield in drought conditions (Price and
Courtois, 1999; Fischer et al., 2012). Drought stress
inflicts irreparable damage to rice at both vegetative
and reproductive stages. Furthermore, the
genotype x environment (GE) relationship is a
challenge for producers and has been reported to to
hinder progress in quantitative trait selection. Due
to the GE relationship, QTL that are important in an
environment may not be important in phenotype
determination in another environment (Sarayloo et
al., 2015; Shirmohammadli et al, 2018).
Accordingly, QTLs showing the quantitative GE
relationship among a series of environments were
reported to be appropriate in MAS programs
(Zhang et al., 2010; Noryan et al., 2021). Three QTLs
associated with yield, biomass, and reduced harvest
index under drought stress were identified in pot
experiments conducted over two consecutive years
(Wang et al., 2007).

Multiple QTLs have been reported for rice yield and
yield components under a variety of drought stress
(Lilley et al, 1996; Price and Courtois, 1999;
MacMillan et al., 2006). Drought tolerance is a
complicated feature associated with many genes
affected by the responses of interested components,
which may be different in interaction with types,
severity, and duration of water shortage.
Furthermore, most crop traits are expressed
differently in normal and stressful conditions and
are influenced by environmental factors (Lilley et
al., 1996; Aliyu et al., 2011; Babu et al., 2014). Until
recently, breeding programs have focused on
above-ground traits and direct selection for yield
per se, while the crop’s “hidden-half,” i.e., the roots
have been largely overlooked. Plant roots are
important organs in determining grain productivity
driven by water uptake and nutrient acquisition
(Alahmad et al., 2019).

A gLA-4 for seed toxicity on chromosome 4 in a RIL
produced from IR26/Jiucaiging in drought stress
and non-stress conditions detected (Price and
Courtois, 1999; Zhang et al., 2010). Five stable QTLs
among 24 cases were identified for drought-related
traits at the reproductive stage of rice under the
stress of PEG and flooded conditions (Sabouri,
2007).

Wang et al. (2005) identified stress-tolerant QTLs in
rice mainly at the reproductive stage. However,
limited reports are available on stress-tolerant QTLs
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at the germination stage of rice seeds. MacMillan et
al. (2006) found Six QTLs for root traits of rice in
four different treatments. Most of the QTLs were the
same for a single trait in four different
environments. QTLs were reported for rice yield
and yield components under various types of
drought stress in numerous experiments. Babu et al.
(2014) identified five QTLs for grain yield in a
population of two CT9993/IR62266 varieties under
drought stress in southern India.

The rise in abiotic stresses such as drought, salinity,
and submergence significantly hinders increases in
rice. Developing a rice variety with inherent
tolerance against these major abiotic stresses will
help achieve a sustained increase in rice production
under unfavorable conditions (Muthu et al., 2020).
The current study aimed to evaluate the drought
tolerance of two genotypes derived from Neda x
Ahlamitarom varieties, identify drought tolerance-
related QTLs, and pinpoint the locations of
molecular markers linked to QTLs controlling rice
traits at vegetative and reproductive stages in
drought stress and normal conditions.

Materials and Methods

Phenotypic evaluation

In this study, the plant material was 120 Fs RILs
derived from Neda x Ahlamitarom varieties
(Ahlamitarum and Neda cultivars are tolerant and
sensitive to salinity, drought stress, and deficiencies
of some mineral elements. These cultivars were
selected to undergo different biotic and abiotic
stresses during different breeding programs of the
Iranian O. sativa germplasm at Gonbad Kavous
University.) to evaluate root and seedling
morphological characters under osmotic stress
treatment at the vegetative and reproductive stages.
In the present study, two independent trials were
carried out as follows. In the first experiment, the
stress was applied until the end of the vegetative
stage and before the reproductive stage, so the
plants were harvested and the traits were recorded.
In the second experiment, the plants were subjected
to stress from the maximum tillering stage until
ripening. Both experiments were conducted using a
factorial experiment based on the completely
randomized design with three replications in the
greenhouse of Gonbad Kavous University. The two
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factors included in this study were lines and stress
status.

During the vegetative stage, the grains of
experimental lines initially germinated in Petri
dishes. Subsequently, germinated seedlings were
transferred to pots with 40 cm height and 30 cm
diameter, with three seedlings planted per pot. Each
line was evaluated in three replications of three
treatments, control (EC = 0.850 dS/m) and two
drought treatments (—4.5 and -9 bar). Osmotic stress
was applied using a solution of water and PEG 6000.
The PEG concentration used to produce the
required potential was obtained from Eq. (Michel
and Kaufmann, 1973).

o= — (1.18 x10-2) C — (1.18 x 10-4) C2 + (2.67 x 10-4)
CT +(8.39 x 10-7) C2T

In this equation, @ is the osmotic potential, C is PEG
6000 concentration (g/l), and T is the temperature
(°O).

During the reproductive stage, the seeds of
experimental lines initially germinated in Petri
dishes. Subsequently, germinated seedlings were
transferred to pots, three seedlings planted per pot.
Each line was evaluated in three replications of two
treatments, control (EC = 0.850 dS/m) and drought
treatments (-9 bar).

Both treatments underwent nutritional operations
and the control of pests and diseases. Each pot was
fed with 1 g of a rice-specific complete fertilizer
(N:15%, P205 15%, K20 30%, Mg 1%, and Fe 1 mg
with chelated Fe) three times at the beginning of
growth, 3 weeks after planting seedlings, and the
beginning of heading. Diazinon 10% G (1 g per pot)
was used for pest control. Other crop operations,
including fertilizing, weed control, and pest/disease
control, were carried out at appropriate times. Plant
morphologic traits were recorded from the
beginning of the reproductive period. The studied
traits were stem diameter, total panicle weight, flag
leaf width, flag leaf length, fertile tiller number, total
tiller number, panicle length, stem wet weight, root
wet weight, root volume, drought number, root
area, root area density in both stress and non-stress
environments (Golesorkhy et al., 2016). Plant leaf
chlorophyll content was measured three times by a
chlorophyll content meter (CL-01). To compare
osmotic stress tolerance in the lines, phenotypic
scores were recorded after the application of stress
conditions (Lanceras et al., 2004) every 4 days until
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harvest time (Table 1). Final firing symptoms for
leaf drought resistance at the vegetative stage
(Loresto, 1981) were used for determination of plant
reaction against osmotic stress. Collected data were
analyzed using SAS Ver. 9.1 software.

Genotypic evaluation

DNA was extracted from fresh leaves of both lines
and parents using the CTAB method (Saghai
Maroof et al., 1994). SSR markers on chromosome 12
were specified from the related website
(http://www.gramene.org). The polymerase chain
reaction (PCR) at a volume of 10 ul was performed
for each DNA sample (Zahedi et al., 2019). For this
test, 2 ul of diluted genomic DNA was first
partitioned in each PCR tube. Then, 8 ul of the PCR
solution (other than genomic DNA) was added to
each tube and shaken gently. To prepare the
reaction mixture, double-distilled water, a stock
solution (containing 0.04 unit/ul of Tag DNA
polymerase, PCR buffer at 1xfinal concentration, 50
mM of MgClz, 10 mM of dNTPs, and 0.5-0.75 ng of
diluted DNA), and 60 ng of each of forward and
reverse primers were added to a 1.5 ml microtube.
The reaction mixture was then centrifuged and
partitioned in DNA-containing tubes. Finally, 4 ul
of inorganic oil was poured into each tube to
prevent the evaporation of contents. PCR tubes
were placed in a thermocycler (iCycler, BIORAD,
USA). Temperature cycles for SSR markers included
initial denaturation (at 95 °C for 2.5 min), 35 cycles
with denaturation (at 95 °C for 1 min), primer
annealing at their specific temperatures (for 30 sec),
elongation (at 72 °C for 30 sec), and final
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amplification (at 72 °C for 5 min). Temperature
cycles for ISSR, iPBS and IRAP markers consisted of
initial denaturation (at 95 °C for 5 min),
denaturation (at 95 °C for 1 min), 10 cycles of primer
annealing (at 42-54 °C for 1 min), elongation (at
72 °C for 1 min), 25 cycles of primer annealing at
their specific temperatures (for 45 sec), and final
amplification (at 72 °C for 5 min). PCR products
were  separated  using 6% denaturing
polyacrylamide gel electrophoresis. The bands were
visualized by the rapid silver staining (Caetano-
Anollés and Gresshoff, 1994).

Linkage map and analysis of QTLs

A genetic map obtained from SSR and ISSR markers
was produced using QTXB17 Map Manager
software (Shirmohammadli et al., 2018). The genetic
map was constructed by genotyping 120 genotypes
of the Fs generation from the Neda and
Ahlamitarom varieties using 30 SSR (McCouch,
1997) and 15 ISSR (Mohd Ikmal et al., 2021; Noryan
et al., 2021) markers. An expected ratio of 1:1 was
created for the segregation of tested lines for the
employed markers using the x? test by Map
Manager Software. To assign each marker to the
relevant chromosome, the obtained linkage groups
were compared with genetic maps proposed Chen
et al. (2007) and McCouch (1997). The recombinant
ratios between the markers were converted to the
map unit (cM) using a previous map function (Chen
et al., 2007). QTLs were detected using composite
interval mapping (CIM) with a LOD score threshold
of 3.0 using QTL Cartographer (Noryan et al., 2021).

Table 1. Scores and firing symptoms for leaf drought resistance at the vegetative stage.

Scores Reaction Leaf firing
0 Highly resistant No symptoms of stress
1 Resistant Slight leaf tip drying
3 Moderately resistant Leaf tip drying extended to % in the top three leaves
5 Intermediate Half of the younger leaf blades dried, and all lower leaves dried
7 Susceptible % of younger leaf blade dried
9 Highly susceptible All leaves dried
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area (1.636), respectively, belonged to the -9 bar
Results level. Different reactions of rice genotypes under
osmotic stress were also investigated by some other

ANOVA and correlations at the vegetative stage
researchers reported that most of the traits studied

The results of analysis of variance (ANOVA) at the

vegetative stage under flooded conditions and - ) . _
osmotic stress levels of —4.5 and -9 bar indicated the showed s?gn%ﬁca.nt d1ff.ere.nces at the 1% .leve.l mn
significance of all studied traits at the 1% level ANOVA, indicating variation between studied lines

(Table 2). for the measured traits (Lanceras et al., 2004; Iravani
et al., 2008).

in osmotic stress and temperature conditions

The maximum and minimum coefficients of
variation (CV) for root volume (49.354) and root

Table 2. Analysis of variance of the examined traits at the vegetative stage under normal and osmotic stress conditions.

Mean square

Sou.rc? of df Chlorophyll Stem length  Root length Root Leaf length Leaf width
variation content number
(cm) (cm) (cm) (cm)
(mg/gr) (cm)
Normal
Line 119 0.058** 18.713** 11.694** 5.181%* 31.564** 0.771%*
Error 240 0.013 1.984 1.996 1.320 19.797 0.168
CcvV 44.517 7.410 15.699 17.818 30.527 13.471
-4.5 bar stress
Line 119 0.252%%* 20.985%* 11.213** 5.130%* 21.852%* 0.834%*
Error 240 0.174 3.044 2.048 1.594 11.329 0.253
CcvV 25.998 8.798 15.394 18.834 22.296 19.199
-9 bar stress
Line 119 0.361 56.622%* 13.629** 6.645%* 10.468** 0.581%%*
Error 240 0.332 45.487 2.123 0.895 1.738 0.0798
(@AY 17.536 37.119 16.013 17.307 9.571 13.519
Source of Mean square
.. df Stem wet  Root wet Root Drought Root area
variation . . Rootarea Root area )
weight weight volume number density
Normal
line 119 0.001** 0.000** 0.001** 6.557** 0.027** 0.001%* 1.020%*
Error 240 0.000 0.000 0.000 0.022 0.006 0.000 0.164
Ccv 11.763 4.609 27.038 3.752 3.786 14.804 17.096
-4.5 bar stress
Line 119 0.000** 0.000%* 0.001%** 10.105** 0.011%* 0.000%* 0.997%*
Error 240 0.000 0.000 0.000 0.222 0.002 0.000 0.098
CV 12.233 4.835 6.908 7.834 2.375 7.549 8.222
-9 bar stress
Line 119 0.000** 0.000%* 0.0008** 6.595%* 0.006** 0.000%* 1.109%*
Error 240 0.000 0.000 0.000 0.011 0.001 0.000 0.220
CV 33.607 6.166 49.354 4.299 1.636 20.291 23.723

* **Significant at p = 0.05 and 0.01, respectively.
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Baraty et al. (2014) found significant differences at
the 1% level for the number of tillers, number of
nodes, plant height, panicle length, awn length, flag
leaf length, peduncle length, number of rows, 1000-
grain weight, and yield between lines. Similarly, our
data showed that the lines were significantly
different for all traits at the 1% level, except for plant
height, which corresponds to the aforementioned
study, except for plant height.

Linkage map

The linkage map prepared based on 30 SSR and 15
ISSR markers (with 60 replicated polymorphic
alleles) on 120 individuals of the Fs population
assigned the markers to 12 linkage groups
belonging to 12 rice chromosomes with a map
distance based on the Kosambi (1944) function
equal to 1411.3 cM and an interval of 15.34 cM
between two flanking markers. Maximum (156.3
cM) and minimum (81.3 cM) linkage lengths were
determined on chromosomes 11 and 10,
respectively.

QTLs identified under osmotic stress and normal
conditions at the vegetative stage

Normal conditions

One QTL for the root number was located at the
IRAP-5-RM111 marker distance on chromosome 12,
with a LOD of 2.842, and could explain 10.3% of
phenotypic changes. Our estimation revealed that
the reducing additive effect was inherited from the
Ahlamitarom. For the root area trait, one QTL was
also found on chromosome 11 at the IRAP23-1 -
IRAP23-7 genomic distance. qRS-11  was
determined as a large-effect QTL with a coefficient
of determination (R?) of 13.

-4.5 bar stress conditions

To explain changes in the chlorophyll content trait,
one QTL was identified on chromosome 2. An R2 of
14.5 was obtained for qCL-2. The study of the
additive effect of this QTL revealed that chlorophyll
content was reduced by the Ahlamitarom alleles.
For the stem length trait, three QTLs were located at
ISSR21-2 — ISSR4-3, ISSR37-3 — ISSR8-6, and ISSR29-
2 - IRAP17-1 genomic distances on chromosomes 5,
6, and 7. qSL-7 was detected as a large-effect QTL
with a greater R? (13.4%) than the other QTLs. For
the root volume trait, one QTL was located on
chromosome 12 at ISSR15-3 - RMI12 genomic

2022 | Volume 10 | Issue 2

distances. The additive effect and R2 for this QTL
were 0.01 and 13.6%, respectively. The positive
additive effect and Neda alleles caused an increase
in this trait. For the root diameter trait, two QTLs
with additive effects were determined on
chromosomes 2 and 5. Neda parental alleles
contributed to the elevated root diameter trait. R?
values for these two QTLs were 12.9% and 14%,
respectively.

-9 bar stress conditions

For the traits evaluated under osmotic stress, seven
QTL-containing distances were identified that
controlled five traits (Table 3). Two QTLs for the
root number were located on chromosome 12 in 50
and 32 positions at ISSR30-1 - RM277 and ISSR15-3
- RMI12 genomic distances, respectively. The
reducing additive effect for this trait was derived
from the Ahlamitarom. R? values for these two
QTLs were 12.8% and 13.2%, respectively.

For root wet weight, one QTL was recognized on
chromosome 8 at the iPB52074-3 — IRAP-4 genomic
distance with an R? of 13.5%. For the root volume
trait, two QTLs were identified on chromosome 12
in 32 and 50 positions at ISSR15-3 — RM12 and
RM277 — IRAP-1 genomic regions, with R? values of
15.1% and 13.7%, respectively. For the root area
trait, one QTL was also found on chromosome 11 at
the IRAP23-1 - IRAP23-7 genomic region. The
additive effect for this QTL was derived from the
Neda. For the root diameter trait, one QTL was
determined on chromosome 12 at the RM277 -
IRAP-1 genomic distance with an R? value of 12.9%.
The descriptive statistical analysis of data in normal
and low-irrigation conditions indicated the
presence of variance required for multivariate
analyses. The results showed the normal
distribution of all evaluated traits. The average
values of all traits are represented in Table 3.

Reproductive stage

Before any analysis, Bartlett's test results indicated
the homogeneity of the test error variance.
Accordingly, the results of ANOVA and correlation
for the traits in osmotic stress and normal
conditions are presented in Tables 4 and 5,
respectively. According to the results, all evaluated
traits were significantly different at the 1% level in
the two experimental conditions at the reproductive
stage.
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4 5 6

Figure 1. SSR, ISSR, iPBS and IRAP linkage map in the F8 population resulting from the crossing of
Taremmahali and Neda. The names of the markers are shown on the right side of the linkage groups and the
genetic distance between the markers based on the Kosambi (1944) function is shown on the left side.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

“ Noryan et al. 2022 | Volume 10 | Issue 2

10 11 12

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

BRI ~oryon et

2022 | Volume 10 | Issue 2

Table 3. Identified QTLs for investigated traits at the vegetative stage under normal and osmotic stress conditions (-4.5 and -9

bar stress).

) Position Flanking Additive Allele
Trait QTL Chromosome LOD . K
(cM) markers effect direction
Normal
qRN- ISSR30-1 — i .
Root number 1 12 50 RM277 2.842 0.463 12.5 Ahlamitarom
IRAP23-1 -
Root area qRS-11 11 76 IRAD23-7 2.85 -0.248 13 Neda
-4.5 bar stress
Chlorophyll iPBS2074-2 — .
content qCL-2 2 80 ISSR5-1 3.468 -44.424 14.5 Ahlamitarom
ISSR29-2 -
qSL-6 6 24 IRAP17-1 3.302 45.18 12 Neda
ISSR37-3 — .
Stem length qSL-7 7 48 ISSRS-6 2.841 -1.98 13.4 Ahlamitarom
ISSR21-2 - .
qSL-5 5 80 ISSR4-3 2.746 -4.692 12 Ahlamitarom
ISSR15-3 -
Root volume  qRV-12 12 32 I 2.950 0.01 13.6 Ahlamitarom
RM12
ISSR38-4 —
- t qRD-5 5 52 RMA480 2.913 0.003 14 Neda
oot diameter
ISSR8-2 —
qRD-2 12 6 ISSR5-3 2.841 0.039 12.9 Neda
-9 bar stress
qRN- ISSR30-1 — ] _
- ] 1 12 50 RM277 2.712 0.586 12.8 Ahlamitarom
oot number =
qRN- ISSR15-3 - i .
1> 12 32 RM12 2.315 0.695 13.2 Ahlamitarom
Root wet qRFW- iPBS2074-3 —
weight 3 8 72 [RAD-4 2.123 0.028 13.5 Neda
ISSR15-3 - .
i qRV-12 12 32 RM12 2.58 -0.007 15.1 Ahlamitarom
oot volume
RM277 - .
qRV-12 12 50 IRAD-1 2.068 -0.006 13.7 Ahlamitarom
IRAP23-1 -
Root area qRL-11 11 38 IRAP23-7 2.189 0.322 12.7 Neda
. qRD- RM277 — i .
Root diameter 1 12 50 IRAD-1 2.042 0.006 12.9 Ahlamitarom

The statistically significant differences between the
genotypes represent a high variance between the
evaluated plant material and probably their
different mechanisms in response to osmotic stress,
which can be used in good genotype selection. The
highest correlation (0.393**) was observed between
the filled grain weight and flag leaf length under

normal and stress conditions. Leaf area was
positively and significantly correlated with total
panicle weight (0.380*), stem diameter (0.265**),
flag leaf length (0.275), and filled grain weight
(0.356**). Positive and significant correlations were
also observed between the number of fertile tillers,

the number of total tillers (0.322**), and the number
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of fertile tillers (0.388**). The main panicle weight
was positively and significantly correlated with
total panicle weight (0.319**) and full grain weight
(0.334**). There were also positive and significant
correlations between root dry weight (0.261**), leaf
number (0.306%%), and leaf area (0.379**).

QTLs identified under osmotic stress and normal
conditions at the reproductive stage

The results of QTLs analyzed under osmotic stress
and normal conditions are shown in Table 6.

One QTL was located for the number of total tiller
trait on chromosome 12 in normal conditions, and
15.6% of the total phenotypic changes in this trait
was explained by qNTT-12, which was positively
affected by the Neda alleles.

2022 | Volume 10 | Issue 2

In stress conditions, one QTL was determined for
the number of fertile tiller trait on chromosome 12.
gNTF-12 was recognized in similar stress and
normal conditions and showed more effect in stress
conditions. Similar QTLs at the ISSR16-1-ISSR15
distance could explain 12.7% and 12.8% of the
phenotypic variance of these traits under stress and
normal conditions. The QTLs also represented a
dominant effect. One QTL was identified for the
panicle weight trait on chromosome 6 in normal
conditions. qLSP-6 was recognized with LOD 2.12
and 12.9% phenotypic variance. This trait was
increased by the Neda alleles.

Table 4. Analysis of the variance of evaluated traits under normal and drought stress conditions at the reproductive stage.

Mean square

Stem Total panicle Flag leaf Flag leaf Fertile tiller Total tiller Panicle df iZ?i?t?o?lf
diameter weight width length number number length
Normal
1.654%* 3.870%* 12.321%* 85.153** 2.360%* 3.433%* 74.332%* 119 Line
0.191 1.769 0.631 2.089 0.394 39.359 26.927 240 Error
10.500 6.325 10.709 6.684 19.184 17.028 5.454 Ccv
Drought
0.705%* 21/752%%* 4.411%* 86.868** 2.628%* 0.818** 18.524 119 Line
0.115 2.645 0.421 3.886 0.460 0.764 25.055 240 Error
10.794 7.804 9.473 9.657 20.024 2557.1 5.739 Cv

Continiued Table 4. Analysis of the variance of evaluated traits under normal and drought stress conditions at
the reproductive stage

Mean square

- - S £
Root dry Filled Number of Main Total weight ~ Plantdry ~ Number of  df ouree 0
. Leaf area grain . panicle . . variation
weight . filled grain . of panicles weight leaves
weight weight
Normal
7.906%*  55.687** 0.442 767.996%* 0.414%** 3.893** 10.477%* 1.089** 119 Line
0.127 4.291 0.036 6.515 0.002 0.508 0.687 0.246 240 Error
8.688 17.422 24.066 23.602 4.673 27.573 15.764 10.936 (Y
Drought
7.337%*  25.380%** 3.219%* 703.002%* 0.411** 2.374%* 13.436%* 1.144%* 119 Line
0.133 2.360 0.014 40.558 0.002 0.286 1.251 0.260 240 Error
7.740 14.883 11.455 31.040 6.701 32.680 21.254 9.896 (Y

* **Significant at p = 0.05 and 0.01, respectively.
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Table 6. Putative QTLs for reproductive traits in F8 population under osmotic stress and non-stress conditions.

Markers Position Additive R?
Trait TL Chr. LOD DPE-
Q interval - G effect(A)  (%)°
Non-stress
Total number of ISSR15-1-
. gNTT-12 12 82 2.99 -2.072 15.6 Neda
tillers ISSR16-1
Number of fertile ISSR16-1-
TF-12 12 11 2.1 -0. 12.7  Ahlami
tillers N ISSR15-1 0 3 038 amitarom
Panicle length qLSP-6 IRAP-5 - RM454 6 32 2.12 -0.022 12.9 Neda
Mai icl
AMPAMCIE  \WSPM-8  ISSR4-6-RM6208 8 8 218  -0.18 13 Ahlamitarom
weight
ISSR11-2—
f 1 L- 2.42 A1 12.
Number of leaves qNL-3 ISSRY2-4 3 86 8 0.156 9 Neda
ISSR21-6 - .
qWDR-5 ISSR21-3 5 58 2.288 -0.988 132 Ahlamitarom
Root d ight
ooty welg ISSR28-2 -
qWDR-9 9 54 2.708 -0.359 14.8 Neda
ISSR38-3
Osmotic stress
Flag leaf length gqLLF-1 RM165- RM1287 1 112 2.328 0.117 13 Neda
Numb f fertil ISSR16-1-
Hmber OFIere  NTE-12 12 76 2434 0444 128  Ahlamitarom
tillers ISSR15-1
Flag leaf width qWLE-8 ISSR4-6-RM6208 8 2 2.23 -0.62 13.2  Ahlamitarom
Stem diamet STD-11 155R20-8- 11 134 2121 0464 118 Ned
em diameter q ISSR12-4 . B . eda
ISSR11-2—
Number of leaves gNL-3 3 62 2.428 -0.958 125  Ahlamitarom
ISSR22-4
RM447 — ISSR2- Ned
, qWDP-8 8 82 268 0191 113 eda
Plant dry weight 5
qWDP-1 IRAP2-RM283 1 64 2.157 1.153 10.8 Neda
ISSR15-1 — Neda
. qWTS-12a 12 72 3.254 -0.113 13.1
Total weight of ISSR16-1
panicles qWTS-12b  IRAP17-3-RM83 12 64 2.617 -0.804 12 Neda
qWTS-2 RM154-RM236 2 12 2.115 -0.361 115 Neda
Filled grain ISSR22-3 - Neda
WGRF-9 9 24 2.123 -2.28 13.2
weight 4 ISSR21-1
Leaf qLA-1 RM1287-RM165 1 110 2.481 1.446 11 Neda
eal area
qLA-8 ISSR4-6-RM6208 8 0 2.371 -1.757 11.7  Ahlamitarom

2 Underlined markers are more closer to QTL; ® QTL position from the nearest flanking marker (cM); ¢ Phenotypic variance
explained by each QTL. 4 DPE, Direction of phenotypic effect.

In normal conditions, one QTL was detected for the normal conditions, qNL-3 between ISSR11-2 and
main panicle weight trait on chromosome 8. ISSR22-4 on chromosome 3 could explain 12.9% of
qWSPM-8 represented 13% of the total phenotypic the total phenotypic variance. The additive allele of
variance. Neda alleles positively influenced qGN13- these QTLs could be explained by the Ahlamitarom
8. In stress conditions, one QTL was identified for variety.

the number of leaves trait on chromosome 3. In
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In normal conditions, two QTLs for root dry weight
were determined on chromosomes 5 (ISSR21-6 -
ISSR21-3) and 9 (ISSR28-2 - ISSR38-3), representing
13.2% and 14.8% of the total phenotypic variance,
respectively. This trait was increased by
Ahlamitarom alleles on chromosome 5 while Neda
alleles on chromosome 9 reduced this trait. In stress
conditions, one QTL was located for the flag leaf
length trait on chromosome 1. The phenotypic
variance of this trait (13%) was explained by qLLF-
1 with a loading level of 2.328. This increase was
mediated by the Neda parental effect. In osmotic
stress conditions, one QTL was recognized for the
flag leaf width trait on chromosome 8 (ISSR4-6-
RM6208), which explained 13.2% of the total
phenotypic variance. In normal conditions, one
QTL was detected for the stem diameter trait on
chromosome 11 located between ISSR20-8 and
ISSR12-4 markers, explaining 11.8% of the total
variance. In osmotic stress conditions, two QTLs
were found for the panicle dry weight trait on
chromosomes 8 and 1. One QTL was located on
chromosome 8 at the RM447 - ISSR2-5 distance,
which explained 11.3% of the total phenotypic
variance. Neda alleles caused the increase in this
trait. In osmotic stress conditions, three QTLs for the
total panicle weight trait were discovered on
chromosomes 12 and 2. Two QTLs (qWTS-12a and
qWTS-12b with LOD values of 3.254 and 2.617) on
chromosome 12 explained 13.1% and 12% of the
phenotypic variance, respectively. The increasing
effect of the alleles in these QTLs was attributed to
the Neda parent. In osmotic stress conditions, one
QTL for the filled grain weight trait was found on
chromosome 9 (ISSR22-3 - ISSR21-1) and explained
13.2% of the total phenotypic variance. The
increasing effect of the allele in this QTL could be
explained by the Neda parent. In osmotic stress
conditions, two QTLs for the leaf area trait were
identified on chromosomes 1 (RM1287-RM165) and
8 (ISSR4-6-RM6208), which explained 11% and
11.7% of the total phenotypic variance. Neda
parental alleles were effective in increasing the QTL
on chromosome 1 whereas Ahlamitarom alleles in
the QTL on chromosome 8 reduced this trait.

4. Discussion
Based on the results, all evaluated traits at the
vegetative stage were significantly different at the

2022 | Volume 10 | Issue 2

1% level in the three experimental conditions at the
reproductive stage. Paralleled to our findings,
Bhandari et al. (2023) reported that drought stress
negatively impacts the general morphology of rice
plants, including plant growth, plant biomass,
yield, roots, and grain development.

In terms of morphology (Mohd Ikmal et al., 2021),
plants under water stress exhibit decreased
germination, leaf size, leaf area, leaf number,
biomass, cell growth, and elongation due to low or
insufficient water flow onto the xylem or
neighboring cell. The statistically significant
differences between the genotypes indicate a high
variance between the evaluated plant material and
probably their different mechanisms in reaction to
osmotic stress, which can be used in the selection of
good genotypes. The comparison of QTLs located in
three flooded, —4.5 bar, and -9 bar conditions
showed that two, seven, and seven QTLs were
respectively identified in these treatments. In —4.5
bar osmotic stress conditions, two large-effect QTLs
(qCL-2 and qRD-5) for chlorophyll content and root
diameter were found on chromosomes 2 and 12,
compared to one large-effect QTL (qRV-12) detected
on chromosome 12 in -9 bar osmotic stress. Among
rice chromosomes, most of the traits were identified
on chromosome 12 and its genomic regions.
According to the comparison of three treatments,
gRN-12 and gRS-11 on chromosomes 12 and 11 in
flooded conditions and -9 bar osmotic stress,
respectively, as well as qRV-12 on chromosome 12
in —4.5 and -9 bar osmotic stress, were jointly
located regarding the chromosome and genomic
loci. These QTLs are stable and are not influenced
by environmental factors. The mentioned QTLs
controlled root number, root area, and root volume
traits, playing an important role in these traits.
Kamoshita et al. (2002) found only two stable QTLs
among 31 cases identified for seven traits related to
root morphology in two non-stress and —6 bar
conditions. These results demonstrate that the
identified QTLs and the large-effect QTL with a
high R? can be jointly effective in two different
conditions without environmental effects using the
MAS method to produce and improve drought-
tolerant rice varieties. Similar to our results, Lilley
et al. (1996), Zhang et al. (2005), and Kato et al.
(2007) identified QTLs mostly associated with root
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traits (length, area, volume, and dry weight) at the
vegetative stage.

Horii et al. (2006) recognized two QTLs on
chromosomes 1 and 9 (marker intervals RM243-
RM23 and RM257-RM258, respectively) for root
diameter at the rice vegetative stage; these QTLs do
not match with those identified in the present study.
Babu et al. (2003) investigated the relationship
between the secondary traits and yield of the rice
plant using the QTL analysis in osmotic stress
conditions. They found 47 QTLs for different traits
that explained 5-59% of changes. Regions on
chromosome 4 included a large-effect QTL
controlling plant height and root traits, which does
not correspond to our results. The present findings
are in line with those of Sabouri (2007), who
determined two QTLs on chromosomes 1 and 8 for
rice root wet weight in osmotic stress conditions.
They reported additive effects (-1.01 and —-1.04) and
phenotypic explanations (22.44 and 22.97) for the
located QTLs.

Mardani et al. (2014) detected QTLs associated with
drought tolerance in an F24 population by
employing 105 AFLP and 131 microsatellite
markers, during germination and vegetative stages
in rice. They located three, two, and two QTLs for
germination rate, germination percentage, and root
number, respectively, on chromosome 12. Long-Zhi
et al. (2006) studied QTLs controlling root wet and
dry weights in a population derived from an Indica
and Japonica rice cross under salinity and osmotic
stress. They determined QTLs on chromosomes 8
and 12 for root wet weight, which explained total
phenotypic variance with R? values of 21 and 12.3%,
which is inconsistent with our results. Consistent
with this study, Khalili et al. (2017) discovered four
loci on chromosomes 1H, 2H, 5H, and 6H for leaf
chlorophyll content. The discrepant results
obtained in the present and other investigations
may be attributed to the number and type of
evaluated markers, population type, the number of
individuals in the population, the type of examined
parents, and environmental conditions.

In this research, QTLs were recognized at the
reproductive stage, and genetic relationships
between traits were compared in two different
conditions. Of 20 QTLs detected in both conditions,
13 and 7 QTLs were associated with osmotic stress
and normal conditions. Under osmotic stress, three

2022 | Volume 10 | Issue 2

large-effect QTLs (QNTF-12, qWTS-12a, and qWDP-
8) were found on chromosomes 8 and 12 in
comparison to two large-effect QTLs (QNNT-12 and
qWDR-9) identified on chromosomes 9 and 12 in
normal conditions. In the comparison of the two
treatments, only two QTLs (QNTF-12 and gNL-3) on
chromosomes 3 and 12 were determined in osmotic
stress and normal conditions. The mentioned QTLs
are stable and are not affected by environmental
factors. In this investigation, qNTF-12 and qNL-3
QTLs were found for NTF and NL under both
conditions, which may play an important role in
NTF and NL. The QTLs were located at intervals of
ISSR15-1 and ISSR11-2 markers on chromosomes 3
and 12. Wang et al. (2007) determined seven QTLs
for these traits on chromosomes 3, 7, and 10 using a
RIL (F2:9) population, and qNL-3 with LOD = 2.6,
which explained 9% of the total phenotypic
variance, is similar to the QTL recognized in our
study. The regional and phenotypic variance with
the explained QTL (qNL-3) is also similar to QTLs
identified by Teng et al. (2001).

In the current study, two QTLs for plant dry weight
(WDP) on chromosomes 1 and 8 were found in
normal conditions, which disagrees with other
studies (Redona and Mackill, 1996; Zhang et al.,
2005). They studied different traits and phenotypic
methods. One QTL for WDP on a similar region on
chromosome 8 was reported in normal conditions
by Ji et al. (2012). Similarly, the ISSR16-1-ISSR15-1
area on chromosome 12 contains one QTL for NTF,
which was reported earlier by many researchers.
For example, drought-tolerance QTLs in the same
area were reported by Price and Courtois (1999),
Lafitte et al. (2002), and Wang et al. (2007).
Therefore, this region seems to be a good candidate
for improving drought-tolerant varieties through
marker selection as well as map saturation and local
gene formation. The current investigation is the first
to identify three QTLs for the WTS trait on
chromosomes 2 and 12, which is not in agreement
with other studies. Some of the 20 identified QTLs
are reported for the first time. In this study, most of
the identified QTLs show a wide range of
inadequate effects, suggesting the complexity of the
studied traits. In our investigation, the F8
population derived from an Ahlamitarom x Neda
cross is a new source of novel drought-tolerant
QTLs. These results demonstrate that these QTLs

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Noryan etal.

were effective for the production and improvement
of drought-tolerant rice varieties using the MAS
technique. Such  varieties provide yield
sustainability to farmers in regions impacted by
drought and submergence (Mohd Ikmal et al., 2021)
while serving as important genetic materials for
future breeding programs.

Conclusion

In this study, we identified QTLs associated with
drought-tolerance particularly on chromosome 12.
Our findings underscore the variability of rice RILs
across all traits in both environments. In drought
stress conditions, the F8 population derived from
the Ahlamitarom x Neda cross serves as a novel
reservoir of identified QTLs at both vegetative and
reproductive growth stages. Thus, these QTLs can
be effectively utilized as reliable and stable QTLs for
the identification of drought-tolerant lines at all
stages of plant growth using the MAS approach.

Supplementary Materials

No supplementary material is available for this
article.

References

2022 | Volume 10 | Issue 2

Author Contributions

Conceptualization, M.N. and H.S.; methodology,
M.N.; software, H.S; validation, M,N., H.S., and
IM.H; formal analysis, M.N.; investigation, M.N.;
resources, H.S.; data curation, M.N.; writing—
original draft preparation, M.N.; writing —review
and editing, H.S.; visualization, M.N.; supervision,
H.S.;LM.H; and F.D K project administration, H.S.;
funding acquisition, H.S. All authors have read and
agreed to the published version of the manuscript.

Funding

This research was funded by Gonbad Kavous
University and Azad Islamic University Since and
Research Branch.

Acknowledgments

We are grateful to the Department of Plant
Production at Gonbad Kavous University for
providing us with the resources and support we
needed to complete this project.

Conflicts of Interest
The authors declare no conflict of interest.

Alahmad, S., El Hassouni, K., Bassi, F.M., Dinglasan, E., Youssef, C., Quarry, G., Aksoy, A., Mazzucotelli, E.,
Juhasz, A., Able, J.A., Christopher, J., Voss-Fels, K.P., and Hickey, L.T. (2019). A major root
architecture QTL responding to water limitation in durum wheat. Front Plant Sci 10: 436. doi:

10.3389/fpls.2019.00436.

Aliyu, R., Adamu, A., Muazu, S., Alonge, S., and Gregorio, G. (2011). "Tagging and validation of SSR markers

to salinity tolerance QTLs in rice (Oryza spp)", in: International conference on biology, environment and

chemistry IPCBEE. (Singapore: IACSIT Press).

Babu, N.N., Vinod, K., Krishnan, S.G., Bhowmick, P., Vanaja, T., Krishnamurthy, S., Nagarajan, M., Singh, N.,
Prabhu, K., and Singh, A. (2014). Marker based haplotype diversity of Saito/QTL in relation to seedling
stage salinity tolerance in selected genotypes of rice. Indian | Genet Plant Breed 74(01): 16-25.

Babu, R.C., Nguyen, B.D., Chamarerk, V., Shanmugasundaram, P., Chezhian, P., Jeyaprakash, P., Ganesh, S.,

Palchamy, A., Sadasivam, S., and Sarkarung, S. (2003). Genetic analysis of drought resistance in rice

by molecular markers: association between secondary traits and field performance. Crop Sci 43(4):

1457-1469.

Baraty, M., Amiri, R., Ebrahimi, M., Naghavi, M.R., and Nikkhah, H.R. (2014). Study of genetic diversity in
some agronomic traits of barley using recombinant inbred lines. Appl Field Crops Res 27(102): 61-70.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Noryan et al. 2022 | Volume 10 | Issue 2

Bhandari, U., Gajurel, A., Khadka, B., Thapa, 1., Chand, I, Bhatta, D., Poudel, A., Pandey, M., Shrestha, S., and
Shrestha, J. (2023). Morpho-physiological and biochemical response of rice (Oryza sativa L.) to drought
stress: A review. Heliyon 9(3): e13744. doi: 10.1016/j.heliyon.2023.e13744.

Caetano-Anollés, G., and Gresshoff, P.M. (1994). Staining nucleic acids with silver: an alternative to
radioisotopic and fluorescent labeling. Promega Notes 45: 13.

Chen, H,, An, R, Tang, J.-H., Cui, X.-H., Hao, F.-S., Chen, J., and Wang, X.-C. (2007). Over-expression of a
vacuolar Na+/H+ antiporter gene improves salt tolerance in an upland rice. Mol Breed 19: 215-225.

Fischer, K.S., Fukai, S.,, Kumar, A., Leung, H., and Jongdee, B. (2012). Field phenotyping strategies and
breeding for adaptation of rice to drought. Front Physiol 3: 282. doi: 10.3389/fphys.2012.00282.

Giasi Oskoei, M., Farahbakhsh, H., and Mohamadinejad, G. (2014). Evaluation of rice cultivars in drought and
normal conditions based on sensitive and tolerance indices. | Crop Prod 6(4): 55-75.

Golesorkhy, M., Biabani, A., Sabouri, H., and Esmaeili, M.M. (2016). Studying the relationship between
agronomy traits of rice under flooding and drought stress conditions. Environmental Stresses Crop Sci
8(2): 191-204 (In persian).

Horii, H., Nemoto, K., Miyamoto, N., and Harada, J. (2006). Quantitative trait loci for adventitious and lateral
roots in rice. Plant Breed 125(2): 198-200.

Iravani, M., Solouki, M., Rezai, A., Siasar, B.,, and Kohkan, S. (2008). Investigating the diversity and
relationship between agronomical traits and seed yield in barley advanced lines using factor analysis.
J Crop Prod Proc 12(45): 137-145 (In persian).

Ji, K, Wang, Y., Sun, W., Lou, Q., Mei, H., Shen, S., and Chen, H. (2012). Drought-responsive mechanisms in
rice genotypes with contrasting drought tolerance during reproductive stage. | Plant Physiol 169(4):
336-344. doi: 10.1016/j.jplph.2011.10.010.

Jongdee, B. (2001). "New rice-breeding methods for the rainfed lowlands of North and Northeast Thailand",
in: Increased lowland rice production in the Mekong Region: Proceedings of an International Workshop held in
Vientiane, Laos, 30 October-2 November 2000. (Vientiane: Australian Centre for International
Agricultural Research (ACIAR)).

Kamoshita, A., Zhang, J., Siopongco, J., Sarkarung, S., Nguyen, H.T., and Wade, L.J. (2002). Effects of
phenotyping environment on identification of quantitative trait loci for rice root morphology under
anaerobic conditions. Crop Sci 42(1): 255-265. doi: 10.2135/cropsci2002.2550.

Kato, Y., Kamoshita, A., Yamagishi, J., Imoto, H., and Abe, J. (2007). Growth of rice (Oryza sativa L.) cultivars
under upland conditions with different levels of water supply 3. Root system development, soil
moisture change and plant water status. Plant Prod Sci 10(1): 3-13.

Khalili, M., Javaheri Kashani, F., and Ebrahimi, M. (2017). Evaluation of genetic diversity and identification of
QTL controlling seed germination and seedling establishment traits in wheat. Iran Dry Agron ]| 6(1):
121-138 (In persian).

Kosambi, D. (1944). Efficient mapping of a female sterile gene in wheat (Triticum aestivum L.). Ann Eugenics 12:
172-175.

Kramer, P.J., and Boyer, J.S. (1995). Water relations of plants and soils. Academic Press.

Lafitte, H., Courtois, B., and Arraudeau, M. (2002). Genetic improvement of rice in aerobic systems: progress
from yield to genes. Field Crops Res 75(2-3): 171-190.

Lanceras, J.C., Pantuwan, G., Jongdee, B., and Toojinda, T. (2004). Quantitative trait loci associated with
drought tolerance at reproductive stage in rice. Plant Physiol 135(1): 384-399.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Noryan et al. 2022 | Volume 10 | Issue 2

Lilley, J.,, Ludlow, M., McCouch, S., and O'toole, J. (1996). Locating QTL for osmotic adjustment and
dehydration tolerance in rice. ] Exp Bot 47(9): 1427-1436.

Long-Zhi, H., Zhang, Y.-Y., Yong-Li, Q., Gui-Lan, C., Zhang, S.-Y., Jong-Hwan, K., and Hee-Jong, K. (2006).
Genetic and QTL analysis for low-temperature vigor of germination in rice. Acta Genet Sin 33(11): 998-
1006.

Loresto, G. (1981). Decimal scroing systems for drought reactions and recovery ability in screening nurseries
of rice. Int. Rice. Res. Newsl. 6: 9-10.

MacMillan, K., Emrich, K., Piepho, H.P., Mullins, C.E., and Price, A.H. (2006). Assessing the importance of
genotype x environment interaction for root traits in rice using a mapping population II: conventional
QTL analysis. Theor Appl Genet 113(5): 953-964. doi: 10.1007/s00122-006-0357-4.

Mardani, Z., Rabiei, B., Sabouri, H., and Sabouri, A. (2014). Identification of molecular markers linked to salt -
tolerant genes at germination stage of rice. Plant Breed 133(2): 196-202.

McCouch, S.R. (1997). Report on QTL nomenclature. Rice Genet. Newsl. 14: 11-13.

Michel, B.E., and Kaufmann, M.R. (1973). The osmotic potential of polyethylene glycol 6000. Plant Physiol 51(5):
914-916. doi: 10.1104/pp.51.5.914.

Mohd Ikmal, A., Noraziyah, A.A.S., and Wickneswari, R. (2021). Incorporating drought and submergence
tolerance QTL in Rice (Oryza sativa L.)—the effects under reproductive stage drought and vegetative
stage submergence stresses. Plants 10(2): 225.

Mohidem, N.A., Hashim, N., Shamsudin, R., and Che Man, H. (2022). Rice for food security: Revisiting its
production, diversity, rice milling process and nutrient content. Agriculture 12(6): 741.

Muthu, V., Abbai, R., Nallathambi, J., Rahman, H., Ramasamy, S., Kambale, R., Thulasinathan, T., Ayyenar,
B., and Muthurajan, R. (2020). Pyramiding QTLs controlling tolerance against drought, salinity, and
submergence in rice through marker assisted breeding. PLoS One 15(1): e0227421.

Noryan, M., Hervan, I.M., Sabouri, H., Kojouri, F.D., and Mastinu, A. (2021). Drought resistance loci in
recombinant lines of iranian Oryza sativa L. in germination stage. BioTech (Basel) 10(4): 26. doi:
10.3390/biotech10040026.

Pandey, V., and Shukla, A. (2015). Acclimation and tolerance strategies of rice under drought stress. Rice Sci
22(4): 147-161.

Price, A., and Courtois, B. (1999). Mapping QTLs associated with drought resistance in rice: progress,
problems and prospects. | Plant Growth Regul 29: 123-133.

Rajurkar, A.B., Muthukumar, C., Ayyenar, B., Thomas, H.B., and Chandra Babu, R. (2021). Mapping consistent
additive and epistatic QTLs for plant production traits under drought in target populations of
environment using locally adapted landrace in rice (Oryza sativa L.). Plant Prod Sci 24(3): 388-403.

Redona, E., and Mackill, D. (1996). Genetic variation for seedling vigor traits in rice. Crop Sci 36(2): 285-290.

Sabouri, H. (2007). Evaluation of genetic diversity of Iranian rice germplasm for drought tolerance and locating its
related QTLs. PhD Dissertation, Isfahan University of Technology.

Saghai Maroof, M.A., Biyashev, RM., Yang, G.P., Zhang, Q. and Allard, RW. (1994). Extraordinarily
polymorphic microsatellite DNA in barley: species diversity, chromosomal locations, and population
dynamics. Proc Natl Acad Sci USA 91(12): 5466-5470. doi: 10.1073/pnas.91.12.5466.

Sarayloo, M., Sabouri, H., and Dadras, A.R. (2015). Assessing genetic diversity of rice genotypes using
microsatellite markers and their relationship with morphological characteristics of seedling stage

under non-and drought-stress conditions. Cereal Res 5(1): 1-15.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Noryan et al. 2022 | Volume 10 | Issue 2

Shirmohammadli, S., Sabouri, H., Ahangar, L., Ebadi, A.A., and Sajjadi, S.J. (2018). Genetic diversity and
association analysis of rice genotypes for grain physical quality using iPBS, IRAP, and ISSR markers.
J Genet Resour 4(2): 122-129.

Teng, S., Zeng, D., Qian, Q., Kunihifo, Y., Huang, D., and Zhu, L. (2001). QTL analysis of rice low temperature
germinability. Chin Sci Bull 46: 1800-1803.

Wang, S., Basten, C., Gaffney, P., and Zeng, Z. (2007). Windows QTL Cartographer 2.0. North Carolina State
University. Bioinformatics Research Center.

Wang, X.S., Zhu, J., Mansueto, L., and Bruskiewich, R. (2005). Identification of candidate genes for drought
stress tolerance in rice by the integration of a genetic (QTL) map with the rice genome physical map.
] Zhejiang Univ Sci B 6(5): 382-388. doi: 10.1631/jzus.2005.B0382.

Zahedi, Z., Nabipour, A., and Ebrahimi, A. (2019). Effectiveness of molecular markers for improving grain
quality in Iranian rice. ] Plant Mol Breed 7(1): 22-30.

Zhang, Z., Ersoz, E., Lai, C.Q., Todhunter, R.J., Tiwari, HK., Gore, M.A., Bradbury, P.J., Yu, J., Arnett, D.K,
Ordovas, ].M., and Buckler, E.S. (2010). Mixed linear model approach adapted for genome-wide
association studies. Nat Genet 42(4): 355-360. doi: 10.1038/ng.546.

Zhang, Z.H., Qu, X.S., Wan, S., Chen, L.H., and Zhu, Y.G. (2005). Comparison of QTL controlling seedling
vigour under different temperature conditions using recombinant inbred lines in rice (Oryza sativa).
Ann Bot 95(3): 423-429. doi: 10.1093/aob/mci039.

Disclaimer/Publisher's Note: The statements, opinions, and data found in all publications are the sole responsibility of
the respective individual author(s) and contributor(s) and do not represent the views of JPMB and/or its editor(s). JPMB
and/or its editor(s) disclaim any responsibility for any harm to individuals or property arising from the ideas, methods,
instructions, or products referenced within the content.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

JPMB Journal of Plant Molecular Breeding
Published by Genetics and Agricultural Biotechnology Institute of Tabarestan 2022 | Volume 10 | Issue 2

BYCRNPE Cog VR PC 5 S Ve g b WY
Oriza ) S @p o 56 Sy
=139 w9y Sl o (Sativa

oo Hlwl 29
" § 38 7 ’4"*‘5 . c‘Q‘ b Shwxo Brtul“gb S

(Sl de! S RS TH IGNO Lymw> 9 w0 @ I (o 0
Ol Olgiol gintns oKl ' oS

Ol 6015 ¢ oDl 13T o8> clidiond 3 p she ol (65855 5t 5 LS 3o 5 5

Q\J.:‘ tw)}l;w\.:;fa@&‘: c@rb cl..a} 6))}\.31.{(}19 a—\g.i.}‘b cdhl:f Q‘Ju:.‘}}' a)f’v
sl S 55 VIV Sleslizal b holejT e 2 53 (Kot 4 oo (S5 bl o) 2 ) shate 410000
VY g WY 25l oSty bl )3 1SS an b (33l SulS b IB s fysSE e 4 (ol kel X 1)
VFoY 3‘3)5\ :u:’fl"“ J’-‘JA BE PEG 6000 J‘ c()\.g qa- E) —f/b) 6JM‘ J:"‘: ‘5\.33‘ L5‘j'! d:j:v.’; &J‘l‘ BE A rl>r.>| w}}lf.o\...;f
VEY 3TYA Ol b Sl 5l gl oIl 5 4ty (S35 50 Slie (5,5 0511y osdle b oslizal T 5 (s,
5t Jole 03 o 4l eslinul S Ko gy 488 bl (61, ISSR 5 IRAP dPBS SSR
J o i) g9 4 qRV-12 5 qRS-11 qRN-12 codd ol sles 4o dumlio )3 . s oLl QTL Y+ 518 ol
hos.sabouri@gmail.com 35 55 s lels addlas ol 55 (Sist 4 fosd GLQTL L ks o s PT o ks o
9 90b 6\.&4:;..; Slday 4 dlx;‘.a 4qNL-3 E) qNTF-lZ LSbe codds &qu e <WwQTL G&w Ja;a‘f&
Yo ol @ glryf bl GLQTL casdllan 5l 55 Ldkd s al3 al o 55 il (sla QTL Ol gie 4 45 s gy S,

Noryan, M., Majidi Harvan, I., Sabouri, H.,

@ Jemeze gla Y Obesl gl |5 ,lub GWQTL Ol g & LSl 5 il i [0 53 0l
and Darvish Kojouri, F. (2022). Genetic : slageY Sl sl ol 5 5l SBQTL Blye & K5 (2l 5 (50 Sl 03 e
structure of drought tolerance in Iranian rice .J.SJ; )|J§ oslazal S48 Jiw LS 4 ol s é:a
(Oryza sativa) recombinant lines at vegetative
and reproductive stages. ] Plant Mol Breed

. & . & = -

10(2): 1-18. T essS Slio oS J ST S5 (sle O «eSiaanl 25 31855 QTL 1 Suls” Olods”
doi:10.22058/jpmb.2023.1989048.1270



https://www.frontiersin.org/journals/plant-science#articles

JPMB Journal of Plant Molecular Breeding
) ) . ) . 2022 | Volume 10 | Issue 2
Published by Genetics and Agricultural Biotechnology Institute of Tabarestan

In vitro asymbiotic germination of
mature seed of medicinal orchid
(Orchis simia Lam.)

OPEN ACCESS
Zeinab Masoudi Jozchal *1, Nadali Bagheri 1, Nadali Babaeian Jelodar 1,

Gholamali Ranjbar ', Jamshid Farmani 2
Edited by

Dr. Seyyed Kamal Kazemitabar, . . . . .
v I Department of Genetics and Plant Breeding, Sari Agricultural Sciences & Natural

Sari Agricultural Sciences & Natural Resources

L Resources University, Sari, Iran
University, Iran

2 Department of Food Science, Sari Agricultural Sciences &Natural Resources
University, Sari, Iran

o
=3
a.
=
=
ge
jab)
3
®
=

Abstract: The sexual reproduction of orchids is a notably slow process. This is due to
their seeds lacking endosperm, which necessitates a fungal elicitor for germination in
natural conditions. In the current study, we evaluated seed germination and the initial
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using a completely randomized design with three replications. The tetrazolium test
revealed that 35% of the seeds were viable. Subsequently, we investigated the influence
of casein, activated charcoal, indole acetic acid (IAA), photoperiod, and temperature on
the germination of O. simia seeds. The analysis of variance demonstrated varying
responses in terms of seed germination percentages, with photoperiod and temperature
treatments having a more pronounced impact on germination. The optimal conditions
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for asymbiotic orchid seed germination in this experiment were achieved using
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concentration, casein (2.0 g/l), activated charcoal (2.0 g/l), and an IAA growth regulator
(1.0 mg/1), resulting in a germination rate of 31%. After a three-month period, the nodes
underwent transformation into protocorms. The findings presented in this report can
Citation serve as valuable insights for the production of orchid plants and the conservation of
Masoudi Jozchal, Z., Bagheri, N., Babaeian this medicinal species.
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Introduction

The Orchidaceae family stands out as one of the
largest and most diverse families of flowering
plants, encompassing an impressive 28237 species
(Willis, 2017). These orchids are found in various
regions, including the tropical humid forests of
India, Sri Lanka, South Asia, South and Central
America, and Mexico (Singh et al., 2019). Notably,
the Orchidaceae family is included in the
International Union for Conservation of Nature
(IUCN) list of endangered plants, highlighting their
ecological significance.

Within the realm of monocots, orchids represent
one of the most advanced families, boasting around
850 genera (Stewart and Griffiths, 1995; Gutiérrez,
2010). Orchids are valued not only for their aesthetic
beauty but also for their medicinal properties
attributed to the presence of alkaloids, flavonoids,
glycosides, and various other plant compounds
(Gutiérrez, 2010). Owing to the persistent
destruction of their natural habitats, excessive
harvesting for medicinal applications, illegal trade,
and overzealous cultivation by orchid farmers,
orchid populations are facing a rapid and alarming
decline. Additionally, the premature harvesting of
orchids during their flowering stage, before the
physiological ripening of seeds, underscores the
need for mass in vitro propagation of this plant.
Micro orchid seeds face a natural limitation as they
lack the ability to germinate independently.
However, the germination process in these plants
can be accelerated by a range of biotic and abiotic
factors. Understanding the ecology of orchid
reproduction, including issues such as non-
germination or seed dormancy in natural
conditions, represents a significant aspect of orchid
growth characteristics in temperate climates
(Butcher and Marlow, 1989). The seeds of terrestrial
orchids have a special form of morphophysiological
dormancy, which consists of morphological (the
presence of an undifferentiated embryo and a
strong seed coat) and physiological factors (the
embryo does not have enough growth potential to
penetrate the seed coat and germinate). In addition,
seeds do not have endosperm, and the nutrients of
mature seeds are concentrated in the embryo cells.
Nutrients in seeds include lipids, proteins, and
carbohydrates, and their amounts vary from species
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to species (Rasmussen, 1995). Although the seed
embryo in these plants contains carbohydrates, the
amount of sugar in the embryo is not usually
enough to support germination completely or even
to initiate germination (Manning and Van, 1987). In
their natural habitat, orchid seed germination
hinges on a specific symbiotic relationship with
mycorrhizal fungi (Marks et al, 2013). This
dependence poses a challenge to the sustainability
of viable plant populations, particularly in regions
grappling with habitat loss caused by forest
degradation (Tremblay et al., 2005).

Advancements in orchid seed germination
techniques, particularly in vitro germination, have
significantly enhanced the reliability of germination
and the propagation of numerous orchid species.
This approach offers an ideal system for
investigating the growth and development of
orchid seeds and seedlings (Kauth et al., 2008).
Propagation of orchids using tissue culture methods
is suitable because there is a good opportunity to
improve and increase the number of seedlings
through mass propagation of important orchids,
hybrids, and or a new variety in a short period of
time (Goh and Wong, 1990; Chen and Chang, 2000;
Pathak et al., 2001; Chen et al., 2004; Bhattacharjee
and Hossain, 2015; Borah et al., 2015; Sibin and
Gangaprasad, 2016; Bhatti et al., 2017; Mohanty and
Salam, 2017; Decruse and Gangaprasad, 2018). One
of the major obstacles to the mass propagation of
economically important orchids for commercial
purposes and to prevent the risk of extinction is the
unavailability of efficient and reliable instructions
for the germination of this plant species. In general,
the biology of seed germination is the same for all
orchid species and includes two developmental
stages-embryo swelling and protocorm formation.
However, several factors such as seed maturity,
seed dormancy, seed sterilization, composition and
content of the nutrient medium, light, and
temperature have a great influence on seed
germination (Arditti, 1967; Kauth et al., 2008; Zeng
etal., 2014; Dulic¢ et al., 2019). Hence, it is imperative
to develop specific guidelines for each orchid
species to expedite and optimize the germination
and growth of these plants.

In the case of most terrestrial orchids, the inclusion
of organic additives rich in amino acids within
nutrient media significantly influences seed
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germination. Commonly employed organic
additives in in vitro culture include coconut water,
banana powder, peptone, hydrolyzed casein, yeast
extract, and pineapple juice. Notably, the organic
content of casein has been found to have a beneficial
impact on the germination rate of medicinal orchid
seeds, such as those of Eulophia nuda, which face
extinction (Nanekar et al., 2014). Rhynchostylis
retusa, Cymbidium elegans, Cypripedium calceolus, and
Epipactis helleborine species also showed higher
germination speed and shorter period length for
germination in a casein-enriched nutrient medium
(Nandi et al., 1999).

In order for symbiotic and asymbiotic orchid seed
germination to be effective, many conditions such
as photoperiod, temperature, and nutrition should
be considered. Lighting is one of the most important
environmental factors in orchid seed germination,
which was less studied. In most orchid species, light
has an inhibitory effect on seed germination.
However, there are species whose seeds germinate
under light conditions, and in vitro culture,
germination responses to the length of the light
period often depend on the type of species (Arditti
et al, 1981; Kauth et al, 2008). However,
germination responses to photoperiods is often
species-specific, regardless of growth habit (Kauth
et al., 2008). darkness is often considered to
stimulant germination of terrestrial orchids. For
example, seeds of terrestrial orchids may not
germinate until do not be under the soil (Rasmussen
and Rasmussen, 1991). Also, many terrestrial
orchids grow in shadow environments better than
their epiphytic counterparts (Rasmussen, 1995),
While the light may not reach the floor of the habitat
easily (Rasmussen and Rasmussen, 1991). Van Waes
and Debergh (1986) reported that even a small
increase in light intensity from complete darkness
to 1.2 umol/m?2/s reduced the germination of several
European  terrestrial  orchids. = Asymbiotic
germination of Cypripedium acaule, a North
American terrestrial orchid, was lower when seeds
were incubated in a photoperiod of 16 h (6.7%
germination) compared to complete darkness
(96.7%) (ST-ARNAUD, 1992).

The use of growth regulators stimulates the zygote
embryo to form protocorms that grow into
seedlings (Pant and Gurung, 2005). Cytokinin
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treatments ~ showed  increased  asymbiotic
germination in many orchid species. Miyoshi and
Mii (1988), and Stewart and Kane (2006) also
reported increased germination levels of several
terrestrial orchids.

Vegetative propagation is a time-consuming
process for generating a substantial quantity of
orchid clones. Consequently, tissue culture
represents an alternative method for mass-scale
propagation and conservation of rare and
endangered  orchids. This technique can
significantly expedite the identification and
protection of new plant species. The current study
seeks to explore the in vitro asymbiotic germination
of medicinal orchid seeds. It investigates the
influence of factors such as light conditions,
temperature, casein, activated carbon, and plant
growth regulators to accelerate the germination and
propagation of this plant within a shorter timeframe
compared to natural conditions.

Materials and Methods

Plant materials

Orchid seedlings (Orchis simia Lam.) were collected
from the Ramyan region in Golestan province, Iran,
during flowering stage. These seedlings were
transplanted into pots, with soil carefully placed
around their roots, and they were nurtured until the
formation of capsules. By the end of May, mature
capsules were harvested and stored in a refrigerator
at 5°C, awaiting tissue culture.

Tetrazolium viability test

Seed viability was evaluated using 2, 3, 5-
triphenyltetrazolium chloride solution. A small
sample of seeds (5 mg) was pretreated with 10%
sucrose solution for 24 h at room temperature. Then
the solution was drained with a sampler, 0.1%
tetrazolium solution was added, and the tubes were
incubated in the dark for 24 h in a 40°C water bath,
according to the method described by Hosomi et al.
(2011). Seed viability was assessed using a light
microscope with 100 seeds replicated three times.
Red seeds were considered alive and brown seeds
or no embryos were considered dead. The
percentage of live seeds was calculated by dividing
the number of live embryos by the total number of
tested embryos.
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Surface sterilization of capsules

Initially, the capsules underwent surface
disinfection using a 70% ethanol solution for 1
minute, followed by rinsing with sterile distilled
water. Subsequently, they were disinfected in a 20%
sodium hypochlorite solution for 15 minutes, after
which they were transferred within a laminar hood
and subjected to two additional washes with sterile
distilled water.

Culture media
MS culture media (control), MS plus 0.2% casein,
MSy, (MS culture medium containing one-fifth of

5
nitrate plus 0.2% casein), and MSy, supplemented

5

with (0.2% casein and 1.0 mg/1 IAA) were employed
for the cultivation and germination of orchid seeds.
In addition, all these cultures contained 0.2%
activated charcoal. The pH of the culture medium
was adjusted to 5.8 by adding 1 N NaOH or 1 N HCI
and then it was autoclaved at 121 °C with a pressure
of 1.2 kPa for 20 min. The sterilized culture medium
was transferred to the culture chamber (laminar
hood) and 25 ml of culture medium was poured into
100 ml sterile flasks.

Cultivation of seeds

The sterilized capsules inside the laminar airflow
hood, after washing with sterile distilled water and
drying with sterile filter paper, were transferred to
a sterilized Petri dish, and using a sterilized scalpel,
a longitudinal slit was given to the capsules and the
seeds were placed on the culture medium. About
200 seeds were cultivated in each culture container
containing 25 ml of culture medium. The cultivated
seeds were kept in the incubator under different
light conditions (darkness and light/darkness 12/12
h) and temperature (20 and 25 °C).

Statistical method

The treatments studied include casein (2.0 g/l),
activated charcoal (2.0 g/l), indole acetic acid (1.0
mg/l). The data relating to the germination
percentage of mature seeds and the number of days
until germination were analyzed using SPSS
statistical software in a completely randomized
design with 3 replications and mean comparison
was done by Duncan's multi-range test method at
5% probability level.
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Results

The mature seeds of Orchis simia used in this
experiment as explants have a brown color and the
embryos consist of a concentrated mass with a seed
coat (Figure 2A). Physiological developmental
stages from seed to early protocorm development
are given in Figure 2. The tetrazolium (TZ) test
before sterilizing the seeds showed that 35% of the
seeds were alive, 40% of the seeds were without
embryos, and 25% of the seeds were dead (Figure
2B). The effects of culture medium with different
conditions on germination were evaluated. The
results of the TZ test of O. Simia seeds confirmed the
results of their in vitro germination in MS medium
(N1/5) + IAA+ casein (31%) medium. Studies have
questioned the use of the TZ test alone as an
indicator of seed germination and show the
importance of confirming in vitro germination
results, as we determined. The TZ test showed that
seed viability was significantly higher than the
observed maximum germination. This discrepancy
can be explained by the fact that the nutrients or
other components required by the explant are not
present or are not in the optimal concentration in the
culture medium (Lauzer et al., 2007). The results of
the analysis of variance showed that the percentage
of germination of orchid seeds of Orchis simia in
different culture media has a significant difference
at the level of 1% (Table 1).

The comparison of the means shows the importance
of the organic matter and growth regulator IAA in
the germination of the desired orchid seed. MS
culture medium together with one-fifth of nitrate
and having casein organic matter 2 g/L plus IAA 1
mg/L was the most suitable culture medium (Y_=
31%) for the germination of these seeds (Figure 1A).
About 4 weeks after placing the cultures in the
incubator at a temperature of 20°C in the dark, some
of the seeds swelled and formed small white dots
with thin threads, and about two months later, they
started to form protocorms (Figure 2D). Also, MS
culture medium (control) showed the lowest
percentage of seed germination (Y = 8.66 %). The
number of days until seed germination in MS
medium (control) took longer than in other culture
mediums (Y = 31.66 days). There was no significant
difference in the number of days until germination
for other culture mediums, and the length of culture
was about 25 days. By adding casein organic
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material to the MS medium, the germination
percentage increased by 19.33% compared to the
MS medium (control), and the germination time
decreased to 25 days (Figure 1B). The incubator
temperature of 20°C and dark conditions played a
very important role in seed germination so under
the mentioned conditions, seed germination was
observed after one month, but in the seeds
incubated at 20°C and light conditions,
germination was not observed. This indicates the
importance of dark conditions for orchis simia seeds
germination. Also, no seed germination was
observed in the seeds incubated in the dark at 25°C.

20 -

10 -

seed

A
35 7 M percentage of
30 - germination
25 4
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Therefore, dark conditions and a temperature of
20°C are very important for germination in this
plant. The results of the mean comparison showed
that among the tested culture mediums, MS
medium (N1/5) + casein + IAA with the highest
percentage of germination and the lowest number
of days to germination was the most suitable
medium compared to other tested mediums. Based
on the obtained results, IAA growth regulator and
casein had a positive and significant effect on the
percentage of germination and the number of days
until germination.

B

B number of days

MS+ casein MS (N1/5)+ MS (N1/5)+
casein+ IAA

a a
25 -
20 -
15 -+
10 +
5 . 5
0 0 -
MS

MS+ casein MS (N1/5)+ MS (N1/5)+

casein casein+ IAA casein

Media culture Media culture

Figure 1- Comparison of the means percentage of germination (A) and the number of days to initial germination (B) in different
culture media by Duncan's multi-range test method.

Table 1. Analysis of variance of studied orchid traits in different culture media

Mean square

Sources of variation Degree of freedom

Germination % Number of days until germination

Treatment 3 265.89** 29.56 **
Residual 8 1.75 1.67
Coefficient of variation (%) 6.35 4.78

** «Significant at the 1% probability level
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Figure 2. In vitro germination of orchis simia. A. Mature seeds. B. Seeds subjected to tetrazolium test. C. Seed germination in
MS + casein medium. D. Seeds germinated in MS medium (N1/5) + IAA + casein. E. Protocorm formation. F. Protocorm with

10 x magnification

4. Discussion

Due to their unique characteristics, orchids do not
reproduce via seeds in the same manner as other
crops. Orchid seeds are incredibly small, almost
microscopic in size, and they lack essential
components such as endosperm, cotyledon, and a
primary root. Their germination and initial growth
depend on a symbiotic relationship with fungi
(Seaton et al., 2013). Furthermore, orchid seeds
contain an undifferentiated embryo that lacks the
necessary enzymes for metabolizing
polysaccharides and lipids. Despite the presence of
sugars like sucrose, fructose, maltose, thamnose,
and glucose in the orchid embryo, these sugars are
often insufficient for sustaining germination.
Consequently, the presence of symbiotic fungi is
crucial during the initial stages of seed germination,

as they provide the embryo with essential resources
such as water, carbohydrates, vitamins, and
minerals after penetrating the embryo (Kauth et al.,
2008). In nature, from the thousands to millions of
microscopic seeds produced by an orchid pod, only
a mere 2-3% of them undergo germination (Dutta et
al., 2011). Vegetative propagation of this plant is
very slow and time-consuming (Pradha and Pant,
2009). Therefore, this reproduction method cannot
meet the needs of the people, the market, and
different pharmaceutical companies (Basker and
Bai, 2010). The in vitro culture method will solve
these problems by reducing the time required for
seed germination as well as plant propagation on a
large scale (Pradha and Pant, 2009). Tissue culture
has become a standard propagation method for
orchid conservation. Seed germination in vitro is an
advance in orchid propagation (Fay, 1996). In this
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study, different MS media were used for the
germination of mature orchid seeds. According to
the observations, germination was seen in all
investigated media, but the percentage of
germination was different (Lal et al., 2020), in the
study of the germination of mature seeds of two
orchid species, observed the first germination in 4
weeks after sowing, and protocorm development
was observed 7-9 weeks after sowing. Also, in the
study of the germination of immature orchid seeds
by Jain and Saxena (2009), the seeds started to
germinate in Mitra medium with peptone in dark
conditions for one week and formed protocorms in
6 weeks, and about 90% of the germinated seeds
started to form a protocorm. In the study of Fatahi
et al. (2022), the characteristics of asymbiotic seed
germination and seedling growth in vitro conditions
were significantly (P<0.05) influenced by two main
types of organic compounds and nitrogen sources.
So the seeds cultivated in media containing
pineapple juice (P]) and casein hydrolyzed (CH)
had the highest germination percentage. In
addition, germination was the most frequent in the
MS medium with casein organic matter and indole
acetic acid growth regulator. In the present study
and the comparisons made, it is possible to
understand the application and importance of
cytokinin growth regulators on the germination rate
of Orchis Simia orchids. The role of plant growth
regulators (PGRs) in orchid germination is unclear
and the response of growth regulators is often
species-specific. A major obstacle in understanding
the role of exogenous and endogenous PGRs in
promoting/inhibiting orchid seed germination may
be the small size of the seeds and the possible low
levels of PGRs in the embryo. Research on the
concentration of endogenous PGRs in orchid seeds,
as well as when PGRs are active at germination, will
greatly increase the knowledge of how PGRs affect
orchid seed germination (Kauth et al., 2008).

Through an examination of the in vitro
multiplication of mature seeds from Orchis
coriophora L and the evaluation of various PGRs on
their ~ germination, the highest observed
germination rate (44.2%) was achieved in the
Orchimax culture medium supplemented with
activated charcoal and 1 mg/liter of indole-3-acetic
acid (Bektas et al., 2013). Castillo-Pérez et al. (2021)
investigated the germination of mature seeds of the
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orchid Stanhopea tigrina in Morashig and Skoog
medium and the auxins indole-3-acetic acid (IAA)
and indole-3-butyric acid singly or in combination
with salicylic acid or coconut water were tested for
rooting, and the combination of coconut water (100
ml/L) alone or in combination with indole-3-acetic
acid (2.5 or 5 mg/L) was the best treatment. Based
on the obtained results, the IAA growth regulator
and casein had a positive and significant effect on
the percentage of germination and the number of
days until germination. Therefore, orchid seeds can
germinate better in a medium with organic matter
and IAA growth regulators. For many plant species,
temperature is a major factor in initiating and
breaking physiological seed dormancy (Baskin et
al.,, 2004). Baskin et al. (2006) recommended an
alternating temperature range to study the
germination ecology of all seeds because constant
temperatures are not common in nature. However,
orchid seeds often germinate in vitro at a constant
temperature. In the medicinal orchid species Orchis
simia, mature seeds germinated at a constant
temperature of 20°C, but no germination was
observed at a temperature of 25 °C.

There are several valuable studies on orchid seed
germination and temperature. Like many other
species, orchid seeds germinate within a certain
temperature range, but maximum germination
occurs at a certain temperature. Dactylorhiza majalis
seeds germinate between 10 and 30°C, but the
optimum temperature range seems to be between
23 and 24.5°C (Rasmussen et al, 1990). The
percentage of germination decreased below 15°C
and above 27°C (Rasmussen and Rasmussen, 1991;
Pradha and Pant, 2009). The effect of light and
darkness on the germination of orchid seeds is
debatable. Zettler and Hofer (1997) reported a
significant reduction in germination when S. odorata
seeds were exposed to a short light period.
Germination in complete darkness for three weeks
was higher than the germination of seeds that were
exposed to 7 days of 12.12 and 16/8 h light period
and then in darkness for 2 weeks. Stewart and Kane
(2006) reported that light inhibited asymbiotic
germination and the development of Habenaria
macroceratitis. The aforementioned  terrestrial
orchids all grow in shady areas. If the orchid
studied in this research also grows in shady areas.
In the study of the seed germination of the orchid
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species called Spiranthes by Zale et al. (2022), the
seedlings in light/dark periods of 0/24 h and
light/darkness of 16/8 h had significantly more fresh
weight than the dark treatment group, and
therefore for optimal growth need light. The impact
of light and darkness on orchid seed germination
remains a subject of debate. In line with our
findings, another study reported the highest
germination rate for Cyrtopodium punctatum seeds
under continuous darkness (0/24 h) (Dutra et al,,
2009).

Conclusion

In this study, the MS (N1/5) + casein + IAA medium
emerged as the most favorable culture medium for
the germination of mature seeds. Notably,
germination was observed four weeks after
cultivation, with protocorms appearing within two
months after seed cultivation. Dark conditions were
found to be significantly conducive to the
germination of the tested orchid species, as no
germination occurred under bright conditions. It is
advisable to explore the use of additional organic
compounds such as coconut water and peptone to
potentially ~ enhance germination  results.
Furthermore, investigating the impact of varying
IAA concentrations on the duration and
germination percentage of the target orchid seeds
would be a valuable avenue for future research.
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Abstract: Drought severely affects global rice production. Recent evidence highlights the
critical role of long non-coding RNAs (IncRNAs) in the response to abiotic stress. Our
research identified drought stress-induced IncRNAs in the root tip region of rice using

Date transcriptome sequencing analysis on drought-stressed and control conditions in the
Received: 25 July 2023 sensitive rice genotype (IR64). We identified 358 differentially expressed IncRNAs
Accepted: 19 November 2023 (DEIncRNA), with over 60% located in intergenic regions. Our results demonstrated that
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respectively. Additionally, the target genes of DEIncRNAs were involved in drought
resistance, lateral root growth, and auxin transport. We also identified 24 conserved
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DEmRNAs. Our functional analysis of the top 10 hub IncRNAs in the network
demonstrated their involvement in growth processes, cellular responses to stimuli, and
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Introduction

Rice (Oryza sativa L.) is one of the most important
crops in the world and the main source of food for
billions of people (Sun et al., 2013). Asian cultivated
rice (Oryza sativa L.) is one of the most important
cultivated species that provides almost 20% of the
calories consumed by humans (Smith, 1995).
Unpredictable climate changes have caused
aggravation of all types of stress, including drought
stress, and this, in turn, leads to a decrease in the
yield of cultivated rice (Lafitte et al., 2004). Leaves
and roots are organs that coordinate the defense
mechanism to respond to abiotic stresses (Kaashyap
etal., 2018; Nadarajah and Kumar, 2019). It has been
shown that the root system can change under stress
leading to an increase in yield (Lynch et al., 2014).
Due to its spreading and dense root system, rice is
very sensitive to drought stress. Therefore, root
length density and root diameter determine the
development rate of the rice root system (Yoshida
and Hasegawa, 1982). Drought tolerance is a
complex trait that involves the regulation of several
physiological and biochemical processes, including
stomatal compaction (Ishimaru et al.,, 2001), leaf
rolling (Yue et al., 2006), osmotic regulation (Peleg
et al., 2009), and root system development (Barbez
et al., 2017) at different developmental stages.
Different mechanisms and a wide range of genes are
also involved in response to drought stress.
IncRNAs, eukaryotic RNAs with a length of more
than 200 nucleotides, are part of the plant's defense
mechanism, which, in addition to responding to
abiotic stresses, play a vital role in various processes
such as growth and development, seed yield, male
sterility, and seed and leaf morphology (Caixia et
al., 2020). In recent years, studies have identified a
number of stress-related IncRNAs in plants. The
identification of IncRNAs involved in drought
stress can provide important help in identifying
regulatory gene networks and improving drought
stress tolerance in drought-sensitive rice cultivars. It
has been reported that IncRNAs derived from
transposon elements are responsible for the
response to abiotic stresses in rice (Brunkard and
Baker, 2018). Also, some IncRNAs have been
discovered in rice in response to heat stress, cold
stress, heavy metals, nitrogen and phosphorus
treatments, and abscisic acid (Chen et al., 2018; Tang
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et al, 2019). On the other hand, the types of
IncRNAs involved in the response to drought stress
have been identified in different rice varieties,
which play a vital role in the mechanism of
improving tolerance against that stress (Xu et al,,
2016; Li et al., 2019). In addition, research has shown
that IncRNAs can act as traps for miRNAs targeting
mRNAs involved in the response to drought stress
and thereby protect mRNA translation. Also, as
precursors of miRNA or siRNA, they can play a role
in tolerance to biotic and abiotic stresses in rice
(Nejat and Mantri, 2018). In the present study, we
performed a transcriptome analysis to identify
IncRNAs that participate in response to drought
stress in the root tip region.

Materials and Methods

Plant materials and experimental design

IR64 genotype seeds were obtained from the
International Rice Research Institute (IRRI). The
seeds were surface disinfected using 5.25% sodium
hypochlorite for 30 minutes followed by 70%
ethanol for one minute. Then, the sterilized seeds
were placed on moist filter paper for germination.
The seven-day-old seedlings were transferred to a
container containing Yoshida's liquid culture
medium (Yoshida, 1976) for two weeks at a
temperature of 27-25 degrees Celsius and a
humidity of 60-70%. They were in light for a
duration of 8 hours and 16 hours in dark with a light
intensity of 500. They were placed up to 1000 par.
After that, the seedlings were transferred to 3 x 25 x
40 cm boxes containing a mixture of clay, cocopeat,
and sand in a ratio of 1:1:2, and each box contained
two seedlings.

The seedlings were kept in the growth conditions
mentioned above until stress was applied.
Applying water stress (interruption of irrigation)
was done on one hundred 35-day-old plants as a
treatment, which reached 25-35% field capacity in
14 days. After the stress, sampling was done from
the root tips of the stressed and control seedlings.
The samples were collected and quickly frozen in
liquid nitrogen. The roots tip from forty stressed
seedlings were individually collected as the
samples for whole transcriptome sequencing, with
two biological repetitions.
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RNA extraction and preparation

Total RNA was extracted from a pool of root tip
samples from each condition using Invitrogen
TRIZol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) (Xiao et al.,, 2011). RNA quantity and
quality were determined using Nanodrop (NP80
NanoPhotometer, IMPLEN, Munich, Germany) and
1% agarose gel, respectively.

Sequence data analysis

RNA sequencing was performed based on Illumina
HiSeq 2500 technique at the Beijing Genomics
Institute (BGI, China). FastQC tool (version 0.11.9)
was used to evaluate the quality of raw data reads.
After pre-processing (remove adapter sequences
and low-quality reads) clean reads were mapped to
the Oryza sativa Japonica (IRGSP- 1.0) reference
genome using hiSAT2 software. StringTie (version
2.1.5) under default settings was used to assemble
the mapped reads.

IncRNA identification

To identify IncRNAs, transcripts of less than 200
nucleotides and transcripts with significant
homology to known rice genes were removed. In
addition, remaining transcripts were BlastX Pfam
and UniProt databases, and transcripts with known
protein domains were excluded. Finally, the coding
potential of the transcripts was evaluated using
CPC2 (Coding Potential Calculator) and CNCI
(Coding-Noncoding  Index)  software  and
transcripts with a score less than zero were
considered as potential IncRNA. According to the
location of IncRNAs on the chromosome, they were
divided into 4 overlapping, antisense, intergenic
and intronic groups. The DESeq2 R package was
used to identify differentially expressed long non-
coding RNA (DEIncRNA) between normal and
stress conditions with a Ifold changel > 1 and an
adjusted p-value <0.01.

Prediction of target genes of IncRNAs

Potential target genes of IncRNAs were divided into
cis and trans based on their location. The genes
located within 10 kb upstream and downstream of
IncRNAs were predicted as the cis-targets. In
addition, Rlblast Fukunaga and Fukunaga and
Hamada (2017) was used to predict the trans-targets
mRNAs based on a cutoff of hybridization
energy <-30 kcal/mol.
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Enrichment analysis

Gene ontology enrichment analysis of target genes
of IncRNAs was performed using agriGo version 2.0
(http://systembiology.cau.edu.cn/agriGOv2/). GO
terms with the FDR value < 0.01 were considered as
the statistical significance. In addition, the DAVID
tool was employed to perform pathway analysis.
Pathways with an adjusted p-value < 0.05 were only
considered as enriched.

Cis-elements analysis

The 1 kbp upstream flanking regions of DEIncRNA
and DEmRNA were extracted from Ensembl Plants
(http://plants.ensembl.org). MEME
(meme.nbcr.net/meme/intro.html) (Bailey et al,
2009) was used to discover conserved motifs on the
sequences with its default parameters and threshold
E-value of <le-4. We used Tomtom v 5.0.1 tool
(http://meme-suite.org/tools/tomtom) (Gupta et al.,
2007) to eliminate redundant motifs and define
known CRE based on plant JASPAR database (Khan
et al., 2018) with a threshold E-value cut-off of 0.05.
Subsequently, GoMo tool (http://meme-
suite.org/tools/gomo) was applied to identify
possible links of motifs with gene ontology terms
(Buske et al., 2010).

Identification of IncRNAs as a potential target of
miRNAs

The known miRNA sequences of Oryza sativa were
downloaded from the miRBase database. The
psRNATarget was utilized for the identification of
the interaction relationship between IncRNAs and
miRNAs with the default parameters and
maximum expectation = 2.

IncRNA-mRNA network

Co-expression regulatory network was constructed
based on calculation of correlation between
DEIncRNA and DEmRNA. Pearson correlations
were determined by Hmisc R package and were
filtered with r>10.7] and P<0.01 thresholds. The
network was visualized by Cytoscape (version
3.9.1.).

Results

Identification of differentially expressed IncRNAs

Total RNA from root tip in IR64 genotype under
control and drought stress conditions were
sequenced using the Illumina technique. By
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removing reads containing adapter, reads
containing ploy-N and low-quality reads from raw
data, clean reads were eventually obtained
(Supplementary Table S1). All assembled
transcripts with a length of more than 200
nucleotides that do not have any indication of
coding potential, including open reading frames
(ORF) length of fewer than 300 nucleotides, were
kept and CNC2 and CNCI packages and the Pfam
database were used to further evaluate the
remaining transcripts.

Finally, 1815 IncRNAs were identified, of which 358
were DEIncRNAs with |FCI>1 and adjusted p-
value<0.05 obtained from the IR64-Z1 sample
(Supplementary Table S2). Figure 1 shows the
distribution and frequency of DEIncRNAs on rice
chromosomes, where DEIncRNAs are located on all
12 rice chromosomes. Among them, chromosome 1
had the highest number of IncRNAs (53) and
chromosome 12 had the lowest number (only 18)

2022 | Volume 10 | Issue 2

(Figure 1A). Examining the expression levels of
DEIncRNAs involved in the response to drought
stress by different types in rice showed that in
general 204 and 154 DEIncRNAs had increased and
decreased expression, respectively. According to
the relative position of IncRNAs compared to
protein-coding genes, IncRNAs were divided into
four groups: intergenic IncRNAs (long intergenic
noncoding RNAs), intronic IncRNAs (derived from
the Intron regions of protein-coding genes),
overlapping IncRNAs, and antisense IncRNAs
(overlapping with protein-coding genes on the
opposite strand) (Lee, 2012). Examining the
expression levels of DEIncRNAs involved in the
response to drought stress by different types in rice
shown in Figure 1B. Overall, within this study, the
Long intergenic non-coding RNAs (lincRNA) group
accounted for the highest proportion, representing
69.6% of the total.

Figure 1. (A) Distribution of DEIncRNAs on rice chromosomes. IncRNAs were distributed on all 12 rice chromosomes, with
the highest number on chromosome 1 (53) and the lowest number on chromosome 12 (18). (B) Classification of rice IncRNAs
based on genomic location. IncRNAs were divided into four categories according to their relative position compared to protein
coding genes (LincRNA, Antisense RNA, Intronic RNA, Overlap IncRNA).
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Target genes of DEIncRNAs

In the current investigation, we examined the
regulatory connections between IncRNAs and
mRNAs within the root tip region of the IR64
variety. Specifically, we identified a total of 338
differentially expressed IncRNAs (DEIncRNAs) that
regulate 710 differentially expressed mRNAs
(DEmRNAs) in a cis-regulatory manner, as
indicated by their co-location within 10 kb upstream
and downstream regions. Additionally, we found
that 351 DEIncRNAs are associated with 7535
DEmRNAs in a trans-regulatory state, established
based on a minimum free energy of base pairing
(AG <-30 kcals mol-1) (Figure 2).

Functional annotation of the DEInRNAs

Gene ontology (GO) enrichment analysis of the
predicted target genes of the IncRNAs showed that
a total of 43 biological processes, 17 molecular
functions and 38 cell components were significantly
altered in response to salt treatment
(Supplementary Table S3). The findings indicated
that within the biological process group, the
translation term featured 126 genes. In the
molecular function category, the term structural
molecule activity showcased an impressive 101
enriched genes. Meanwhile, within the cellular
component category, the term intrinsic to
membrane exhibited enrichment with 136 genes,
and the ribonucleoprotein complex term featured
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108 genes, demonstrating the highest rich factors.
(Figure 3). Moreover, terms such as response to
abiotic stimuli (GO:0009628), signal transduction
(GO:0007165) and secondary metabolic process
(GO:0006720) are significant in biological process
(BP) and terms such as ribosome (GO:0005840) and
plasma membrane (GO:0005886) are significant in
cellular components (CC). Finally, in molecular
functions (MF), the receptor activity term
(GO:0004872) was significant (S6).

Cis-regulatory element analysis

To discover the conserved motifs and consensus cis-
regulatory elements (CREs) in the promoters of
DEmRNAs and DEIncRNAs, we applied the MEME
tool and identified 24 motifs with lengths ranging
from 20 to 50 aa (Table 1). We also compared the
identified motifs with known motifs in the JASPAR
CORE 2022 plants database. We found that sixteen
of the motifs were matched to the known motifs
related to various TFs, including AP2/EREBP, CH3,
C2H2 zinc finger factors, BBR/BPC, basic helix-loop-
helix factors (bHLH), and other C4 zinc finger-type
factors (Supplementary Table S4). GO term analysis
for motifs revealed that motifs are involved in the
regulation  of  transcription  (GO:0006355),
translation (GO:0006412), transmembrane receptor
protein  tyrosine kinase signaling pathway
(GO:0007169) (Table 1, Supplementary Table 54,
S5).

Figure 2. Summary of regulatory relationships between IncRNAs and mRNAs. The number of different combinations between
IncRNAs and their target genes is marked in black. The red and blue values indicate the percentage of IncRNAs that show a
positive and negative correlation with their target mRNAs, respectively. o is Pearson's correlation coefficient.
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Figure 3. GO enrichment analysis of target mRNAs of DEIncRNAs including biological process (BP), cellular components (CC)
and molecular function (MF) categories.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Esmaeili Tazangi et al.

2022 | Volume 10 | Issue 2

Table 1. The conserved motifs found in promoter of DEmRNAs by the MEME analysis.

Identification of IncRNAs as potential targets of
miRNAs

In this study, a total of 32 miRNAs were found, all
of which belonged to 14 conserved families
(Supplementary Table S6). Among the detected
miRNAs, the osa-miR439, osa-miR818 and osa-
miR821families comprised the highest frequency
with 9, 5, and 3 members, respectively. In this study,
miRNAs from miR393 and miR439 and etc. families
were identified.

Construction of IncRNA-mRNA network

The edge between nodes represents the interaction
between these biomolecules (Shannon et al., 2003).
The IncRNA-mRNA regulatory pairs were further
integrated based on the common mRNA of
IncRNA-mRNA co-expression interaction pairs,

followed by visualization of the IncRNA-mRNA
regulatory network using Cytoscape, an open-
source bioinformatics software. As shown in Figure
4, the IncRNA-mRNA regulatory network is
contained. We have recognized 10 pivotal IncRNAs
(Os01g0768200, Os02g0686400, Os07g0203300,
0s02g0229800,  Os02g0216300,  Os06g0692050,
Os05g0138300,  Os06g0308300,  Os08g0553450,
Os04g0474300) as central hub genes within the
IncRNA-mRNA network. The target genes of these
top 10 IncRNAs were analyzed ontologically in
order to understand the potential function of
InRNAs during drought stress. The functional
analysis revealed that they were involved in
developmental process (GO:0032502), cellular
response to stimulus (GO:0051716), and signaling
pathway (GO:0023033).
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Figure 4. IncRNA-mRNA regulator network. Pink and blue circles indicate IncRNAs and mRNAs, respectively.

Discussion

Rice constitutes a crucial crop with regards to food
security. However, the crop's susceptibility to yield
loss due to drought stress is a notable concern. In
1985, the cultivar (lowland-indica) IR64 was
developed by IRRI and released in the Philippines.
In addition to high yield, early maturity and high
disease resistance, it has excellent baking quality
that matches the best available varieties. These
concessions have led to its rapid expansion and
cultivation in more than 10 million people in the
two decades since its publication. Because of its
success as a variety, it has been extensively studiedf
for scientific use and is well characterized
genetically. Continued basic studies on IR64 and

related  varieties  should  contribute  to
understanding the complex genetic control of yield
and other traits of interest to rice farmers and
consumers (Mackill and Khush, 2018). A dearth of
knowledge exists regarding drought-responsive
IncRNAs in rice. IncRNAs are a recently discovered
class of molecules that serve important functions in
a wide range of biological processes, including
growth regulation and stress response. However,
the precise mechanisms involved in these processes
remain largely unknown. In the case of plants,
recent evidence from various species inlicates that
IncRNAs are expressed in response to multiple
stresses, such as sall in Gossypium hirsutum (Deng et
al., 2018) and Medicago truncatula (Wang et al., 2015),
as well as heat and drought in Brassica juncea (Bhatia
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et al, 2020). To further investigate the role of
IncRNAs in response to drought stress, we
conducted a study involving the IR64 cultivar,
which has a shallow rooting system. The meristem
region was sampled in order to gain a better
understanding of the function of IncRNAs in
response to drought. Since the tip includes the
meristem and elongated regions where cells divide,
grow and elongate and is one of the most important
root factors in determining traits and adaptive
strategies to water stress (Bizet et al., 2015). We
selected the root tip region for further studies on
root IncRNA strategy as a result of water deficit. The
current study aimed to identify drought stress-
responsive IncRNAs present in the root system
architecture (RSA) as vital growth trait that
performs a pivotal role in plant adaptation and
productivity in environments constrained by water
availability.

Here, a total of 1815 IncRNAs were detected the
majority of them were lincRNAs. Previous studies
have shown that, among IncRNAs, lincRNAs
accounted for the largest number, which were
observed in rice (76%) and maize (93%),
respectively (Li et al., 2014; Zhang et al., 2014).
Espinosa (2017) showed that lincRNAs can act as
local enhancers to activate the transcription of their
chromosomal  neighboring genes, which
emphasizes the possible important functions of
IncRNAs in or nearby. In the results of research
conducted on IR64 and Pokkali cultivars under salt
stress, it has been shown that IncRNAs are
distributed on all 12 chromosomes, and the
IncRNAs that respond to salinity among the 12
chromosomes are unequal in both genetics. They
have not followed a specific process similar to this
research (Tiwari et al.,, 2023). The finding in this
study further substantiate this conclusion. It is
interesting that in this study, chromosomes 1, 2, and
3 have the number of IncRNA respectively. In a
research conducted on the identification and
functional analysis of IncRNAs on seed senescence,
most IncRNAs were distributed on chromosomes 1,
2, and 3, and mRNAs and IncRNAs had a similar
distribution in these chromosomes (Zhang et al.,
2022). A total of 358 IncRNA genes were identified
that showed differential expression in the stress
response in the root tip which suggests that these
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IncRNAs may have a key role in the response to
stress rice.

IncRNAs act by influencing gene expression and
affect protein-coding genes through cis-regulation
of neighboring genes and trans-regulation of distant
genes (Rossetto et al, 2013). The functional
enrichment analysis revealed that the potential
target genes influenced by the differentially
expressed IncRNAs (DEIncRNAs) were primarily
associated with responses to abiotic stimuli,
reactions to chemical stimuli, and reactions to
(Supplementary S6).
Additionally, there was an enrichment of terms
related to secondary metabolic processes and the
transduction of hormonal signals. Moreover, an

hormonal stimuli

increased quantity of secondary metabolites, such
as phenylpropanoids, is often observed in response
to challenging environmental conditions. In many
plants, endogenous phenolic compounds play a
pivotal role in regulating drought tolerance
mechanisms (Akula and Ravishankar, 2011).
Drought stress triggers downstream pathways
involving phytohormone regulation and their
associated signaling pathways, consequently
initiating the synthesis of diverse protective
secondary  metabolites. These secondary
metabolites are instrumental in conferring tolerance
to a wide range of stressors, including both abiotic
and biotic stresses (Yadav et al., 2021).

We identified potential sequence motifs and TFs
binding sites in DEIncRNAs and DEmRNAs
promoters. We detected 16 motifs related to the TF
families such as AP2/EREBP, CH3, C2H2 zinc finger
factors, BBR/BPC, basic helix-loop-helix factors
(bHLH), and other C4 zinc finger-type factors.
Multiple reports have indicated that all these
transcription factors play a significant role in
response to stress. The AP2/EREBP genes hold
varied responsibilities in both developmental
processes and stress-related responses in plants
(Sakuma et al., 2002). In times of drought, the
AP2/EREBP transcription factor regulates a
multitude of target genes by binding to the cis-
element (A/GCCGAC) located in the promoter
region of the candidate genes (Sharoni et al., 2012).
C2H2 zinc finger proteins are part of a relatively
large family of transcriptional regulators in plants.
Recent research has shown that C2H2 zinc finger
proteins serve as crucial transcriptional regulators
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in the plant's response to a broad spectrum of stress
conditions such as extreme temperatures, salinity,
drought, oxidative stress, excessive light, and
silique shattering(Wang et al., 2019). Furthermore,
these proteins can enhance drought resistance in
rice plants by regulating the levels of ROS-
scavenging activities, proline, H202, and other
cellular components (Wang et al., 2019). The bHLH
proteins are among the many transcription factors
present in all eukaryotic organisms, involved in a
wide range of regulatory processes (Jin et al., 2014).
Overexpression of the bHLH12 gene endows plants
with drought, salt, and osmotic stress resistance,
whereas the bhlh122 mutant plants showed
heightened sensitivity to these stressors when
compared to the wild type plants. Additionally,
bHLH122 regulates the expression of stress-related
genes directly (Liu et al., 2014).

The IncRNAs act as target mimics of miRNAs that
can affect regulation of gene expression. We
identified the targets of IncRNAs on miRNAs using
psRNATarget server. A total of 32 miRNAs were
identified, with the majority of them belonging to
the o0sa-miR439, o0sa-miR818, and osa-miR821
families. Studies have demonstrated that osa-
miR821 is up-regulated in the roots of plants
subjected to salt stress(Sanan-Mishra et al., 2009),
while miR439 has been associated with H202
accumulation (Junhua et al.,, 2021). Furthermore,
research has indicated that miRNA393 is involved
in the heat stress response in wheat (Ragupathy et
al., 2016).

We constructed a co-expression IncRNA-mRNA
network to assess regulatory mechanism of
IncRNAs in root tip region. Based on results, 10 hub
genes, including Os01g0768200, Os02g0686400,
0s07g0203300,  Os02g0229800,  0s02g0216300,
0s06g0692050,  Os05g0138300,  Os06g0308300,
Os08g0553450, and Os04g0474300 were identified.
The function of these genes was significantly
associated with developmental process, cellular
response to stimulus and signaling pathway. One of
the hub genes, Os02g0686400, demonstrated the
maximum expression increase under drought
conditions compared to control conditions. These
hub genes have important targets, including the
OsPIN9 gene (Os01g0802700), which has been
reported to respond significantly to abiotic stress in
the roots of rice seedlings (Xu et al., 2022). OsPIN9
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potentially regulates abiotic stress and hormone
signaling to balance plant growth and various
exogenous stimuli by directing auxin flux. Another
target gene is IAA13 (Os03g0742900), a candidate
gene for salinity resistance. Auxin/IAA proteins are
short-lived and regulate cell division and
elongation to direct plant growth and development
(Jung et al., 2015; Singh and Jain, 2015).

Conclusion

In the current investigation, the transcriptome
analysis of the IR64 genotype with shallow roots led
to the identification of a number of DE-IncRNAs,
which are presumed to participate in the drought
stress response of rice. The functional analysis of
these IncRNAs exhibited a specific enrichment for
signal transduction pathways and hormonal stimuli
responses. Additionally, our findings revealed the
relationship of DE-IncRNAs with several
transcription factor families, including AP2/EREBP
and bHLH, as well as with miRNAs such as osa-
miR439, osa-miR818, and osa-miR821. Specifically,
our results highlight the crucial roles played by
IncRNAs, including 0Os01g0768200 and
0Os02g0686400, in the regulatory networks involved
in the drought response of the root tip region. This
study provides novel insights into the involvement
of IncRNAs in the response to drought stress and
enhances our understanding of their functions in
the root tip region of rice.
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Abstract: The Russian wheat aphid (RWA, Diuraphis noxia), prevalent pest affecting
barley globally, can severely damage barley yield and grain quality. The present study
aimed to identify simple sequence repeat (SSR) markers associated with RWA

Date resistance in wild barley (Hordeum wvulgare subsp. spontaneum). Thirty wild barley
Received: 6 June 2023 accessions were selected from the ICARDA GeneBank and Iran to represent 10 Asia
Accepted: 8 October 2023 countries scattered along the natural geographic distribution of the species for RWA
Published: 6 January 2024 resistance. Five traits, including leaf chlorosis, leaf rolling, chlorophyll a, b, and total

chlorophyll concentration, were evaluated. Fourteen SSR markers were used to assess
genetic diversity. The association between 52 polymorphic SSR markers and RWA

Correspondence resistance traits was examined using both general linear model (GLM) and mixed linear
Dr. Zahra Tahmasebi model (MLM) approaches. The population structure analysis revealed seven
2 tahmasebi@ilam.ac.ir subpopulations in the entire collection (K=7). Eleven marker-trait associations (MTA)

were identified on chromosomes 1H, 2H, 3H, 4H, and 7H, with significant associations
found for markers Bmag007, Bmag6, Bmac0399, Bmag0125, and EBmac0701 with RWA
resistance traits in both GLM and MLM. This study identified novel genomic regions
Citation putatively linked with RWA resistance traits, offering insights into the genetic
Tahmasebi, Z,, Safari, ., Arminian, A, and architecture of RWA resistance in barley. These findings may guide the utilization of
Fatehi, F. (2022). Marker-trait association of RWA resistant accessions of H. spontaneum as parents for barley breeding programs.
Russian wheat aphid (Diuraphis noxia)
resistance in a globally diverse set of wild
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Introduction

The Russian wheat aphid, Diuraphis noxia
(Kurdjumov) (Hemiptera aphididae), is a significant
pest affecting two important cereal crops: wheat
(Triticum aestivum L.) and barley (Hordeum vulgare
L.). Russian wheat aphids (RWA) cause a significant
loss in grain yield and quality in barley. As a
phloem-feeding aphid, it causes symptoms such as
leaf rolling and streaking, head trapping, and the
eventual death death of the infested plants (Nieto
Lopez and Blake, 1994). RWA infestation decreases
plant height, shoot weight, and number of spikes
(Gharaghanipor et al., 2022).

Hordeum wvulgare ssp. spontaneum is the direct
progenitor of domesticated barley, the only wild
species in the barley primary gene pool and hence
readily crossable species (Zhang et al., 2017).
Genetic diversity of H. spontaneum has been
estimated to be twice that of cultivated barley (Able
et al.,, 2007). Many resistance attributes to diseases
and pests have been lost during domestication
process in the wild relatives of cultivated crops
(Moreira et al., 2018). Screening crop wild relatives
for (partial) resistance to aphids supports a fine
chance for identifying potentially beneficial traits
(Zohary and Hopf, 2000) and introducing them into
agricultural cultivars (Webster et al., 1991; Arora et
al., 2019).

Exploring new sources of resistance and
understanding of complex genetic components
involved in pest resistance is necessary to develop
pest resistant cultivars. Marker assistant selection
(MAS) may be employed efficiently with DNA
markers strongly related to target loci and highly
polymorphic, allowing for low-cost recognition of
RWA resistant plants (Pritchard et al., 2000; Collard
and Mackill, 2008; Joukhadar et al.,, 2013). Scanty
research has focused on association mapping of
RWA resistance (Heng-Moss et al., 2003; Dahleen et
al,, 2012; Joukhadar et al., 2013; Tolmay et al., 2013;
Dahleen et al., 2015; Zhang et al., 2017). Resistance
to RWA in barley was associated with loci on
chromosomes 1H, 2H, 3H, 5H, and 7H (Dahleen et
al.,, 2012). A total of 605 high-quality bin-mapped
SNPs were positioned in seven linkage groups with
a total map length of 1208.9 cM and average marker
distance of 2.02 cM. Composite interval mapping
identified five different quantitative trait loci (QTLs)
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on chromosomes 1H, 3H, 5H and 6H associated
with aphid resistance and related traits (Rohlf,
1988). The novel chromosomal regions that could
contribute to RWA resistance in wheat were found,
and the intricate genetics that could control RWA
resistance were uncovered (Kisten et al., 2020).
Macaulay et al. (2020) proved an aphid resistance
site on the distal fragment of the 2HS chromosome,
with resistance inherited from the previously
identified H. v. ssp. spontaneum (Ahman and
Bengtsson, 2019).

Association genetics or association mapping (AM)
is one of the approaches that is currently being used
because of its multiple applications to many crops.
Association genetics is useful as a novel strategy for
discovery of new markers to use in marker-assisted
selection (MAS) and breeding or for confirmation of
quantitative trait loci (QTL) (Alvarez et al., 2014).
Because of its ability to use the natural diversity and
to search for functional variants in a broader
germplasm, association mapping is becoming
popular among researchers (Kisten et al., 2020).
The present study was conducted to evaluate a
diverse set of H. spontaneum accessions for RWA
resistance and identification of SSR markers
associated with RWA resistance by association
analysis.

Materials and Methods

Plant materials

Thirty natural accessions of wild barley (H.
spontaneum), 27 accessions provided from
International Center for Agricultural Research in Dry
Areas (ICARDA) GeneBank representing nine
countries scattered along the natural geographic
distribution of the species and three genotypes
collected from the west and north-west of Iran, were
evaluated (Table 1).

Phenotyping

Plant growth: The plant seeds were sterilized in 2%
(v/v) hypochlorite and rinsed with distilled H2O.
Afterwards, they were incubated at 4°C for 14 days.
Then they were kept at room temperature for 48 h.
The pots were filled with a mixture of soil, sand,
gravel, peat moss and perlite in a ratio of 1: 1: 1: 1: 3,
respectively. The germinated seedlings were grown
in controlled greenhouse conditions with a
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temperature of 20° C during the day, 15° C at night,
16 hours of light per day and 8 hours at night.

The germinated seedlings were grown in controlled
greenhouse conditions with a temperature of 20° C

Table 1. Origin of wild barley accessions used in this study.

2022 | Volume 10 | Issue 2

during the day, 15 ° C at night, 16 hours of light per
day and 8 hours at night. Aphid tests: D. noxia was
collected from wheat fields near llam (Iran).

Collection location

No. Accession number Province Country Latitude Longitude
1 IG 120790 Krasnvvdsk  Turkmenistan N382555 E056 16 44
2 IG 38654 Faryab Afghanistan N35 44 E063 59
3 IG 38669 Samangan Afghanistan N36 16 E068 01
4 IG 40155 Kashkadrya Uzbekistan N38 57 E66 50
5 IG 117888 Aydlyb Syria N361230 E3646 38
6 IG 40154 Kashkadrya Uzbekistan N38 48 E66 28
7 IG 39919 Svydya Syria N323600 E364430
8 1G 120794 Ashgabat Turkmenistan ~ N38 35 E57 07
9 IG 39565 West Bank Palestine N314620 E351537
10 IG 140189 Kulyab Tajikistan 37.82496 70.18093
11 IG 144170 Alsalt Jordan N32.10835 E35.74527
12 IG 137596 Arart Armenia N39 47 E45 22
13 1G 120793 Ashgabat Turkmenistan N38 30 E56 50
14 IG 129152 Nineveh Iraq N36 21 E43 08
15 1G 38936 West Bank Palestine N32 24 E35 06
16 IG 142356 Svghad Tajikistan N394804 E685335
17 IG 119447 Aydlyb Syria N353245 E370120
18 1G 38657 Kandahar Afghanistan N31 40 E65 29
19 IG 121853 Svydya Syria N323730 E364625
20 IG 139141 Alkrak Jordan N3119.786 E3543.341
21 IG 142486 Svghad Tajikistan N400730 E691357
22 IG 119438 Hvms Syria N350048 E364209
23 IG 40152 Svrkhandarya  Uzbekistan N37 48 E67 00
24 IG 140352 Kulyab Tajikistan 38.25927 69.83140
25 IG 39489 Syria N35 00 E038 00
26 1G 140073 Dushanbe Tajikistan 38.37815 68.70809
27 IG 140302 Kulyab Tajikistan 38.09862 69.79325
28 IG1 Kurdistan Iran N35 055 E46 57 52
29 1G2 Kermanshah Iran N24 3208 E48 01 39
30 I1G3 Kermanshah Iran N24 2501 E47 02 44

Experiments were conducted in a greenhouse on

susceptible

'Sardari’

barley plants at Ilam confirmed

in

University. The identity of D. noxia biotype 2 was

diagnostic barley differential
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greenhouse assays. At the stage of two to four
leaves, five aphids were used to infest each plant.
The aphid needed for infestation was collected from
the wheat fields in Ilam province and transferred to
the incubator with the conditions of temperature
25+1, humidity 85%, 14 hours of light and 10 hours
of darkness (Girma et al., 1993). In order to achieve
the required number of aphids to infest plants and
create a pure population, aphids were propagated
on the sensitive barley variety (Sarroud). The
infestation of the population was conducted using
five aphid nymphs aged 4-5 were released on each
seedling. Twenty eight days after infestion, reaction
to RWA infestation of H. spontaneum accessions was
recorded by six replicates with five seedlings tested
per accession within each replicate (Tocho et al.,
2012).

All Plants were visually scored for leaf chlorosis and
leaf rolling. Chlorosis was recorded on a scale of 0-
9 (Tolmay et al., 2020), where 0 is immune, 1
represents healthy appearing plant, 2 denotes
prominent isolated chlorotic spots, and 9 represents
dead or damaged beyond recovery. Leaf rolling was
recorded using a 1-3 scale (Tolmay et al., 2020)
where 1 showed unfolded, 2 indicates one or more
folded leaves, and 3 indicates one or more ring-
shaped folded leaves.

Chlorophyll concentration

To measure the amount of chlorophyll a, b and total
chlorophyll, about 0.5g of control and aphid-
infested plant leaves were ground with liquid
nitrogen. Five ml of the 80% acetone was added up
to extract photosynthetic pigments (chlorophyll a,
b, and total). Approximately 1.5 ml of the blend was
aspirated and then centrifuged at 3000 rpm for 15
min to remove unsolvable plant tissues. In order to
guarantee the absorbance readings at 663 nm below
1.5, the resultant supernatant was diluted with 80 %
acetone. Next, pigment extract absorbance was
calculated at 646 nm and 663 nm wave lengths,
respectively in a spectrophotometer (Cary-50 model
made by Varian Company, Australia). Three types
of pigment concentrations were determined
according to equation bellow 6:

Ca (mg gr') =12.21 Asss — 2.81 Asss
Cov (mg gr') =20.13 Aess — 5.03 Ass3
Ct (mg gr')=Ca+Cb
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In these equations, Ca, Cb, and Ct represent the
chlorophyll a, b, and total concentrations,
respectively. Axrepresents the x nm absorbance.

Genotyping

DNA extraction was done at the plant stage of three
to five leaves 34. PCR mixture was comprised of 40-
50 ng/pl genomic DNA, 1 mM deoxyribonucleotide
triphosphates (ANTPs), 2 mM MgClz, 19 PCR buffer,
1.5 U Tag DNA polymerase (Sina clone Company,
Karaj, Iran), and 0.7 uM of forward and reverse
primers reported by Raman and Read (2000) (Table
2) in a total volume of 20 ul. The PCR reaction was
performed using the protocol of Cakir et al. (2009).
The amplified products were resolved on a non-
denatured polyacrylamide gel at a concentration of
6%. The electrophoresed gels were visualized under
UV light.

Statistical analysis

The analysis of variance was was conducted using a
completely randomized design, and genotypic
means were compared using Duncan's multiple
range post-hoc tests in SAS version 9.2.
Polymorphic information content (PIC) indicates
the genetic diversity of primers. The PIC for each
primer was determined by the following equation
(Moreira et al., 2018):

PIC=1-Z (Py)?

In this equation, Pj is the frequency of jt allele in it
primer.

In order to calculate genetic relationships among
the wild barley accessions NTSYSpc 2.02e software
was used for computing Jaccard’s similarity
coefficients. Furthermore, cluster analysis was
conducted utilizing an unweighted pair-group
(UPGMA) approach to develop dendrograms 39
using th above software. Genome-wide association
analyses were carried out using the general linear
model (GLM) and mixed linear model (MLM)
approaches in TASSEL 4.0 and the association
between each RWA resistance related traits and the
SSR markers was tested (Bradbury et al., 2007). The
relevant Q values were used as covariates in GLM
and MLM analyses. Manhattan plots showed the
relationship between a phenotypic trait and a SSR
marker (P < 0.05). The population structure of the
wild barley accessions was determined by the
Bayesian clustering method using STRUCTURE
version 2.3.4 (Oliver et al., 2010).
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Table 2. Detailed information on SSR markers used in the present study.

GenBank Prin}er Melting I?roduct Primer sequence (5'-3')
location temperature (°C) size (bp)
Bmac0399 1H 60 145 R:CGATGCTTTACTATGAGAGGT
F:GGGTCTGAAGCCTGAAC
: TA
o w e RouoMercns
o wm W Koo
s w s RGO
woons w7 maccmecsacmmon
o w0 Rawccccacnc
mwow s W Rcmcenceoc
woow w7 Racacocmmou
: TCAA T
w7 oo
oo wm W ROcomaGo
B @ w P pomocccomo
oo w1 %W kewmmonooc
w9 MOMIGMGMTAcoue
Brmag0135 TH 58 161 R:ACGAAAGAGTTACAACGGATA

F: GTTTACCACAGATCTACAGGTG

rolling. Regarding chlorosis, 1G140073 and
Results 1G120794 genotypes had the scores of 1.06 and 1.37,
respectively, which categorize as resistant.
1G129152 and IG117888 were susceptible with the
scores 9 and 8.82, respectively (Table 3). IG2 (1.03)
and 1G120794 (1.04) had the least leaf rolling and
were the most resistant genotypes. On the other
hand, IG3 (3.00) was a moderately susceptible

Phenotypic evaluation

The reaction of 30 wild barley genotypes to RWA
feeding was evaluated. The results of the analysis of
variation showed highly significant genotypic
effects for rolling (F =160.41, df: =29, df. = 720, P
<0.0001) and chlorosis (F =22.12, dfe=29, df. =720,

P <0.0001).

A wide range of resistance to susceptibility was
observed for leaf chlorosis with the average of 1.06
to 9. Mean reactions ranged from 1.03 to 3 for leaf

(Table 3).

Chlorophyll concentration
Chlorophyll a (F = 3.2, dft =29, dfe = 60, P <0.001), b
(F = 3.54, dfi = 29, dfe= 720, P <0.001), and total

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Tahmasebi et al.

chlorophyll (F = 3.45, dft =29, dfe = 720, P <0.001)
concentrations were significantly different among
the RWA-infested H. spontaneum populations.
Chlorophyll a, b, and total chlorophyll
concentrations were decreased significantly (0.88,
0.62 and 1.49 mg/g, respectively) on RWA-infested
H. spontaneum populations when compared with
those of the uninfested plants (1.08, 0.80 and 1.61

2022 | Volume 10 | Issue 2

mg/g). In the RWA-infested condition, 1G40154
genotype had the highest chlorophyll a (1.56 mg/g),
b (1.159 mg/g), and total (2.72 mg/g). Additionally,
1G129152 genotype exhibited the lowest levels of
chlorophyll a (0 mg/g), chlorophyll b (0 mg/g), and
total chlorophyll concentration (0 mg/g) (Table 4).

Table 3. Mean comparison of leaf chlorosis and leaf rolling in wild barley accessions under infestation with Russian wheat

aphid at seedling stage.
Accessions Plant chlorosis Leaf rolling
1G129152 9.00 a 1.58j
1G117888 8.82a 2.89 cd
1G144170 793 b 2.89d
1G38657 6.54 c 251¢g
1G121853 595d 254 ¢
1G119447 525e 1.80j
1G39919 517 e 2.82d
1G38654 516e 2.80 de
1G137596 435 f 2.93bc
1G139141 375¢g 2.00h
1G120790 3.69 gh 295b
1G120793 3.44 ghi 203¢g
IG1 3.40 ghi 1.851
1G142486 3.38 ghi 1.831
1G39489 3.29 hi 2.02h
1G119438 3211 2.6 ef
1G38936 3.141 2.54 ef
1G140352 2.72j 2.02h
1G140302 2.68j 2.58 fg
1G2 2.45 jk 1.03 k
1G140189 2.44 ik 1.891
1G39565 2.31 ik 154 ¢g
1G40155 216k 1.41j
1G38669 215k 1.57 1
IG3 210k 3.00 a
1G40152 2.06 k 1.49
1G142356 1.601 1.08 k
1G40154 1.461 1.44j
1G120794 1.37 Im 1.04 k
1G140073 1.06 m 1.07k

*In each column, the means with at least one similar letter do not differ significantly at the 5% probability level.

Journal of Plant Molecular Breeding | www.jpmb-gabit.ir


http://www.jpmb-gabit.ir/
https://www.frontiersin.org/journals/plant-science#articles

Tahmasebi et al. 2022 | Volume 10 | Issue 2

5). A total of 52 alleles were detected. Number of
observed alleles ranged 4 to 8 with an average

number of 5.2 alleles per locus. Bmag007 marker
had eight alleles while Bmac0399, Bmag0125,

Screening of SSR marker and assessment of genetic
diversity

The system of SSR markers was used for analyzing
the genetic diversity of 30 wild barley genotypes.
Out of 14 microsatellite primers used, 10 primers Bmag0223, and EBmac602 had 4 alleles (Table 5).
(71%) showed acceptable polymorphism. Four pairs Moreover, at the DNA level, 100 percent of the

of primers (Bmag0135, Bmac0032, GBM1483 and amplification products showed polymorphism,
indicating substantial diversity among H.

Bmag0173) were excluded from further analysis
spontaneum accessions (Table 5).

due to the production of non-specific bands (Table

Table 4. Mean comparison of Chlorophyll a, b and total Chlorophyll in barley accessions under infestation with Russian wheat

aphid at seedling stage.
Accession Chlorophyll b Chlorophyll a Total chlorophyll
1G40154 1.159a 1.56 a 2.72a
1G140073 0.96ab 1.39ab 2.35ab
IG2 0.957 ab 1.28a-d 2.23a-c
IG1 0.883a-c 1.34 a-c 2.23a-c
1G120790 0.819a-d 1.17a-d 1.986a-d
1G38936 0.816 a-d 1.14a-e 1.947a-d
1G38669 0.782b-d 1.13a-e 1.914a-d
1G140189 0.741b-d 1.09a-e 1.833b-d
1G40152 0.739b-d 1.081a-f 1.819b-d
IG3 0.725b-e 1.073a-f 1.798b-e
1G139141 0.706b-e 1.012b-f 1.72 b-e
1G39919 0.698b-e 1.015b-f 1.71 b-e
1G120794 0.696b-e 0.978b-f 1.67 b-e
1G142356 0.686b-e 0.988b-f 1.68 b-e
1G120793 0.679b-f 0.928 b-f 1.61 b-e
1G40155 0.617b-f 0.877b-g 1.49 b-f
1G38654 0.615b-f 0.897b-g 1.52 b-f
1G39489 0.599b-f 0.847c-g 1.45c¢-f
1G119438 0.571 c-g 0.802c-h 1.37c-g
1G140352 0.570 c-g 0.802c-h 1.37 c-g
1G140302 0.565c-g 0.760d-h 132 c-g
1G137596 0.519c-h 0.785d-h 1.305d-g
1G142486 0.496d-h 0.675 e-i 1.17d-h
1G39565 0.476d-h 0.658e-i 1.13d-h
1G119447 0.442 d-h 0.653e-1 1.09d-h
1G121853 0.353e-h 0.550f-i 0.903e-h
1G38657 0.309f-i 0.391 g-j 0.701 f-i
1G117888 0.228g-i 0.285h-j 0.514g-i
1G144170 0.165hi 0.191jj 0.356hi
1G129152 0.0001 0.000j 0.0001

*In each column, the means with at least one similar letter do not differ significantly from each other at the 5% level.
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The highest and lowest PIC was for primer
Bmag007 (0.812) and Bmac0399 (0.374),
respectively. As a result, primer Bmag007 is an
efficient and helpful marker for detecting genetic

2022 | Volume 10 | Issue 2

variations amongst H. spontaneum accessions (Table
5). According to the cluster analysis, the thirty
accessions were divided into seven groups (Figure
1).

Table 5. Allele number (Na), number of effective alleles, marker index, Shannon index and polymorphism information content
recorded in 30 wild barley accessions using 10 SSR markers.

Number of Polymorphism  Number of
Primer name observed information effective Marker index Sl.lannon
alleles content (PIC) alleles index

Bmac0399 4 0.374 1.60 1.50 0.72
Bmac134 5 0.746 3.93 3.73 1.48
Bmag0125 4 0.470 1.88 1.88 0.76
Bmac0067 5 0.601hg 2.50 3.01 1.20
Bmag6 7 0.608 2.55 4.26 1.35
EBmac0701 6 0.765 4.26 4.59 1.60
Bmac310 5 0.713 3.48 3.57 1.37
Bmag0223 4 0.643 2.80 2.57 1.10
EBmac602 4 0.557 2.26 2.23 1.02
Bmag007 8 0.812 5.31 6.49 1.84

Figure 1. A dendrogram based on SSR markers of the 30 H. spontaneum populations by UPGMA method.
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The first cluster consisted of six genotypes of Iranian
accession (Kermanshah NO. 30), Iranian accession
(Kurdistan), 1G38936  (Palestine), 1G137596
(Armenia), 1G144170 (Jordan), and 1G39565
(Palestine). The second cluster included five
accessions such as IG 120793 (Turkmenistan), IG
140189 (Tajikistan), 1G40152 (Uzbekistan), Iranian
accession (Kermanshah NO. 29), and 1G140302
(Tajikistan). The third cluster had only one
accession, 1G117888 (Syria). The fourth cluster
comprised seven accessions, IG 39919 (Syria),
1G38669 (Afghanistan), IG 39489 (Syria), 1G119438
(Syria), 1G120790 (Turkmenistan), 1G120794
(Turkmenistan), and 1G40155 (Uzbekistan). The
fifth cluster included five accessions, 1G139141
(Jordan), 1G38654 (Afghanistan), 1G120794
(Turkmenistan), 1G121853 (Syria), and 1G129152
(Iraq). The sixth cluster had four accessions,

100
0.0
060
040

02 4
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including 1G38657 (Afghanistan), 1G119447 (Syria),
1G142356 (Tajikistan), and 1G142486 (Tajikistan).
The seventh cluster included two accessions, (IG
140073 (Tajikistan) and 1G140352 (Tajikistan).

Population structure

K and AK statistics were extracted by determining
the structure using the MCMC
algorithm. The maximum value was K=7 (Figure 2).

population

Thus, the 30 H. spontaneum accessions were divided
into seven subpopulations 2). Al
subpopulations had the same proportion of
membership (0.143). Therefore, the same number of
accessions was observed in each subpopulation.
The highest genetic differentiation belonged to the
fourth subpopulation (0.0743). The
subpopulation ~ had the lowest

(Figure

seventh
genetic

differentiation (0.0002) (Table 6).

a0

3 o 2 19 7 18 24

Figure 2. Genetic relatedness of 30 H. spontaneum populations with 10 SSR primer combinations as analyzed by the

STRUCTURE program.

Table 6. Percentage of accessions, differentiation index and genetic distance of the extracted subpopulations.

Genetic distance

Subpopulation Proportion of  differentiation ) 3 1 5 6 ”
membership index (fst)

1 0.143 0.0363 - 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 0.143 0.0050 0.0000 - 0.0000 0.0001 0.0000 0.0000 0.0000
3 0.143 0.0386 0.0000  0.0000 - 0.0000 0.0000 0.0000 0.0000
4 0.143 0.0743 0.0000 0.0001 - 0.0000 0.0001 0.0001
5 0.143 0.0007 0.0000 0.0000 0.0000 0.0001 - 0.0000  0.0000
6 0.143 0.0183 0.0000 0.0000 0.0000 0.0001 - 0.0000
7 0.143 0.0002 0.0000 0.0000 0.0000 0.0001 0.0000 -
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Association analysis

Association analysis was conducted with only 11
marker loci, as they exhibited a minor allele
frequency (i.e., below 5%) (Table 7). Bmag007 (on
7H), Bmagb (on the 3H), and Bmac0399 (on the 1H)
were significantly associated with leaf rolling in two
loci. Bmag0125 (on the 2H) was significantly
associated with Chlorophyll a, Total Chlorophyll,
and Chlorophyll b. Furthermore, there were
significant associations between the marker
EBmac0701 (on the 4H) and Total Chlorophyll,
Chlorophyll b, Chlorophyll a, and chlorosis.
Further, EBmac0701 (on the 4H) was significantly
associated with leaf chlorosis (Table 7).

Discussion

This study contributes new insights into the genetic
diversity among H. spontaneum populations for
RWA-resistance, offering valuable information for
integration into the breeding programs aimed at
improving RWA resistance in barley cultivars.
1G120794 collected from Turkmenistan showed the
least leaf chlorosis and rolling, which reveal its
potential for using in a barley-breeding program in
future. High resistance in recent study could be
considered as a valuable D. noxia resistance source
that could be exploited by development of resistant
H. wvulgare germplasms through a backcross
program. Although they lacked the 2HS resistance
QTL, DH lines with a moderate resistance impact

Table 7. Marker-trait associations using MLM and GLM models.
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were reported to introgress aphid resistance from
the wild barley source H. spont (Ahman and
Bengtsson, 2019). Leybourne et al. (Kulwal and
Singh, 2021) showed that H. spont. possesses partial
resistance involved elevated basal expression of
thionin and phytohormone signaling genes as well
as a reduction in phloem quality.

The effect of feeding by this aphid species can be
assessed by both chlorophyll and carotenoid
concentrations. 1G129152 genotype had the lowest
chlorophyll a, chlorophyll b, and total chlorophyll
concentration, and was the most susceptible
population. Chlorosis is the loss of chlorophylls (i.e.,
chlorophylls a and b) caused by D. noxia feeding.
Prior studies have thoroughly investigated D. noxia-
induced chlorophyll reductions and their
implications on plant photosynthetic efficiency
(Fouche et al., 1984; Burd and Elliott, 1996; Gupta et
al., 2005; Macaulay et al., 2020). Likewise Burd and
Elliott (1996) compared the chlorophyll content
kinetics in susceptible and resistant plants and
found that D. noxia feeding reduced chlorophyll a,
b, and total content in susceptible wheat (Tavon'
and 'TAM W-IOI') and barley ('Wintermalt') but not
in resistant plants. Resistant plants seem to
counteract the deleterious effects of aphid herbivory
on leaves through up-regulation of detoxication
mechanisms and faster regeneration  of
photosynthetic active centers and RuBP.

P. value

Traits Marker name No. of associations R2(%)

MLM GLM
Leaf rolling Bmag007 2 0.0056 0.0056 0.2455
Chlorophyll a Bmag0125 3 0.0107 0.0093 0.1975
Total Chlorophyll  Bmag0125 3 0.0112 0.0096 0.1919
Chlorophyll b Bmag0125 3 0.0127 0.0109 0.1841
Leaf rolling Bmag007 2 0.0149 0.0149 0.1976
Total Chlorophyll EBmac0701 3 0.0289 0.0289 0.1428
Chlorophyll b EBmac0701 3 0.0296 0.0296 0.1399
Chlorophyll a EBmac0701 3 0.0306 0.0306 0.1433
Leaf rolling Bmac0399 1 0.0342 0.0342 0.1545
Leaf chlorosis EBmac0701 4 0.0344 0.0344 0.1369
Leaf rolling Bmagb 1 0.045 0.045 0.1400
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In contrast, leaves of susceptible plants are unable
to sustain these processes and become senescent
(Franzen et al., 2014).

Gray et al. (1990) determined the association
between marker alleles and phenotypes in the
homogeneous subpopulations by focusing on the
fundamental idea of a population-based mixed
population into several
subpopulations. At K = 7, the 30 H. spontaneum
populations applied for association analysis were

unstructured

divided into seven subpopulations in this study.
Subpopulations within a population may exist
owing to differences in genotype, geographical
origin, natural or human selection, or genetic drift
8). Bayesian clustering in STRUCTURE, PCoA and
AMOVA analyses revealed that the population
might be differentiated mainly due to the different
breeding program origins and by ear row type and
divided into five subpopulations (Capo-Chichi et
al., 2022). Several reports show that both
geographical origin and ear-row type are factors
influencing barley population structure (Bengtsson
et al, 2017, Capo-Chichi et al, 2022). The
geographical separation of the barley genotypes
observed in this study could also be justified by
local adaptation associating with alterations in
geographical attributes in the regions of origin.
Genetic diversity, manifested through allelic
variants of the involved genes, is a critical factor in
selecting the candidate parents to improve a desired
agronomic trait.

Association mapping enabled a much larger pool of
germplasm to be analyzed for regions related to
RWA resistance than the method used in the
alternative approaches which depend on biparental
mapping populations. SSR markers Bmag007,
Bmag6, Bmac0399, Bmag0125, and EBmac0701
exhibited significant associations with RWA
resistance traits. As expected, the considerably
expanded pool of H. spontaneum populations shed
light on the genetics of RWA resistance and
identified new regions associated with resistance
including loci on 1H, 2H, 3H, 4H, and 7H
chromosomes. Previous studies identified loci on 1H

2022 | Volume 10 | Issue 2

and (Nei, 1973; Macedo, 2003; Mittal et al., 2008;
Radchenko et al., 2022). Resistance to RWA in
barley, analyzed through QTL analysis and
genome-wide association mapping, showed
multiple relevant genes, including sites on
chromosomes 2H and 3H (Nei, 1973; Dahleen et al.,
2012; Leybourne et al., 2019; Singh et al., 2023).

Conclusion

the genetic diversity within wild barley accessions
presents a valuable resource for enhancing the
genetic foundation of barley and developing
superior cultivars. Employing association analysis
with a diverse array of wild barley accessions
proves effective in pinpointing Marker-Trait
Associations (MTAs) for traits such as RWA
resistance. The significant markers identified in this
study, once validated, can be integrated into
marker-assisted breeding programs. Moreover, the
preliminary association analysis results for RWA
resistance provide a foundation for screening
genotypes with aphid tolerance. Future exploration
of the putatively linked genomic regions holds
promise for uncovering crucial insights into RWA
resistance mechanisms in barley.
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Introduction

Isoprenoids, also known as terpenoids, are a diverse
group of about 30,000 unique compounds found in
plants. They perform a range of functions in plants,
including acting as essential components of primary
metabolism, such as photosynthetic pigments,
hormones, and redox cofactors. They also include
specialized metabolites that play a role in attracting
pollinators and defending plants against pathogens
and herbivores (Bouvier et al., 2005; Gershenzon
and Dudareva, 2007). Monoterpene indole alkaloids
are plant secondary metabolites, also known as
specialized metabolites, mainly found in the
Gentianales, consisting of more than 3,000 MIAs
derived from their central precursor strictosidine,
which exhibits a remarkable structural diversity
and pharmacological activities (O'Connor and
Maresh, 2006; Brown et al., 2015).

Plants of the Apocynaceae, Nyssaceae, Loganiaceae
and Rubiaceae families are known to synthesize

2022 | Volume 10 | Issue 2

MIAs as part of their defense mechanisms
(O'Connor and Maresh, 2006; De Luca et al., 2014).
The medicinal plant Catharanthus roseus (L.) G. Don
produces dimeric (bis-indole) MIAs, serving
aseither anticancer agents (vinblastine and
vincristine) (Martino et al., 2018) or precursors
(anhydrovinblastine) for the synthesis of natural
and semi-synthetic anticancer alkaloids (e.g.
vinorelbine) (Ngo et al, 2009). Vincristine and
vinblastine have been listed by the US Food and
Drug Administration as anticancer drugs with
shortages in 2019-2020 (Fox and Unguru, 2020). C.
roseus synthesizes MIAs through an extensive and
intricately branched 31-step metabolic pathway.
Over the past few decades, 38 MIA pathway genes
including structural genes and several transcription
factors involved in the MIA biosynthesis pathway
have been discovered using co-expression analysis
of tissue-derived omics datasets and biochemical
knowledge of the reactions (Figure 1) (Li et al,
2022).

Figure 1. Schematic of the MIA pathway in C. roseus. The biosynthesis of MIA starts with the coupling of secologanin (terpenoid
moiety) and tryptamine (indole moiety). The terpenoid moiety originates from geraniol, which produced by the mevalonate-
independent pathway (MEP). The indole part is derived via anthranilate from the shikimate pathway.
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The first transcription factors identified in C. roseus
belonged to the AP2-ERF ORCA (octadecanoid
derivative- responsive catharanthus apetala 2-
domain) family. These transcription factor gene
clusters, including ORCA2, ORCA3, ORCA4,
ORCA5 and ORCAS6, are able to upregulate the
transcription of key enzyme-encoding genes in the
downstream biosynthetic pathway of MIA, such as
STR, TDC, IS and G10H, and consequently MIAs
accumulation (Menke et al., 1999; Van der Fits and
Memelink, 2000; Paul et al., 2017; Yang et al., 2023).
The basic helix-loop-helix (bHLH) transcription
factor CrMYC2 regulates the TDC gene, a key gene
for tryptamine biosynthesis, and STR and MIA
accumulation. Upon perception of jasmonic acid
(JA) (Zhang et al., 2011), the MAP kinase cascade,
consisting of CrMAPK3/6, CrMAPKKK1,
CrMAPKK1 and phosphorylates CrMYC2 and
subsequently the CrMYC?2 activates the ORCA gene
cluster and the TIA pathway genes (Paul et al., 2017;
Singh et al., 2020).

Other transcription factors involved in the
regulation of different parts of the pathway
including bHLH iridoid synthesis (BIS), such as
BIS1, BIS2 and BIS3 genes, regulate the expression
of genes involved in the secoiridoid pathway (Van
Moerkercke et al., 2015). CrWRKY1 regulates the
serpentine branch of MIA biosynthesis pathway by
activating TDC and repressing ORCA genes
(Suttipanta et al, 2011). CrGATAl has been
identified and confirmed to be involved in
vindoline production in response to light (Liu et al.,
2019).

In C. roseus, transcription repressors have also been
identified, suggesting their involvement in the
modulation of MIA biosynthesis. Two G-box
binding factor (GBF) proteins, CrGBF1 and CrGBF2,
may act as transcriptional repressors of MIA
biosynthesis (Sibéril et al., 2001). They act as
antagonists of CrMYC2 and modulate gene
expression in MIA biosynthesis (Sui et al., 2018).
Zinc finger proteins such as ZCT1, ZCT2 and ZCT3
act as transcriptional repressors of TDC and STR
promoters (Pauw et al., 2004; Rizvi et al., 2016; Paul
etal.,, 2017). RMT1 binding to the ORCA3 promoter,
a target of MYC2, suggesting that RMT1 represses
the ORCA3 gene by competing with CrMYC2 for
binding to the same cis-element (Patra et al., 2018).
Furthermore, the involvement of microRNAs
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(miRNAs) in regulating MIA pathway has been
investigated in C. roseus (Prakash et al., 2015; Shen
et al., 2017). Conversely, no study has reported the
involvement of long non-coding RNAs in the
regulation of MIA biosynthesis, especially in C.
roseus.

RNA transcripts longer than 200 nt with no or
minimal coding potential or lacking an ORF
encoding >100 amino acids are classified as
IncRNAs (Yu et al, 2019). They can affect all
elements of genes, including exons, introns,
promoters, untranslated regions and terminators,
and control gene expression at multiple levels,
including modification of chromatin accessibility,
translation, transcription and splicing. The integrity
of the genome is protected by certain IncRNAs,
while others react to environmental cues such as
drought, temperature, nutrients and pathogens. The
majority of IncRNAs are investigated in the context
of protein coding gene regulation and may,
therefore, have a functional relationship with
mRNA expression (Wierzbicki et al., 2021). The
expression of most reported plant IncRNAs is
regulated by environmental conditions. They
respond to developmental or environmental cues
(Yu et al, 2019). Over the last decade, several
IncRNAs have been identified along with their
potential targets and mechanisms of action that
contribute to the growth, development and stress
response in plants. In the case of prolonged cold
exposure, a process known as vernalization
COLDAIR, COLDWRAP and COOLAIR IncRNAs
are required to effectively silence FLC transcription
which accelerates flowering (Swiezewski et al.,
2009; Heo and Sung, 2011; Csorba et al., 2014; Kim
and Sung, 2017). APOLO regulates the expression
of PID gene and auxin signal transduction (Ariel et
al., 2020). IPS1 controls the expression of the target
gene PHO2 under Pi starvation, facilitating its
uptake phosphate homeostasis (Franco-Zorrilla et
al., 2007). The key role of ASCO in regulating
alternative splicing (Rigo et al., 2020), SUF in female
identity (Hisanaga et al., 2019), 1GOD in seed
dormancy (Fedak et al., 2016), ELENAI1 in
enhancing immunity to Pseudomonas syringae PV.
(Seo et al.,, 2019), SVALKA in freezing response
(Kindgren et al.,, 2018), slylnc0195 and slylnc1077
IncRNAs in TYLCYV infection response (Wang et al.,
2015), DRIR in enhanced drought tolerance (Borah
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et al., 2018), ENOD40 in root nodulation (Sousa et
al., 2001; Campalans et al., 2004; Rohrig et al., 2004)
has been demonstrated.

In this research, we aimed to identify the regulatory
function of IncRNAs in collaboration with key
coding genes associated with the MIA biosynthesis
pathway in C. roseus.

Materials and Methods

Data collection

Transcriptomics and metabolomics data of C. roseus
were obtained from two different databases. The
transcriptomics data were retrieved from the
Medicinal Plant Genomics Resource (MPGR)
database (http://mpgr.uga.edu) (Gongora-Castillo
et al., 2012; Kellner et al., 2015). Additionally, the
metabolomics data were obtained from the
plant/eukaryotic and microbial systems resource
database
(https://metnetweb.gdcb.iastate.edu/PMRY/).

Prediction of candidate IncRNAs

The assembled transcripts of C. roseus were
acquired from MPGR. To distinguish IncRNAs from
all the assembled transcripts, transcripts with a
length less than 200 nt and an open reading frame
(ORF) longer than 100 amino acids were excluded
(Yu et al, 2019). The remaining transcripts
underwent a BLASTX search (E-value cutoff of 1E-
5) against Pfam, TAIR, Uniprot, and NCBI
databases to remove those with probable coding
proteins. Further evaluation of coding potential was
performed using the coding potential calculator
(CPC) and coding-non-coding index (CNCI).
Transcripts with a CPC score less than -1 and a
CNCI score less than 0 were retained. The
transcripts that passed the above-mentioned
stringent filtering pipeline were considered as
candidate IncRNAs and were considered for the
next step of the analysis.

Co-expression network construction

WGCNA package of the R software analysis was
applied to construct the C. roseus mRNA-IncRNA
co-expression network and to identify clusters of
transcripts exhibiting similar expression patterns
(Langfelder and Horvath, 2008). A similarity matrix
was generated by calculating Pearson correlations
between each pair of transcripts. The resulting
matrix was transformed into an adjacency matrix
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using a power function ($=12). Subsequently, the
topological overlap matrix (TOM) was calculated
for hierarchical clustering analysis. The dynamic
tree cut algorithm was then utilized to detect
distinct modules within the network. These
WGCNA modules were subsequently correlated
with metabolites to uncover relevant networks.
Modules displaying significant gene-metabolite
correlations (Pearson's correlation coefficient) were
singled out for further investigation. Hub genes
were identified by evaluating intramolecular
connectivity. Finally, the visualization of module's
network was accomplished using Cytoscape
software version 3.6.1.

Target gene prediction and enrichment analysis
The identified protein-coding transcripts were
annotated wusing BLASTX against the TAIR
database. In addition, genes that co-occurred with
IncRNAs in the same module were considered
potential targets of those IncRNAs. To gain a deeper
insight into the functions of these coding
transcripts, GO enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG)
pathway analysis were performed wusing the
gProfiler tool.

Results

Identification of key IncRNAs

To identify IncRNAs in the C. roseus, we conducted
an analysis of assembled transcripts obtained from
the MPGR database. Our filtering criteria excluded
transcripts with a length of less than 200 base pairs
and an open reading frame (ORF) length exceeding
100 amino acids. Additionally, we checked for
sequence similarity to known protein sequences by
blastx against various databases. The remaining
transcripts were subjected to further assessment
using CPC and CNCI programs to determine their
protein-coding potential. Following stringent
filtration, a total of 4303 transcripts were identified
as potential IncRNAs (Supplementary Table 54).

Construction of co -expression modules

LncRNAs and coding genes correlated to MIAs
were screened out by WGCNA package
implemented in R (Langfelder and Horvath, 2008).
By utilizing the WGCNA algorithm the coding and
non-coding contigs with similar co-expression
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patterns and correlation to metabolites are classified
into a set of modules.

A total of 22 modules were constructed, each
distinguished by different colors (Figure 2). The
number of genes within each module varied,
ranging from 32 genes (module palevioletred3) to
3513 genes (dark turquoise). Three modules were
found to be highly correlated with the biosynthesis
of alkaloids. The results indicated that the dark
turquoise and orange modules were correlated with
catharanthine, serpentine, and secologanin.
Additionally, the orange module showed a
correlation with vindoline, the magenta module
was associated with catharanthine and vindoline.
Furthermore, the number of coding and non-coding
genes in each module differed. The orange module

2022 | Volume 10 | Issue 2

comprised 2644 coding genes and 671 IncRNAs, the
dark turquoise module had 3097 coding genes and
416 IncRNAs finally, the magenta module contained
633 coding genes and 43 IncRNAs.

Functional annotation

The Gene Ontology (GO) analysis showed
significant enrichment on genes of the three selected
modules. Specifically, the orange module was
enriched with 112 biological processes (BPs), 37
molecular functions (MFs), and 49 cell components
(CCs) (Supplementary Table S1). The dark
turquoise module showed enrichment in 128 BPs, 43
MFs, and 47 CCs (Supplementary Table S3).

Figure 2. Correlation analysis between eigengene modules and MIAs. Each row shows a module eigengene, each column
shows a secondary metabolite. The number in each box represents the correlation value with the numbers in brackets
representing correlation p-values. Each module contained both coding and non-coding elements (IncRNAs) that correlated with

MIAs.
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Table 1. Prediction of the function of the top twenty hub genes by BLASTX search against TAIR .

Hub genes

Type

Function

cra_locus_2149

cra_locus_5284

cra_locus_8209

cra_locus_3069

cra_locus_134

cra_locus_10800
cra_locus_8643
cra_locus_3578

cra_locus_9321
cra_locus_9332
cra_locus_5559

cra_locus_10506
cra_locus_7967
cra_locus_4093
cra_locus_2086

cra_locus_7687

Protein coding

Protein coding
Protein coding
Protein coding

Protein coding

Protein coding
Protein coding
Protein coding

Protein coding
Protein coding
Protein coding

Protein coding
Protein coding
Protein coding

Protein coding

Protein coding

RIBOSOMAL RNA PROCESSING 4
ELKS/Rabé6-interacting/CAST family protein, chromosome
condensation
MACPF protein which promotes pathogen resistance by activating
SA signaling
Hypothetical protein, RNA metabolic process, regulation of gene
expression
Acyl acid amido synthetases catalysing the conjugation of IAA to
amino acids.

Not available
Not available
Structural polyprotein
MAIN-LIKE 1, Encodes aminotransferase like protein containing a
plant mobile domain
Protein phosphatase 2C family protein
HEXOKINASE-LIKE 3, response to various abiotic stresses
including UV, drought, osmotic, heat and cold.

Encodes a subunit of RNA polymerase I
Eukaryotic translation initiation factor 2B complex
Not available
Endoplasmic reticulum vesicle transporter protein
Zinc finger protein, regulation of gibberellic acid mediated

signaling pathway
cra_locus_123151 LncRNA -
cra_locus_29870 LncRNA -
cra_locus_123996 LncRNA -
cra_locus_47564 LncRNA -
Finally, the magenta module displayed enrichment primary  metabolism, ‘'nitrogen = compound

in 100 BPs, 21 MFs, and 59 CCs (Supplementary
Table S2). In the orange module, there was a
significant enrichment of genes associated with
organic substance metabolic process, cellular
process and metabolic process processes. While, the
dark turquoise module primarily consisted of genes
enriched in cellular process and establishment of
localization and response to chemicals. Meanwhile,
the genes in the magenta module were associated
with the photosynthesis-related functions (Figure 3
and Supplementary Tables S1-3).

The selected modules 'pathway enrichment analysis
demonstrated that the ‘'metabolic pathways'

metabolic process' and ' biosynthesis of secondary
metabolites' were the top significantly enriched
pathways (Supplementary Tables S1-3).

Identification of hub genes of interested modules
To discover the central and key genes associated
with the MIAs, we determined genes with high
connectivity within each module, and the top 20
candidate hub genes were selected based on their
connectivity levels. Intramodular connectivity of
orange modules are visualized in Figure 4.

Of the twenty first hub genes, 4 were IncRNAs and
16 were coding genes. The transcript sequences of
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the coding genes were searched against the
Arabidopsis genome database (TAIR). The results
identified the transcripts as MACPF protein which
involved in pathogen resistance enhancing,
HEXOKINASE-LIKE 3 involved in various abiotic
responses, MACPF protein promotes pathogen

2022 | Volume 10 | Issue 2

resistance by activating SA signaling, Indole-3-
Acetic Acid-Amido synthetase that maintains
auxin homeostasis, zinc finger transcription factor
responsible for gibberellic acid homeostasis and
ribosomal RNA processing proteins (Table 1).

Figure 3. Gene ontology (GO) enrichment analysis of the genes of selected modules. Top GO terms were selected based on the
adjusted p < 0.05 for categories of biological process. The genes of three selected modules were significantly enriched in terms
including primary metabolic process, metabolic process, nitrogen metabolic compound, organic substance metabolic process

and cellular process.
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Figure 4. The gene-gene interaction network in orange module.

Among hub genes, we identified known MIA
biosynthetic genes including 10-hydroxygeraniol
oxidoreductase (10HGO), GATA-like transcription
factor (GATAI), 7-deoxyloganetic acid UDP-
glucosyltransferase (7-DLGT), desacetoxyvindoline
4-hydroxylase (CrDH4), MYC2 and MPK6.

Discussion

C. roseus produces a wide range of specialized
metabolites of the MIA class via a complex, long and
highly branched metabolic pathway. Reconstitution
of the natural product pathway in plants is a unique
challenge due to the number of enzymatic steps, the
complex tissue and subcellular localization of the
intermediates, and the intricate regulatory
networks, as exemplified by the vinblastine
biosynthesis pathway (Yamamoto et al., 2019).
Tissue metabolome and transcriptome datasets in
plants are necessary for metabolic pathway gene
discovery, where the genes correlated with the
molecule of interest or phenotype, together with
extensive knowledge of enzymatic biochemical
reactions, are important for gene discovery (Li et al.,
2022).

In recent years, significant progress has been made
in the isolation and characterization of genes
encoding key biosynthetic enzymes, transporters
and transcription factors in the MIA pathway
(Colinas et al., 2020; Singh et al., 2020; Li et al., 2022)
however, the potential regulatory role of IncRNAs
has not been investigated. In the present study, the
key roles of coding and non-coding (IncRNAs)
genes associated with MIA pathway biosynthesis
were investigated. The coding genes that correlate
with IncRNAs can be considered as their targets
where they exert their regulatory role by altering
the transcriptional and post-transcriptional
situation of their coding target genes (Wang et al,,
2019; Yu et al., 2019; Zhang et al., 2019) and possibly
the accumulation of MIAs.

In the present study, we focused on identifying
IncRNAs in C. roseus. This endeavour was achieved
through the implementation of a bioinformatics
pipeline, resulting in the successful detection of a
total of 4303 IncRNAs. In addition, our investigation
extended to the use of co-expression network
analysis, a tool that enabled us to pinpoint both the
relevant coding genes and the IncRNAs involved in
the intricate process of alkaloid biosynthesis.
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This analytical approach unveiled the presence of
three distinct modules: orange, dark turquoise, and
magenta. Remarkably, these modules exhibited a
robust correlation with the alkaloid biosynthesis
pathway. Notably, the orange module displayed an
enrichment of C2H2, C3H, Homeobox, bHLH and
AP2-EREBP TF families. Turning our attention to
the dark turquoise module, our examination
uncovered a range of TFs such as C3H, bHLH,
C2H2, bZIP and Homeobox. Among the TFs found
to correlate with MIAs in this study, the regulatory
function of the bHLH-CrMYC2 and AP2-ERF
ORCA TFs has been demonstrated in previous
studies (Van der Fits and Memelink, 2000; Zhang et
al.,, 2011; Pan et al., 2012; Sui et al., 2018; Singh et al.,
2020; Yang et al., 2023). CrMYC2 acts upstream of
ORCA3, directly regulating it by binding to its
promoter and indirectly controlling ORCA4 and
ORCAS5. CrMYC2, activates ORCAS3, which in turn
induces the expression of several MIA biosynthetic
genes (Zhang et al., 2011) in the tryptamine or
vindoline branches, including cytochrome p450
reductase (CPR), anthranilate synthase (AS), D-1-
deoxyxylulose 5 -phosphate synthase (DXS),
tryptophan  decarboxylase (TDC), STR and
desacetoxyvindoline 4-hydroxylase (D4H) but not
those in the seco-iridoid branch, such as iridoid
synthase (IS) and geraniol 10-hydroxylase (G10H)
(Van der Fits and Memelink, 2000; Van Moerkercke
et al.,, 2015). The top five TF families detected in
magenta module were bHLH, C2H2, MYB, bZIP,
C2C2-Gata. Interestingly the GATA TF was
detected at a high frequency in the magenta
module, which this module showed a high
correlation with vindoline (0.83, p-value 0.00006).
The GATA TF regulates light-induced vindoline
biosynthesis in C. roseus. Expression of 5 out of 7
genes in the vindoline pathway is significantly
induced by GATA TF in response to light (Liu et al.,
2019).

Based on the pathway analysis conducted on the
hub genes contained within the selected modules,
our observations revealed substantial enrichment in
pathways denoted as metabolic pathways,
porphyrin  metabolism, photosynthesis and
biosynthesis of metabolites.
Furthermore, we conducted a screening process to
identify hub genes, revealing that the orange
module's most prominent hub genes were GI10H,

secondary
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GATA-like TF (GATA1), 7-deoxyloganetic acid
UDP-glucosyltransferase (7-DLGT), D4H and MYC2
TFs. Similarly, the dark turquoise module showed
MPKG6 as its central hub gene, while the magenta
module’s key hub gene was  UDP-
glucosyltransferase. The catalytic or regulatory role
of the identified hub genes in the MIA pathway will
be described. A previous study demonstrated that
the CrMAPK®6, as a member of the CrMAPKK1-
MAPKS3/6 cascade, acts upstream of the ORCA gene
cluster and CrMYC2 TFs to modulate MIA pathway
gene expression and MIA accumulation (Paul et al.,
2017).

The iridoid pathway begins with the enzyme G10H,
a cytochrome P450 monooxygenase that
hydroxylates geraniol to 10-hydroxygeraniol.
Production of several MIAs enhanced by
overexpression of G10H in hairy roots (Wang et al.,
2010; Peebles et al., 2011). G10H is regulated by BIS1
transcription factor (Van Moerkercke et al., 2015).
Overexpression of ORCA3 and a structural gene
GI0H results in increased accumulation of
strictosidine,  vindoline, catharanthine and
ajmalicine in C. roseus plants. (Pan et al., 2012). 7-
DLGT catalyses the glucosylation of 7-
deoxyloganetic acid to 7-deoxyloganic acid in the
secoiridoid pathway. The endpoint of the iridoid or
secoiridoid branch is secologanin, which couples
with tryptamine to form strictosidine, the universal
and important MIA precursor in plants. (Miettinen
et al., 2014). D4H is involved in the conversion of
tebersonine to vindoline. Vinblastine, the end
product of the MIA biosynthetic pathway, is
derived from the coupling of vindoline and
catharanthine (Liu et al., 2019).

Furthermore, hub genes that play crucial roles in
stress response and the intricate process of hormone
transduction were identified. These genes were
highly correlated with hub CrlncRNAs such as
Crinc808, Crinc758, Crlnc316 and Crlncl1046. Because
of the mutual molecular mechanisms between stress
responses and the specialized metabolites
biosynthesis these coding sequences can be
considered as the targets of CrIncRNAs that
possibly involved in regulating MIA biosynthesis.
A collaboration model, involving BPL3-nalcFL7-
FL7 to coordinate plant immunity, exists as a result
of interaction among IncRNA and code genes. In
this cascade, the IncRNA (nalncFL7) negatively
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regulates resistance to Phytophthora capsica by
suppressing the accumulation of FL7 (FORKED-
LIKE?) transcripts, which positively regulate plant
immunity to P. capsica (Ai et al., 2022). In another
example, IncRNA and transcription factors working
together to regulate the stress response, it has been
shown that IncRNA33732, activated by WRKY]1,
induces RBOH expression to increase H:0:
accumulation in the induced defense in tomato
plants against P. infestans and enhances tomato
resistance to P. infestans (Cui et al., 2019).

Highly correlated CrlncRNAs with known MIA-
associated genes, including catalytic enzymes and
transcription factors, as well as MIAs, suggest that
CrIncRNAs represent a new layer of regulatory
elements of the MIA pathway. In addition, we
introduce the correlated genes with CrlIncRNAs as
their possible coding target genes, which
CrIncRNAs can regulate MIAs accumulation by
modulating their targets.

Conclusion

C. roseus produces an extensive variety of
specialized metabolites belonging to the MIA class
through a highly complex and branched pathway.
This implies a complex regulation by specific
transcription factors, of which several families have
been discovered in the last few decades.
Conversely, no study has reported the involvement
of IncRNAs in the regulation of MIA biosynthesis.
In the current study, WGCNA was used to directly
integrate transcriptome and metabolome data to
construct gene networks that reflect the
relationships between IncRNAs and metabolites.
The next step was to identify coding genes that
correlated with candidate CrIncRNAs and MIAs.
Among the known MIA pathway genes, 10HGO,
GATA1, 7-DLGT, D4H, MYC2, and MPK6 were
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tightly correlated with candidate IncRNAs and
MIAs. Therefore they can be proposed as coding
targets of IncRNAs that modulate MIAs production
in a cooperative manner. In addition, these findings
further highlight the regulatory role of the MPK6-
MYC2-ORCA cascade in the MIA pathway.
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Abstract: Calcineurin B-like (CBL) proteins, as calcium sensors, serve roles in plant
responses to varied abiotic stressors and in growth and development through

Date interaction with CBL-interacting protein kinases (CIPKs). However, information on the
Received: 7 June 2022 roles and development of CBLs in sweet orange plants is limited. We surveyed the
Accepted: 4 January 2023 whole Citrus sinensis genome and found eight CBL genes. Domains features, position
Published: 12 January 2024 and distribution, and conserved motif revealed that the EF-hands domain was

conserved across the eight CsCBLs. CsCBL proteins are classed as acidic CBL, and five
Correspondence myristoylation sites and six palmitoylation sites were predicted. Eight CsCBLs were
distributed across chromosomes Chr01, Chr02, Chr04, and Chr05 and contig chrNW-
shr.hashemi@sanru.ac.ir; 006257104.1. In chromosome 05, tandem duplications likely gave rise to two CsCBL4
irahamidreza@yahoo.com and CsCBL5 genes. The phylogeny tree of 37 CBL proteins from different plant species
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including Arabidopsis thaliana, Oryza sativa, Sesamum indicum, and C. sinensis showed
that these CBLs are closely related. A meta-analysis of the CsCBL gene family's
Citation expression in different tissues/stresses revealed that CsCBL genes expressed differently

in tissues, which could be evidence for CsCBL tissue/stress-specific expression. The
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Identification and comprehensive analyses of

results of this study highlight the functional properties of the CsCBL gene family and
provide crucial data for future research on their functional activities.
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Introduction

There are many biological systems that depend on
the calcium ion to regulate basic growth and
development processes and respond to diverse
environmental challenges (Luan, 2009; Ma et al.,
2020). Depending on the kind of cell, the
concentration of Ca? might range from nM to mM
(Tuteja and Mahajan, 2007; Mohanta and Sinha,
2016). Several Ca? sensors, including calcium-
dependent protein kinases (CDPKs), calcium
modulin, and calcineurin B-like proteins (CBLs),
detect the Ca?* signals, which are then sent to
downstream destinations, triggering a variety of
physiological reactions in the cell (Kanchiswamy et
al., 2013; Sarwat et al., 2013). Each CBL contains at
least three EF domains and Ca?*-binding sites (Mao
et al., 2016). By interacting with the CBL-interacting
protein kinases (CIPKs), CBLs transfer Ca?* signals
(Ma et al., 2020; Tang et al., 2020). CBLs contain EF-
hands and myristoylation sites, which are both
conserved domains (Kolukisaoglu et al., 2004). The
EF-hands are calcium sensors that may be identified
by the presence of a conserved Asp (D) or Glu (E)
residue (Kanchiswamy et al.,, 2013). Additionally,
each of the themes has a helix-loop-helix structure
with a total of 36 amino acid residues. Calmodulines
and CBLs, in contrast to CDPKs, are small proteins
that do not have an effector kinase domain.

Plant responses to environmental stressors such as
drought, salinity, and lack or excess of nutrients can
be controlled by CBL-CIPK (Sanyal et al., 2015;
Thoday-Kennedy et al., 2015). In addition to this, it
regulates the growth and development of plants, as
well as the absorption and/or transport of nitrate,
ammonium, and iron; the maintenance of H*
homeostasis; and the transduction of signals
involving reactive oxygen species (Li et al., 2016;
Mao et al., 2016). Ten genes related to CBL proteins
(CBL1-10) have been found in Arabidopsis with
similar structural domains but minor differences in
coding region length (Kolukisaoglu et al., 2004).
CBL1 and CBL9 were shown to control the
transmission of K+, nitrate, and ammonium, as well
as the development of stomatal opening and closing
and ROS signaling (Li et al., 2006; Xu et al., 2006; Lu
etal., 2017; Yin et al., 2017). Pollen germination and
tube expansion are controlled by CBL2 and CBLS3,
which sequester Mg?* (Steinhorst et al., 2015).
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Additionally, CBL3 is responsible for the
distribution and translocation of K* (Liu et al., 2013).
CBL10 is involved in fruit growth and quality, as
well as salt tolerance, K* absorption, and GTPase
activity modification (Kim et al., 2007; Chow et al,,
2016).

CBL gene family members have been discovered at
the genome-wide level in rice, maize, wheat, and
other plants in recent years. CBLs are also critical
regulators of plant responses to diverse abiotic
stresses, as well as growth and development (Yu et
al, 2014; Thoday-Kennedy et al., 2015). Cotton
(Gossypium hirsutum) fiber elongation appears to be
modulated by GhCBL2 and GhCBL3 (Gao et al,,
2008). Ten OsCBL genes in rice have been reported
to respond to diverse stress conditions [sodium
chloride (NaCl), polyethylene glycol (PEG), and
cold] and are expressed in several organs in the
adult stage. In addition, OsCBL8 overexpressing
transgenic rice seedlings exhibited greater salt
tolerance than non-transgenic seedlings (Gu et al.,
2008). Cellular adaption responses to sodium
carbonate stress in S. bicolor are assumed to be
controlled by CBL genes, which are known to
govern plant growth and development patterns
(Zhang et al., 2011). Under abiotic stress, the
transcripts of seven CBL members (PeCBL1 to
PeCBL10) were found to play key roles in the
response of Populus euphratica to certain external
stimuli (Zhang et al., 2008). In their comprehensive
study on the calcium sensor families in the
halophyte plant Aeluropus littoralis, Arab et al. (2023)
revealed the responses of the CBL-CIPK network to
salt stress. In the current study, the CBL gene family
in sweet orange was identified and characterized
based on the newly released genome of Citrus
sinensis (Wu et al, 2018). Genome-wide
characterization of CiCBL was analyzed using the
available bioinformatics tools, which included gene
structure, protein domain, phylogenetic and
evolutionary approaches, and gene expression
profiling, to better understand the evolutionary
history of CBL genes.

Materials and Methods

CsCBL searching and characteristics
The complete genome assembly of citrus (C. sinensis
‘Valencia’) was downloaded from the Citrus
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Genome Database (www.citrusgenomedb.org; C.
sinensis genome v2.0). Ten CBL protein sequences
from A. thaliana (AtCBLs) were obtained from the
Arabidopsis Information Resource (TAIR) database
(www.arabidopsis.org/). Candidate citrus CBL
protein sequences (CsCBLs) were selected by
blasting the AtCBLs as the query sequences in
proteome sequence of C. sinensis via local BLASTP.
The default statistical parameters used in the
BLASTP analysis were as follows: BLASTP-protein
query of the protein database; expected threshold
(E): -1, comparison matrix: BLOSUMS62; no. of
alignments to show: 100. Redundant proteins were
manually deleted based on their E-values and
identity. The identified CBLs were then checked
using the Pfam database (www.pfam.xfam.org),
and conserved EF-hand domains were validated for
all putative CBL proteins using the NCBI CD-Search
program. InterProScan (www.ebi.ac.uk/inter pro/)
was used to perform the domain analysis against
the protein database. ExPASy
(wwww.expasy.org/compute_pi/) was used to
calculate the candidate protein molecular weight
(MW) and isoelectric point (pI). The MEME website
(http://meme-suite.org/tools/meme) was used to
find conserved motifs with the following optimized
parameters: zero or one occurrence per sequence, a
maximum of 10 motifs, and an optimum motif
width of 6 to 50 residues. For all other parameters,
default values were applied.

Phylogenetic and gene structure analysis

The 37 CBL protein sequences from A. thaliana,
Oryza sativa, Sesamum indicum and C. sinensis were
aligned via muscle in MEGA version 7.0, with
default parameters (Tamura et al., 2013). In addition
to that, a tree constructed using the neighbor-
joining (NJ) algorithm was produced through
bootstrapping (1000 replicates). The structure of
CsCBLs was discovered using GFF information by
matching the coding sequences to the appropriate
genomic sequences. In addition, MEME program
was used to create an illustration of the CsCBL
protein  motifs, conserved domain, gene
architectures, and a phylogenetic tree. The
chromosome locations of the candidate CsCBL
genes were investigated by MCScanX (Wang et al.,
2012).
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Expression profiling of CsCBL genes based on
RNA-seq data

To examine the function and expression of the
CsCBL gene family, 427 RNA-seq samples from 18
bioprojects were gathered from publicly accessible
RNA-seq data associated with C. sinensis.
Transcriptome datasets were selected from various
treatments or genetic backgrounds, their accession
number were listed as follow: PRJNA741128,
PRJNA715742,  PRJNA704425, PRJNA703546,
PRINA674975, PRJNA612768, PRJNA566421,
PRJNA517400, PRJNA488876,  PRJNA471083,
PRJNA386941, PRJNA350382, PRJNA340305,
PRJNA339838, PRINA203307. TPM (transcripts per
million) had been utilized to measure transcript
expression levels.

Results

Eight distinct CsCBL were found in C. sinensis (Table
1 and Supplementary Table S1). All CsCBL have 7
introns and 8 exons, except SsCBL7, which has 8
introns and 9 exons. They all code for between 213
(CsCBL3) and 259 amino acid residues (CsCBLS).
For the most majority of CBLs, the theoretical
isoelectric point (pI) is low and less than five,
ranging from 4.67 (CsCBL3) to 5.07 (CsCBL3 and
CsCBL4). Because their pl value is less than 6, plant
CBL proteins are classed as acidic CBL proteins. The
range of molecular weight was between 24.421
(CsCBL3) to 29.671 KDa (CsCBL8). There were five
myristoylation sites and six palmitoylation sites
predicted in the CsCBLs. Besides, myristoylation
sites were not found on CsCBL2, CsCBL7, and
CsCBLS8, and palmitoylation sites were absent in
CsCBL7 and CsCBLS8 (Table 1). In the N-terminal
region of three CsCBLs (CsCBL3, CsCBL5, and
CsCBL6), conserved myristoylation and
palmitoylation sites (M-G-C-) can be found. These
sites play important roles in protein aggregation,
stability, and trafficking.

The proteins’ stability indexes are shown in Table 1.
According to the evidence presented, CsCBL3
(36.71), which provides the most unstable CsCBL,
and CsCBL2 (46.16), which provides the most stable
CsCBLs, respectively. A peptide's gravy value is
computed by multiplying the hydropathy values of
each residue by the length of the sequence. The
gravy of CsCBL8 (0.044) is more hydrophilic than
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the other CsCBLs, according to Table 1. CsCBL1 also
has a lower hydrophilicity than the other CsCBL.

Distribution of the CsCBL gene family members in
the C. sinensis genome

In this study, the chromosomal distributions of the
CBL genes were investigated in C. sinensis genome.
In total, there were eight CsCBLs on five
chromosomes (Chr01, Chr02, Chr04, Chr05 and
chrNW-006257104.1). Cschr05 included three
CsCBLs, while Cschr04 contained two CsCBLs.
Cschr01, Cschr02, and CschrNW-006257104.1 each
had one CsCBL. The positions of CsCBL gene family
on the chromosomes of C. sinensis are shown in
Figure 1. There were two CBL genes (CsCBL4 and
CsCBL5) identified in Cschr05 that were found to be
linked together in a chromosome. Tightly linked
genes are likely to have been created through
tandem duplications, according to these findings.
Both the duplication of genes and the divergence of
their functions play an important role in the
expansion of gene families and the development of
new activities.

Gene structure, domains and motifs arrangement
of the CsCBLs

CsCBLs were identified based on their EF-hand
sites and number of EF-hand domain. All of the CBL
members have been found to have EF-hand motifs,
which are responsible for binding to Ca?* ions and
transferring signals. All
contained four EF-hand motifs.

calcium sequences
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All CBL proteins contained EF-hand 7, and other
EF-hands were located on various CBL proteins
(Figure 2a). MEME motif search was used to
uncover conserved motifs in 8 CsCBL proteins
(Figure 2b) since CBL domains are critical for the
action of CBLs. The first two and third motifs were
the longest of the ten found motifs (Figure 3 and
Table 2). As shown in Figure 2b, motifs 1-5 were
found in all of the CsCBLs. In addition, when
compared to the other CsCBLs, CBL5 and CBLS8
were missing motif 9, whereas CBL1, CBL2, and
CBL8 were missing motif 7. Motifs 10 and 8 were
only present in CBL7 and CBLS, while motif 6 was
found in CBL1 and CBL2. As shown in Figure 2b,
motifs 1-5 were found in all of the CsCBLs. In
addition, when compared to the other CsCBLs,
CBL5 and CBL8 were missing motif 9, whereas
CBL1, CBL2, and CBL8 were missing motif 7.
Motifs 10 and 8 were only present in CBL7 and
CBL8, while motif 6 was found in CBL1 and
CBL2.The pattern with the maximum number of
motifs was found in CBL7, which did not have motif
6 (contains nine motifs), while the pattern with the
lowest number of motifs was found in CBL5, which
did not contain motif 6, 8 9, or 10 (six motifs)
(Figure 2b). CsCBL gene family had a different
number of introns (between 7 and 9), and the UTR-
CDS structure and the length of the coding regions
were different between CsCBLs (Figure 2c).

Table 1. Physicochemical characteristics of C. sinensis CBL gene family.

Gene Molecular Isoelectric  Instability  Aliphatic Grav N-Mvristovlation Palmitovlation
ID weight (KDa) point index index y ¥ ¥ y
****MVQCLDGLKHF
LDGLKHFCVVVVNCC
_ *
CsCBL1 26.057 4.70 39.86 90.97 0.265 MVQCLDGLKHFCVV FCVVVVNCCDADLYK
CVVVVNCCDADLYKQ
CsCBL2 25.668 4.81 46.16 90.94 -239 LFASLLQCCDTNPSR
CsCBL3 24.421 4.67 36.71 91.97 -0.114 e MGCFQSKVA **MGCFQSKVAK
*MNAFGRCFCMKKSK
_ A
CsCBL4 24.495 5.07 38.70 93.41 0.136 MNAFGRCFCMKK NAFGRCFCMKKSKOQI
*FMGCVCMKQRL
| EEEETs
CsCBL5 24.839 4.86 43.57 104.68 0.025 MGCVCMKQR **MGCVCMKQRLKS
CsCBL6 25.152 4.77 41.73 90.82 -0.187 #etMGCVLTKRT **MGCVLTKRTK
CsCBL7 29.000 4.58 38.08 87.18 -0.101 - -
CsCBL8 29.671 4.73 45.47 100.97 0.044 - -
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Figure 1. The chromosomal distribution of the CBL gene family in Citrus sinensis. The left side of each chromosome displays
the chromosome numbers and their respective approximate sizes.

Table 2. Sequence of identified motif in eight CBL family members of C. sinensis.

Motif ID Sequence WIDTH
MEME-1 [IDKTFEDADTKGDGKIDKEEWKEFVLRNPSLLKNMTLPYLKDITTAFPS 50
MEME-2 RNGVIEFEEFVRALSIFHPNAPIEDKIDFAFRLYDLRQTGFIEREEVKQM 50

MEME-3 EIEALYELFKK]JSSSIIDDGLIHKEEFQLALFKNSKKENLFADRVFDLFD 50
MEME-4 KQRPGYEDPVILAAETPESVS 21
MEME-5 VVALLKESEMKLSDD 15
MEME-6 MLQCJEGFKHFCVVLLNCCD 20
MEME-7 MGCECT 6
MEME-8 YWGSSSLQFGEKJCAVCIP 19
MEME-9 FVFHSEVD 8
MEME-10 MDSAAN 6
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Figure 2. Schematic presentation of CsCBL gene structure, their domains and motifs organization. (a) Phylogenetic tree of eight
predicted CsCBL as well as their EF-hands domain arrangement. (b) CsCBL motif distribution are shown in different colored
boxes. (c) Gene structure of CsCBL gene family, and intron and exon organization are pictured. 5 and 3' untranslated -regions
are marked by green boxes; the CDS is marked by yellow boxes; black lines denote introns. The bottom scale measures protein
length.
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Phylogenetic, conservative domains and motifs
analysis of the CsCBLs

Protein sequence alignment was used to construct a
phylogenetic tree, which was used to investigate the
evolutionary relation between A. thaliana, O. sativa,
S. indicum and C. sinensis. Three main groups (I to
III) based on 37 CBL protein from different plant
species could be seen in Figure 4. A total of seven,
thirteen, and seventeen members were found in
groups L, 1I, and III, respectively. In the first group,
there were CsCBL7 and CsCBLS, in the second,
CsCBL4, CsCBL5 and CsCBL6, and in the third,
there were CsCBL1, CsCBL2, and CsCBL3. There
was a disparity between the number of C. sinensis
and Arabidopsis CBLs in each group, while the
majority of the AtCBLs in group I clustered
together. Molecular evolution is often examined at
the gene or family level.

Protein families are sets of proteins that share at
least 50% of their amino acid sequences. However,
there are currently no models that can infer the
evolution of gene families in order to estimate the
ancestral  state.  Analysis of phylogenetic
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relationships and evolutionary events can be
accomplished by using phylogenetic analysis.

Expression profiling of CsCBL

The RNA-seq data (TPM values) of CsCBL were
obtained from GEO DataSets to examine the
expression pattern in various sweet orange tissues,
such as fruit, leaf, root, seed, flower, and stem, in
order to comprehend the possible roles of the CsCBL
family members. The expression profile of CsCBL
genes in different bioprojects is shown in the
column graph (Supplementary Figure S1). With the
exception of CsCBL4, all seven CsCBL genes were
found to be expressed in at least one tissue (Figure
5). The remarkable expression in most tissues,
illustrating the critical functions of these CsCBL
during sweet orange development and growth. The
varied expression pattern of the A. littoralus CBL
gene family in root and leaf tissues was proposed by
s being associated with their functions in various
biological processes and molecular functions. In this
investigation, CsCBL1 and CsCBL8 were highly
expressed in seeds, and CsCBL5, CsCBL6 and
CsCBL7 was highly expressed in the stems.

Figure 3. Motif logo of CsCBL family were pictured by MEME program. MEME motifs are shown as stacks of letters. The X
and Y axes reflect the motif's width and the number of bits in each letter.
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Figure 4. Phylogenetic tree of the CBL family based on an alignment of the proteins found in Arabidopsis thaliana, Oryza sativa,
sesamum indicum and C. sinensis. Different CsCBL groups are represented by different-colored parts.

Tissue-specific expression was observed in the
CsCBL5 ortholog of the Arabidopsis SOS3 gene
(AT5G24270), with the highest levels of expression
observed in stems and leaves and the lowest levels
in fruit, root, seed, and flower tissues. It should be
noted that, the expression of CsCBL5, in comparison
to CsCBL1, CsCBL2, CsCBL3, and CsCBL4, was
extremely low (TPM <5) in all of the specified tissues
with the exception of leaves. This is likely due to the
fact that CsCBL5, similar to AtCBL4 (SOS3), serves
regulatory functions that do not always necessitate
high levels of expression.

Discussion

Abiotic and biotic stress responses are regulated by
Ca? signaling in plants (Cheong et al., 2007; Ma et
al., 2020). Furthermore, CDPKs, calmodulins, and
calcineurin B-like proteins (CBLs) are all implicated

in regulating Ca?-associated stress responses
(Wang et al, 2016; Kudla et al, 2018). The
availability of the C. sinensis genomic information
(Wu et al, 2018) made it possible to conduct a
genome-wide investigation of the CsCBL gene
family. Due to their ubiquity in signaling cascades,
Ca? sensor proteins have attracted increasing
attention in recent years.

It was discovered in this study that there are eight
CBL genes in C. sinensis that were found to be
located on four chromosomes (Chrl, Chr02, Chr04
and Chr05 and one contig (chrNW-006257104.1).
Like Arabidopsis, CBLs in rice are encoded by a
multigene family of at least ten members on
chromosomes 1, 2, 3, 5, 10 and 12. In this study, the
members of the CsCBL gene family share the same
genetic characteristics.
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Figure 5. Meta-analysis of the CBL gene family's expression pattern in six distinct tissues of the sesame plant. The box plot
displays expression levels in TPM (transcripts per million) format.
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Among these CsCBL genes, polypeptides ranging
from 24.42 to 29.67 kDa were predicted. The
findings are comparable to those obtained from A.
thaliana and O. sativa, where the majority of AtCBLs
and OsCBLs had a size ranging from 23.5 to 25.9
kDa (Kolukisaoglu et al., 2004).

The coding regions of CsCBL gene are composed of
either eight or nine exons. In other word, the
majority of CBL genes in C. sinensis had seven or
eight introns in their coding regions, which is very
comparable to the number of introns found in CBL
genes in Arabidopsis, rice, maize, canola, and
eggplant (Kolukisaoglu et al., 2004; Gu et al., 2008;
Zhang et al., 2014; Li et al., 2016; Zhang et al., 2016).
On the other hand, the number of exons can affect
the speed of gene induction and expression, and
genes with fewer exons are expressed faster
(Hashemipetroudi and Bakhshandeh, 2020;
Hashemipetroudi et al., 2023; Yaghobi and Heidari,
2023). The junctions between their introns and
exons follow the GT/AT rule (Mount, 1982). The
length and position of the exons are quite consistent
throughout the whole coding area. In addition to
this, the majority of the CsCBLs have either three or
two conserved EF hand domains in common with
one another. The structures of the CsCBL proteins
appear to be quite similar to one another, with each
one containing four EF-hand domains. It's
interesting to note that the linker region between the
EF-hand domains appears to be unique to this
family of calcium sensor proteins in terms of its
constant size. Consequently, alterations in the size
of CBL proteins are primarily associated with
extension or reduction of the N- or C- terminus
regions. As illustrated in Figure 2, the variation in
protein size of CsCBLs can be attributed to the
distinct dimensions of their amine-terminus (Gu et
al., 2008). But some EF-hands are very different
from  the  traditional = EF-hand  domain
(Sathyanarayanan and Poovaiah, 2004; Sanchez-
Barrena et al., 2005). AtCBL2 (Nagae et al., 2003) and
SOS3, AtCBL4 (Sanchez-Barrena et al., 2005) also
have sequences that differ significantly from the
standard EF-hand sequence. These variations in the
EF hand composition found in different CBLs can
result in calcium ion binding affinities that are
distinct from one another. Further, experimental
investigations are required to determine whether or
if these variations in calcium-binding affinity
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contribute to the decoding of the many calcium
signals that are produced in response to the myriad
of environmental stimuli (Gu et al., 2008).

Myristoylation of proteins and palmitoylation of
proteins are two critical processes that are necessary
for protein trafficking, stability, and aggregation
(Linder and Deschenes, 2007). According to
Smotrys and Linder (2004), the process of protein
myristoylation is initiated by the addition of
myristic acid to the N-terminal glycine (Gly) amino
acid, whereas the protein palmitoylation process is
initiated by the addition of palmitic acid to the N-
terminal cysteine (Cys) amino acid. The presence of
myristoylated and palmitoylated regions in
numerous CBLs may have facilitated the targeting
of CBL-CIPK complex to membranes. Arabidopsis,
rice, and other plants share many of these
characteristics as well (Kolukisaoglu et al., 2004;
Mohanta et al., 2015). It's possible that the highly
comparable modes of action and/or interactions that
these CBL family members share with their target
CIPKs are reflected in the highly conserved
structures of these CBL family members across
diverse plant species (Mohanta et al., 2015). MGCV
myristoylation sequence only found in CsCBL5 and
CsCBL6 (Ishitani et al., 2000). Ancestral CBLs may
have originated in this realm, according to a theory
(Kleist et al., 2014). In the vast majority of the
CsCBLs that have been investigated, the amino acid
Gly located at the N-terminus is essential for protein
myristoylation and is conserved at the second
position. It was discovered that the seventh position
in certain other CBL proteins contains a conserved
form of the amino acid Gly at the N-terminal end of
the protein. In a similar manner, the N-terminal Cys
amino acid is necessary for protein palmitoylation,
and it is conserved at the third position in CBL
proteins. Certain CBLs do not have any N-terminal
Cys amino acids in their structure. According to
Blaskovic et al. (2013), protein palmitoylation is an
ubiquitous alteration that is seen in membrane-
bound proteins. This modification is also observed
in transmembrane-spanning proteins that are
generated in soluble ribosomes. In general,
palmitoylation of proteins increases their ability to
bind to membranes, which in turn changes their
location and function. RasGTPase, Rho GTPase, and
CDPKs are proteins that undergo palmitoylation
(Mohanta et al., 2015). Except CsCBL3, CsCBL5, and
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CsCBI6, all other CsCBLs lack a second N-terminal
glycine. In addition, only CsCBL3, CsCBL5, and
CsCBL6 have the N-terminal Gly amino acid at the
second position in addition to having the cysteine
amino acid at the N-terminus. Only myristoylation
confers a modest affinity for membrane attachment,
but palmitoylation and myristoylation confer
extremely high affinity contacts (Martin and
Busconi, 2001).

Among the CsCBLs, CsCBL5 had the highest
aliphatic index and CsCBL7 the lowest. Alainine,
valine, isoleucine, and leucine all include aliphatic
side chains, and the aliphatic index of these amino
acids has been found to be correlated with their
respective proteins' thermostability (Ikai, 1980).
Enzymes that have a better thermostability could be
used in higher reaction temperatures, which would
result in an accelerated reaction rate (by decrease of
diffusional limitations). According to Sharafi et al.
(2017), the half-life of thermostable enzymes is often
longer than that of thermolabile enzymes. Stable
enzymes are of particular relevance since they can
be used in biocatalysis for longer periods of time
(Sharafi et al., 2017).

37 CBLs were divided into three main groups by the
phylogenetic tree produced from the protein
sequence alignment of four species including A.
thaliana, O. sativa, S. indicum and C. sinensis. The fact
that members of the group shared comparable
protein sequence lengths, motifs, and exon-intron
architectures hints at a strong connection between
them. Therefore, it is possible that CsCBLs and their
homolog AtCBLs in the same branch play similar
roles in plant-microbe interactions as well as in the
responses to abiotic stress. According to Mohanta et
al (2015), the sequence similarity of two genes
indicates structural similarity, and structural
similarity indicates functional similarity. As a
result, it is possible that AtCBL1 and OsCBL1
perform similar roles. The strong similarities that
exist between the CBL gene sequences suggest that
they originated very recently as a result of gene
duplication and may have functions that overlap
with one another or are comparable to one another.
Segmental duplication and tandem duplication are
critical in the generation of additional members
during the evolution of a gene family (Cannon et al.,
2004). Due to this, the likely mechanism of CsCBL
gene family evolution was examined by looking at
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both segmental and tandem duplication events.
New functions led to evolution of paralogous genes,
which are most likely to have a role in adaptation.
In evolutionary biology, gene duplication and
diversification are regarded to be the most
significant processes. If a gene is duplicated, its
second copy has less selective constraints and can
evolve to have a little altered function while the
original copy retains its original function.

In the majority of the tissues tested in the meta-
analysis, the expression of a certain gene was
extremely low. This is most likely because these
genes perform regulatory roles that do not always
demand high levels of expression. According to Liu
et al. (2000), the low expression levels of AtSOS2
and AfSOS3 are related with their regulatory
function in primary signal transduction. CBL
proteins may be able to perform similar roles in
distinct pathways due to their tissue-specific
expression patterns. For example, according to (Guo
et al., 2001), AtCBL4 is expressed specifically in
roots, whereas AtCBL10 is expressed exclusively in
shoot tissues (Kim et al., 2007).

Conclusion

The current study discovered eight CBL genes in the
C. sinensis genome, which were classified into three
groups based on phylogenetic analysis. Examining
gene structure and expression patterns of gene
families could provide useful information about
their activity. The utilization of RNA-seq data in the
meta-analysis of CsCBL gene expression indicated
that the expression pattern profiles of CsCBL genes
in the five tissues under investigation—roots,
leaves, fruits, and stems—were discrete. The result
of this study offers a unique opportunity to
investigate calcium-related sensor in C. sinensis. It
suggests that CsCBL can be utilized as a tool to
examine the involvement of calcium ions (Ca?") in
stress signaling, as well as to explore the various
interaction of CBL and CIPK proteins in CBL-CIPK
signaling network. More research into the
expression of these genes at different biotic and
abiotic sresses is needed to learn more about CsCBL
gene regulation in general, and how these genes are
controlled spatially and temporally in particular.
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