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Abstract

Plantago sinaica is a rare perennial shrub near-endemic to Egypt and found in Saint Katherine Protectorate in Sinai. The
first successful in vitro propagation protocol was conducted to protect the plant outside its natural reserves. Shoot tip, stem
node section, cotyledonary node, and root explants separated from in vitro germinated seedlings were cultured in vitro on
Murashige and Skoog (MS) medium enriched with different concentrations and types of cytokinins. It was found that 6-ben-
zyl adenine (BA) is the most efficient cytokinin. MS medium containing 3.33 uM BA and 0.54 uM a-naphthalene acetic
acids (NAA) produced 10.25 and 11.30 shoots/explant using shoot tip and stem node section, respectively. Conversely, MS
medium +2.22 uM BA 4+ 0.54 uM NAA produced 13.25 shoots from root explants. Surprisingly, the cotyledonary node
explants favored MS medium free from plant growth regulators (PGRs), which produced only 4.25 shoots/explant. The
multiplied shoots were rooted successfully with a 100% rooting percentage on half MS medium containing 1.23 or 2.46 uM
indole-3-butyric acid (IBA). In vitro, rooted plantlets were efficiently transferred to the greenhouse with a 90% survivability.
Finally, the plant was identified using three DNA barcodes; 1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL),
plastid photosystem II protein D1 intergenic spacer region (psbA—trnH), and Internal Transcribed Spacer (I7S) barcodes.
Additionally, psbA—trnH and ITS were novel and submitted to the GenBank databases for the first time for Plantago sinaica.
Our study supports the United Nations Sustainable Development Goal number 15, which is to preserve, restore and reinstate
sustainable usage of terrestrial ecosystems and to stop biodiversity loss.

Key message
This is the first report in in vitro propagation of the rare Plantago sinaica (Barnéoud) and molecular identification of the
plant by three DNA barcodes with two newly published barcodes.
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rbcL Ribulose-1,5- bisphosphate carboxylase/oxy-
genase large subunit

SKP Saint Katherine protectorate

Introduction

The Sinai Peninsula is a triangle-shaped peninsula that
serves as a land bridge connecting Asia and Africa (Grainger
2003; Rabei et al. 2021). It comprises approximately 6.0% of
Egypt's surface, as it is abundant in both the species number
and high proportion of endemics, as it has 1,262 taxa (Bou-
los 2009; Rabei et al. 2021). Saint Katherine Protectorate
(SKP), with its unique mountainous nature in the Sinai Pen-
insula, is home to the most distinctive flora in Sinai due to its
abundance of various Middle Eastern floristic sites (Boulos
2009; Shaltout et al. 2021). It hosts a significant number of
endemic species as it has 17 endemic taxa (Ghaly 2015).
Six are categorized as endangered or critically endangered
(Ghaly 2015; Hosni et al. 2013). The term endemic refers to
species that are restricted to a particular geographical region
and are typically rare; therefore, they require special conser-
vation efforts (Fattorini 2017).

In Egypt, the Plantaginaceae family consists only of the
genus Plantago, which includes twenty species, including
Plantago sinaica (Barnéoud) Decne. Approximately 275
species of the Plantago genus are dispersed worldwide
(Piyaviriyakul et al. 2017). Plantago species are widely
used in modern and traditional medicine due to their phar-
macological properties, which include immune enhancing,
hepatoprotective, antiulcerogenic, antidiarrheal, free radical
scavenging properties, anticancer, cytotoxic activity, hemat-
opoietic, wound healing, anti-inflammatory and anti-fatigue
effects (Nazarizadeh et al. 2013; Alsaraf et al. 2019; Soliman
et al. 2022). They are also highly valued in the pharmaceuti-
cal and cosmetic industries due to their ability to effectively
lower high cholesterol and diabetes. Moreover, they are used
to improve intestinal performance, prevent colon cancer,
and as vegetables in health-promoting dietary ingredients
for salads, teas, yogurts, soups, and infant food (Goncalves
and Romano 2015; Farcas et al. 2019; Mohsenzadeh et al.
2020). Plantago sinaica extract inhibits the development
of Colletotrichum gloeosporioides in vitro and aids in the
anthracnose development of mango fruits inoculated artifi-
cially (Baka and Mousa 2020).

Genus Plantago contains phenols, flavonoids, tannins,
polysaccharides, amino acids, lipids, terpenoids, iridoid gly-
cosides, caffeic acid derivatives, verbascoside, isoverbasco-
side, orobanchoside, aucubin, majoroside, geniposidic acid
and sorbitol (Golec and Makowczynska 2008; Nazarizadeh
et al. 2013; Haddadian et al. 2014).

Plantago sinaica is a perennial rare, densely glandular
shrublet with opposite leaves on a well-developed stem,
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abundantly branched, leaves 1-5x0.1-0.3 cm with united,
clasping bases, linear, subacute; peduncles (1-) 2—6 (-10)
cm. Sepals are 3.5-5% 1.5-3 mm, +obliquely ovate, with
broad scarious margins; anterior flat; posterior unequal, one
lateral, cymbiform, one behind the flower, flat. The corolla
is glabrous, its lobes measure 2.2-2.5 X 0.9—1.3 mm, and the
capsule contains two seeds (Boulos 2002).

Plantago sinaica plant is near-endemic to Egypt, found
in Saint Katherine Protectorate in southern Sinai. It is prev-
alent as plantain (differs from edible plantain). Although
the International Union for Conservation of Nature (IUCN)
assessment of Plantago sinaica is unavailable, Boulos
(2009) listed it as a scarce plant. However, the survey by
Rabei et al. (2021) reported this species is uncommon.
Concerning the plant endemism in Egypt, Boulos (2009)
categorized the plant as endemic to Egypt, whereas many
researchers recorded it in Jordan and Palestine and excluded
it from endemics (Hosni et al. 2013; Abdelaal et al. 2018;
EL-Khalafy et al. 2021; Rabei et al. 2021). Therefore, Plan-
tago sinaica is categorized now as near-endemic to Egypt.
Plantago sinaica is endangered by biotic and abiotic fac-
tors, which contribute to its rarity and endemism, and its
conservation must be given higher priority (Rabei et al.
2021). Abundantly, the endemic species in Sinai have been
subjected to drought and the detrimental effects of over-
grazing, overharvesting, tourism, and settlement expansion.
Consequently, their risk of extinction ranges from vulner-
able to critically endangered (Moustafa et al. 2015). In situ
(within the ecosystem) and ex-situ (outside the ecosystem)
conservation efforts for medicinal, rare, and endemic plants
must vary (the ecosystem) or ex-situ (outside their habitat).
In vitro propagation, botanical gardens, artificial seed propa-
gation, and seed storage are examples of ex-situ conservation
ways (Heywood 2014).

Biotechnological methods using plant micropropagation
are a valuable and effective tool for rapidly propagating and
producing large numbers of true-to-type endangered plant
copies (Choudhary et al. 2020).

Some Plantago species have succeeded in vitro culture,
such as P. major (Mederos et al. 1997), P. asiatica (Makowc-
zynska and Golec 2003), P. lanceolata (Budzianowska et al.
2004), P. camtschatica (Golec and Makowczynska 2008),
P. maritima (Makowczynska and Golec 2009), P. ovata
(Sharma et al. 2017) and P. lanceolata (Rahamooz-Haghighi
et al. 2020).

DNA barcoding is another tool for the ex-situ conserva-
tion of endemic and rare plant species. It is identified as
utilizing short DNA sequences, also known as the DNA bar-
code, to identify species by assigning individuals to known
taxa by comparing their barcode sequences with a reference
library. It has emerged as a powerful tool for identifying tra-
ditional medicine, differentiating between species, discover-
ing ambiguous species, as well as protecting and conserving
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endangered species (Hebert et al. 2003; Kress et al. 2005;
Chen et al. 2010; Techen et al. 2014; Hashim et al. 2021).
The Consortium for the Barcode of Life (CBOL) has pro-
posed two plastid genes, ribulose-1, 5-bisphosphate carboxy-
lase/oxygenase large subunit (rbcL), and maturase K (matK)
as the core universal barcode for land plants (CBOL Plant
Working Group 2009). More plant DNA barcodes have been
suggested, some of which belong to the nucleus and plastid
genome as non-coding spacers such as the nuclear Internal
Transcribed Spacer (I7S) and the plastid photosystem II pro-
tein D1 intergenic spacer region (psbA—trnH), which are two
of the leading candidates (Li et al. 2011; Tripathi et al. 2013;
Loera-Sanchez et al. 2020). It was proposed that the ITS2
barcode, in addition to psbA—trnH as a complementary bar-
code, may serve as a universal barcode for the identification
of medicinal plants (Chen et al. 2010; Sun and Chen 2013).

This work aims to optimize a protocol for the in vitro
propagation of the rare and near-endemic Plantago sinaica
plant for the first time. In addition, add novel barcodes to
the universal databases for plant identification, which will
increase the ability to differentiate between species as well
as different landraces for the same species.

Materials and methods
Samples collection
Leaf samples and seeds of Plantago sinaica plants have

been collected from shrubs grown in their natural habitats
at Elgabal Elahmar, Saint Katherine, Southern Sinai (N:

28.53063, E: 33.95937, Alt: 2032), as shown in Figs. 1and
2. They were identified by Dr. Ibrahim Abdelrafee El
Gamal, Nature Conservation Sector, Egyptian Environ-
mental Affairs Agency, Southern Sinai, Egypt, and Dr.
Omran Ghaly, Plant Taxonomy Unit head, Desert Research
Center, Egypt. Target plant species was identified based on
Boulos (2002), then collected samples were compared with
well-identified herbarium specimens kept in Saint Kath-
erine Protectorate and Desert Research Center herbaria.
Specimens were placed in the Desert Research Center Her-
barium with the voucher number CAIH-1008-R. The taxo-
nomic name was compared to Kew's Plants of the World
Online (POWO 2023) and International Plant Names Index
(https://www.ipni.org/).

In vitro propagation of Plantago sinaica

In vitro seed germination and explant culture of Plantago
sinaica

Collected seeds of Plantago sinaica were cleaned with
running tap water and detergent. Then they were dis-
infected by soaking in commercial bleach containing
sodium hypochlorite (NaOCl) (5.25%), at different con-
centrations (0.8, 1.0, and 1.5% sodium hypochlorite solu-
tion) with two drops of Tween-20 per 100 mL for 15 min
under a laminar airflow cabinet (Holten LaminAir HVR
2448, USA), then washed four times in distilled sterilized
water. Sterilized seeds were aseptically transferred to half-
strength Murashige and Skoog (Y2 MS) (Murashige and
Skoog 1962) medium containing 3% (w/v) sucrose. The

Fig.1 A map showing the
collection site of the Plantago
sinaica plant from El-Gebel
El-Ahmar, Saint Katherine,
Southern Sinai
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Fig.2 Plantago sinaica naturally growing in El-Gabal El-Ahmar,
Saint Katherine, Southern Sinai

medium pH was adjusted at 5.7 +0.1, then 0.3% (w/v)
phytagel (Duchefa, Haarlem, the Netherlands) was used
for medium solidification before autoclaving at a pressure
of 1.06 kg/cm, and 121 °C for 20 min. The medium was
transferred to jars. Each jar holds approximately 50 mL
of the medium.

For a day-night period of 16-h photoperiod, cultures
were saved under cool fluorescent light with the light
intensity of 2500-3000 Ix (F140t9d/38, Toshiba) at a sta-
ble temperature of 26 +2 °C and 60-70% relative humid-
ity. The germination percentage was determined as the
number of germinated seeds divided by the total number of
inoculated seeds. Germinated seedlings were divided into
shoot tips, stem node sections, cotyledonary node explants
(hypocotyl with cotyledons), and roots. All of them were
used as explants for Plantago sinaica plant propagation.

Effect of different types and concentrations of cytokinins
on the in vitro propagation of Plantago sinaica using
different types of explants

For the in vitro propagation of the Plantago sinaica plant,
shoot tips, stem node sections, cotyledonary nodes, and
roots were harvested from four-week-old in vitro germinated
sterile seedlings. The explants were inoculated aseptically
onto MS basal medium enriched with 3% (w /v) sucrose and
solidified with 0.3% phytagel (w /v) and Kinetin (Kin) (1.16,
2.32, and 3.48 uM), 6-benzyl adenine (BA) (1.11, 2.22 and
3.33 uM) or N6-(2-isopentenyl) adenine (2iP) (1.23, 2.46
and 3.69 uM) added individually to the media. Full-strength
MS medium without PGRs was used as a control.

The pH of the medium was adjusted, autoclaving and all
cultures were incubated as described in the previous experi-
ment. After eight weeks of culture, the percentage (%) of
explants forming growth, the average number, and the length
of produced shoots per explant were calculated.
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Effect of cytokinin and auxin combination on the in vitro
propagation of Plantago sinaica using different types
of explants

Explants of the same types (shoot tip, stem node section,
cotyledonary node, and root) were taken from four-week-
old in vitro germinated seedlings of Plantago sinaica to
examine the effect of cytokinin and auxin combination
on the in vitro propagation of Plantago sinaica plant. The
explants were cultured aseptically onto MS basal medium
enriched with 3% (w/v) sucrose and solidified with 0.3%
(w/v) phytagel and the same concentrations of BA (1.11,
2.22, and 3.33 uM) in addition to different concentrations
of a-naphthalene acetic acid (NAA) (0.54 and 2.69 uM).
Basal MS medium without plant growth regulators (PGRs)
was used as control. The pH of the medium was adjusted at
5.7+0.1. All media were autoclaved at a pressure of 1.06
kg/cm and 121 °C for 15 min. Cultures were incubated under
cool fluorescent light at a day-night period of 16-h photo-
period with a light intensity of 2500-3000 Ix.

After eight weeks of culture, the percentage (%) of
explants producing growth, the average number of shoots,
and the length (cm) of the shoots were measured. Each jar
containing these explants was inoculated with 50 ml of
medium.

In vitro root induction

Individually excised shoots (7-8 cm) and transferred to
half-strength MS media enriched with two forms of auxins,
indole-3-butyric acid (IBA) at 1.23,2.46, 4.96, and 9.80 uM
or NAA at 1.35, 2.69, 5.37 and 10.74 uM, each individu-
ally. Half-strength MS medium without PGRs was used as
control. After six weeks, the rooting percentage, the mean
number of roots per shoot, and the length of root induced
from the shoot were measured.

Acclimatization of plantlets

Rooted plantlets were removed gently from culture vessels
and washed with water to remove the adhered gelling agent,
then placed on pots containing sand, vermiculite, and peat
moss (1: 1:1) under greenhouse conditions. The pots were
covered with transparent plastic bags for three weeks to
provide humidity before exposure to natural light to ensure
hardening. The plantlets were watered twice a week for three
months, then transplanted into soil.

Experimental design and statistical data analysis
The design of all experiments was completely randomized

and included 15 jars (with four explants) per treatment. The
experiments were repeated three times.
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Analysis of variance (ANOVA) and Duncan's multiple
range test (Duncan 1955), as modified by Snedecor and
Cochran (1990), were used to evaluate the recorded data.
Means followed by the same letter are not significantly dif-
ferent at P <0.05.

Molecular identification of Plantago sinaica by DNA
barcode analysis

Genomic DNA isolation and PCR amplification

DNA extraction The genomic DNA of Plantago sinaica was
extracted from silica-gel dried leaves (100 mg) using CTAB
protocol with minor modifications. The DNA concentration
was quantified using NanoDrop Spectrophotometer (Thermo
Fisher Scientific Inc.). For DNA barcoding PCR amplifica-
tion, the DNA concentration was increased to 10 ng/ul.

DNA barcodes PCR analysis PCR amplification was car-
ried out for the three barcode loci; two belong to the plas-
tid genome, the (rbcL and psbA—trnH) barcodes, and one
belongs to the nuclear genome for the tDNA (I7S). The PCR
was carried out in a Thermal Cycler TC-TE BOE 8,089,602
(BOECO, Germany). Table 1 shows the three primer pairs
that were used. The PCR reactions were adjusted to 50
ul total reaction volume, containing approximately 50 ng
genomic DNA, ThermoScientific DreamTaq Green PCR
Master Mix (2X), 200 Reactions (Catalog No: K1081), 1.5
mL of each primer (2.5 mM), and deionized distilled water.
The PCR reaction conditions were set as follows: initial
denaturation at 95 °C for 4 min, 35 cycles at 94 °C for 30 s,
57 °C for 30 s, 72 °C for 50 s, and 72 °C for 10 min.

The obtained PCR amplicons were resolved on 0.5 mg/mL
EB containing agarose gels of 1.5%, and gel electrophore-
sis was performed in 1X TAE buffer. GeneRuler 1 Kb plus
DNA ladder (Thermo Scientific Catalog number: SM1322)
was utilized to determine molecular size. The PCR-produced
products were examined using a UV transilluminator. Gel
purification of the bands with the appropriate molecular
size from agarose gel was carried out using Gene JET Gel
Extraction Kit, Thermo Scientific Catalog number: K0O691.

The purified products were sent directly for sequencing to
the Macrogen lab (Seoul, South Korea).

Sequence data analysis The sequences of the three barcodes
(rbcL, psbA—trnH, and ITS) were subjected to the removal
of the peripheral noisy parts at 3' and 5', then aligned using
Basic Local Alignment Search Tool nucleotide (BLASTn)
available in BLAST of the National Centre of Biotechnol-
ogy Information (NCBI) database against other previously
submitted sequences using default parameters. Finally, the
sequences were assigned accession numbers after being sub-
mitted to the GenBank databases. The Phylogenetic tree was
constructed using the free online tool Clust Omega (https://
www.ebi.ac.uk/Tools/msa/clustalo/).

Results
In vitro propagation of Plantago sinaica
Seed germination and in vitro culture

In this study, eighty five percent of of Plantago sinaica
seeds was survived when sterilized with 0.8% (w/v) sodium
hypochlorite solution for a period of 15 min and success-
fully germinated on %2 MS medium without PGRs. Seeds
were germinated after 7-10 days of culture (Fig. 3a). The
shoot tip, stem node section, cotyledonary node, and root
of 4-week-old seedlings were excised and cultured on MS
medium enriched with different concentrations and combi-
nations of auxin and cytokinins.

Impact of different types of cytokinins on the success
of the in vitro propagation of Plantago sinaica using
different explant types

In the present study, the effect of supplementing the culture
media with various cytokinins (Kin, BA, and 2iP) at low
concentrations was studied on the in vitro proliferation of
Plantago sinaica from seedling parts (shoot tip, stem node
section, cotyledonary node, and root).

Tables 2 and 3 show that the growth induction percentage
increased with increasing Kin or 2iP concentrations in the

Table 1 The three primer pairs
used in the PCR reactions; rbcL,

Primer name Sequence

Tm Ref

ITS, and psbA—trnH regions rbcLa_F 5ATGTCACCACAAACAGAGACTAAAGC-3'  64.7  (CBOL 2009)
rbcLa_R 5'-GTAAAATCAAGTCCACCRCG-3' 56.4
ITSI8_F 5'-GTCCACTGAACCTTATCATTTAGAGG-3' 647  (Rohwer et al. 2019)
ITS26_R 5'-GCCGTTACTAAGGGAATCCTTGTTAG-3' 66.3
psbA-trnH_ F~ 5-GTTATGCATGAACGTAATGCTC-3' 58.4  (Sangetal. 1997)
psbA—trnH 05 5-CGCGCATGGTGGATTCACAATCC-3' 66.4  (Tate and Simpson 2003)
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Fig. 3 In vitro propagation of
Plantago sinaica plant using
four types of explants obtained
from 4 weeks old in vitro
germinated seedlings. (a)

In vitro seed germination on %2
MS medium. (b) Proliferation
from shoot tip explants on MS
medium containing 3.33 pM
BA +0.54 uM NAA. (c¢) Prolif-
eration from stem node section
explants on MS medium con-
taining 3.33 uM BA +0.54 uM
NAA. (d) Proliferation from
cotyledonary node explants

on MS medium (control). (e)
Proliferation from root explants
on MS medium containing 2.22
uM BA +0.54 uM NAA

‘!
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shoot tip, stem node section, and root explants. The highest
growth percentage (100%) was recorded for the shoot tip
(Table 2) and root explant (Table 3) with all BA concentra-
tions (The growth rate exceeded that of the control by 25%
for shoot tip and 70% for root explants). With concentrations
of 2.22 and 3.33 uM of BA, the same percentage (100%)
was also observed in the stem node section, and this rate is
higher than the control by approximately 17%. Regarding the
cotyledonary node explants, the growth induction percentage
showed 100% in all tested media.

Concerning the mean number and length of shoots, both
increased with the increase in the concentration of each cyto-
kinin with three types of explants; shoot tip, stem node sec-
tion (Table 2), and root explants (Table 3). Howeyver, it is not
applicable for the cotyledonary node explants, which favors the
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control medium to produce 3.55 shoots with a 2.0 cm length of
the shoot (Table 3). Additionally, BA was the most promising
cytokinin in Plantago sinaica proliferation using shoot tips,
stem node sections, and root explants compared to Kin and
2iP. The most effective concentration of BA among the three
concentrations tested was 3.33 uM. It displayed the highest
mean number and length of shoots for the shoot tip, stem node
section, and root explants. There are 9.33, 9.75, and 8 shoots
per explant, with shoot lengths of 5.52, 6.7, and 3.2 cm for
shoot tip, stem node section, and root explants, respectively.

It was found that BA at 3.33 uM was the most effective
cytokinin than Kin and 2iP for shoot proliferation of Plantago
sinaica plant with all tested explants (shoot tip, stem node
section, and root explants) excised from plant seedlings, with
the exception of the cotyledonary node explants which prefer
the medium without PGRs.
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Table 2 Effect of different types of cytokinins on shoot proliferation from shoot tip and stem node section explants of Plantago sinaica inocu-
lated in full-strength MS medium after eight weeks of culture

Media Hormone Shoot tips Stem node section
Conc. (M) - - X -
Growth induction (%)  Mean no. of Mean length of Growth induction (%)  Mean no. of Mean length
shoots/explant ~ shoot (cm) shoots/explant  of shoot (cm)
Control ~ 0.00 75+0.29¢ 1.33+0.02" 2.26+0.02¢ 83.3+0.17° 5.13+0.01¢  247+0.01
Kin 1.16 88+0.29° 3.00+0.06%"  236+0.01¢ 66.6+0.34° 3.75+0.02 2.27+0.05¢
232 88+0.28° 4.67+0.01%%€  320+0.12%¢  88.0+0.28" 475+0.03  2.65+0.01%
3.48 90+0.57° 7.17+0.09% 5.42+0.11° 90.0+0.57° 6.38+0.05°%  2.80+0.11%
BA 1.11 100+0.00? 51740044 276+0.03%¢  98.6+0.34% 8.13+0.02%  2.67+0.04%
222 100+0.00* 6.17 +0.09* 3.70+0.11% 100+0.00* 8.50+0.17®  3.42+0.12°
3.33 100+ 0.00° 9.33+0.19° 5.52+0.02° 100+0.00° 9.75+0.03* 6.70+0.11°
2ip 1.23 50+0.28° 2.17+£0.04° 472+0.02®  833+0.57° 3.75+0.02 2.13+0.02¢
2.46 85+0.58° 3.83+0.02°%f  528+0.02° 96.0+£0.57° 3.88+0.01° 3.33+0.01¢
3.69 98+0.57° 6.00+0.17% 5.48+0.03 98.0+0.58° 5134002 528+0.02°

Means followed by the same letters within a column are not significantly different (P <0.05)

*SD means standard deviation

Table 3 Effect of different types of cytokinins on shoot proliferation from cotyledonary nodes and root explants of Plantago sinaica inoculated

in full-strength MS medium after eight weeks of culture

Media Hormone Cotyledonary nodes Root explants
Conc. (uM) - B ;
Growth induc- Mean no. of Mean length of ~ Growth induction (%) Mean no. of Mean length
tion (%) shoots/ explant shoot (cm) shoots/ explant  of shoot (cm)
Control 0.00 100+0* 3.55+0.17* 2.00+0.12% 30+0.57° 2.15+0.08° 2.40+0.06°
Kin 1.16 1000 1.75+0.05" 1.90+0.11* 50+0.58¢ 2.50+0.11° 2.50+0.17°
2.32 1000 1.75+0.11% 1.80+0.12% 75+£0.57° 2.75+0.03° 2.61+0.08°
3.48 1000 1.50+0.17° 2.00+0.05 80+0.58° 2.75+0.12° 2.67+0.06°
BA 111 1000 2.55+0.11° 1.95+0.12% 1000 5.27+0.16 2.90+0.11*
2.22 1000 2.20+0.12° 1.80+£0.05% 1000 6.17+0.09° 3.10+0.05%
3.33 100 +0* 2.20+0.06° 1.80+0.11* 100+0* 8.00+0.05* 3.20+0.12°
2ip 1.23 100 +0* 2.10+0.05° 1.00+0.17* 60+1.15° 2.30+0.06° 2.13+0.02¢
2.46 100 +0* 1.50+0.12¢ 1.90+0.06* 66+0.58° 2.50+0.12¢ 2.17+0.04¢
3.69 100 +0* 1.30+0.11¢ 1.90+0.05* 80+0.58° 2.70+0.11° 2.24+0.06°

Means followed by the same letters within a column are not significantly different (P <0.05)

*SD means standard deviation

Impact of BA and NAA combinations on in vitro
propagation of Plantago sinaica using different types
of explants

In this study, shoot tip, stem node section, cotyledonary
node explants, and roots excised from the plant seedlings
were inoculated in full MS medium enriched with different
concentrations of BA (1.11, 2.22, and 3.33 uM) in com-
binations with 0.54 or 2.69 uM NAA to study the effect
of cytokinin-auxin combinations on shoot proliferation of
Plantago sinaica. According to the results in Table 4 and 5,
all tested explants showed a variance response on the in vitro
propagation of the Plantago sinaica plant. For shoot tip and

stem node section explants, all tested MS media enriched
with different concentrations and combinations of BA, and
NAA gave a 100% growth induction percentage except the
control medium, which gave the lowest growth induction
percentage (25%) for shoot tip and 35% for stem node sec-
tion (Table 4). It means that, the growth induction percent-
age with the control medium is lower than the the other
tested media by 75% for shoot tip explants and 65% for stem
node sections. Based on the results in Table 4, MS medium
enriched with 3.33 uM BA +0.54 uM NAA was optimal for
shoot proliferation in Plantago sinaica using the shoot tip
(Fig. 3b) and stem node section (Fig. 3c). It yielded the high-
est mean number of shoots (10.25) with 6.9 cm length and
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Table 4 Effect of BA in combination with NAA on shoot proliferation from shoot tip and stem node section explants of Plantago sinaica inocu-

lated in full-strength MS medium after eight weeks of culture

Conc. (UM) Shoot tips Stem node sections
BA NAA Growthinduction (%) The mean number The mean length Growth induction (%) The mean number  The mean
of shoots/ explant  of shoot (cm) of shoots/ explant  length of shoot
(cm)

0.00 0.00 25.0x0.57° 5.25+0.05° 4.9+0.06° 35.0+0.38° 2.25+0.149 4.6+0.12¢
1.11 054 100+0.0°* 2.75+0.06% 5.3+0.12° 100+0.0* 6.50£0.14% 4.4+0.17¢
222 054 100+0.0°* 3.50£0.06> 6.5+0.17% 100+0.0* 8.40+0.23° 6.8+0.12%
333 054 100+0.0* 10.25+0.11* 6.9+0.11% 100+0.0* 11.30+0.17* 7.3+0.17*
.11 2.69 100+0.0* 2.50£0.05% 6.5+0.12% 100+0.0* 5.00+0.11°¢ 5.9+0.06*
222 2.69 100+0.0* 2.00+0.17%¢ 5.5+0.23° 100+0.0* 3.25+0.14% 49+0.05%
3.33  2.69 100+0.0* 1.00+0.06° 5.3+0.17° 100+0.0* 3.00+0.29¢¢ 3.9+0.12¢

Means followed by the same letters within a column are not significantly different (P <0.05)

*SD means standard deviation

Table 5 Effect of BA in combination with NAA on shoot proliferation from cotyledonary nodes and roots explants obtained from seed-derived
plantlets of Plantago sinaica inoculated in full-strength MS medium after eight weeks of culture

Conc. (uUM) Cotyledonary nodes Roots explants
BA NAA  Growth induction (%)  The mean number  The mean length Growth induction (%)  The mean number  Mean length
of shoots/ explant  of shoot (cm) of shoots/ explant  of shoot (cm)
0.00 0.00 100+0.0* 425+0.14% 2.50+0.14* 25+0.57° 3.75+0.11 3.00+0.05¢
.11 0.54 100+0.0* 3.00+0.05° 1.95+0.17* 100+0.0* 475+0.14¢ 4.00+0.12°
222 054 100+0.0* 2.25+0.06™ 1.60+0.05* 100+0.0* 13.25+0.08* 6.40+0.11°
333 054 100+0.0* 1.50+0.11¢ 1.91+0.11* 100+0.0* 7.25+0.14° 5.57+0.12°
.11 2.69 100+0.0* 1.50+0.05¢ 2.00+0.11* 50+0.28¢ 1.75+0.18 ¢ 321+0.11°
222 2.69 100+0.0* 1.75+0.06° 2.00+0.06* 66 +0.86° 1.50+0.05° 3.17+0.09¢
333 269  100+0.0° 2.0040.11% 220+0.11° 75+0.57° 0.75+0.06 © 3.13+0.08°

Means followed by the same letters within a column are not significantly different (P <0.05)

*SD means standard deviation

11.3 shoots with 7.3 cm length for shoot tip and stem node
sections, respectively. Moreover, the mean number of shoots
and the mean length of shoots increased with the increase in
BA concentrations for the shoot tip and stem node section
when 0.54 uM NAA was used. While using 2.69 uM, NAA
with the same concentrations of BA showed decreasing in
both the number and length of shoots as the concentration
of BA increased. Consequently, MS media enriched with
3.33 uM of BA plus low concentrations of NAA (0.54 uM)
was more effective in stimulating shoot formation from shoot
tip and stem node section explants than media containing a
higher concentration of NAA (2.69 uM) (Table 4).

Table 5 and Fig. 3d show that all tested media yielded a
100% growth induction percentage for cotyledonary node
explants. However, MS medium without any PGRs proved
optimum for shoot proliferation, producing 4.25 shoots
per explant and giving the greatest mean shoot length per

@ Springer

explant (2.5 cm). However, the mean shoot length did not
differ significantly among the all-tested media.

When fresh and viable roots excised from Plantago sina-
ica seedlings were used as explant for producing shoots, only
the concentration of 0.54 uM NAA in combination with dif-
ferent concentrations of BA (1.11, 2.22, and 3.33 uM) stimu-
lated 100% growth induction (more than control medium by
75%). The concentration of 2.22 uM BA with 0.54 pM NAA
was superior in shoot formation (13.75) with a mean length
of shoots of 6.40 cm (Table 5 and Fig. 3e).

It was found that the best explant for Plantago sinaica
proliferation is the root explants obtained from seed-derived
plantlets, which gave 13.25 shoots per explant, then stem
node section, which produce 11.3 shoots per explant, then
shoot tip explants which produce 10.25 shoots and finally,
the cotyledonary nodes were in the last with 4.25 shoots per
explant. Moreover, the low concentration of NAA (0.54 uM)
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Table 6 Effect of half-strength MS medium enriched with either IBA
or NAA at different concentrations on the rooting of Plantago sinaica
after six weeks of culture

Conc. (pM) Rooting Mean no. of roots/  The mean length
— (%) explant of the root (cm)
IBA NAA

0.00 0.00 40+058" 11.25+0.43% 14.50+0.29*
1.23  0.00 100£00%  22.75+0.43% 13.66+0.12%
246 0.00 100 +00* 24.00+0.46" 8.13+£0.07%
496 0.00 60+057° 11.75+0.43% 9.77 +£0.15°
9.80 0.00 60+028  6.00+0.12% 6.31+0.18%
0.00 135 80+029° 9.75+0.14% 7.66+0.17%
0.00 2.69 80+0.57° 15.50+0.28" 5.93+0.11¢
0.00 5.37 80+0.28°  8.00+0.12¢% 3.38+0.12°
0.00 1074 60+0.57° 4.50+0.29° 229+0.11°

Means followed by the same letters within a column are not signifi-
cantly different (P < 0.05)

*SD means standard deviation

was more effective in Plantago sinaica proliferation than
2.69 uM in combination with BA as a cytokinin.

In vitro root induction and acclimatization of plantlets

The multiplied shoots of Plantago sinaica were transferred
to half-strength MS medium containing 1.23, 2.46, 4.96, and
9.80 M of IBA or 1.35,2.46, 5.37, and 10.74 uM of NAA in
order to promote the formation of microshoot roots.

Depending on the concentration of IBA and NAA, the
rooting percentage, the mean number of roots per each
shoot, and the length of roots varied significantly (Table 6
and Fig. 4a and b). By comparing IBA and NAA, IBA was
more promising than NAA in inducing roots. Table 6 illus-
trates that MS media enriched with 1.23 or 2.46 uM IBA
was more suitable for inducing roots. After six weeks of cul-
ture, both exhibited the highest rooting percentage (100%).
They also produced the most significant number of roots per
shoot. MS medium enriched with 2.46 pM IBA gave a 24.0
mean number of roots per shoot, while MS medium enriched
with 1.23 uM IBA demonstrated a 22.75 mean number of
shoots. Differences between the two concentrations of IBA
were insignificant in terms of the mean number of roots.
Although the medium contains 1.23 uM, IBA demonstrated
the most significant mean length of root formed per explant.
It was also observed that high concentrations of IBA (4.96
and 9.80 uM) lead to decreasing the rooting percentage
(60%) and also decreasing in length and the mean number
of roots formed per shoot.

Rooted microshoots were successfully transplanted into
plastic pots accommodating sand, vermiculite, and peat
moss (1: 1:1) covered by transparent plastic bags (Fig. 4c)
under the greenhouse conditions. After 21 days, the plastic

bags were gradually removed (Fig. 4d), and the fully hard-
ened plants were finally transferred to open light (Fig. 4e)
with 90% success.

Molecular identification of Plantago sinaica by DNA
barcode analysis

The expected product molecular sizes of the primer pairs for
the three barcodes rbcL, psbA—trnH, and ITS were approxi-
mately 600 bp, 340 bp, and 800 bp, respectively. Sequences
were subjected to the GenBank database and were given
the following accession numbers successively ON854978,
0OP295408, and ON844118.1.

The obtained sequences were identified using the
BLASTn tool available at the National Centre of Biotechnol-
ogy Information (NCBI). DNA barcode analysis was carried
out to identify and classify the rare near endemic Plantago
sinaica plant for the purpose of conservation. The BLASTn
results and the obtained phylogenetic trees analysis of Plan-
tago sinaica are depicted in Table 7, 8, and 9 & Figs. 5,
6, and 7. Only the plant species with identity percentages
of 98% or higher were considered. The query coverage for
the alignments of of rbcL, psbA—trnH, and ITS sequences
against GenBank accessions ranged from 95 to 100%, 90 to
98%, and 100%, respectively (Table 7, 8, and 9).

Sequence alignment analysis of the barcode rbcL has
revealed 100% identification of Plantago sinaica to the
genus and species levels. In contrast, psbA—trnH and
ITS barcode sequences have only revealed 100% identifica-
tion at the level of the Plantago genus (Figs. 5, 6, and 7).

Discussion
In vitro propagation of Plantago sinaica

Four types of explants (shoot tip, stem node section, coty-
ledonary node, and root) were successfully cultured in vitro
on MS medium enriched with different concentrations of
Kin, BA, and 2iP to obtain a high rate of shoot bud induc-
tion and proliferation in in-vitro propagation of Plantago
sinaica. Numerous species of the Plantago genus, includ-
ing Plantago asiatica (Makowczynska and Golec 2003),
Plantago lanceolata (Budzianowska et al. 2004), Plantago
camtschatica (Golec and Makowczynska 2008), Plantago
maritima (Makowczynska and Golec 2009), and Plantago
lanceolata (Rahamooz-Haghighi et al. 2020) are propagated
in vitro using seedling explants.

The PGRs are regarded as one of the most significant fac-
tors influencing the success of micropropagation of plants.
PGRs inhibit the physiological cell responses in vitro,
thereby inducing the development of various plant parts
(Amoo and Staden 2013; Youssef et al. 2021). Cytokinin is
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Fig.4 In vitro rooting and accli-
matization of Plantago sinaica
plantlets; (a) In vitro rooting

on half-strength MS basal
medium with IBA at 2.46 uM.
(b) Preparation of plantlets for
acclimatization. (¢) Acclima-
tization of the in vitro rooted
plantlets under plastic bags. (d)
The acclimatized plants after

30 days in the greenhouse. (e)
Acclimatized plants in open
light after five months of growth

a kind of plant growth regulator essential for plant growth  cytokinins, Kin at 1.16, 2.32, and 3.48 uM, BA at 1.11, 2.22
and maturation and is used to enhance the differentiation of and 3.33 uM and 2iP at 1.23, 2.46, and 3.69 uM on the
cells and division. In the present study, the effect of three  proliferation and multiplication of Plantago sinaica was

Table 7 1,5-bisphosphate

Scientific Name Accession Query Cover E value Identity %

carboxylase/oxygenase large

Suzunit (lrbfiin?NA b;rclggf]; . Plantago sinaica KY794555.1 100% 0 100.0

as downloaded from the . .

GenBank database Plantago amplexicaulis KY951700.1 100% 0 98.51
Plantago coronopus KY951705.1 100% 0 98.13
Plantago major KX?298979.1 100% 0 98.13
Plantago depressa GQ436318.1 100% 0 98.13
Plantago atrata AJ389601.1 100% 0 98.13
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Table 8 Photosystem II protein

X . Scientific Name Accession Query Cover E value Identity %
D1 (psbA) intergenic spacer
(psbA—trnH) DNA barcode as Plantago arborescens OL312462.1 98% 1.00E-82 98.88
downloaded from the NCBI Plantago lanceolata KY494845.1 96% 3.00E-79 98.30
GenBank database
Plantago cavaleriei MH117208.1 95% 1.00E-77 98.26
Plantago camtschatica LC628108.1 95% 1.00E-77 98.26
Plantago major IN407025.2 95% 1.00E-77 98.26
Plantago aristata 0K469574.1 94% 5.00E-77 98.25

clarified individually. Of the three tested cytokinins, BA at
the three concentrations showed the most optimal response
and significant differences in growth induction percentage,
the mean number of shoots, and the mean length of shoots
observed with all tested explants except the cotyledonary
node explants. Furthermore, the optimal concentration of
BA 3.33 uM was the optimum for the Plantago sinaica pro-
liferation from stem nodes, shoot tips, and root explants.
The efficacy of aromatic BA may be attributable to its
greater in vivo stability than other cytokinins, and it is well
known that each plant species prefers a particular type and
concentration of cytokinin based on the endogenous plant
hormone (Kadota and Niimi 2003; Amoo et al. 2014). The
superiority of BA over other cytokinins was also observed
among other medicinal species such as Capsicum frutescens
(Kumar et al. 2007), Withania somnifera (Fatima and Anis
2012), Bacopa monniera (Haque et al. 2017), and Breynia
disticha (Abd El-Kafie et al. 2018). It was observed that the
cotyledonary node explants exhibited insignificant variations
across all tested cytokinins, including BA. These explants
thrived best in a PGRs-free MS medium, yielding the high-
est number of shoots at 3.55. This outcome might be attrib-
uted to the inherent auxin levels present in the cotyledonary
node explants. Such endogenous auxin content potentially
increases shoot formation with the control medium and
inhibits shoot organogenesis in other tested media, likely
due to the interactions between the natural auxins and vary-
ing levels of externally applied PGRs present in other media
formulations (Hu et al. 2017; Mwaniki et al. 2019).
Merging the auxin and cytokinin in MS medium induc-
ing a cross-talk controls the formation of shoot meristems
responsible for whole plant establishment (Ying-Hua et al.
2011). BA is essential for bud breaking, but an augmentation
of the low amount of auxin with BA increased the shoot mul-
tiplication rate (Choudhary et al. 2020). In the present study,

augmenting the BA-enriched full MS medium with two
concentrations of NAA, a considerable enhancement was
observed in both the number and length of shoots formed per
explant for shoot tip, stem nodes and root explants. The opti-
mum concentration for shoot proliferation from shoot tip and
stem nodes was MS medium enriched with 0.54 uM NAA
along with 3.33 uM BA while MS medium plus 0.54 uM
NAA along with 2.22 uM BA was more suitable for shoot
proliferation from root explants. It is clear from the results
that the interaction between NAA and BA was important
in controlling the developmental processes responsible for
increasing the mean number and length of shoots. The syn-
ergistic effect of auxin and cytokinin in shoot proliferation
was also reported on Plantago asiatica (Makowczynska and
Golec 2003), Plantago camtschatica (Golec and Makowc-
zynska 2008), and Plantago maritima (Makowczynska and
Golec 2009).

The capability of the in vitro multiplied shoots to form
roots is based on the synergy between endogenous and exog-
enous factors. Auxins plays an essential role in root develop-
ment (Sharma et al. 2010).

In this study, the regenerated microshoots of Plan-
tago Sinaica were forced to form roots in vitro in half MS
medium enriched with various concentrations of NAA or
IBA. Out of different auxins, IBA is a stable auxin with a
low rate of oxidative and is widely used in clonal propaga-
tion due to its efficiency in regulating in vitro root formation
by converting it into IAA (Bai et al. 2020). Half-strength MS
medium enriched with 1.23 or 2.46 uM IBA was proved to
be optimal for root formation in micropropagated shoots of
Plantago sinaica. Each of the two concentrations resulted in
a 100% rooting percentage with the highest mean number of
roots per shoot. The highest mean length of roots was found
in both mediums containing 1.23 uM IBA and the control
medium. IBA was also optimal for rooting in Plantago

Table 9 18S ribosomal RNA
gene Internal Transcribed

Spacer 1 (ITS) DNA barcode
as downloaded from the NCBI
GenBank database

Scientific Name Accession Query Cover E value Identity %
Plantago mauritanica AY101890.1 100% 0 98.22
Plantago arborescens KJ579140.1 100% 0 98.04
Plantago sempervirens AY101889.1 100% 0 98.04
Plantago famarae AY101888.1 100% 0 98.04
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Fig.5 Phylogenetic tree of
Plantago sinaica using the
Chloroplast DNA marker:

& . . -
99 —————— Plantago sinaica (ON854978.1)
" I — | Plantago sinaica (KY794555.1)

1,5-bisphosphate carboxylase/
oxygenase large subunit (rbcL)

{ Plantago amplexicaulis (KY951700.1)
98 Plantago atrata (AJ389601.1)
— Plantago depressa (GQ436318.1)

99 | Plantago major (KX298979.1)

lanceolata since the in vitro multiplied shoots were rooted
efficiently on MS medium +2.46 pM IBA (Rahamooz-
Haghighi et al. 2020). Regarding other Plantago species,
different responses were observed on rooting. For example,
MS medium enriched with 0.5 uM of NAA and MS without
auxin was the best media for rooting Plantago camtschatica
(Golec and Makowczynska 2008). MS medium + 1.0 uM
NAA gave the highest rooting percentage and the highest
number and length of roots in Plantago major (Mederos
et al. 1997). The optimum medium for rooting Plantago
maritima was MS medium enriched with 0.5 uM NAA,
which resulted in a 90% rooting percentage (Makowczynska
and Golec 2009). In contrast, Plantago lanceolata favors a
100% root induction percentage in MS medium containing
5.7uM TAA (Budzianowska et al. 2004). The fully hardened
plantlets in the greenhouse were finally placed in open light
with 90% success.

Identification of Plantago sinaica by DNA barcode
analysis

To our knowledge, this is the first study of the psbA—trnH
and ITS barcodes for the rare near endemic Plantago sinaica
plant. The universal tool of DNA barcoding has been inte-
grated with traditional taxonomy tools for identifying and

Fig.6 Phylogenetic tree of
Plantago sinaica using the

Plantago coronopus (KY951705.1)

classifying plants, particularly plants that have been poorly
studied and native to poorly considered regions (Carneiro
de Melo Moura et al. 2019; Pires and Marinoni 2010).
DNA barcoding has proven effective in identifying rare and
endemic plant species, thereby facilitating evolutionary and
ecological research and validating conservation priorities
(Hashim et al. 2021; Hosein et al. 2017; Techen et al. 2014).

DNA barcoding has not only been utilized for the identifi-
cation and/or confirmation of species but also for determin-
ing their genetic relationships (Jiang et al. 2022; Hashim
et al. 2021). DNA barcoding is a reliable method for identi-
fying different plant species since it relies on a short genetic
sequence belonging to a specific genome region. BLASTn
and phylogenetic tree analyses of Plantago sinaica using
the three barcodes, rbcL, psbA—trnH, and ITS, successfully
identified it to the genus level Plantago. In contrast, rbcL
only was successful in identifying it to the species level of
Plantago sinaica. This is because the psbA—trnH and ITS
sequences for Plantago sinaica have not been previously
submitted to the GenBank database, confirming the novelty
of our submission of these sequences for the first time to
the GenBank database. The highest similarity percentages
between Plantago sinaica and the other recorded Plantago
species ranged between 100% and 98.4. The rbcL barcode
sequence showed 100% similarity with the same species,

% l—[Plamago sinaica (OP295408) ]

nuclear DNA marker: photo-
system II protein D1 (psbA)
intergenic spacer (psbA—trnH)

| Plantago arborescens (01.312462.1)
{ Plantago major (IN407025.2)
: Plantago camtschatica (LC628108.1)

Plantago cavalerie (MH117208.1)

67

Plantago aristata (0K469574.1)

Fig.7 Phylogenetic tree of

Plantago lanceolata (KY494845.1)

Plantago sinaica using the
nuclear DNA: 18S ribosomal
RNA gene internal transcribed
spacer 1 (ITS)
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Plantago sinaica (unpublished data). The phylogenetic trees
created by the BLASTn for Plantago sinaica using the three
barcode markers: rbcL, psbA—trnH, and ITS supported the
inclusion of Plantago sinaica in the genus Plantago. It was
also found that the most closely related species are Plantago
sinaica.

Due to the advocacy of the Consortium for the Barcode
of Life (CBOL) (CBOL Plant Working Group 2009) plant
working group, the rbcL barcode was selected as it is con-
sidered a core barcode for plant species /7S and psbA—trnH
was chosen as a supplement barcode. In addition, it was
determined that the combination of psbA—trnH and ITS
performs better or the same comparisons with other combi-
nations in most investigated taxonomic groups (Pang et al.
2012). Phylogenetic relationship studies are most effective
when combining nuclear DNA (ncDNA) and chloroplast
DNA (cpDNA) to evaluate the evolutionary relationships
between and within species (Amandita et al. 2019). The
current study results successfully identify Plantago sinaica
on both the species and genus levels. Two new significant
barcode sequences were introduced for the first time to the
GenBank databases, which contributes to the potential of
DNA barcoding in providing nucleotide data of the differ-
ent taxa DNA sequences database (Hosein et al. 2017). This
study confirms the potential use of DNA barcode analysis
to document endemic endangered species to their adequate
taxonomic position.

Conclusion

Protection and prevention of the threatened species' extinc-
tion is a top priority of the 2030 Agenda and the Sustainable
Development Goals (SDGs). Therefore, in order to save rare
and endangered species, especially endemic ones, it is neces-
sary to take prompt and significant action. In vitro propaga-
tion and DNA barcoding are considered to be essential tools
for protecting endangered species within and beyond their
nature reserves.

In conclusion, to our knowledge, this is the first report
describing the in vitro propagation protocol and publish-
ing two new DNA barcodes for Plantago sinaica, a near-
endemic and rare plant. The in vitro propagation of the plant
was conducted using four types of explants excised from
in vitro germinated seedlings. Furthermore, the DNA bar-
code analysis was performed using three DNA barcodes for
identifying the plant on the molecular level. As Plantago
sinaica is a rare plant, in vitro micropropagation and DNA
barcoding are required to protect our intellectual property
rights and achieve one of the most significant Sustainable
Development Goals related to the conservation and manage-
ment of endemic and endangered species.
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