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Abstract

A novel cost-effective and widely applicable pH indicator was developed using anthocyanins extracted from the purple
subtype of Ocimum sanctum L. and common lab filter paper. This pH indicator was successfully tested to monitor the pH of
a wide range of buffers, solutions, irrigation water, and soil solution. Upon testing, the indicator displayed specific colors at
corresponding pH ranges. Sucrose showed a stabilizing effect for the color of the extracted anthocyanins. Further, molecu-
lar analysis indicated that the leaves from the purple subtypes showed higher transcripts abundance for chalcone synthase,
chalcone isomerase, anthocyanidin synthase, and dihydroflavonol 4-reductase than that of the green subtype. Similarly,
transcription factors HY5 and a bHLH putatively involved in the biosynthesis of anthocyanins showed up-regulation in the

purple subtype of O. sanctum.
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Introduction

Anthocyanins are flavonoids and natural pigments accumu-
lated in various plant species. These pigments are soluble
in water and well known for their free radical scavenging
activities showing strong antioxidant properties. More than
250 types of anthocyanins have been isolated from various
plant species. Plant anthocyanins are accumulated in vacu-
oles of many organs of plants like flowers, leaves, fruits, and
roots (Dixon et al. 2005). Anthocyanins undergo glycosyla-
tion, acetylation, and methylation, and depending on their
cyanine glycoside forms display a range of colors (Jackman
and Smith 1996). Purple, reddish violate, red color of foli-
age, fruits, roots, and the inflorescence is due to the accu-
mulation of anthocyanins. Due to free radical scavenging
properties, these have been used for suppressing various
types of cancer cells and well known as anti-aging agents,
blood lipid-lowering agents, and as hepatoprotectives (Kong
et al. 2003; Tsuda 2012; Kamiloglu et al. 2015; Zhu 2018).
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This class of flavonoids in solutions shows different colors
under different pH levels; hence recently, these molecules
have been used for the development of pH indicators. For
example, anthocyanins extracted from the husk of Vitis amu-
rensis, roselle, purple potato, purple cabbage, black bean
seeds, black carrot and black rice bran have been used as pH
indicators (Chen and Gu 2013; Golasz et al. 2013; Shahid
et al. 2013; Choi et al. 2017; Pourjavaher et al. 2017; Prietto
et al. 2017; Wu et al. 2018; Moradia et al. 2019; Tirtashi
et al. 2019). Extracted anthocyanins have been incorporated
in various biofilms made of starch/agar or other organic
materials. Ultimately, these biofilms have emerged as pH
indicators.

In developing countries like India, Bangladesh, Paki-
stan, Nepal, Bhutan, Shri-Lanka, etc. such crop plants have
not been cultivated on a large scale. In these countries, cli-
matic conditions, limited farm size, and limited consumer
demand restrict the use and farming of such commodities.
Ocimum genus belonging to the Lamiaceae family is widely
distributed in tropical and sub-tropical regions of the world
including India. Several Ocimum species like O. sanctum,
O. basilicum, O. gratissimum L., O. kilimandscharicum, and
O. americanum have been found in India. Among these spe-
cies, O. sanctum is well known as Holy basil or Queen of
Herb or Tulsi and is very common in India. Tulsi is grown
even in houses for worship. This herb has gained medicinal
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values for its valuable metabolites present in essential oils
like eugenol, methyl eugenol, chavicol, linalool, ursolic
acid, methyl cinnamate, etc. (Saran et al. 2017). Moreover,
0. sanctum has been popularized as a source of rosmarinic
acid. Various pharmaceutical products have been in trade,
which use O. sanctum and well known for their cough, cold,
antioxidant, and antimicrobial properties (Pattanayak et al.
2010). Nowadays, the area under O. sanctum cultivation has
been increasing with an increase in market demand.

O. sanctum has two subtypes depending on the color of
foliage viz., Green (Rama Tulsi), and Purple (Shyama or
Krishna Tulsi). The purple-colored O. sanctum subtype
accumulates anthocyanin in foliage, stem, and inflores-
cences. The essential oil of Tulsi is biosynthesized in glan-
dular trichomes known as peltate glands, whereas antho-
cyanins are accumulated in the rest of the leaf. Overall,
purple Tulsi is an easily available plant and a good source of
anthocyanins as it is easy to propagate under varied climatic
conditions. Various research groups (Rastogi et al. 2015;
Upadhyay et al. 2015) have reported the genome and tran-
scriptome sequences of Tulsi. The biosynthesis of metabo-
lites found in essential oils and anthocyanins shares common
precursor metabolites in Tulsi. Secondary metabolites of
Tulsi mainly belong to phenylpropanoid and terpene classes.
Two metabolic pathways, shikimate, and MEP pathways
supply the precursor metabolites to the biosynthesis of eco-
nomically important metabolites like eugenol, chavicol, etc.
(Rastogi et al. 2015). Expression analysis of genes involved
in the phenylpropanoid pathway is well studied in green and
purple subtypes of Tulsi. The key genes involved in the bio-
synthesis of anthocyanins in the purple subtype of Tulsi and
its regulations are yet to identified and analyzed. Overall,
Tulsi plants the same as other industrially valuable species
have been grown for herbage yield either for essential oil or
for natural active pharmaceutical products concerning its
antioxidant and antimicrobial properties (Theapparat et al.
2019; Duan et al. 2019).

In the present study, the anthocyanins from the purple
subtype of Tulsi have been extracted, analyzed for their spec-
tral characteristics under varied pH range, and ultimately
extracted anthocyanins were used to develop a novel pH
indicator strip. Acid/base free filter paper was used as a base
material for the strip development. This pH indicator strip
was successfully used to test the pH of a variety of solu-
tions including buffers used in molecular biology, soil solu-
tion, and irrigation water at farmers’ fields. Development
of strip was very cost-effective and easy as compared to
biofilms developed earlier using costly reagents and antho-
cyanins extracted from costly food crops. To understand the
metabolic mechanism behind the purple color of Tulsi, key
genes involved in the biosynthesis of anthocyanins and its
regulation were identified. The expression analysis of these
genes in the purple and the green subtype showed varied
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expression profiles. In addition, such alternative use can add
value to an Indigenous crop and enable farmers to get higher
income using fellow land for the cultivation of Tulsi. The
present study aimed to assess the feasibility of anthocya-
nins extracted from the purple subtype of O. sanctum for the
development of a pH indicator.

Materials and methods
Sample collection

Plants of the green and the purple subtypes of O. sanctum
L. were grown on the farm at our Institute. Leaves were
collected from three different mature plants of each subtype
(as biological replicates) and either immediately processed
for anthocyanins isolation and RNA isolations or stored at
— 80 °C for further use.

Extraction, quantitative estimation, and spectral
analysis of anthocyanins extracted from O. sanctum

Total anthocyanins from the purple Tulsi were extracted by
acidic water. Chopped leaves from the purple subtype of O.
sanctum (1 g) were emerged in 10 ml of water with 0.1%
HCI for anthocyanin extraction. The solution was incubated
in the microwave for 2—4 min with intermittent ventilation
for several times. After complete extraction, the solution was
filtered through Whatman no 1 filter paper. Total anthocya-
nins were estimated using the AOAC method (Lee 2005).
Two buffers with pH 1 (potassium chloride, 0.025 M) and
pH 4.5 (sodium acetate, 0.4 M) were used to determine the
total anthocyanin content. Test solutions were prepared to
have 1 part of plant extract and 4 parts of buffers. Absorp-
tions were taken at 520 nm and 700 nm for each pH sys-
tem. Total anthocyanins were estimated using the following
formula:

A XMW x DF x 1000
exl

L mg
Anthocyanin pigment <T> =

where A =(A520 nm — A700 nm) pHI1.0 — (A520 nm
— A700 nm) pH4.5; MW (molecular weight) =449.2 g/mol
of cyanidin-3-glucoside; DF =dilution factor; 1=path length
in cm and € =26,900 molar extinction coefficient.

For colorimetric analysis of the extracted anthocyanins,
solutions of different pH range having anthocyanins were
prepared using HCI and NaOH. The spectral analysis was
carried out using a spectrophotometer set at a spectral wave-
length range between 400 to 650 nm. Anthocyanins change
their color in different pH levels so photographs were taken
at each specific pH.
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Effect of pH and sucrose on stability during storage,
photostability and thermal stability of anthocyanins

Effect of pH, sucrose, and heat on stability of anthocya-
nins was determined as described earlier (Matsufuji et al.
2007). Residual anthocyanins content was determined by
the Avis-max and degradation index (DI). The value of DI
was calculated by the ratio of absorption at 420 nm and Avis-
max. For the effect of pH on photostability, pH 3, 5, and 7
solutions were used. Absorption analysis was conducted for
these three pH levels for several days of light exposers. For
photostability analysis, 0.2% (w/v) extracts of different pH
(3, 5, and 7) were taken into a glass vial with screw caps and
exposed to fluorescent light with 5000 1x for 24 h/d light
period under 25 °C for a different periods. To evaluate the
effect of sucrose on anthocyanin stability 1, 10, and 20%
sucrose solutions were used. Thermostability was estimated
by incubating extract solutions of pH levels 3, 5, and 7 at
temperature 95 °C maintained in a water bath for differ-
ent periods. Each sample was cooled in ice after incubation
and residual anthocyanin (anthocyanin content after experi-
ment/anthocyanin content initially X 100) was calculated by
the pH differential method described above using UV-Vis
spectrophotometer.

Characterization of genes involved
in the biosynthesis of anthocyanins and its
regulation

Anthocyanins are synthesized by the flavonoid pathway,
which derives metabolites from phenylpropanoid path-
ways. The first enzyme for the flavonoid biosynthesis is
chalcone synthase (CHS), and downstream key enzymes
are chalcone isomerase (CI), dihydroflavonol 4-reductase
(DFR) and anthocyanidin synthase (ANS). CHS and CI are
early biosynthesis enzymes, whereas DFR and ANS are
known as late biosynthesis enzymes. Transcripts or genomic
sequences of early and late biosynthesis enzymes were iden-
tified using query protein sequences (CHS: AOA2Z4N9C3;
CI: AOA2ZAN9CS; DFR: A0OA2Z4N9A3; and ANS:

AO0A27Z4N991) available at UniProt database using
tBLASTn. We identified transcription factors putatively
involved in anthocyanin biosynthesis using HYS (UniProt
id 024646) and TT8 bHLH (UniProt id Q9FT81) as query
sequences. For genome-wide identification, O. sanctum
genomic and transcriptome sequences were downloaded.
The protein sequences collected from Uniprot were used as
query sequences against genome and transcriptome data.
The tBLASTn approach was used to identify genes. The
genomic sequences obtained from blast search were used for
CDS identification using the AUGUSTUS tool (Stanke et al.
2006). The redundancy of sequences was eliminated manu-
ally. Identified transcripts were analyzed for their annotation
against the protein database using BLASTx tool and domain
features were analyzed by PROSITE web server, NCBI CD
search tool and Pfam. Once, annotated primers were syn-
thesized for their comparative gene expression analysis in
the green and purple subtypes of O. sanctum. Homologs of
identified proteins were collected from the NCBI database,
and multiple sequence alignments were performed using the
Clustal-W tool. Phylogenetic trees were constructed using
the Neighbor-Joining method of MEGA 6 tool with 1000
bootstrap trails (Tamura et al. 2013).

Differential analysis of genes involved
in the biosynthesis of anthocyanins

Total RNA was isolated from green and purple subtypes
of O. sanctum using GeneJET Plant RNA Purification Kit
(ThermoFisher). Total RNA was used for cDNA preparation
using RevertAid First Strand cDNA Synthesis Kit (Ther-
moFisher) using total RNA (treated with 1 pg of DNAse)
in 25 pl reaction volume. The real-time PCR analysis was
performed in the CFX96 real-time PCR cycler (BioRad)
machine. The primers used for RT-PCR analysis are listed
in Table 1. Real-time analysis was performed using SYBR
green master mix (Maxima SYBR Green). The reactions
were set up for 25 pl with 200 ng cDNA and 12.5 pl Maxima
master mix in each reaction. Thermal cycling was performed
for three steps cycling with an initial denaturation at 95 °C,

Table 1 Primers used for Real-

! . gt Gene Forward Reverse
time gene expression analysis
OsCHS 5’ AGGAGAATCCGAACATGACG3' 5'GTGGGTGATTTTGGATTTGG3'
OsCHI 5'TGACGAAGGTGACGACGATA3' 5'CGGTGTATTTTCCGACTGCT3’
OsANS 5'CAACGGCAGATACAAGAGCAZ3' 5'GTTTCAGACAGGGGCTTGAG3'
OsDFR 5'GAAGGCATCGACAAGGACAT3' 5’AAACGGCAGAAAACCCTTCT3’
OsHY5 5’AGGTAGAAGCCCAGCTGACA3’ 5'TCCTTAACTCGAGCCTCCAA3'
OsbHLH 5’ATAACTGGCCCATCATCAGC3’ 5'GTTGGATTGGTTTTCGAGGA3'
Actin 5'GTGCGACGTGGATATCAGGA3' 5'GAGCCTCCGATCCAGACACT3'

OsCHS chalcone synthase, OsCHI chalcone isomerase, OsANS anthocyanidin synthase, OsHY5 Transcrip-
tion factor HYS, OsbHLH Transcription factor belonging to basic helix loop helix class from O. sanctum
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followed by denaturation 95 °C for 15 s, annealing 60 °C
for 30 s and elongation 72 °C for 30 s. Fold change in gene
expression was calculated as 2724 using ACt values.

Development of the pH strip

Extracted anthocyanins were used for the development of
pH strips. For the stability of anthocyanins, sucrose (10%)
was added to the extracted anthocyanin solution. Acid/Base
free filter papers were cut into 5 cm X 2 cm strips and kept in
glass plates. Extracted anthocyanin solution having sucrose
was poured in these plates and incubated with filter paper
strips for 10 min at room temperature. After incubation, the
strip was transferred to a fresh glass plate and excess solu-
tion was removed with tissue paper. The strips were dried
in an oven at 55 °C until completely dry. These strips were
tested for color change at different pH levels. For this, Tris
buffer at pH 8.0, distilled water as neutral pH 7.0, HCI solu-
tion at pH 2, and NaOH solution at pH10 were used. These
strips were also used to measure the pH level of soil solution,
irrigation water collected from farms, and lemon juice.

Statistical analysis

All experiments were performed at least in triplicate, and
results were expressed as mean values with standard devia-
tions. Statistical significance of the results was evaluated
by ANOVA and Tukey test at p <0.05 using the GraphPad
Prism software.

Results

Anthocyanins from the purple O. sanctum and UV-
Vis spectrum analysis

Total anthocyanins were extracted from the purple subtype
of O. sanctum. Anthocyanins are supposed to be stable at
acidic pH as compared to neutral pH. The quantitative esti-
mation of anthocyanins from the purple subtype of O. sanc-
tum showed 47.50+1.121 mg/100 g fresh sample antho-
cyanins in leaves. The color of anthocyanins at different pH
levels is shown in Fig. 1a. The color of the solution at pH
2 is bright red and which turned pink when pH raised to
4. Color of solution at pH 5 turned to violet and at neutral
pH 7 turned to light violet. At pH range higher than 7, the
color became green (pH 8) and dark green (pH 9). Further
increase in the pH changed the color of the solution to brown
(at pH 10) and light brown (at pH 11). The spectral analysis
of anthocyanins at different pH levels is shown in Fig. 1b.
The maximum absorption peak for the anthocyanins from
O. sanctum was observed around 525 nm at the pH range
1-2. The peak of wavelength for the anthocyanin solutions
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Fig. 1 Different colors shown by the anthocyanins extracted from O.
sanctum at various pH levels (a) and UV-Vis Spectra of the antho-
cyanins extracted from O. sanctum under at pH levels (b)

was shifted toward higher wavelength with an increase in pH
level as shown in Fig. 1b. The peak was shifted from 525 nm
to 550 nm with an increase in the pH up to 6. At pH 7, the
peak of solution shifted to 600 nm and a further increase
in pH resulted in shifting of the peak towards 610 nm with
an increase in absorption. Overall, anthocyanins extracted
from Tulsi showed a bathochromic shift with increasing pH.
It is believed that four different molecular forms of antho-
cyanins exist in aqueous solutions depending upon the pH
of solutions, for example red flavylium cation, purple-violet
quinoidal-base, colorless carbinol-base, and yellow-colored
chalcones.

Stability analysis of the extracted anthocyanins

It is important to determine the stability of the anthocyanins
before their use in any product development. The stability
of anthocyanins extracted from O. sanctum was determined
under various pH ranges and storage times. The effect of pH
on photostability and thermostability was also determined.
To identify a stabilizing agent, sucrose was analyzed. Fig-
ure 2 shows the stability analysis of extracted anthocyanins
under various conditions. With the degradation of the antho-
cyanins, the residual content was decreased and DI (Degra-
dation Index) value was increased. Results showed that the
photostability of anthocyanins from O. sanctum depends on
the pH of extract. At acidic pH (pH 3 and 5), the residual
anthocyanins content was 68% after exposure to light for
25 days (Fig. 2a). At neutral pH, the anthocyanins resulted
in degradation and reduced to only 30% even after 2 days
exposer. In addition, DI value represents the degradation
of anthocyanins. DI values of anthocyanins extract at pH
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Fig.2 Stability analysis of the anthocyanins at different pH levels
and in the presence of sucrose. Residual anthocyanins (anthocyanin
content after experiment/anthocyanin content initially X 100%) were
calculated by pH differential method. In the figure, a and b repre-
sent changes in residual anthocyanin percentage and DI (Degradation
index: the ratio of absorption at 420 nm and Avis-max), respectively,
during different light exposer time at different pH levels. Thermal sta-
bility (at 95 °C) of anthocyanins at different pH levels is shown in ¢

7 increased rapidly when exposed to light (Fig. 2b). The
residual anthocyanin content and DI values indicated that
anthocyanins are more stable to light exposer in acidic pH
and were degraded in neutral pH. During heating, the red
color of extract changed to brown-yellow. The pattern of
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(residual anthocyanin %) and d (DI). Effect of sucrose on the stabil-
ity of anthocyanins is shown in e and f. Where, e represents residual
anthocyanin % under different sucrose levels and f represents the
visual color of immediately extracted anthocyanins (A), the color of
anthocyanins after 3 months of extraction without sucrose (B) and
color of anthocyanins extract with 10% sucrose (C) after 3 months
stored at 25 °C

increase in DI values under heating was similar to photodeg-
radation as shown in Fig. 2c and d. The heating was more
destructive for anthocyanins as compared to light as DI value
increase sharply in case of heating. Overall, anthocyanins
from O. sanctum are more stable in acidic pH to heat exposer
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than neutral pH. Figure 2e and f shows the stabilizing effect
of sucrose on anthocyanin stability.

Identification and characterization of various genes
involved in the biosynthesis of anthocyanins and its
regulation

The raw transcripts and gene sequences of two genes of
early (OsCHS and OsCHI) and two genes of late (OsDFR
and OsANS) biosynthesis of anthocyanin in O. sanctum
were identified. Genes for two key transcriptional regula-
tors (OsHYS and OsbHLH) were also identified. Transcripts
for the genes OsDFR and OsANS could not be identified
from the TSA database. Thus, the corresponding genomic
sequences were collected. Identified sequences were anno-
tated, and corresponding gene names were assigned. Fig-
ure 3 shows the annotation and domain organization of
these identified proteins. Phylogenetic analysis suggested
conserved amino acid residues among aligned protein
sequences (Fig. 4). The conserved nature of residues indi-
cated similar functions of homolog proteins. Identified
transcription factors OsHY5 and OsbHLH are supposed to
be involved in the biosynthesis of anthocyanins. Phyloge-
netic analysis suggested that OsCHS, OsCHI, OsANS, and
OsDFR grouped with corresponding annotated homologs
from other Lamiaceae members such as Salvia miltiorrhiza,
Plectranthus scutellarioides, and Perilla frutescens. Interest-
ingly, OsHY5 was grouped with HYS from Salvia splendens.
HYS5 from Solanum lycopersicum and Nicotiana tomentosi-
formis also grouped with OsHY5. OsbHLH showed close
homology with the Myc-F3G1 gene encoding bHLHprotein
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from Perilla frutiscens. This was reported to be regulating
anthocyanin biosynthesis in Perilla frutiscens (Yamazaki
et al. 2003).

OsCHS showed the presence of N and C terminal
domains of chalcone and Stilbene synthase family proteins.
OsCHI showed the chalcone isomerase superfamily protein
domain. OsANS showed two domains 20G-Fe(Il) oxy-
genase superfamily and a non-haemdioxygenase domain.
These are characteristic domains of ANS family proteins.
OsDFR showed the characteristic domain of the NAD-
dependent epimerase/dehydratase family. OsHYS showed
the Basic leucine zipper (bZIP) domain of Plant Elongated/
Long Hypocotyl5 (HY5)-like transcription factors. OsbHLH
showed the presence of bLHLH-MYC and R2R3-MYB tran-
scription factors N-terminal domain and downstream bHLH
domain. This domain organization is a characteristic feature
observed in many R2R3-MYB transcription factors involved
in plant secondary metabolite biosynthesis. Domain organi-
zation and phylogenetic analysis indicated the similar struc-
tures-function relationship of homolog proteins identified in
0. sanctum.

Differential gene expression analysis
between the green and the purple subtypes

The purple subtype of Tulsi accumulates significantly higher
anthocyanins in their foliage and inflorescences. The dif-
ference between green and purple subtypes is due to dif-
ferentially expressed early and late genes involving in the
biosynthesis of anthocyanins. Further, various transcrip-
tional regulators regulate the expression of genes involved
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Fig.3 Conserved domains identified in OsCHS, OsCHI, OsANS, OsDFR, OsHY5, and OsbHLH. These domains were identified using NCBI

CD-search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
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Fig.4 Phylogenetic analysis of early (OsCHS and OsCHI represented
in a and b respectively) and late (OsANS and OsDFR represented in
c and d, respectively) genes of the biosynthesis pathway of antho-

in anthocyanin biosynthesis. The main transcription factors
for the biosynthesis of anthocyanin are HYS, TT8 (a bHLH
transcription factor), and various MYB family proteins. HY5
generally involved in light regulatory pathways and antho-
cyanin biosynthesis. Whereas TT8 (bHLH class TF) acts
as a part of multiprotein complex formation involved in the
regulation of the biosynthesis of anthocyanins. The expres-
sion of OsCHS and OsCHI is higher in purple subtype than
in the green subtype (Fig. 5), which indicates a higher car-
bon skeleton available for anthocyanin production. Also, the
expression of OsANS and OsDFR was significantly higher
in the purple subtype as compared to the green subtype
(Fig. 5). These results correlated with the accumulation of
anthocyanins in purple subtypes. The expression of OsHY5
and OsbHLH was also reported in green as well as pur-
ple subtypes. However, purple subtypes showed relatively
higher expression for both OsHY5 and OsbHLH as indicated
in Fig. 5.

Development of the pH strip using extracted
anthocyanins

The pH strip developed using anthocyanins from O. sanctum
and filter paper is shown in Fig. 6. The color of the strip

87 NP_001306996.1_bHLH_Citrus_sinensis
RZC25054.1_bHLH_Glycine_soja
OsbHLH

BAC56998.1_F3G1_Perilla_frutescens

cyanin in O. sanctum. Phylogenetic analysis of transcription factors
(OsHY5 and OsbHLH represented in e and f, respectively) putatively
involved in the biosynthesis of anthocyanins

changed when it was tested for different solutions having dif-
ferent pH levels. Different buffers and solutions were applied
to strips by pipetting 10 pl volume. The strips showed imme-
diate color change upon the application of buffers or solu-
tions. The color of the strip becomes light violet when water
at neutral pH was applied. The color of the strip became
green when Tris buffer at pH 8 was applied. NaOH solution
of higher pH like 10 changed strip color to brown. Appli-
cation of HCI solution of pH 2 turned color of the strip to
bright red (Fig. 6a). After the use of predetermined pH solu-
tions, we tested strip for unknown pH solutions. Solutions of
unknown pH (wet soil sample, irrigation water, and lemon
juice) were used for their pH determination. Results showed
that the pH of soil and irrigation water was slightly alkaline
as the strip color changed to light green. While the applica-
tion of lemon juice resulted in the pink color of the strip
which indicated acidic pH of the lemon juice (Fig. 6b).

Discussion

Tulsi is known for its vast medicinal uses since ancient
times. This plant species has been gaining commercial val-
ues due to its essential oil content. Our earlier study reported
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Fig.5 Real-time gene expression analysis of early (OsCHS and
OsCHI) and late (OsANS and OsDFR) genes of the biosynthe-
sis pathway of anthocyanin and its regulatory transcription factors
(OsHY5 and OsbHLH) in O. sanctum

the germplasm of O. sanctum, which can be used as a source
of eugenol (Saran et al. 2017). Apart from eugenol, the
essential oil also has pharmaceutically important metabolites
such as linalool, chavicol, methyl eugenol, methyl chavicol,
cinnamate, citral, rosmarinic acid, etc. Nowadays, Tulsi has
also been cultivated on farmer’s fields for herbage yield and

its oil content to fulfill higher industrial demands. In crops
like Tulsi, alternate use can add values and growers can get
higher profits. In the present study, we tried to increase the
utility of Tulsi beyond the use as food or therapeutic com-
modity. A pH strip was developed in which the anthocyanins
isolated from the purple subtype of O. sanctum were used
by absorbing on a filter paper. Before developing a strip, a
detailed analysis was performed for anthocyanin extraction,
spectral characterization, and stability of extracted anthocya-
nins. Simultaneously, key genes involved in the biosynthesis
of anthocyanins and its regulation were identified and their
relative gene expressions in the green and the purple sub-
types were analyzed.

Total anthocyanins content showed that the purple Tulsi
is a rich source of anthocyanins. The entire herbage part
can be used as a source of anthocyanins. Thus, high herb-
age yield per unit area makes the Tulsi as a good source
of anthocyanins. The extraction of anthocyanins can be
achieved within a short duration by the use of the micro-
wave. Our results indicated that microwaves could assist
with the easy extraction of anthocyanins from Tulsi plants.
Anthocyanins extracted from O. sanctum showed its char-
acteristic absorption spectra. The anthocyanins change their
color under various pH levels. Different molecular forms of
anthocyanins are responsible for specific color at a specific
pH. In acidic pH (2-5), anthocyanins of Tulsi showed red
color due to flavylium cation form, which is converted to
carbinol base at neutral pH (6-7), and color changed to light
purple. Further increase in pH (8—12) anthocyanins of Tulsi
changed to the yellow—brown quinoidal base form. The pho-
tostability and thermostability analysis indicated that antho-
cyanins from Tulsi are stable in acidic pH like anthocyanins
extracted from different plant species. The results indicated

Fig.6 Change in color of the

pH strip developed from the a
anthocyanins extracted from O.

sanctum and filter paper tested

for various known pH levels

(a) and different solutions of

unknown pH (b)

pH7 pH8
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that once isolated anthocyanins can be stored in acidic pH
for further use. Similarly, anthocyanins isolated from red
radish also showed thermostability and photostability under
acidic pH (Matsufuji et al. 2007). Sucrose increased the sta-
bility of isolated anthocyanins. Sucrose may be used for the
development of a cost-effective and harmless product using
anthocyanins.

The purple subtype of Tulsi is more or less similar to all
aspects like cultivation, climatic requirement, morphology,
constituents of essential oil and pharmaceutical uses except
the purple color of leaves. The molecular understanding
of the regulation of biosynthesis of purple pigments in O.
sanctum has not been reported earlier. Some preliminary
studies have been reported for the differential expression
of genes involved in the phenylpropanoid pathway and the
shikimate pathway in the green and the purple subtypes
(Maurya et al. 2019). Also, metabolic alterations have been
reported in Ocimum species under different light and stress
responses (Rastogi et al. 2019). The climatic conditions are
also known to affect the metabolite distribution in Ocimum
species. In O. basilicum, which shows similar gene content
as O. sanctum, showed varied transcript abundance for genes
involved in secondary metabolites between two Ocimum
species (Rastogi et al. 2014). The present study reported that
OsCHS, OsCHI, OsDFR, and OsANS were up-regulated in
the purple morph than the green subtype indicating higher
accumulation of starting metabolites for the biosynthesis of
anthocyanins. However, some cultivars are also available
which show intermediately accumulation of anthocyanins.
Hence, only the purple subtype of Tulsi can be served as a
source of anthocyanins due to the abundance of transcripts
for OsCHS, OsCHI, OsANS, and OsDFR. Biosynthesis of
anthocyanins in plants has been reported to be regulated
by various transcription factors that form multiprotein com-
plexes. Several regulatory mechanisms involving repressors,
activators, and miRNAs operating in a sequence have been
reported to regulate thebiosynthesis of anthocyanins. Pro-
tein trimeric MYB-bHLH-WDR (MBW) complex has been
reported as a key activator for the transcription of DFR and
ANS. The involvement of the HYS factor in the biosynthe-
sis of anthocyanins has also been shown in Arabidopsis,
Tomato, Apple, etc. HYS plays a key role by positively con-
trolling MYB12 and negatively regulating MYB111. Also,
HY5 showed regulation by mediating miRNAs (Shin et al.
2007; Zhang et al. 2011; An et al. 2017; Lim et al. 2017; Qiu
et al. 2019). Overall, identification and characterization of
HYS5 and protein trimmer complex are necessary to under-
stand the biosynthesis of anthocyanins plants. We identified
a homolog of HYS in O. sanctum, which was up-regulated
in the purple subtype. Simultaneously, multiprotein complex
regulating the late biosynthesis genes comprises a bHLH
family factor. In Arabidopsis, TT8 was reported to act as
bHLH protein involved in the multiprotein complex (Lim

et al. 2017). We isolated homolog of Arabidopsis TT8 in
0. sanctum and annotated as OsbHLH. Its expression was
higher in purple subtype as compared to the green subtype.
Overall, our study revealed various genes involved in the
biosynthesis of anthocyanins in O. sanctum.

Anthocyanins extracted from Tulsi were successfully
absorbed by filter paper. The results showed that the filter
papers retained anthocyanins extracted in acidic solutions
having sucrose even after drying for a longer time. Paper
strip developed by the anthocyanins was very useful for
estimating the pH of a wide range of buffers, solutions, and
soil samples. When this pH strip was exposed to the solu-
tion of a particular pH, it immediately changed the color.
Commercially available strips have been developed by using
lichens. So far, no commercial strip was available utilizing
any plant-based pigments. However, some research groups
tried to develop plant anthocyanins-based biofilms for pH
measurements. Recently, anthocyanins-based pH indicators
have been proposed for specific purposes viz. for assessment
of milk shelf life, chicken patties quality, etc. (Goodarzi et al.
2020; Talukder et al. 2020). Also, a pH indicator and antimi-
crobial cellulose nanofibres packaging film was developed
using anthocyanin extracted from purple sweet potato and
oregano essential oil (Chen et al. 2020). In a study, anthocy-
anins were used for pH biofilm development using cellulose
nanofibres as a film matrix (Moradia et al. 2019). In another
study, to monitor fish freshness, a film was developed with
starch/polyvinyl alcohol as matrix and roselle anthocyanins
(Zhai et al. 2017). Similarly, chitosan, methylcellulose, chi-
tosan/corn starch blends, polyvinyl alcohol, chitosan/pectin
polyelectrolyte complex and polyethylene terephthalate were
used as solid support in anthocyanins-based pH indicators
(Pacquit et al. 2007; Rukchon et al. 2014; Yoshida et al.
2014; Maciel et al. 2015; Pereira et al. 2015; Silva-Pereira
et al. 2015). The cost involved in such matrix materials was
comparatively higher than a strip developed with filter paper.
In countries like India, where anthocyanin-rich food crops
are costly, Tulsi can be used as a cheaper source for antho-
cyanins with wide applicability.

Conclusions

Tulsi is known for its pharmaceutical uses and has been
cultivated for essential oil industries. We isolated total
anthocyanins from the purple subtype of Tulsi. This purple
subtype is different from the green subtype as the purple
plants showed higher expression of genes involved in the
biosynthesis of anthocyanins and its regulation. We reported
transcription factors putatively regulating the biosynthesis of
anthocyanins in O. sanctum. We performed spectral analysis
of isolated anthocyanins and identified pH range and sucrose
level at which anthocyanins from Tulsi can be stored for
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a longer time. Finally, a pH indicator strip was developed
from anthocyanins isolated from purple Tulsi, which can be
used to determine the pH of a wide range of commodities
like soil solution, irrigation water, biological buffers, media,
and other food products. Our study added values to Tulsi and
can be utilized for the betterment of farmers as well as the
use of anthocyanins.
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