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ABSTRACT

Plastids are semiautonomous eukaryotic organelles specific to plants performing many crucial and critical functions 
including photosynthesis, energy generation, development, stress perception, storage, flowering, and fruit ripening.
Studies have shown that the number of chloroplast, a plastid subtype is affected by biotic and abiotic stresses and the 
Plastome Copy Number (PCN), circular DNA molecules present in the plastids are regulated by developmental stage 
and environmental stimuli. This study for the first time proposes the use of PCN as a biomarker and biosensor based 
on parsing real-time qPCR data obtained over a period of two years by using plastid tRNA specific primers from 
leaves and lint samples of cotton and seed samples of cotton, rice, soybean, maize, and sesame. PCN can be used 
because as opposed to nuclear DNA the PCN is modulated by both internal and external factors, this method does 
not require a prior knowledge of plastome sequence as the primers used are universal primers targeted to plastome 
of all the plant genus, the PCN is much higher than the nuclear, and PCN can be determined rapidly by qPCR 
assays. Analysis of mean Ct values, mean log PCN values and range of log PCN values of cotton seed and cotton 
raw, which are seed containing samples of cotton showed that of the samples processed and obtained from different 
sources over a period of two years the PCN was highly invariable within the group showing a difference of up to 4 
plastomes i.e. log 0.58 between different samples, indicating a potential use of PCN as biomarker for plant genus 
determination. Moreover, observation of lower mean PCN (log 2.9) and higher range PCN (log 3.09) for broken 
dehusked rice (RS) compared to higher mean PCN (log 3.86) and lower range PCN (log 0.05) for hull covered Rice 
Paddy (RP), where the hull protects the rice seed during post-harvest processing and storage, suggests that PCN be 
an indicator of seed quality. To support our assumption that PCN can be modulated by abiotic factors rice seeds 
were treated with high temperature and moisture, the seeds exposed to high temperature exhibited higher mean 
Ct values when compared to untreated seeds, indicating a decrease in PCN. In conclusion, PCN can be potentially 
used as a biomarker and a biosensor. 
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INTRODUCTION

Plastids are semi-autonomous organelles distinguishing plant 
cells from other eukaryotic cells, acquired by endosymbiosis of a 
photosynthetic prokaryote by a eukaryotic cell [1]. Although, Plastids 
such as chloroplast perform the critical function of carbon fixation 
and energy generation through photosynthesis, parts of metabolic 
pathways such as lipid biosynthesis and amino acid metabolism 
also occur in plastids [2,3]. Other members of the plastid family 
play pivotal roles in storage, coloration, gravitropism, stomatal 
functioning, and perception [4]. Like mitochondria, plastids are 
maternally inherited and therefore highly conserved between 
species derived initially from small, undifferentiated proplastids 
found in meristematic cells, which later differentiate into subtypes 
depending on the cell type during developmental processes such 
as seed germination, flowering, and ripening [5]. Additionally, 

plastid biogenesis and differentiation has been associated with 
environmental stress [6,7]. Studies in Arabidopsis showed that 
plastids undergo process of degradation due to high light intensity, 
Botrytis infection and senescence resulting in reduction of size and 
number of chloroplast in the leaves of Arabidopsis [8]. 

The plastid genome/DNA or plastome is 120-160 kbp of about 22 
to 200 circular DNA copies with 100-120 highly conserved genes 
[9]. The plastome copy number has been shown to vary during 
plant development when compared to nuclear genome [10,11]. 
Moreover, plastid biogenesis and differentiation has been shown 
to be associated with plant development and environmental 
stress [12,13]. Chloroplast regulates their own degradation during 
stress condition by inducing autophagy [14]. Several studies have 
associated plastids with plant stress including presence of sensory 
plastids localized to the epidermis and vascular parenchyma, 
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regulating retrograde signaling coordinating the expression of 
nuclear genes encoding organellar proteins (Fernandez and Strand, 
2008), biosynthesis of phytohormones including Abscisic Acid 
(ABA), Jasmonic Acid (JA), Salicylic Acid (SA), which are known 
for their role in biotic and abiotic stresses , Reactive Oxygen Species 
(ROS) production, known for its role in pathogen killing, cell wall 
strengthening, activating defense gene expression, production and 
signaling of phytohormones [15-19]. 

Chloroplast, amyloplast and chromoplast are the most studied 
plastid subtypes because of their direct relevance to nutritional 
quality of crops. Chloroplast are the main photosynthetic plastids 
affecting overall quality of plant products, amyloplast store starch 
in roots, tubers, and seed endosperm, and chromoplast, rich in 
carotenoids, present in vegetables and fruits [20]. Studies have 
shown that the plastid and plastome copy in these plant organs can 
be affected by biotic and abiotic stresses during development and 
post-harvest storage. Drought and high temperature affect the seed 
filling process, affecting the final quality and quantity of seed yield. 
Despite the fact that dry seeds are metabolically quiescent, exposure 
to higher moisture and temperature can induce ROS production 
and lipid peroxidation damaging cellular machinery and DNA [21-
23]. Seeds are not only stored for human consumption but also for 
preservation of biodiversity in seed banks. Therefore, it is critical 
to regularly monitor seed viability and quality by seed germination 
activities, which is time consuming process.

Nucleic acid amplification based assays have been used for assessing 
seed health/quality [24,25], by detecting seed pathogens. However, 
these assays are not designed to assess damage caused by abiotic 
stresses. 

This study proposes application of Plastome Copy Number 
(PCN) determined by of real-time Quantitative Polymerase 
Chain Reaction (qPCR) in plant organs including seed (with 
and without husk), leaf, and lint in assessing effect of biotic and 
abiotic stresses on seed quality/health. The technique is proposed 
based on previous research that plastid biogenesis and PCN are 
affected by plant stresses, whereas the nuclear genome ploidy is 
static. Samples for this study parsed the data collected over a period 
of two years for Genetically Modified Organism (GMO) event 
detection using CaMV35S promoter specific primers. Chloroplast 
tRNA specific primers were used for extraction control. The study 
calculated PCN and range of PCN for all the samples and provides 
evidence and explanation for observed differences and similarities 
between different plant organs and plants. The study also provides 
explanation to support use of range of PCN for monitoring quality/
health of plant based products including seeds, leaves, and lint.

MATERIALS AND METHODS

Plant material

Seeds of cotton, rice, soybean, maize, sesame, and paddy and cotton 
plant material such as lint, raw cotton, and leaf were obtained 
for GMO event detection over a period of two years. Visual 
observation of samples was noted; rice seeds were broken and of 
different varieties (different colors), raw cotton was a mixture of 
lint and seeds, cotton leaves were green and of different sizes, and 
maize seeds were dried and of different varieties. 

Abiotic stress experiments: Rice seeds exposed high temperature 
(50°C) and moisture for 5 to 6 days. DNA was isolated from 170 
mg seed tissue using Qiagen kit. 20 ng of the DNA was used 
subsequently for real-time qPCR with chloroplast specific primers.

Extraction procedure for fiber and seeds

To 300 mg of homogenized fiber, leaves, seeds or grains added 1.5 
ml of pre-warmed (65°C) CTAB extraction buffer [CTAB (20g/l), 
NaCl (1.4 M/l), Tris-Cl (0.1M/l), EDTA (0.2 M/l, pH 8.0] and 
vortex. Added α-amylase (rice seeds), RNase A, mixed gently, and 
incubated at 65°C for 10 minutes. Subsequently, added Proteinase 
K and incubated at 65°C for 30 min., thereafter spun at 14000 
rpm for 10 min. Collected the supernatant and added 1 volume 
of chloroform and mixed thoroughly, followed by centrifugation 
at 14000 rpm, and collection of aqueous phase. To this added 
2 volumes of CTAB precipitation buffer [CTAB (20 g/l), NaCl 
(0.04 M/l)] and ammonium acetate solution (leaf samples) and 
incubated at room temperature without agitation. After spinning 
at 14000 rpm discarded the supernatant and dissolved the DNA 
pellet in NaCl (1.2 M/l) and chloroform (1:1). Centrifuge at 14000 
rpm for 10 min. and to the aqueous phase added 0.6 volume 
chilled isopropanol and incubated at room temperature for 20 
min. Subsequently it was spun at 14000 rpm for 15 min. and 
discarded the supernatant, washed the pellet with 70% ethanol 
and suspended pellet in TE [Tris-Cl (0.01 M/l), Na2 EDTA (0.001 
M/l), pH 8.0].

Extraction procedure by kit method

Procedure followed to extract DNA was essentially as mentioned in 
the user manual of Qiagen DNeasy Plant Mini Kit.

Reagents required for real time-qPCR assay 

Premix Ex Taq master mix, SYBR Premix Ex Taq, primers and 
probes for CaMV35S promoter, and primers for chloroplast gene 
SYBR green based, ROX dye, sterile nuclease free water, Tris-EDTA 
(TE) buffer (Table 1).

Real time-quantitative Polymerase Chain Reaction (Real 
time-qPCR) 

All the reagents are thawed, vortex briefly and centrifuged 
before use. A master mix contained SYBR Premix Ex Taq (2X), 
ROX dye (50X), Primers (10 μM), DNA (20 ng), sterile water. 
Certified Reference Material (CRM) was obtained included 
cotton (MON15985-7) and rice (LLRice62) from The American 
Oil Chemists Society (AOCS), which served as a positive control. 
Chloroplast tRNA primers were used as internal positive control 
(IPC) to demonstrate DNA extraction had occurred successfully.

The real-time qPCR was performed under the following conditions 
in Applied Biosystem 7300; 2 min at 50°C, 10 min at 95°C 
(Denaturation, 1 cycle), 15 sec at 95°C (Denaturation, 1 cycle), 1 
min at 60°C (Annealing and Extension, 40 cycles), 95°C/15 sec, 
60°C/30 sec, 5°C/15 min (Dissociation, 1 cycle). Reverse and 
forward primers used for chloroplast and CaMV35S promoter are 
as described previously [26].

Statistical analysis

Statistical analysis was performed using one-way ANOVA. ‘p’ value 
was calculated using ‘p’ value calculator with Fstatistic, Dfb, and 
Dfw values. Students TTEST was performed for pairwise analysis of 
abiotic stress data. A p value of<0.05 is considered to be statistically 
significant.

RESULTS

For plastome analysis using real-time qPCR technique, a gradient 
PCR was performed to determine the optimum conditions for 
amplification of desired amplicon. Subsequently, a product 
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of approximately 600 bp was observed for both cotton and rice 
(Supplementary Figure 1), which was confirmed by sequencing and 
blast to be of chloroplast tRNA (Data not shown). 

Standard curves were generated for cotton CRM with chloroplast 
tRNA and CaMV 35S promoter specific primers for determination 
of PCR efficiency, slope and intercept. For chloroplast specific 
primers an efficiency of 127% was achieved and for 35S promoter 
specific primers an efficiency of 83% was achieved (Data Not 
Shown). R2 values of 0.99 and 0.98 were observed for chloroplast 
and 35S promoter specific primers, respectively (Figures 1A and 
1B). 

Five log DNA values corresponding to 0.1 picogram (pg) (-1 log), 1 
pg (0 log), 10 pg (1 log), 100 pg (2 log), and 1000 pg (3 log) of DNA 
concentration were used for generation of the standard curves. 
Real-time qPCR was performed in Applied Biosystem 7300. SYBR 
green and FAM probe were used for detection of chloroplast and 
CaMV 35S amplicons (Table 1). PCR efficiencies and R2 values 
were calculated from the linear equation. 

The Ct value for 1 picogram for chloroplast specific primers was 
25.79, whereas 35S primers exhibited a value of 37.54 (Figures 1A 
and 3B). The Ct values for PCR blank, which did not contain DNA 
was observed as undetermined and 41.87 for chloroplast and 35S 
promoter specific primers pairs, respectively (Data Not Shown). 
A slope of -2.87 and -3.84 was observed for chloroplast and 35S 
promoter specific primers, respectively (Figures 1A and 1B) and an 
intercept of 28.38 and 40.58 was observed for chloroplast and 35S 
promoter specific primers, respectively (Figures 1A and 1B).

Chloroplast tRNA specific primers were used for performing 
real-time qPCR with DNA obtained from different cotton plant 
organs including Cotton Seeds (CS), Cotton Leaves (CL), Cotton 
Lint (Clt) and Cotton Raw (CR). The mean Ct values observed 
for CS and CR (seed containing samples) were 13.45 and 13.61, 
respectively (Figure 2). 

20 ng genomic DNA was used for real-time qPCR using chloroplast 
tRNA specific primers from different cotton organs including 78 
Cotton Seed (CS), 61 Cotton Leaf (CL), 34 Cotton Lint (Clt) and 
48 Cotton Raw (CR) samples. Real-time qPCR was performed 
in ABI 7300 real-time machine using SYBR green as fluorescent 
dye. One-way ANOVA analysis was performed, where a significant 
difference of was observed in the mean Ct values of all the groups 
i.e. ‘p’ value of 0.00001. CL and Clt samples exhibited high variance 
in Ct values when compared to CS and CR samples.

Whereas, the mean Ct value for CL and cotton Clt were observed 
to be 14.42 and 16.05, respectively. CS (2.47%) and CR (1.79%) 
showed less percent variance of Ct values, whereas a high variance 
was observed within the group composed of CL (18.75%) and Clt 
(16.7%) (Supplementary Table 1). A one-way ANOVA analysis 

was performed, which showed statistically significant difference 
(0.0001), i.e. ‘p’ values less than 0.05, between all the four cotton 
samples. Similarly, a significant difference (0.0001) was observed for 
Clt and CL (Data not shown). Whereas, no significant difference 
was observed between CR and CS (0.02).

The mean Ct values of different seed samples in increasing order 
were as follows; SeS (9.76), RP (13.42), CS (13.45), MS (13.82), 
RS (17.11), and SS (22.72) (Figure 3). It was also observed that RS 
(17.66%) and MS (12.51%) exhibited highest variation within the 
groups, whereas as RP exhibited lowest variance (0.86%) among 
all groups (Supplementary Table 1). One-way ANOVA analysis 
showed a significant difference (0.00001) between the mean Ct 
values of different seed groups.

The PCN was determined by using mean Ct, slope and intercept 
values obtained from the standard curve generated with chloroplast 
specific primers (Figure 1A). The observed mean log PCN values 
for seed samples were in the following order; SeS (6.49)>MS 
(5.05)>RP (3.86)>CS (3.85)>CR (3.81)>RS (2.90)>SS (1.96) (Figure 
4 and Supplementary table 2). Similarly, the observed mean log 
PCN values for cotton plant samples were as follows; CL (4.18)>CS 
(3.85)>CR (3.81)>Clt (3.22) (Figure 4 and Supplementary table 2). 
The number of plastome copies were observed to be highest in 
SeS (3 million copies) and lowest in SS (90 copies) (Supplementary 
table 2). Moreover, comparison using one-way ANOVA analysis 
exhibited a statistically significant difference for the seed sample 
groups (0.00001) and when all groups (0.00001) were taken 
together. 

In order to determine the variation in PCN observed for samples 
of each group received over a period of 2 years, the range of PCN 
was calculated by generating a box plot and subtracting minimum 
log PCN values from maximum log PCN values for each sample 
group (Figure 4 and Supplementary Table 2). The range of PCN 
was observed to be highest for CL (4.11) followed by Clt (3.63) and 
RS (3.09), which is equivalent, to a variation of up to maximum of 
12882.5 plastome copies. Whereas the observed range was lowest 
for CS (0.31,), CR (0.58), SeS (0.31) and RP (0.05) (Supplementary 
Table 2), which is equivalent to variation of up to a maximum of 3 
plastome copies with in a group of samples processed over a period 
of two years. 

Rice seeds were treated with high temperature (T-2) and moisture 
(T-1) for 5 to 6 days to assess the effect of abiotic stress on PCN. 
Seeds treated with HT showed an increase in mean Ct value (27.59) 
when compared to seeds treated with moisture (24.80) or untreated 
seeds (24.20) (Figure 5A). A standard curve was generated and copy 
number was calculated from the Ct values, slope and intercept. The 
copy number calculated for the three groups were as follows; UT 
(10043.43), T-1 (7007), and T-2 (1394.13).

Figure 1A: Standard curves for real-time qPCR assays performed with chloroplast tRNA and CaMV 
35S promoter specific primers for cotton reference material. The limit of detection (LOD) for 
chloroplast specific primers was 0.1 pg at a Ct value of 25.79 and copy number of 7.98.
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Figure 1B: The limit of detection (LOD) for CaMV 35S specific primers was 0.1 pg at a Ct value of 
37.54 and a copy number of 6.18.

Figure 2: Scatter plot comparing mean Ct values and variance for cotton samples.

Figure 3: Scatter plot comparing mean Ct values and variance for seed samples.

Figure 4: Box plot exhibiting comparison of the mean log plastome copy number 
(PCN) for different sample groups.

Table 1: Mean and range of primers for chloroplast gene.

 CR CL Clt CS RS RP SS MS SeS

Mean 3.81 4.18 3.22 3.85 2.9 3.86 1.96 5.05 6.49

Range 0.31 4.11 3.63 0.58 3.09 0.05 1.17 1.94 0.31
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During the course of evolution plastids have differentiated 
to perform functions other than photosynthesis and storage 
including stress perception and response, flowering, fruit ripening, 
endosperm development and root gravitropism [27].Studies have 
shown that the plastid number and subtype in a plant species is 
modulated by internal (cell type) and environmental factors such 
as light, temperature, and nutrition [28].Moreover, development 
and plant stress have been shown to affect the PCN, circular DNA 
present inside plastids [29]. In addition to being indispensable 
for plants plastid have found application in the field of synthetic 
biology for expression of foreign proteins [30]. Plastome has been 
used as biomarker for plant species identification differentiating 
ploidy levels studying transgene introgression and as a meta-
barcoding marker for plant dietary analysis [31-35]. Plastid dynamics 
can be studied by isolating intact plastids via centrifugation of 
cell homogenates and fluorescent microcopy, however to study 
plastome and PCN, PCR and real-time qPCR techniques have 
been adopted, which are rapid and less laborious process [36,37].

This study investigated existence the potential use of a PCN in 
determination of plant genus/species and quality of plant material 
including seeds, leaves, and lint. Studying PCN dynamics was 
selected for this study due to two reasons; first plastid number 

and therefore PCN are affected by developmental stage and 
environmental factors when compared to the nuclear DNA ploidy 
levels, which remains static and secondly, the plastome is high 
copy number compared to the nuclear genome per cell, requiring 
minute amount of starting material for the assays. This study parsed 
the data obtained from real-time qPCR assays performed for GMO 
event detection using chloroplast tRNA and CaMV 35S promoter 
specific primers over a period of 2 years. The study proposes use 
of highly conserved chloroplast tRNA specific primers, which 
eliminates the requirement for a prior knowledge of plastome 
sequence for individual plant species. Based on seed data analysis 
the study proposes that the PCN is constant and specific to a given 
plant genus and therefore can be used as a biomarker. Similar data 
analysis of revealed that the PCN was affected by quality of seeds, 
lint and age of leaves, hence supporting their use as a biosensor 
of biotic and abiotic conditions encountered by plants and plant 
products during growth, processing or storage. 

DISCUSSION 

Real-time qPCR assays were performed for determining the 
PCN in samples of cotton, cotton seed, cotton lint, cotton raw, 
rice, rice paddy, maize, soybean and sesame, which are important 

Figure 5A: Bar graph depicting the mean Ct values and copy number for rice 
seeds treated with moisture and high temperature. TTEST revealed a significant 
difference (‘p’ value of 0.01) when T-2 (27.59) was compared to UT (24.2), 
whereas no significant difference (‘p’ value of 0.4) was observed when T-1 (24.8) 
was compared to UT.

Figure 5B: The bar graph shows the copy number for UT (10043), T-1 (7007) 
and T-2 (1394), calculated from Ct values, slope and intercept.
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fiber, oil and food crops by amplifying an approximately 600 
bp amplicon using chloroplast tRNA specific primers and 
confirmed by sequencing (Supplementary Figure 1, Sequencing 
Data Not Shown). Gossypium hirsutum L., a tetraploid with 26 
chromosomes was used for standard curve generation is a GMO 
cotton with 35S promoter integrated into the nuclear DNA. This 
study shows that real-time qPCR can be used for differentiating 
nuclear DNA from the chloroplast DNA, based on the Ct values. 
Mean Ct values of 37.54 and 25.74 were observed for CaMV 35S 
promoter and chloroplast specific primers, respectively at LOD of 
one picogram DNA concentration (Figures 1A and 1B), indicating 
that plastome exists at a higher copy number compared to nuclear 
DNA. These results are supported by studies, which show that 
while a cell has a single nucleus, there are numerous plastids and 
each plastid contains many circular DNA molecules or plastomes 
[38]. This study provides evidence supporting the presence of 
many plastomes, by observation of lower Ct value and higher copy 
number i.e. 87000 copies in 1 ng DNA for chloroplast specific 
primers, compared to higher Ct values and lower copy number i.e. 
66000 copies in 1 ng of DNA for 35S promoter specific primers 
(Figures 1A and 1B). Although, the observed PCN was higher 
for chloroplast, the log value difference might have been greater 
between nuclear and chloroplast DNA if the size of the amplicon 
for chloroplast (600 bp) and CaMV35S promoter (82 bp) has been 
more comparable, therefore for further studies a house keeping 
gene with similar size of amplicon can be used. The consistency of 
the technique and reliability of the data obtained was supported 
by generating standard curves, which exhibited an efficiency of 
127% for chloroplast primers and 83% for CaMV 35S primers 
and R2 values of 0.99 and 0.98 for chloroplast and 35S specific 

qPCR reflects that with each cycle DNA is doubled and R2 value 
exhibits existence of a good correlation between the x and y axes 
values implicating that if either one of the value (x or y) is known 

1A and 1B).

Analysis of the Ct values for CS (13.45) and CR (13.61) tested over 
a period of two years exhibited little variance (Supplementary Table 
1), as all the observed Ct values were close to the mean Ct value 
indicating that the plastome in seed containing samples of cotton 
is highly constant and tightly regulated probably because seeds are 
vehicles for plant propagation, ensuring continuation of species and 
have a protective impermeable seed coat (Figure 2),. Additionally, 
these results were supported by observation of a narrow range for 
log PCN values for CS (0.31) and CR (0.58) implicating a variation 
of up to only 4 plastomes between different samples processed and 
procured from various sources during the two year time period 
(Figure 5 and Supplementary Table 2). Additionally, ANOVA 
analysis revealed no significant difference between CS and CR 
mean log PCN values (‘p’ value of 0.3, Data not shown). All these 
observations support the use of qPCR for determining PCN and 
quality of seeds. Previous studies have shown that the PCN is 
regulated during development and DNA damage in seeds has been 
linked to storage under non-ambient conditions [39] therefore these 
results might also indicate consistent and ambient environmental 
conditions encountered by seeds during development particularly 
during seed filling stage and/or post-harvest storage or processing. 

This study further analyzed the PCN in different seed sample groups 
by performing ANOVA analysis of the mean Ct values, CS (13.45), 
RS (17.11), RP (13.42), SeS (9.76), MS (13.85), SS (22.72), which 

revealed a significant difference (0.0001) between the six groups 
(Figure 3, Data not shown), indicating that the PCN is specific 
to a plant genus. However, to establish a firm relation between 
PCN and genus further seed samples have to be analyzed for RP, 
MS, SS and SeS. Similarly, ANOVA analysis revealed a significant 
difference (0.0001) for the mean log PCN values for different seed 
samples including cotton (3.85), rice (2.9), paddy (3.86), soybean 
(1.96), maize (5.05) and sesame (6.49) (Figure 4). Our rationale 
of using qPCR and PCN as a biomarker for genus identification 
is further supported by the observations, where the oil producing 
seeds including MS and SeS exhibited higher mean log PCN values 
when compared to non-oil seeds (Figure 4, Supplementary Table 
2). Studies have shown that triacylglycerols (TAGs), the major 
storage form of seed oil are synthesized and stored in plastids [40]. 

Analysis of the mean Ct values for RS (17.11) and RP (13.42) 
showed significant differences (0.0001) (Figure 3), where RS 
(17.66) showed higher percent variance when compared to RP 
(0.86) (Supplementary Table 1), similarly, the range of log PCN 
was different for RS (3.09) and RP (0.05) (Supplementary Table 2), 
indicating very less difference in PCN for RP than for RS (Figure 
3). 

Equal amount (20 ng) of genomic DNA from 78 Cotton Seed (CS), 
20 Rice Seed (RS), 3 Soybean Seed (SS), 7 Maize Seed (MS), 2 
Sesame Seed (SeS) and 3 Rice Paddy (RP) samples was used for real-
time qPCR using chloroplast tRNA specific primers. Plot showing 
a mean Cycle Threshold (Ct) value was generated. Real-time qPCR 
was performed in ABI 7300 real time machine using SYBR green as 
fluorescent dye to detect amplification. One-way ANOVA analysis 
was performed, where a significant difference of was observed in 
the mean Ct values of all the seed groups i.e. ‘p’ value of 0.00001. 
Highest variance in the Ct values was observed for RS samples.

These differences in the mean Ct, log PCN and range PCN 
were explained by visual examination of RS samples, which were 
composed of broken grains, whereas grains were covered with a 
protective hull in the RP samples, indicating that post-harvest 
processing of the grains can compromise the grain quality (Figure 
4). 

Cotton seed (CS), cotton leaf (CL), cotton lint (Clt), cotton raw 
(CR), rice seed (RS), rice paddy (RP), maize seed (MS), soybean 
seed (SS), sesame seed (SeS) mean log PCN value was calculated 
from Ct values using the formula, copy number (CN) = 10(Ct-
Intercept)/(Slope). Blue and red boxes represent the samples above 
and below the mean log PCN value. A statistically significant 
difference (0.0001) was observed between different sample groups 
calculated by performing on-way ANOVA analysis. To determine 
variance within a sample group, log range PCN was calculated, 
which revealed that maximum variance was observed for CL and 
Clt sample groups.

These results support the use of qPCR and PCN as an indicator of 
seed quality, which has been shown to be affected by various biotic 
and abiotic stresses during growth and storage [41,42]. 

The hypothesis that PCN determined by qPCR can be used as a 
tool for assessment of plant product quality was further supported 
by analysis of mean log Ct and PCN values for CL (14.36, 4.18) 
and Clt (15.68, 3.22) sample groups. The Ct values showed 
high variance from the mean Ct values for CL (18.75%) and Clt 
(16.7%), similarly, the two groups also exhibited highest log range 
PCN values, CL (4.11) and Clt (3.63) of all the sample groups 
analyzed. These variations in PCN values could be supported by 

the other can be correctly calculated by the linear equation (Figures

primers, respectively (Figures 1A and 1B). Efficiency of real-time 
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visual examination of samples, where leaf samples processed over 
a period of two years were of different sizes and lint (single celled 
trichome) of different sizes. Previous studies have also shown that 
plastome is affected by various internal and external factors [43,44]. 

To provide experimental support for use of PCN as indicator 
of genus and quality, rice seeds were exposed to abiotic stresses 
including high moisture (T-1) and temperature (T-2) [45-47]. The 
results obtained showed that abiotic stresses can affect the PCN, 
a statistically increase in mean Ct value for rice seeds treated 
with high temperature (28.38) was observed when compared to 
untreated (24.71) and moisture treated seeds (25.99) (Figure 5A). 

DNA was isolated from rice seeds were treated with moisture (T-
1), high temperature (T-2) and stored at room temperature under 
normal humidity (UT). Real-time qPCR was performed using 20 
ng DNA using chloroplast specific primers in ABI 7300 machine. 
SYBR green was used as fluorescent dye for detecting amplification. 

A standard curve was generated and copy number was calculated 
based on the Ct values, slope and intercept (Supplementary Figure 
2) [48-55]. The copy number was found to be decrease at high 
temperature treatment when compared to untreated seeds (Figure 
5B). These preliminary experiments indicated that seeds when 
stored under non-ambient conditions undergo a change in PCN.

CONCLUSION 

Based on data analysis and preliminary experiments it can be 
concluded that real-time qPCR can be used for determining the 
PCN, which can be subsequently used for assessing quality of plant 
products such as seeds, acting as a biosensor. Analysis of PCN 
dynamics can be further used for genus identification, thereby 
acting as a biomarker. The range of log PCN can be used as an 
indicator of conditions under which plant products have been 
stored after harvesting. This method can possibly find industrial 
application in determining the quality of commercially available oil 
seeds, herbs (parsley, tea, coffee), carotenoid rich eggs and cereals to 
name a few plant-based food product. This study further proposes 
use of qPCR in metabolic engineering in plastids for determining 
the copy number of transgene and regulating conditions required 
for maintaining optimum PCN and plastid number in a plant 
organs for optimum production of valuable metabolites and 
proteins. Additionally, this method can be used for monitoring 
viability of seeds in seed bank replacing the laborious process of 
seed germination to monitor viability. 
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