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Abstract 

 Stem lignin content of a mature jute plant was found to be around 29% giving a deposition rate of 0.21% 
per day. The study was made on individual plants of different ages starting from five weeks when they were 
big enough to produce sufficient dry mass for lignin estimation to 16 weeks of age when a jute plant is ready 
for retting. An intense rate of increase (1.15%) was found during the 7th week of growth, probably due to a 
rise in temperature. Present data and the average rate of increase of lignin production can be considered as a 
reference value for projects working on producing low-lignin - jute varieties.  
 
Introduction 
 The bast fiber of two plants, namely Corchorus capsularis and C. olitorius (Sparrmanniaceae) 
are known as jute (Heywood et al. 2007). The fiber is collected after retting from the bast or outer 
region of the stem. This serves as a good source of different grades of pulp, since it has about 60% 
of cellulose. Became of its non-abrasive, light weight and biodegradable properties, the industrial 
applications of jute fiber have been augmented (Kuroda et al. 2002). 
 In Bangladesh, jute could be a suitable alternative not only as the raw material for paper 
pulping, but also for other wood-based industries. Chemically, the extracted jute fiber has about 59 
- 61% of cellulose while lignin content varies from 11.0 - 13.5% (Islam and Sarkanen 1993, Giwa 
and Akwu 2007, Del Río et al. 2009). However, till now, not much data is available about the 
lignin content of either the jute stem or the whole plant from where the jute fiber originates. 
 Since lignin is the most recalcitrant component of the plant cell wall (Angelidaki and Ahring 
2000), the higher the proportion of lignin the lower the bioavailability of the substrate (Richard 
1996). Therefore, the downstream processing of jute would benefit from a reduced amount of this 
polymer. Researchers working to lower the lignin content of jute fibers by gene silencing will be 
benefited by knowledge of the amount of lignin a normal jute plant produces during different 
phases of its growth cycle. This will also help them to make comparison with their jute variety 
under development. Thus, to facilitate such initiatives, the present research was undertaken to 
study the lignin content of jute stem, focusing different growth stages of the plant. 
 
Materials and Methods 
 Corchorus olitorius var. O-72 was used for the present study. Seeds were sown at two days 
intervals in two different plots of the Bangladesh Jute Research Institute (BJRI), and are named 
sample sets 1 and 2, respectively. Lignin estimations were made at one week intervals, starting 
from 5 weeks of age until the plants were ready for retting (approximately 16 weeks). Height of 
each plant recorded during the present study has been presented in Table 1. 
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 Klason lignin estimation method (Moore and Johnson 1967, Ehrman and Himmel 1994, 
Templeton and Ehrman 1995) was used to estimate the acid insoluble lignin (AIL). Lignin content 
of the jute fiber samples were measured to ascertain that the method was suitable for determining 
the amount of stem lignin in jute. To get the average lignin value of a plant, only the middle 16 cm 
section of the stem was used in this study. Two plants were taken per sample and estimated 
separately. All the samples were estimated twice to get an average value.  
 According to the estimation procedure, plant stems were first collected and cut off according 
to length. Then, they were dried at 105°C to get the dry weight (Ehrman 1994) and ~ 0.5 g of 
sample was taken for estimation, denoted as W1. 
 These dried samples were subjected to 72% H2SO4 hydrolysis at room temperature, followed 
by 4% H2SO4 hydrolysis at boiling temperature. The hydrolyzed solutions were then vacuum-
filtered using filtering crucibles (glass crucibles with silica filter). After filtration, the crucibles 
with the residual content were heated at 105° C in a heating oven. Then, the weight of the 
crucibles with the dried residual content was taken, and denoted as W2.  
 The next step was to heat the filtering crucibles with residual contents at 575 ± 25°C in a 
muffle furnace (carried out at the Bangladesh Council of Scientific and Industrial Research, 
BCSIR). The crucibles were next cooled in a desiccator, weighed and the weight designated as W3.  
 With these three different weights, the percentage of acid-insoluble lignin was calculated 
using the following formula (Templeton and Ehrman 1995):  

Acid insoluble lignin (%) = {(W3 – W2)/W1}×100 
 The data were analyzed individually for two different sample data sets using MS excel. The 
correlation coefficient between the heights and lignin contents were estimated separately for both 
the sample sets. The square of correlation coefficient and slope of regression line were calculated 
individually for both the sample data sets.  
  
Results and Discussion 
 Lignin content of jute fiber was estimated to verify our method. The estimated value was 
found to be 12.83 - 13.32% (5 different samples with duplication). Since the value is within the 
previously reported range, (12.5 - 13.5%) (Rahman 2010, Del Río et al. 2009) the method was 
considered appropriate for estimating jute lignin.   
 The estimated stem lignin contents of 5 - 16-week old jute plants are given in the Table 1. 
Total increase in stem lignin content was found to be 16.11% (avg.) in 77 days. Highest increase, 
8.04% was found during the 7th week (43rd to 52nd days) of growth. During this period, the daily 
increase was 1.15% whereas the average increase in lignin content was 0.21% per day during the 
whole study period. 
 The correlation coefficient between the height and lignin content was found to be 0.89 and 
0.91, respectively for sample sets 1 and 2, indicating a strong correlation between these two 
variables (height and lignin content). 
 The square of correlation coefficient (correlation of determination, R2) for both the sample 
sets were found to be 0.72 and 0.71, respectively suggesting that more than 70% variables in both 
data sets are in linear relationship. The slopes for linear correlations were found to be 0.17 and 
0.19 implying a positive linear relationship. A t-test (two-tailed, unequal variance) was done to 
verify the similarity of two sample sets (Null hypothesis, H0: means of both the sample set are 
equal at 5% confidence interval). A p value of 0.96 (accepts the H0) implies that the two sample 
sets were similar. 
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 As the second most abundant biopolymer on earth, lignin plays a critical role in the 
biogeochemical carbon cycle and affects the interaction between plants and other living organisms 
in a myriad of ways (Halpin et al. 2007). Huge variability is found in the lignin structure and 
content between different plant species (Halpin et al. 2007). 
 
Table 1. Table for both the sample sets showing age, height, estimated and average lignin content of 

jute plant stem with the increment rate (increase per day). 
 

Sample set 01 Sample set 02 Average 
Age 

(days) 
Height 
(cm) 

Lignin 
content (%) 

Age 
(days) 

Height 
(cm) 

Lignin 
content (%) 

Lignin 
content (%) 

Increase per 
day (%) 

37 48.6 13.42 35 64 13.61 13.515 - 
45 81 15.74 43 97 15.98 15.86 0.2931 
52 124 24.29 50 140 23.525 23.9075 1.1496 
58 149 25.07 56 142 24.68 24.875 0.1613 
65 180 26.325 63 190 26.895 26.61 0.2479 
73 198 25.96 71 214 27.32 26.64 0.0038 
79 205 26.61 77 221 27.865 27.2375 0.0996 
86 197 26.41 84 223 27.615 27.0125 –0.032 
93 277 27.43 91 260 28.015 27.7225 0.1014 
100 305 28.66 98 242 28.34 28.5 0.1111 
107 314 29.43 105 300 28.88 29.155 0.0936 
114 279 29.62 * * * 29.62* 0.1329 

 

*The plants for sample set 2 was unavailable, as they were subjected to retting on day 112.  
 

 In one study, lignin content of C. capsularis (JRC 212) fiber was found to be 21.36% 
(Sengupta and Palit 2004) whereas a fully grown jute plant stalk (or stick) is known to have 
between 24 - 25% of Klason lignin (Islam and Sarkanen 1993, Roy et al. 1991, Bhattacharyya 
1996). Before retting, Haque et al. (2001) found the lignin content of the fiber to be about 15% 
which eventually came down to 12 - 13% on completion of retting. However, this bast fibrous part 
is only 4.5 - 7.5% of whole plant or stem (non-dried) (Islam and Sarkanen 1993). It may also be 
noted that about 10% of the fiber (of a 120 day old plant) is lost during retting (Ahmed and Akhter 
2001). Taking this into consideration together with the different values obtained for fiber and stick 
or stalk lignin, whole plant or stem lignin content could certainly be more than 25%. Most 
measurements for lignin have been made for C. capsularis while little work has been done to 
know the content for either the stem or the stick of C. olitorius. Mosihuzzaman and co-workers 
found the stick lignin content of C. olitorius to be about 22% (Mosihuzzaman et al. 1989). 
However, the sample collection method and plant growth condition of that study was not clear. In 
another study, lignin content of C. olitorius was found much higher than C. capsularis (Sinha 
2004). The average fiber lignin content of C. olitorius was 17.06% whereas for C. capsularis it 
was 12.71% (Sinha 2004). It is therefore not unexpected that the whole plant lignin content will be 
much higher for C. olitorius than C. capsularis.  
 Pappas et al. (1998) had studied the lignin content in the bark, wood, and pith of four kenaf 
varieties and found values from 10.4 - 10.8, 20.5 - 20.6 and 14.9 - 15.3% of plant material, 
respectively. For flax, the lignin content in the bast fibre was found to vary between 1.5 and 4.2% 
of the dry cell wall residues as compared to values varying from 23.7 and 31.4% in the flax xylem 
tissue (Day et al. 2005). 
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 In our study, a mature jute (C. olitorius) plant stem (stick and bast fiber) was found to have on 
an average 28 - 29% of lignin (Table 1). For only the retted and dried bast fiber part, lignin was 
found to be ~13% which is consistent with previous studies carried out in standard conditions 
(Palit and Meshram 2004). This ensured the accuracy of our measurements. 
 Our results also suggest that the lignin production rate in jute is not uniform. A huge increase 
in percentage was found during the 7th week of its growth. In this particular week, total increase 
was found to be about 8% giving a rate of 1.15% per day, almost six-fold greater than the average 
increase (0.21%) throughout the life cycle (Table 1). This sudden increase could possibly have 
occurred due to an increase in temperature during this period (usually between May and June) as a 
positive correlation between lignin deposition and temperature has been previously reported (Ford 
et al. 1979, Villavicencio et al. 2007).  
 From the correlation coefficient between height and lignin content, it is evident that lignin 
deposition increases with height. The R2 value for both the sample sets (0.72 and 0.71) indicates a 
good linear correlation between lignin production rate and time. Moreover, the slopes of the line 
for linear correlations, 0.17 and 0.19 suggest similarity between the samples sets in the rate of 
linear increment (Motulsky and Christopoulos 2004).  
 With such a rate of increase in lignin production, it is difficult to use jute in pulp and paper 
industry, since the main challenge in during the process is to remove lignin in a selective manner 
while preserving to the greatest possible extent the cellulose and hemi-celluloses (Santos 2013). 
High percentage of lignin interferes with chemical processes during the industrial processing, as it 
is embedded within a complex matrix with cellulose in the cell-wall (Li et al. 2008) called ligno-
cellulose. This polymer also hinders the degradation of cell wall polysaccharides to simple sugars 
destined for fermentation to ethanol in case of biofuel production (Keating et al. 2006).  
 However, advances in plant transformation technology have facilitated researchers in 
manipulating lignin content and composition in a variety of plant species (Humphreys and 
Chapple 2002, Boudet et al. 2003). These efforts have resulted in transgenic plants with improved 
pulping efficiency or digestibility (Baucher et al. 2003, Halpin 2004, Li et al. 2008). Hybrids of 
brown midrib sorghum and Sudangrass are already in use in agriculture (Li et al. 2008). 
Moreover, there are reported transgenic varieties of different crops to have reduced lignin content 
like in alfalfa (Guo et al. 2001), tobacco (Ni et al. 1994, Sewalt et al. 1997), and maize (Piquemal 
et al. 2002).  
 Unfortunately, no such study has been undertaken for jute, in spite of its enormous 
potentiality. The present study is expected to help researchers working to produce low-lignin 
containing hybrid or GM-variety of jute. In the absence of any reference data it will take at least 
five months to confirm (time for growth till maturity and retting) if the lignin content has been 
successfully reduced in such studies. Early morphological changes (unpublished data) that occur 
due to the reduction in lignin content could also be of some indication, but not enough to confirm. 
Researchers will be able to use our data as a reference at an early stage (5 weeks of growth) to 
determine the success of their work. More than six trials a year will be achievable using these data 
while conducting even 3 trials per year is difficult without such knowledge. Possibilities of more 
trials would facilitate a researcher to try more combinations of cross-hybridization or gene 
silencing at a time.  
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Abstract 

 

A reputation for accuracy and rapidity has made Quantitative reverse transcription PCR (qRT-PCR) a popular method for gene 

expression analysis. However, the precision of qRT-PCR critically relies on stable control genes for data normalization. To obtain 

consistent data, validation of internal controls is vital. We examined seven candidate genes of jute (ACT, ELF, TUB, UBC, U6, 

G3PDH, and 18S) under three abiotic (salinity, dehydration, and low temperature) and one biotic (fungal infection) stress conditions. 

Their stabilities were evaluated using four distinct algorithms (comparative deltaCT, geNorm, NormFinder, and BestKeeper) all 

integrated in a web-based tool, RefFinder. Our data suggest that ELF and UBC are most homogenously expressed under all three 

abiotic stress conditions, whereas TUB is most stable under fungal infestation. Contrasting expression was observed for G3PDH and 

ELF, the former being unsuitable for all abiotic conditions but was ranked second highest for biotic. The reverse was true for ELF. 

For validation of our data, expression of a cold responsive gene, CBF-1 was assessed under low temperature using the most and least 

stable reference genes. Striking differences in CBF-1 expression illustrate the accuracy of the reference genes. This set of genes will 

be useful for quantitative analyses of genes in jute. 

 

Keywords: Reference gene, qRT-PCR, jute, biotic stress, abiotic stress. 

Abbreviation: ACT_actin, ELF_elongation factor-alpha, TUB_beta-tubulin, UBC_ubiquitin conjugating enzyme, U6_U6-

snRNA, G3PDH_glyceraldehydes-3-phosphate dehydrogenase, 18S_18S rRNA, and CBF-1_C-repeat binding factor-1.

 

Introduction 

 

With the advancement of molecular biology-based research, 

analysis of gene expression has become progressively more 

important in furthering the understanding of pathways that 

underlie developmental and cellular processes. To assess 

changes in gene expression, reverse transcription followed by 

quantitative polymerase chain reaction (qRT-PCR) is one of 

the most widely used techniques in recent years (Tong et al., 

2009). Popularity of qRT-PCR is burgeoning owing to its 

high sensitivity and specificity, speed, ease of use, and 

requirement of a relatively low amount of RNA (Paolacci et 

al., 2009). The qRT-PCR method reflects the need to 

accurately quantify mRNA levels in the fields of molecular 

medicine, biotechnology, microbiology, and molecular 

diagnostics (Bustin and Dorudi, 1998) as well as in plants 

(Gachon etal., 2004). Nevertheless, to ensure reproducible 

and accurate measurements of transcript abundance, this 

sensitive technique should be performed by following some 

golden rules (Udvardi et al., 2008). The central problem in 

exact gene transcription analysis is at the same time one of 

the benefits of highly accurate qRT-PCR: the precise 

determination of amplifiable template nucleic acid present in 

the reaction (Radonić et al., 2004; Guénin et al., 2009). 

Quantification of gene expression is affected by several 

factors, including experimental sources of variation (de 

Almeida et al., 2010). Several experimental sources of 

variation exist in qRT-PCR, such as sample-to-sample 

variation in RNA integrity, variability of extraction protocols 

that may co-purify inhibitors, differences in reverse  

 

efficiency, and the amount of cDNA template used in each 

reaction (Huggett et al., 2005; Libault et al., 2008; de 

Almeida et al., 2010). Consequently, normalization of the 

qRT-PCR data is essential to minimize experimental 

deviations or errors that inevitably occur during sample 

preparation procedures and data analysis, all of which make 

quantitation of gene transcripts unreliable (Hong et al., 2008). 

There are many strategies that can be chosen for 

normalization; these include normalization to sample size, 

total RNA, and the popular practice of measuring an internal 

reference or housekeeping gene (Huggett et al., 2005). 

Normalization to total RNA content poses a number of 

problems because it is difficult to quantify small amounts of 

RNA, and variation in RT and PCR reaction efficiencies are 

not accounted for by this method (Brunner et al., 2004). 

Similarly, normalization to an external RNA standard is 

challenging because of the instability of RNA (Brunner et al., 

2004). A number of strategies have been proposed to 

normalize qRT-PCR data; however, normalization remains 

one of the most important challenges concerning this 

technique (Huggett et al., 2005). The most commonly applied 

approach for normalization for qRT-PCR is the use of one or 

more reference gene(s), which should be expressed at a 

constant level across various conditions, and its expression is 

assumed to be unaffected by experimental parameters 

(Radonićet al., 2004; Huggett et al., 2005). Normalization of 

the expression of a target gene against a stably expressed 

internal gene can compensate for most variations and result 

in a relative quantification of levels of gene expression across 

samples. Moreover, correct and accurate sample 
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normalization is crucial to reveal small but significant 

differences in expression when comparing samples collected 

under different conditions (Guénin et al., 2009). Therefore, 

the accuracy of the results obtained by qRT-PCR strongly 

depends on the choice of one or preferably more reference 

genes that are stably expressed across all samples (Gutierrez 

et al., 2008). Cellular homeostasis genes, more commonly 

known as housekeeping genes, include actin (ACT), ubiquitin 

(UBQ)glucose-6-phosphate dehydrogenase (GAPDH), 

ribosomal genes (18S, 28S rRNA genes), cycophilin (Cyp), 

elongation factor alpha (ELF alpha), tubulin (TUB); they are 

involved in basic and ubiquitous cellular processes (Reddy et 

al., 2013) and are used as reference genes for gene expression 

studies in many plant species (Kim et al., 2003; Lee et al., 

2010; Mallona et al., 2010). However, recent studies indicate 

that the traditional housekeeping genes are not always stably 

expressed when tested in other species or in a wider range of 

experimental treatments. This means that the most stable 

reference gene(s) should be identified for a specific species 

under study or in a new experimental set-up (Iskandar et al., 

2004). With a goal of aiding this normalization process, a 

number of statistical analysis strategies, such as geNorm 

(Vandesompele et al., 2002), NormFinder (Andersen et al., 

2004), and BestKeeper (Pfaffl et al., 2004), have been 

proposed for the evaluation of reference gene expression 

stability and selection of the most suitable reference gene 

under different experimental conditions (Jain et al., 2006). 

Until recently, several stable reference genes have been 

reported under different conditions, including for arabidopsis 

(Czechowski et al., 2005), tobacco (Schmidt and Delaney, 

2010), rice (Kim et al., 2003; Jain et al., 2006), soybean 

(Libault et al., 2008; Hu et al., 2009), tomato (Expósito-

Rodríguez et al., 2008), and wheat (Paolacci et al., 2009). For 

gene expression studies in jute, stability of the reference 

genes needs to be verified prior to use in qRT-PCR. The 

direct use of traditional and recently proposed novel 

candidate reference genes to non-model plants, such as jute, 

is hampered by the limited availability of genomic sequences. 

Thus, a series of candidate reference genes were selected for 

which such sequence information was available for other 

plant species. Jute is an annual dicotyledonous fiber-yielding 

plant with immense economic importance. It is a natural 

fiber, well known for its high tensile strength and 

biodegradability (Ahmed et al., 2011). In terms of usage, 

production, and global consumption, it is second only to 

cotton (Roy et al., 2006). Vital physiological processes of 

jute, such as germination, growth, development, 

reproduction, senescence and death, are greatly influenced by 

environmental conditions (Sharmin et al., 2011). Some other 

key factors affecting the production of jute fall into two broad 

categories, namely abiotic and biotic stresses. In the former 

category, the major challenges include low yield under 

unfavorable growth conditions, such as salinity, drought, 

flood, or cold, and the latter includes susceptibility to insect 

pests, fungal and viral diseases, etc. (Keka et al., 2008). In 

this study, seven potential reference genesactin (ACT), 

elongation factor alpha (ELF), glyceraldehydes-3-phosphate 

dehydrogenase (G3PDH), beta-tubulin (TUB), ubiquitin 

conjugating enzyme (UBC), U6 snRNA (U6), and 18S rRNA 

(18S)—were selected and evaluated in search of a suitable 

reference gene to be used for quantitative data analysis in jute 

under four different environmental conditions, including 

three abiotic stressors (salinity, dehydration, and low 

temperature) and fungal infestation as a biotic stressor. 

Estimation of their stability was calculated by four different 

popular algorithms (comparative deltaCT method, geNorm, 

NormFinder, and BestKeeper) all integrated together in a 

single web tool, RefFinder under the Cotton EST Database 

(Xie et al., 2011). 

 

Results 

 

Selection of reference genes and testing of primer efficiency 

 

A total of seven candidate reference genes and, to validate 

their stability, a low temperature responsive gene were 

retrieved from closely related species (data not shown) by 

using the most conserved region among them for designing 

degenerate primers. Such primers were then used to amplify 

the desired regions. Gel extraction and sequencing were 

performed next to confirm their presence and to design jute-

specific primers for qRT-PCR. Additionally, a primer pair 

was designed by targeting exon-exon junctions and used to 

compare amplicons from cDNA templates with the 

amplicons derived from genomic DNA. Because introns are 

eliminated during mRNA processing, amplicon sizes were 

much smaller than that obtained from genomic DNA (S-1). 

This comparison indicates that the cDNAs were free of 

genomic DNA contamination, which was further validated by 

no amplification in NRT (no RT) controls during real time 

PCR. Both agarose gel electrophoresis (Fig 1) and single 

peaks in real time PCR amplifications (S-2) confirmed the 

specificity of the primers, and their efficiencies were 

substantiated with linear regression (R2) and efficiency 

calculation (E values) (Table 1, S-3). All the primers met the 

criteria with R2 values greater than 0.980 and efficiency 

ranging from 94%–101%. 

 

Expression analysis of the selected reference genes 

 

Expression patterns of the selected reference genes were 

analyzed at the seedling stage under different abiotic (low 

temperature, dehydration, and salinity) and biotic (fungal) 

stresses at five different time intervals from 0 to 48 hours of 

stress induction. An equal amount of RNA followed by an 

equal amount of cDNA from biological duplicates and 

technical triplicates were used for amplification by 

quantitative PCR in order to avoid any experimental 

deviations (S-4). Values of quantification cycle (Cq) across 

all samples used to generate a relative amplification 

distribution curve (Fig 2) revealed that ELF and UBC are the 

most stable genes under different abiotic stress conditions, 

with Cq values ranging from 16.077–26.308 and 19.163–

26.666, respectively. Although U6 has a relatively stable 

expression, it is dispersed critically by the minimum and 

maximum Cq values. The quantification cycle also infers the 

differences in the levels of transcripts, suggesting that 

expressions of ELF and 18S are relatively high with lower 

Cq value (average 20.13124 and 21.70161, respectively) 

amid all genes, whereas ACT and TUB have the lowest 

expression level. The wide ranges of Cq values even in the 

most stable genes confer discrepancy in expression according 

to the variation of stress conditions. Thus, it indicates that no 

single gene is stable throughout the stresses, suggesting an 

urgency to validate the apt reference gene(s) under different 

experimental conditions. 

 

Data analysis for stability of the candidate reference genes 

 

Evaluation of gene expression stability and selection of 

suitable reference genes for the normalization purpose was 

performed using RefFinder, an online tool integrated with  
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Table 1.  Details of jute-specific primer sequences used for validation. 

Gene symbol Primers sequence( 5’-3’) Tm 

(°C) 

Primer 

size(bp) 

Amplicon 

size(bp) 

Amplification 

efficiency (%) 

R2 

ACT 

 

TGGTATTGGATGTTGGAGAT 57 20 83 94.6 0.9953 

 GGTATTGACTTAATGCTGCT 20 

ELF CTTGAGGCTCTTGACCAGAT 61 20 105 100.1 0.9967 

 AACAGGGACAGTTCCGATAC 20 

TUB CTCCAACCGGCTTGAAGATG 63 20 139 96.5 

 

0.9872 

 CCTCTCCAGTGTACCAATGC 20 

UBC 

 

GGTGTTGCTCTCTATCTGCT 61.3 20 135 100.2 

 

0.9874 

 CATGGCATACTTCTGGGTCCA 21 

U6 

 

GGACCATTTCTCGATTTGTACGTG 62 24 60 101.3 

 

0.9981 

 TACAGATAAGATTAGCATGGCCCC 24 

18S ACTACGTCCCTGCCCTTTGTA 62 21 170 97.4 

 

0.9834 

 CACCTACGGAAACCTTGTTACG 24 

G3PDH CACTTGAAGGGTGGTGCTAAG 62 21 146 95.4 

 

0.99 

 GGAGCAAGGCAGTTAGTAGTG 21 

CBF1 GGTCAGCTTGTTTGAACTTC 59 20 70 97.78 0.989 

TCCTTTGGATCACTAGAAGC 20 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Confirmation of the presence of candidate reference genes in jute (1kb+: 1Kb+ ladder, ACT: actin, ELF: elongation factor 

alpha, G3PDH: glyceraldehyde 3 phosphate dehydrogenase, TUB: tubulin, UBC: ubiquitin conjugating enzyme, U6: U6 snRNA, 

18S: 18S rRNA, CBF-1: (C-repeat binding factor-1). 

 

most popular major statistical programs (geNorm, 

NormFinder, Bestkeeper, and deltaCT method). Samples 

were grouped according to the stress conditions, and stable 

reference genes were determined individually by analyzing 

the Cq values from that group of data produced by 

performing qRT-PCR. Based on the rankings from each 

program, RefFinder assigns an appropriate weight to an 

individual gene and calculates the geometric mean of their 

weights for the overall final ranking 

(http://www.leonxie.com/referencegene.php?type=reference) 

(Table 2). Under a low temperature stress condition, 

recommended comprehensive ranking determined UBC as 

the most stable gene and ELF as the second most, whereas 

U6 was the least stable. In contrast, under dehydration and 

salinity stress conditions, the most stable gene was ELF, and 

G3PDH was the least stable. It was found that UBC was the 

second most stable gene under both dehydration and salinity 

stresses. Thus, if the two most stable genes are used for 

expression analyses, in the case of dehydration, salinity, and 

low temperature treatment, ELF and UBC should be used. 

Interestingly, under fungal stress, TUB and G3PDH were the 

most stable ones, and ELF was least stable. This implies the 

significance of studying the stability of reference genes under 

stress-specific conditions. Based on RefFinder analyses, the 

overall stability of the genes under different stress conditions 

is shown in Fig 3. 

 

Determination of the optimal number of reference gene(s) 

for normalization 

 

Pairwise variation among the candidate genes is calculated in 

order to determine the number of genes to be included to 

produce valid data. High pairwise variation indicates the need 

to take into account more reference gene to determine a 

corroborative result. Ranking of stability recommends the 

consecutive order of genes according to the consistency of 

their expression. However, it is important to determine the 

optimal number of reference gene(s) for normalization; high 

pairwise variation among the genes may cause an impaired 

expression profile if an optimal number of reference genes is 

not included. Based on the formula described by geNorm 

(Vandesompele et al., 2002), pairwise variations of seven 

candidate genes under each stress condition were analyzed. 

For the two most stable genes, the normalization factor 

(NFn), which is the geometric mean of those genes, was 

calculated, and then stepwise inclusion of other control genes 

were made until the n + 1th gene had no significant 

contribution to the newly calculated normalization factor 

(NFn+1). To determine the possible need or utility of including 

more than two genes, pairwise variation (Vn/n+1) was 

calculated between two sequential normalization factors (NFn 

and NFn+1) for all genes under different stress conditions (Fig 

4). In this study pair wise variation was calculated with the 

ranking of genes recommended by comprehensive ranking. 

Vandesompele et al. (2002) suggested that pair wise variation 

of more than 0.15 needs to be added to this value between 

two sequential genes for normalization. Our study found V2/3 

for all of the four stress conditions to be <0.15, implying that 

no further inclusion of genes was needed. 

 

Validation of the selected reference genes 

 

Expression pattern of a transcription factor, CBF1/DREB1b 

(CRT binding factor or DRE binding protein), involved in  

http://www.leonxie.com/referencegene.php?type=reference)
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Table 2. Ranking of candidate genes according to their expression stability (DC: deltaCT, BK: BestKeeper, NF: NormFinder, GN: 

geNorm, RCR: recommended comprehensive ranking). 

Stressors Low temperature Dehydration 

Rank DC BK NF GN RCR DC BK NF GN RCR 

1 UBC UBC ELF UBC | 

ELF 

UBC UBC ELF UBC ELF 

TUB 

ELF 

2 ELF ELF UBC  ELF ELF U6 ELF  UBC 

3 TUB TUB TUB TUB TUB ACT UBC ACT UBC TUB 

4 18S 18S 18S ACT 18S U6 TUB U6 ACT U6 

5 ACT ACT ACT G3PDH ACT TUB ACT TUB U6 ACT 

6 G3PDH G3PDH G3PDH 18S G3PDH 18S 18S 18S 18S 18S 

7 U6 U6 U6 U6 U6 G3PDH G3PDH G3PDH G3PDH G3PDH 

Stressors Salinity Fungal 

Rank DC BK NF GN RCR DC BK NF GN RCR 

1 ELF ELF UBC ELF | 

UBC 

ELF TUB TUB TUB U6| 

G3PDH 

TUB 

2 UBC TUB ELF  UBC 18S G3PDH 18S  G3PDH 

3 TUB UBC TUB TUB TUB G3PDH U6 UBC 18S 18S 

4 ACT U6 ACT ACT ACT UBC 18S G3PDH TUB U6 

5 U6 ACT U6 U6 U6 U6 ACT ACT UBC UBC 

6 18S 18S 18S 18S 18S ACT UBC U6 ACT ACT 

7 G3PDH G3PDH G3PDH G3PDH G3PDH ELF ELF ELF ELF ELF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig 2. Relative amplification distribution curve of the selected reference genes based on Cq values across all control and stress-

induced samples. The line across the box depicts the median. Yellow and violet portions indicate 25th and 75th percentiles, 

respectively. Whiskers represent maximum and minimum values. 

 

cold acclimation pathways (Jaglo-Ottosen et al., 1998) was 

taken into account for validation of the stability of the 

selected reference genes under a low temperature condition. 

Pairwise variation analysis confirmed that using the most 

stable pair of genes would be satisfactory for use in 

normalization. For low temperature, UBC and ELF were the 

most stable, and U6 and G3PDH were the least stable. 

Relative expression of CBF-1 was analyzed by normalizing 

with both pairs of genes to investigate any contradictions in 

the pattern of expression (Fig 5). In addition, low pairwise 

variation among the genes recommends studying the 

expression of CBF-1 by normalizing with a single most 

stable gene because a steady result with a single reference 

gene could minimize the cost and time (Fig 5A). 

Interestingly, it was found that relative expression of the 

desired gene was almost same when normalized with both 

the stable pair and single most stable control. Thus, in case 

of jute, use of a single control will not hinder analyses of 

expression under low temperature stress conditions. 

However, when the relative expression was analyzed by 

normalizing with the two least stable pairs of reference 

genes (Fig 5B), there was a drastic change in the expression 

pattern. Therefore, selection and validation of candidate 

reference genes under different stress conditions are 

essential. 
 

Discussion 
 

Rapid progression of functional genomic studies involves 

rigorous experimentation on levels of gene expression. Such 

analysis is of vital importance to comprehend the cellular and 

molecular processes in any biological entity. However, 

quantification of gene expression is affected by several 

factors, such as the quantity of the initial material, quality of 

the RNA, efficiency of cDNA synthesis, primer performance, 

and methods to be used for statistical analysis (Maroufi et al., 

2010). An ideal reference gene should be representative of 

overall expression across all possible tissues (cells) and 

experimental conditions (Guénin et al., 2009). 

 However, such genes may not exist because plant growth is 

affected by the environment; differences in results would 

arise with the use  of different reference genes, and 

inaccurate assessment of gene expression could be obtained if 

suitable reference genes are not used (Ma et al., 2013).
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Table 3. Reference genes selected in this study with their functions. 

Gene name Gene 

symbol 

Function 

Actin Act Structural constituent of cytoskeleton 

Elongation factor-alpha Elf Translation factor activity, nucleic acid binding 

Glyceraldehyde 3 Phosphate dehydrogenase G3PDH Involved in glycolysis process. 

Beta-tubulin Tub Structural constituent of cytoskeleton, microtubule based processes. 

Ubiquitin conjugating enzyme Ubc Performs the second step in the ubiquitination reaction that targets a protein 

for degradation via the proteasome. 

U6-snRNA U6 Associated with spliceosome, processing of pre-mRNA 

18S rRNA 18S Involved in translation process. 

C-repeat binding factor-1 CBF-1 Transcription factor in cold acclimation pathway 
      

 Fig 3. Expression stability of the reference genes based on comprehensive ranking under different stress conditions. 

 

For example in Caragana intermedia, Zhu et al. (2013) 

studied the expression of DREB1 (also known as CBF-1, a 

transcription factor in cold acclimation pathways) at low 

temperature. When the pattern of expression was calculated 

using the evaluated stable genes, Elf-alpha and SAND, and 

least stable gene, UNK2, a wide variation in the expression 

levels was observed (Zhu et al., 2013). Thus, there is a need 

to select appropriate reference genes to be used as internal 

controls for each experimental set up in a specific species. A 

suitable reference gene for one species might be unstable for 

another. For example, ACT performed as a highly reliable 

reference gene when evaluated in chicory (Maroufi et al., 

2010), litchi (Zhong et al., 2011), and peanut (Chi et al., 

2012) but was found to be unstable in peach (Tong et al., 

2009) and papaya (Zhu et al., 2012). The current study 

undertook experiments to evaluate the expression stability of 

seven potential candidate reference genes (ACT, ELF, 

G3PDH, TUB, UBC, U6 and 18S) for their use in 

quantitative analyses of gene expression in jute. Consistency 

of expression of these genes under four stress conditions (low 

temperature, dehydration, salinity, and fungal infestation) 

were analyzed by four different algorithms (deltaCt method, 

geNorm, NormFinder, and BestKeeper) integrated in a single 

web tool, RefFinder under the Cotton EST Database (Xie et 

al., 2011). Our study identified ELF as the most stable and 

UBC as the second best under salinity stress, UBC as most 

stable and ELF as second most stable when exposed to a low 

temperature condition, ELF as the top most and UBC as next 

best stable under dehydration treatment, and TUB as most 

stable followed by G3PDH as second most stable when 

exposed to fungal stress; these are represented in a 

recommended comprehensive ranking by RefFinder (Table 

2). Overall, ELF, UBC, and TUB appeared to be expressed 

stably under different stress conditions. U6, ACT, 18S rRNA, 

and G3PDH were relatively unstable in abiotic experimental 

conditions with the former three showing an irregular 

expression pattern under biotic stress as well. It is to be noted 

that in the case of abiotic stressors (salinity, dehydration, and 

low temperature) UBC and ELF appeared to be more stable, 

whereas for fungal stress they ranked lower in the different 

algorithms. The recommended comprehensive ranking 

showed ELF in the 7th position and UBC in the 5th position 

among the seven genes tested under the fungal stress 

condition. Meanwhile, G3PDH, which ranked the lowest 

under salinity and dehydration conditions and second lowest 

in low temperature condition, was shown to be more stable 

under biotic stress condition. This has also been found by 

other researchers; for example in 
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Fig 4. Pairwise variations among the candidate genes under different stress conditions. 

Fig 5.  Relative expression pattern of CBF-1 obtained by normalizing with (a) most stable pair (UBC + ELF) and (b) least stable pair (U6 + 

G3PDH) under  low temperature stress condition. 

 

 

common bean (Borges et al., 2012), TUB proved to be highly 

stable under biotic stress conditions, whereas under abiotic 

stress it ranked as an unsuitable reference gene for 

normalization. ELF has been reported as a suitable reference 

gene in Caragana intermedia (Zhu et al., 2013), barley 

(Janská et al., 2013), Litsea cubeba (Lin et al., 2013), and 

rice (Jain et al., 2006). UBC was suggested as a reliable 

internal control in rose (Klie and Debener, 2011) and 

Brachypodium (Hong et al., 2008). Tubulin and G3PDH were 

reported as stable internal controls in cereals (Jarošová and 

Kundu, 2010) under biotic stress conditions. Contradiction in 

the stability of expression of these genes in biotic and abiotic 

stress conditions indicates that although these genes are 

called “housekeeping” for their role in basal cellular 

functions (Wei et al., 2013), they invariably change their 

expression in response to experimental conditions (Hu et al., 

2009). Therefore, using unevaluated reference genes by 

assuming their consistent expression might prove wrong in 

actual experimentations. This is further corroborated by the 

validation process. Validation of selected reference genes in 

the present study was performed by analyzing the expression 

of the CBF-1 (also called DREB1b) gene under a low 

temperature condition. CBF-1 is a member of CBF/DREB 1 

(CRT binding factor or DRE binding protein) regulon 

(Gilmour et al., 2004). Expression of jute CBF-1, when 

normalized with the most stable genes under a low 

temperature condition, showed highest expression at 24 hrs, 

followed by a rapid decline in its expression (Fig 5a). In 

contrast, when the least stable gene was used, the level of 

expression was found anomalous (Fig 5b). This emphasizes 

the importance of selecting and validating reference gene(s) 

before studying gene expression in any species and in any 

experimental condition. Data analyses showed that the order 

of most stable genes were not the same in all four algorithms 

(Table 2). This incongruity entails differences in calculation 

strategies that are followed in the statistical analysis by these 

computational programs. Nonetheless, when compared, the 

three highest ranked genes in one algorithm were generally 

present in the relatively high positions in other algorithms. 

Primer specificity is determined by analyzing melting curves; 

however, a single peak or the absence of a replicon in a no 

template control (NTC) do not necessarily mean a single 

product, and agarose gel electrophoresis is also necessary to 

confirm the specificity (Zhu et al., 2012). The threshold of 

pairwise variation as described by Vandesompele et al. 

(2002) is 0.15 for inclusion of more reference genes in the 

normalization process. In this study, values were found to be 

much lower, with 0.06 as the highest, suggesting that more 

than two most stable genes was not necessary to be included. 

Initial expression of CBF-1 was analyzed by normalizing 

with the two most stable genes (UBC and ELF) under a low 

temperature condition. However, when the most stable 

reference gene (UBC) was used, the pattern of expression 

was found to be the same as that obtained when two controls 

were used. The threshold-based choice of the number of 

normalizers does not need to be an exclusive criterion. A 

researcher may consider other factors, such as cost and 

accuracy, and can therefore either assume a large number of 
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genes in order to increase data accuracy or fewer genes when 

analysis of many treatments and tissues are necessary (Hu et 

al., 2009). Quantitation of gene expression in jute under the 

conditions studied here can therefore be performed using 

only the most stable gene as an internal control. 

 

Materials and Methods 

 

Plant materials and experimental conditions 

 

Seeds of farmer-popular O-9897 variety of tossa jute 

(Corchorus olitorius) were collected from Bangladesh Jute 

Research Institute (BJRI). Seeds were allowed to grow under 

controlled conditions (maintained in a growth chamber) for 3 

days in petri dishes. Seedlings were then subjected to three 

different abiotic stressors (salinity, low temperature, and 

dehydration) and an abiotic stressor (fungal infestation) 

individually. Stressed seedlings were collected after 0, 6, 12, 

24, and 48 hrs of stress application. These samples were 

immediately snap-frozen in liquid nitrogen and then kept at 

−80 °C for subsequent use (Lin et al., 2013). 

For salinity stress, seedlings were treated with a 300 mM 

sodium chloride solution on the 4thday of germination and 

collected at the different time intervals stated previously. For 

low temperature stress, seedlings were kept at 4 °C and 

collected at the desired intervals. Dehydration stress was 

simulated by treating the 4-day old seedlings with 150 mM 

mannitol solution and collected at specific time intervals of 

stress induction. For fungal stress, 1% solution of 

Macrophomina phaseolina was sprayed on the 4-day old 

seedlings and collected at different time intervals. Two 

independent biological replicates were collected for each of 

the samples. 

 

Candidate gene confirmation 

 

A set of seven potential reference genes were selected (Table 

3) based on literature reviews: ACT, ELF-α, G3PDH, TUB, 

UBC, U6-snRNA (U6), and 18S. Validation of stability of 

suitable reference genes was performed by expression 

profiling of transcription factor CBF-1 under low temperature 

stress. Because jute genome data are not publicly available, 

degenerate primers were at first designed from the sequences 

of gene homologs of other plant species: Gossipium, Vitis 

venifera, Ricinus, and Glycine max. Primers were designed 

using PRIMER 3.0 (http://frodo.wi.mit.edu/) and analyzed by 

the OligoAnalyzer (http://www.idtdna.com/analyzer/ 

Applications/OligoAnalyz er/) tool of IDT, with the aim of 

amplifying only the coding region. Primers were tested for 

expected product size by performing PCR using Mastercycler 

gradient (Eppendorf, Germany). The presence of a specific 

DNA band on an agarose gel following gel electrophoresis 

was the preliminary indication of the presence of these genes 

in jute. For further confirmation, the bands were extracted 

from the gel and sequenced. The sequences were then used 

against NCBI Blastn database (Altschul et al., 1990) with 

optimization to “somewhat similar sequences”. 

 

Designing primers and checking their efficiency 

 

Upon sequencing, gene-specific primers were designed for 

real time PCR from the sequences obtained from jute DNA. 

Primers were designed by evaluating the following criteria: 

product size (< 150 bp), GC content 40%–60%, primer size 

range 20–24 bp, and Tm range (> 55°C). These primers were 

tested for their amplification specificity by PCR followed by 

gel electrophoresis in 2% agarose gels and also by a single 

sharp peak in Tm calling curves during real time PCR. The 

amplification efficiency of seven pairs of candidate reference 

gene primers and one pair of primers for the validation was 

calculated by performing qRT-PCR using 10-fold serially 

diluted cDNA (1, 10, 102, 103, 104 × dilution) each in 

triplicate using the following formula: E = (10-1/slope-1) × 

100. In addition, a standard curve was drawn, from which the 

R2 values (linear regression) were determined (Table 1). 

 

RNA isolation and purity check 

 

The plant samples were ground to a fine paste with liquid 

nitrogen, and total RNA was isolated using TRIzol reagent 

(Invitrogen, USA) following the manufacturer’s instructions. 

The quality of the purified RNA was checked by measuring 

the concentration of samples by a NanoDrop 1000 (Thermo 

Scientific). RNA samples with 260/280 wavelength ratio 

between 1.8 and 2.1 and 260/230 wavelength ratio greater 

than 2.0 were considered as good quality samples. The 

quality of the RNA was further checked by electrophoresis 

through 1.3% agarose gels in which sharp bands for 28S and 

18S rRNA confirmed good quality. 

 

First strand cDNA synthesis 

 

RNA isolation and cDNA synthesis from all different 

samples were performed for two biological replicates. Four 

thousand nanograms of total RNA were used to perform RT 

reactions with Superscript III first strand synthesis system 

(Invitrogen), according to manufacturer’s instructions, which 

were further modified for jute. For a reaction volume of 20 

µL, 1.0 µL of 10 mM dNTPs and 1.0 µL of oligo dT primer 

were at first taken together with an appropriate amount of 

RNA and adjusted amount of DEPC-treated H2O followed by 

heating the mixture for 5 min at 65°C then transferring the 

mixture immediately to ice. Kept on ice for approximately 2 

min, 4 µL of 5× FS buffer, 2 µL of 0.1 M dTT, 1.0 µL of M-

MLV Superscript III RT (200 U/µL), and 1.0 µL 

RNaseOUTTM (40 U/µL) were added to the reaction mix. The 

RT reaction was carried out in a Mastercycler (Eppendorf, 

Germany), following a pulse RT cycle starting from 

incubation at 50 min at 50°C and then 5 min at 85°C to 

inactivate the RT enzyme. This step was followed by another 

incubation step of 20 min at 37°C after adding 1.0 µL RNAse 

H to degrade the cDNA-RNA hybrid. An additional pair of 

primers was used to check for DNA contamination in cDNA 

samples by targeting flanking regions (i.e., introns) within the 

coding sequences. All calculations also included 10% 

overage to adjust pipetting errors. 

 

qRT-PCR conditions 

 

Real time PCR was performed in a 32-well plate Roche 

LightCyclerNano System with Roche SYBR Green MasterI 

(Roche Diagnostics, Germany). The PCR reaction volume 

was 7.5 μL, containing an equal amount of cDNA for each 

sample, 0.1875 μL of each primer (forward and reverse), and 

3.75 μL of SYBR Green MasterI. Thermo cycling conditions 

were set as an initial polymerase activation step for 600 s at 

95°C, followed by 45 cycles of 10 s at 95°C for template 

denaturation, 10 s at the optimum temperature for each gene-

specific primer for annealing, and 15 s at 72°C for extension 

and fluorescence measurement. Afterwards, a dissociation 

protocol with a gradient from 50°C to 95°C was used for 

each primer pair to verify the specificity of the qRT-PCR and 

absence of primer dimers. In addition, each PCR reaction 

included a NRT control to check for potential genomic DNA 
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contamination. Reagent contamination was also detected by a 

reaction mix without template. All samples were amplified in 

technical triplicates and biological duplicates (Jain et al., 

2006), and the mean of Cq (quantification cycle) value of 

each sample was used hour-wise for qRT-PCR data analysis. 

 

Data analysis 

 

The level of expression for the seven candidate reference 

genes were determined by the cycle number needed for the 

amplification-related fluorescence to reach a definite 

threshold level of detection called quantification cycle (Cq). 

For estimation of reference gene stability, RefFinder 

(http://www.leonxie.com/referencegene.php) was used; it 

compiles major statistical programs (geNorm, NormFinder, 

BestKeeper, and deltaCt method) (Vandesompele et al., 

2002; Andersen et al., 2004; Pfaffl et al., 2004; Silver et al., 

2006) for evaluation of reference gene expression stability 

and selection of the most suitable reference gene under 

different experimental conditions. RefFinder can be fed the 

raw Cq data, which are then used according to the necessity 

of the different programs integrated within it. Samples were 

grouped according to the stressors applied (salinity, low 

temperature, dehydration, and fungal infestation), and data 

analysis was performed separately for different groups. 

Stable reference genes were determined for each 

environmental stress condition individually by analyzing the 

Cq value from that group of data produced by performing 

qRT-PCR. RefFinder gives a unified comprehensive ranking 

of the candidate genes according to their stability calculated 

by the four different methods. 

The geNorm, Normfinder, and BestKeeper are excel-based 

tools. NormFinder and geNorm use relative expression values 

as input data, whereas BestKeeper and the comparative ΔCT 

method use Cq values directly. The geNorm software 

provides the two most stable reference genes or a 

combination of multiple stable genes by calculating a gene 

expression normalization factor (M value) based on the 

geometric mean of a number of candidate reference genes 

(Vandesompele et al., 2002). NormFinder measures the 

optimal reference gene among a group of candidate genes on 

the basis of their expression stability in a sample set or 

specific experimental designs (Andersen et al., 2004). This 

algorithm evaluates the overall expression variation of the 

candidate reference genes and the variation between 

subgroups of samples (Chao et al., 2012). BestKeeper 

determines the best reference genes using pairwise 

correlation analysis of candidate reference genes (Pfaffl et al., 

2004). It uses standard deviation, percent covariance, and 

power of the candidates as indicators to determine the best 

reference gene (Chao et al., 2012). The comparative ΔCT 

method evaluates the most stable reference genes by 

comparing relative expression of “pairs of genes” within each 

sample (Silver et al., 2006; Chao et al., 2012). This method 

measures the stability of a gene by the mean of standard 

deviation values derived from comparison between a 

reference gene and other candidate reference genes (Chao et 

al., 2012). Requirement of the optimal number of reference 

genes to be used for normalization was calculated using the 

geometric mean of the most stable genes and consequently 

performing a consecutive pairwise variation calculation as 

suggested in geNorm algorithms (Vandesompele et al., 

2002). For expression analysis of CBF-1 (using the most and 

least stable reference genes) under a low temperature stress 

condition, calculation was performed by using the 2-ΔΔCt 

method (Livak and Schmittgen, 2001). 

 

Conclusion 

 

To the best of our knowledge, this set of experiments is the 

first attempt to validate candidate reference genes in jute for 

normalization of gene expression analysis using qRT-PCR. 

In this study, reference genes evaluated can be considered 

useful for future assessments of gene expression analysis 

when studying expression under stress conditions in jute. 

Moreover, this study provides useful guidelines for reference 

gene selection for researchers working on jute. 
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ABSTRACT: Members of the genera Corchorus L. and Hibiscus L. are excellent sources of natural fibers 
and becoming much important in recent times due to an increasing concern to make the world greener. 
The aim of this study has been to describe the molecular phylogenetic relationships among the important 
members of these two genera as well as to know their relative dispersal throughout the world. 
Monophyly of Corchorus L. is evident from our study, whereas paraphyletic occurrences have been 
identified in case of Hibiscus L. Although C. olitorius is assumed to be originated from Africa and C. 
capsularis from Indian subcontinent, our study found both to be related through maternal inheritance. 
This prompted us to put forward a hypothesis with archeological support to explain the dispersal routes 
of migration of these two Corchorus species. Similar migratory occurrences may also be true for Hibiscus L. 
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INTRODUCTION 
 

The herbaceous genus, Corchorus (jute) recently 
classified within the family Sparrmanniaceae,1-3 
consists of many species of large and small trees 
together with some shrubs. 
 

The plant family Malvaceae to which the genera 
Hibiscus belongs consists of more than 100 genera 
which are distributed throughout the world with a 
primary abundance in the tropics4. Corchorus 
comprises a group (40-100 species) of annually grown 
dicotyledonous fiber-yielding plants cultivated in the 
tropics and sub-tropics5. The most widely cultivated 
species of this genus, C. olitorius and C. capsularis, 
produce the fiber, jute. In contrast, the genus Hibiscus 
has more than 300 tropical annual and perennial 
herbaceous plant species, including kenaf, (H. 
cannabinus L.) another important fiber producing 
crop.6,7 These plant fibers are non-abrasive, non-toxic 

and biodegradable8 which makes them environment 
friendly and potential alternative for plastic fiber with 
a wide range of commercial applications9-11.  
 

Of these two genera, Hibiscus L. has been extensively 
studied from evolutionary perspective12,13 focusing 
either on geographical distribution or taxonomic 
position.11,14-16 On the other hand, very little effort has 
been made to know about the evolution of the 
members of the genus Corchorus and such studies if 
any have mostly been confined to the available 
accessions of the two cultivated species, C. olitorius 
and C. capsularis.17-20 
 

To investigate or validate one’s evolutionary lineages 
and phylogenetic relationships, molecular data are 
considered more reliable than morphological 
information.21,22 Benor and co-workers23 have carried 
out an internal transcribed spacer (ITS)-based 
phylogenetic analysis and concluded Corchorus L. to 
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be monophyletic. ITS region from nuclear rDNA 
includes ITS1 (18S-5.8S spacer), 5.8S region and 
ITS2 (5.8S-28S spacer)24 and is mostly used to 
discriminate among species,25 as it shows sufficient 
resolution at lower taxonomic levels.16,26,27 However, 
ITS-based phylogeny cannot rule out the possibility of 
partial homogenization in parental sequences.28 
Diploid hybrid species can even lose a part of parental 
ITS sequence through segregation.29 One way to 
eliminate such chances is to compare ITS-based 
phylogeny with that of chloroplast DNA (cpDNA).30 

While the intergenic spacer (IGS) sequence in cpDNA 
(IGS1: trnTUGU-trnLUAAspacer; IGS2: trnLUAA – 
trnFGAA spacer) maintains an exclusive maternal 
inheritance in angiosperms,30 the maturase K (MatK) 
gene (a protein-coding gene) in cpDNA exhibits 
relatively high proportion of transversions, a factor 
which helps in the reconstruction of angiosperm 
phylogeny.31,32 On the other hand, evolution of 
Xyloglucan endotransglucosylase/hydrolase (XTH) 
gene (encoded in the nuclear DNA), an ubiquitous 
regulatory enzyme of xyloglucan (XyG) assembly 
pathway33 known for its highly conserved 
characteristic motif [DEIDFELFG]34-36 is likely to 
follow a relatively conserved evolutionary pattern to 
gain maximum selective advantages.37 Such pattern 
could be really useful in explaining the issues with 
inheritance. 
 

Present study aimed to elucidate the phylogenetic 
relationships among different species belonging to the 
genera Corchorus L. and Hibiscus L. using specific 
regions in cpDNA (MatK, IGS1 and IGS2), ITS 
sequences and XTH gene.  
 

The pattern of evolution among the cultivated species 
of Corchorus has always been a matter of 
discrepancy23,38 while many disagree on the mono-
phyly of the genus Hibiscus, since some paraphyletic 
occurrences have been reported. 6,15 To help clarifying 
such issues we have analyzed seque-nces of specific 
regions of ITS, MatK and XTH genes as well as their 
combined data (cpDNA-regions and all genes studied 
here)39,40 and put forward a hypothesis with support 
from data of several archeological studies, 
documented human history41,42 and long-distance 
dispersal (LDD) of plants.43,44 

 
MATERIALS AND METHODS 
 

DNA isolation from plant material 
Eight Corchorus L. species and six Hibiscus L. species 
(Table 4) were used in this study. Seeds of were 
collected from Bangladesh Jute Research Institute 
(BJRI). Genomic DNA was isolated from 4-5 days old 
seedlings following a protocol described by Haque and 
co-workers.45 Chloroplast DNA was isolated from 30-
40 day old plant leaves according to a protocol of 
Triboush and colleagues.46 

 

 
Table 1: Primer list and thermal cycles used in the study. 
 

DNA Type Region Name Primer 
Name Primer Sequence Thermal Cycle Amplified 

Product Size 

rDNA 
Inter-
transcribed 
Spacer (ITS) 

18S for 
5′‐TGGGGATAGATCATT
GCAATTGTTGGTC‐3′ 

95°C – 5 minutes 
95°C – 40 seconds 
50°C – 1 minute 
72°C – 1 minute 
72°C – 7 minutes 
4°C – Hold 

~950 bp 
28S rev 5′‐TCCYGGTTCGCTCGCC

GTTACTA‐3′(Y = A/T) 

cpDNA 
(Non-
coding) 

Intergenic 
Spacer 1 (IGS1) 
(trnT-trnL) 

Chl1 F 
5′‐CATTACAAATGCGAT
GCTCT‐3′ 

95°C – 5 minutes 
95°C – 50 seconds 
56°C – 1 minute 
72°C – 90 seconds 
72°C – 5 minutes 
4°C – Hold 

~1000 bp 
Chl1 R 5′‐TCTACCGATTTCGCCA

TATC‐3′ 

cpDNA 
(Non-
coding) 

Intergenic 
Spacer 2 (IGS2) 
(trnL-trnF) 

Chl3 For 
5′‐ATTTGAACTGGTGACA
CGAG‐3′ 

95°C – 5 minutes 
95°C – 40 seconds 
58°C – 50seconds 
72°C – 1 minute 
72°C – 5 minutes 
4°C – Hold 

~630 bp 
(Corchorus L.) 

 

~470 bp 
(Hibisvus L.) Chl3 Rev 5′‐AGTCCCATTCTACATG

TCAATATCG‐3′ 

cpDNA 
(Coding) 

Maturase K 
(MatK) 

MatK F1 
5′‐GAGGAATTTCAAGTA
TATTTAGAAC‐3′ 

95°C – 5 minutes 
95°C – 50 seconds 
58°C – 50 seconds 
72°C – 1 minute 
72°C – 5 minutes 
4°C – Hold 

~570 bp 
MatK R1 5′‐ATGTTGATCGTAAATG

AGAAGATTG‐3′ 

Nuclear 
gDNA 
(Coding) 

Endoxyloglucan 
Transferase 
(XTH) 

EXGT 3′-
end For 

5′‐GCAGCCGACACTTGT
ATGGT‐3′ 

95°C – 5 minutes 
95°C – 1 minute 
58°C – 40 seconds 
72°C – 50 seconds 
72°C – 5 minutes 
4°C – Hold 

~550 bp 
EXGT 3′-
end Rev 

5′‐GATTTGTCGGTGCAAT
AAT‐3′ 
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Table 2. GenBank accession numbers (with source vouchers) specific for different regions. 
 

Taxon Voucher 
Accession Numbers for Specific Regions 

ITS IGS1 IGS2 MatK XTH 

C. olitorius 1419 FJ161701 JQ609257 JQ625351 JQ693588 JQ693581 

C. fascicularis 1473 FJ527600 FJ624205 JQ625345 JQ693589 JQ693579 

C. aestuans 3951 FJ527605 JQ609256 JQ625348 JQ693590 JQ693576 

C. pseudo-olitorius 4155 FJ527602 - JQ625352 JQ693591 - 

C. siliquosus 1475 FJ527604 FJ624202 JQ625349 JQ693592 JQ693577 

C. tridens 3714 FJ527603 FJ624201 JQ625346 JQ693593 JQ693580 

C. trilocularis 3700 FJ527601 FJ624200 JQ625347 JQ693594 JQ693582 

C. capsularis 210143 FJ527599 JQ609258 JQ625350 JQ693595 JQ693578 

H. sabdariffa var. sabdariffa 1720 FJ527608 FJ624203 JQ625356 JQ693596 JQ693585 

H. cannabinus 1653 FJ527607 JQ609259 JQ625353 JQ693597 JQ693584 

H. surattensis CGR_1750 FJ527609 JQ609262 JQ625358 JQ693598 - 

H. acetosella 4293 FJ621494 JQ609260 JQ625357 JQ693599 JQ693583 

H. radiates 4993 FJ527606 JQ609261 JQ625354 JQ693600 JQ693587 

H. sabdariffa var. altissima 4203 JQ609255 FJ624204 JQ625355 JQ693601 JQ693586 
 
Table 3. Properties of the data matrices generated based on the sequence analysis. 
 

Name of the Data 
Matrices 

Number 
of Taxa 

Total Number 
of Characters 

Number of Conserved 
Characters 

Number of 
Variable 

Characters 

Number of Parsimony-
Informative Characters 

ITS 57 1037 355 672 571 
XTH 16 648 278 368 266 

MatK 53 607 507 99 68 

cpDNA-combined 
(IGS1, IGS2 and MatK) 172 2893 1501 1220 882 

All-combined 
(IGS1, IGS2, ITS, XTH 
and MatK) 

202 4578 2134 2260 1719 

 
DNA sequence retrieval 
Thermal cycles for PCR, primer sequences and sizes 
of amplified products are given in Table 1. The 
amplified products were checked by agarose gel 
electrophoresis47 and then purified using MinElute Gel 
Extraction Kit (QIAGEN Ltd.).48 Purified PCR 
products were sequenced by a commercial service 
provider, 1st Base (Selangor Darul Ehsan, Malaysia) 
and contigs were assembled using CAP3 sequence 
assembly program.49 All DNA sequences derived from 
the contigs were verified using BLASTn50 and 
deposited in GenBank (See Table 2). Sequence data of 
species from Malvaceae and Sparrmanniaceae families 
belonging to genera other than Corchorus L. and 
Hibiscus L. were obtained from the NCBI GenBank. 
(See Supplmentary file 1). 
 
Phylogenetic analysis based on sequence data 
Multiple sequence alignments were performed with 
CLUSTALW2.51 A region specific data matrice was 
built based on sequence alignment. To generate 
combined sequence alignment of multiple regions, 
SeaView4.4.052,53 was used. Two combined data 
matrices were built in this study; cpDNA-combined 

and all-combined. Final data matrices of the latter 
analyses were built using MEGA version 6.34 
Maximum Likelihood (ML) method was applied for 
phylogenetic analysis following the Tamura-Nei 
model.54 Percentage of replicate trees in which the 
associated taxa cluster together in the bootstrap55 test 
(1000 replicates) are shown next to the branches 
(Figure 1-5). 
 

RESULTS 
 

The properties of data matrices subjected to 
phylogenetic analysis are reported in Table 3. The 
majority-rule consensus trees using Maximum 
Likelihood (ML) methods (1000 bootstrap replicates) 
are illustrated in Figures 1 to 5. Several other genera 
of both Malvaceae and Sparrmanniaceae family were 
used to test the monophyly of genera Corchorus and 
Hibiscus. All the trees were re-rooted to Corchorus 
spp. and most trees were found to segregate both the 
genera into two different well-resolved primary clades 
(Figure 1-5). However IGS1 region of C. pseudo-
olitorius, XTH region of C. pseudo-olitorius and H. 
suratensis could not be amplified with the designed 
sets of primers. 
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Figure 1. The majority rule bootstrap consensus tree inferred from 
1000 replicates based on ITS data matrice by Maximum Likelihood 
(ML) method. 
 

ML tree from ITS data matrice 
The ML analysis of ITS sequence data matrice 
resulted in a bootstrap consensus tree with the log 
likelihood of -10007.40 [SBL (Sum of Branch Length) 
= 2.86729418; consensus cut-off value = 50] (Figure 
1). This analysis showed well defined clades for 
genera Corchorus and Hibiscus with strong bootstrap 
support and no outgroup member (Figure 1). The 
genus Hibiscus was found to have two sub-clades; one 
containing H. macrophyllus and H. hamabo with 68% 

 
Figure 2. The majority rule bootstrap consensus tree inferred from 
1000 replicates based on XTH data matrice analyzed by Maximum 
Likelihood (ML) method. 
 

 
Figure 3. The majority rule bootstrap consensus tree inferred from 
1000 replicates based on MatK data matrice analyzed by Maximum 
Likelihood (ML) method. 
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bootstrap support, while the other members from 
section Furcaria56 were placed in another well resolved 
subclade (bootstrap 100%). Although with less 
bootstrap significance, a single terminal clade was 
found for two varieties of H. sabdariffa.  This agrees 
well with their taxonomy (<50% bootstrap). H. 
suratensis and H. raditus were also in the same 
terminal clade with 80% bootstrap. Subclades of 
Corchorus spp. on the other hand, were not so well-
resolved (bootstrap value <50%), except for the 
terminal clade of C. fascicularis and C. siliquosus 
(bootstrap 100%). 
 

ML tree from XTH data matrice 
The ML analysis with XTH data matrice resulted in a 
bootstrap consensus tree with log likelihood of -
3256.01 [SBL = 1.16892516; consensus cut-off value 
= 50] (Figure 2). The XTH inference showed no 
paraphyly for Corchorus L. which was in agreement 
with the ITS data. Root clade for Hibiscus spp. was 
also evident (bootstrap 100%), suggesting 
monophyletic properties. No close relationships were 
observed between C. olitorius and C. capsularis. 
However, C. fascicularis and C. aestuans were placed 
in proximal positions with 95% bootstrap support. 
Unlike ITS data, terminal clade of two varieties of H. 
sabdariffa was found to be well-resolved here (99% 
bootstrap), as well as the terminal clade of H. 
cannabinus and H. radiatus (99% bootstrap). 
 

ML tree from MatK data matrice 
The ML analysis with MatK data matrice resulted in a 
bootstrap consensus tree with log likelihood of -
1675.97 [SBL = 0.21567191; consensus cut-off value 
= 50] (Figure 3). Inferred ML tree separated both the 
genera, Corchorus and Hibiscus into well resolved 
primary clades. Members of the genus Hibiscus 
segregated into multiple subclades. Except for H. 
suratensis, other members of section Furcaria (H. 
cannabinus, H. acetosella, H. radiates and H. 
sabdariffa) were placed together in a subclade. 
However, H. cannabinus was found to have >90% 
bootstrap support for its separation from the others. In 
case of Corchorus spp., one subclade included C. 
olitorius and C. capsularis (62% bootstrap), while 
another contained C. tridens and C. trilocularis (50% 
bootstrap). A trio, including C. fascicularis, C. 
siliquosus and C. aestuans were placed in another 
subclade (92% bootstrap). 
 

ML trees from combined data matrices 
The ML analysis of cpDNA-combined (IGS1, IGS2 
and MatK) and all-combined (ITS, IGS1, IGS2, MatK 
and XTH) data matrices resulted in bootstrap 
consensus trees with the log likelihood of -14740.69 
[SBL = 1.88269404; consensus cut-off-value = 50] 
(Figure 4) and -29627.59 [SBL (Sum of Branch 
Length) = 4.64032122; consensus cut-off value = 50] 
(Figure 5) respectively. Both ML trees confirmed the 
monophyly of Corchorus L. with good bootstrap 
support. However, the inferences were not the same 

for Hibiscus L., as combined-cpDNA tree (Figure 4) 
gave two different clades for the genus, while its 
members were placed in different clades in the all-
combined tree (Figure 5). 
 

DISCUSSION 
 

Over time, analyses of different coding and non-
coding genomic regions have been made to better 
interpret evolutionary relationships. In order to 
determine maternal ancestry, several chloroplast 
regions/genes have also been taken into 
consideration.16,47,57,58 However, reaching a conclusion 
becomes complicated if there is disagreement in the 
phylogenetic inferences from different genomic 
regions. In such cases, combined phylogenetic 
approaches are more informative,59,60 since it can 
minimize the specific regional and functional  effects 
on phylogenetic inferences. 
 

A significant part of this study was made to know 
more about the origins of both the genera, as the issue 
is still a matter of controversy.61,62 To test the 
monophyly of members of the genera Corchorus and 
Hibiscus, several other genera members of their 
respective families, Sparrmanniaceae and Malvaceae 
were included as controls. However, for the species of 
the two genera included in this study sequences of all 
5 regions (ITS, IGS1, IGS2, MatK and XTH) were not 
available in the database. Therefore, based on 
sequence availability, different regions were analyzed 
using different genera of both the families to 
understand the phylogentic relationship within the 
members of genera Corchorus and Hibiscus. 
 

This study sought to answer only the above issues and 
not to propose any taxonomic classification, 
Therefore, a rational approach was implemented for 
inclusion of species from genera Corchorus and 
Hibiscus based on their economic importance and 
diversity in worldwide distribution (Table 4). The 
Corchorus species included in this study are widely 
distributed in the African and Indian tropics.61,63 
Although the first three species (9, 10, 11 in Table 4) 
of the genus Hibiscus are reported to have originated 
in Africa,7 controversies are still there regarding their 
routes of dispersal.62 A similar disagreement also 
prevails for the two cultivated species (C. olitorius and 
C. capsularis) of Corchorus.38 
 

Evolutionary divergence or distance estimation test 
results64,65 speculated the species of the genus 
Corchorus to be more divergent than Hibiscus L. 
(Suppl. 3, 5-6). This could explain the strong species-
speciation66 between the members and why inter-
specific hybridization among the Corchorus species 
has never been successful.38,61  
 

All the inferred ML trees from different data matrices 
(Figures 1-5) strongly support the monophyly of 
Corchorus, agreeing with earlier reports.17,23 
Moreover, such inferences also support the new 
classification of Corchous spp.,3 as the different 
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genera of Sparrmanniaceae family were found to be 
placed close to each other than those from Malvaceae 
(Figure 1, 3, 4, 5). On the other hand, the combined-
cpDNA ML tree (Figure 4) did not infer monophyly 
between all the members of genus Hibiscus here, as 
two separate clades were found for them. Moreover, 
the all-combined tree (Figure 5) showed presence of 
several Hibiscus spp. in clades of genera other than 
their own. Such occurrences could be considered as a 
major paraphyletic occurrence for this genus.  
 

Strong kinship between H. acetosella and H. radiatus 
were found from the cp-combined inferences (Figure 
4) as well as the MatK inference (Figure 3), while 
other regions showed no such relationship. This is 
most likely due to same maternal ancestry. On the 
other hand, H. radiatus was found close to H. 
suratensis (84% bootstrap support) in all-combined 
inferences (Figure 5) and H. Cannabinus in XTH 
inferences, (Figure 2). These kinships are credible as 
there are reports that speculate H. radiatus to be a 
hybrid of H. cannabinus and H. surattensis.67,68 On 
another matter, XTH regions seem to be bearing the 
semblances of long-lost ancestry, which is always 
crucial for phylogenetic analyses. 
 

Although ITS-ML tree (Figure 1) supports monophyly 
of the genus Hibiscus, segregation of the species under 
section Azanza (H. macrophyllus and H. hamabo) 
within the genus56 from sect. Furcaria (other Hibiscus 
spp.) is in full accordance with their taxonomy (100% 
Bootstrap). Same seclusion can also be noticed from 
MatK-ML tree (Figure 3). Almost without any 
bootstrap support (5%), identical inference showed H. 
suratensis to be in the same terminal clade with the 
Azanza species. Two varieties of H. sabdariffa found 
in close proximity in all ML trees, agrees well with 
their taxonomic positions.  

In case of Corchorus L., close proximal position of C. 
fascicularis with C. siliquosus inferred by both ITS 
(100% bootstrap) (Figure 1) and the all-combined 
trees (Figure 5), was of interest as they are native to 
two distant continents.23,61 On the other hand, XTH 
inference (Figure 2) showed a kinship between C. 
fascicularis and C. aestuans  (99% bootstrap). MatK 
inference (Figure 3) also hypothesizes all three to be 
related to each other (>60% bootstrap), suggesting a 
close maternal ancestry. Since C. siliquosus is a wild 
American species and the other two are native to 
Africa, a possible migratory event could have been 
involved here. 
 

Neither the ITS nor the XTH tree (Figure 2) inferred 
any significant phylogenetic kinship between the two 
cultivated species of Corchorus (C. olitorius and C. 
capsularis), supporting previous reports.69-71 However, 
MatK tree inferences strongly oppose such conclusion 
(Figure 3), as it suggests a significant relationship 
(62% bootstrap) between C. olitorius and C. 
capsularis. This implies a closely related maternal 
ancestry -a possibility raised in earlier studies.23,38 
Nonetheless, such likelihood still lacks credence, as 
little semblance is found in the morphologies of C. 
capsularis and C. olitorius.71 Moreover, the former is 
considered native to India38 while the latter is 
indigenous in Africa.17 Such ambiguity can be 
resolved if the possibility of a migratory event is taken 
into consideration. As the African tropics is considered 
the center of origin for the genus Corchorus,72 it can 
be hypothesized that both C. olitorius and C. 
capsularis have their origins in Africa, but the latter 
migrated to the Indian sub-continent and eventually 
evolved to such a form that it now bears little 
semblance to the genomic DNA or morphology of the 
former. 

 

 
 

Figure 6.Two possible migratory routes for Corchorus L. one from East Africa to Indian subcontinent via the Egyptian trade route and the 
other along the coasts of East Africa to India carried by East-African Coastal current (EACC), Somalian and South-West Monsoon currents 
(Ocean currents are drawn according to the description by Iversen et.al. (Iversen et al. 1984)). 
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As the African tropics is considered the center of 
origin for the genus Corchorus,72 it can be 
hypothesized that both C. olitorius and C. capsularis 
have their origins in Africa, but the latter migrated to 
the Indian sub-continent and eventually evolved to 
such a form that it now bears little semblance to the 
genomic DNA or morphology of the former. 
 

Migrations have played important roles in such 
ancestral events and there are several reports of 
relocation of different Hibiscus species from their 
origins to distant places56,73 generally through Long 
Distance Dispersal (LDD).44 No such theory has been 
proposed for Corchorus L. However, Benor17 
anticipated a dispersal route from East Africa to Asia 
through the ancient Mediterranean-Indian trade route. 
 

Based on our results and archeological records, we 
propose a more coherent hypothesis for the dispersal 
and evolution of Corchorus spp. Besides Egypt, 
ancient trade relation between East Africa (Ethiopia) 
and India dates back only to the mid-first century AD, 
known as Periplus Maris Erythraei (Periplus of the 
Erythraean Sea).74 In contrast, there are evidences of 
the  presence of jute clothes (generally made with fiber 
of C. olitorius and C. capsularis) in the Indus 
civilization dating back to 2200-1900 BC.42 This 
suggests for the existence of jute in India even before 
ancient trade relations between India and east Africa.  
 

A trade route, called lapis lazuli between Egypt to 
Harappa, Lothal in northwestern India existed in the 
third millennium BC75 and another route joining Egypt 
and Ethiopia was present in the fourth millennium 
BC.41,76 Because of high concentration of Corchorus 
spp.17 in eastern Africa, the region can be considered a 
hub for this fiber crop. It is likely that seeds were 
brought to India from Ethiopia or other East African 
region by Egyptian tradesmen between the 3rd and 4th 
millennium.  
 

Such LDD (Long Distance Dispersal) events of seeds 
could have also been driven by migratory animals like 
birds, extreme meteorological phenomena (huge 
explosions dispersing everything in their path), wind 
or ocean currents.44 Floatable seeds, seedpods and 
rafts transporting seedpods are known to cross 
hundreds of kilometers through the ocean currents.44 
Records suggest that seeds of 78% of plants in the 
volcanic island, Surtsey (35 km from Iceland) reached 
there through ocean currents.44,77  
 

In case of Corchorus L., our results indicate 
significant kinship in maternal ancestry and possible 
migratory events from East Africa to India. Therefore, 
another potential dispersal route through ocean 
currents could be hypothesized for Corchorus spp. 
Seeds or seed pods from east Africa could have 
migrated through the currents of the Indian Ocean 
flowing along with the East African coastal, Somalian 
and South-West monsoon currents before reaching 
India (Figure 6). This hypothesis of LDD via the 

currents of Indian Ocean could also be true for the 
dispersal of those Hibiscus species which are 
described to have an East African origin.67 

 

CONCLUSION 
 

Analyses of four different regions of the nuclear and 
chloroplast genomes support monophyly of the genus 
Corchorus L. In contrast, paraphyletic occurrences 
were observed for Hibiscus L. in combined-ML 
analyses, which agree well with several previous 
reports.11,16 
 

Two commonly cultivated species of the genus 
Corchorus namely C. olitorius and C. capsularis, can 
be inferred as descendants of the same or closely 
related maternal ancestor in Africa. C. capsularis 
could have come much earlier to India than C. 
olitorius via two possible routes, ancient Egyptian 
trade route or Indian Ocean currents.  
 

Resemblance in cpDNA analyses among three wild 
Corchorus spp.; C. fascicularis, C. aestuans and C. 
siliquosus also suggest closeness in their maternal 
ancestry, suggesting another possible ancestral 
migratory event. However, such assumptions can only 
be established with proper paleontological evidences, 
which eventually will help to precisely describe their 
origins. 
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Introduction

The discovery of RNA interference (RNAi) pathways 
together with technological innovations have revolution-
ized the methods for inspecting functions of specific genes 
and control over their regulation. This cellular pathway 
involves small RNA molecules (19–24 nt in size) as main 
mediators which bear sequence complementarity to spe-
cific messenger RNAs (mRNAs) and have the capability to 
direct their cleavage or translational repression (Hammond 
et al. 2000). Traditionally, determination of the biological 
function of a gene has relied on the identification of a phe-
notype of interest from a mutagenized population (Eamens 
et al. 2010). However these collections have inherent limi-
tations—they are generally not obtainable for non-model 
species or varieties, entail stacking for knockout of redun-
dant homologs and do not easily permit for partial or regu-
lated loss of gene function, which is particularly useful 
when null alleles are lethal (Warthmann et al. 2013). Trans-
genic approaches that employ directed gene silencing can 
substitute for null alleles without the limitation to a specific 
species or variety and in addition enable more refined stud-
ies of gene function, e.g., by tissue-specific and inducible 
gene silencing (Schwab et al. 2010). The second genera-
tion vectors that employ RNAi based silencing are gaining 
popularity in this regard due to their highly efficient gene 
silencing activity (Tang et al. 2007).

Artificial microRNAs (amiRNAs) distinguish an inven-
tive aspect in the enthralling world of RNAi to unveil the 
mystery of gene regulation. They utilize the enormous 
potential of the miRNAs to decrease target gene activity 
by binding to its mRNAs. The vectors are based on endog-
enous miRNA precursor (pre-miRNA) transcripts whose 
natural miRNA and its complementary sequence miRNA* 
are modified such that it releases miRNA duplex of desired 

Abstract Artificial microRNAs (amiRNA) provide a new 
feature in the gene silencing era. Concomitantly, reducing 
the amount of lignin in fiber-yielding plants such as jute 
holds significant commercial and environmental potential, 
since this amount is inversely proportional to the qual-
ity of the fiber. The present study aimed at reducing the 
lignin content in jute, by introducing amiRNA based vec-
tors for down-regulation of two monolignoid biosynthetic 
genes of jute, coumarate 3-hydroxylase (C3H) and feru-
late 5-hydroxylase (F5H). The transgenic lines of F5H–
amiRNA and C3H–amiRNA  showed a reduced level of 
gene expression, which resulted in about 25 % reduction in 
acid insoluble lignin content for whole stem and 12–15 % 
reduction in fiber lignin as compared to the non-transgenic 
plants. The results indicate successful F5H–amiRNA and 
C3H–amiRNA  transgenesis for lignin reduction in jute. 
This is likely to have far-reaching commercial implications 
and economic acceleration for jute producing countries.
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sequence when transformed in plants (Warthmann et al. 
2013; Yan et al. 2011). Alteration of pre-miRNA transcripts 
allows for efficient and highly specific cleavage of selected 
targets (Schwab et al. 2006). Since they are trans-acting, 
the silencing activity is stable through various generations 
(Molnar et al. 2009). It has also been recommended that 
amiRNAs pose less biosafety or environmental complica-
tions when applied to agriculture than other approaches 
(Liu and Chen 2010). Considering the feasibility of poten-
tial implications of amiRNA, remarkable improvements 
have been incorporated in this technology for instance, in 
cloning, construct preparation and delivery in plants (Car-
bonell et al. 2014). Many bioinformatic tools have been 
developed for making amiRNA approach more effective 
and convenient (Hauser et al. 2013). The advantages and 
effectiveness of amiRNA technology in different plant 
systems have been verified as evident from several stud-
ies using transgenic approaches since the first report of 
amiRNA activity in Arabidopsis (Parizotto et al. 2004). The 
amiRNA strategy has been used for efficient gene silenc-
ing in Arabidopsis (Michniewicz et al. 2007; Molnar et al. 
2009; Ossowski et al. 2008), rice (Warthmann et al. 2008), 
maize (Meng et al. 2011), barrel clover (Medicago) (Haney 
and Long 2010), eggplant (Toppino et al. 2011), pop-
lar (Shi et al. 2010), grapevine (Jelly et al. 2012), Lemna 
minor (Cantó-Pastor et al. 2015) etc.

The cell wall of Corchorus (the genus of jute) is com-
posed of a high amount of lignin which is a major barrier 
for its use as a textile fiber and other value added appli-
cations (Maity et al. 2012). Lignin a cross-linked macro-
molecule of hydrophobic aromatic structure is the most 
abundant organic polymer after cellulose (Anderson and 
Chapple 2014). It is embedded in the cell wall and serves 
as a matrix around the polysaccharide components provid-
ing additional rigidity, comprehensive strength and renders 
hydrophobicity and water impermeability to the cell wall 
(Anderson and Chapple 2014). Reducing lignin content 
in fiber-yielding plants such as jute holds significant com-
mercial and environmental potential. In the basic structure 
of the lignin there are three major building blocks namely 
guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H) units 
(Boerjan et al. 2003). Like other bast fibers, jute is a natu-
rally rich lingo-cellulosic fiber yielding crop having H:G:S 
composition of 2:36:62 and S/G ratio of 2:1 (Del Rio et al. 
2009). Lignin perturbation in jute has long been overdue 
given the importance of natural fibers. The demand of 
natural bast fiber composites has increased in recent years 
because of its applications in the manufacture of paper-
pulp, bio-plastics, automobile, electronics, construction 
and packaging goods (Li et al. 2007). Non-abrasive, light-
weight, combustible, non-toxic, low cost, recyclable, biode-
gradable properties (Edeerozey et al. 2007) and decreased 
wood sources (Kuroda et al. 2002) have augmented the 

importance of plant bast fiber like jute, kenaf, flax, ramie 
etc. Therefore, jute delineates a new promising sphere 
with respect to manipulation of its fiber lignin content. An 
increasing number of examples points that lignin engineer-
ing can improve its commercial usability as a sustainable 
resource in the production of bio-based materials, viz. tex-
tile, paper-pulping, biofuel, etc. (Vanholme et al. 2012). 
Despite the extensive amount of work focused on jute lignin 
(Del Rio et al. 2009; Islam and Sarkanen 1993; Sengupta 
and Palit 2004) effective mechanisms for its reduction need 
more research; to identify, characterize as well as manipu-
late lignin biosynthetic genes in jute. In recent years, the 
possibility of lignin modulation through RNAi strategy has 
proved to be an effective mechanism for the alteration of 
gene expression (Fire et al. 1998). Several studies have pro-
posed that by taking advantage of developments in plant 
transformation technology, it is now possible to modify 
or reduce lignin in plants by over-expression, down-regu-
lation, or suppression of lignin biosynthetic genes, which 
do not overlap with the plant’s defense machinery (Boerjan 
et al. 2003; Chapple et al. 2007; Ralph et al. 2006). This 
study aimed at investigating the role of amiRNA in reduc-
ing the amount of lignin in jute, by down-regulation of two 
monolignoid biosynthetic genes viz. ferulic acid 5-hydrox-
ylase (F5H) and coumarate 3-hydroxylase (C3H) in order 
to develop jute with reduced lignin content.

Materials and methods

Plant material

The gene bank of Bangladesh Jute Research Institute 
(BJRI) has one of the world’s largest jute and allied fiber 
(JAF) germplasm collection of about 6000 accessions. The 
seeds of Corchorus olitorius (var. 0-9897), one of the two 
cultivated jute species were collected from the Physiology 
Department, Bangladesh Jute Research Institute (BJRI), 
Dhaka.

Gene identification approach

To amplify the full length target gene sequence, conserved 
domains of genes (of different plants) responsible for lignin 
biosynthesis were studied in order to design degenerate 
primers (Supplementary Table:1). TA vector (Invitrogen) 
mediated cloning was carried out to determine the sequence 
of the degenerate primer-based amplicons by sequencing. 
On the basis of sequence data, specific primers for particu-
lar genes were designed. Sequences so amplified were sub-
sequently cloned into TA vector followed by sequencing to 
determine the full length sequence of the desired F5H and 
C3H genes.
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Artificial microRNA constructs

With the assistance of artificial microRNA designing tool 
WMD3 (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) 
21mer amiRNA sequences were retrieved from the target 
gene sequences, which were to be silenced.

After identifying transcripts of target genes through 
sequence homology with Arabidopsis thaliana, WMD3 
was used to generate candidate 21nt mature amiRNA 
sequences that resemble natural miRNAs while minimiz-
ing possible off-target effects to other transcripts. First the 
target gene sequences (i.e. jute specific C3H and F5H gene) 
were incorporated in the WMD3 target search tool individ-
ually. A list of probable amiRNA sequences was provided 
by WMD3 against a particular target gene of interest. To 
facilitate the selection of amiRNA, hybridization energy 
and the target site of the amiRNA sequences were analyzed 
and one particular amiRNA was then selected for each 
gene. Next, WMD3 primer designer tool has been used to 
generate oligos against each amiRNA. Four different oligos 
for each gene were suggested by the program. Overlap-
ping PCR was set up with plasmid, pRS300 (http://wmd3.
weigelworld.org/cgi-bin/webapp.cgi) as a template contain-
ing miR319 precursor backbone sequence of A. thaliana 
(ath-miR319a). The jute specific amiRNA and its com-
plementary (amiRNA*) sequences were introduced into 
pSR300 by site-directed overlapping PCR amplification 
replacing the amiRNA and its complementary (amiRNA*) 
sequence of Arabidopsis thaliana (Schwab et al. 2006). 
Overlapping PCR products were then mobilized into 
pGEM-T vector and incorporation of jute specific miRNA 
and miRNA* in the mir319 backbone was confirmed by 
sequencing individually for both C3H and F5H gene. 
After sequence-based confirmation, Smal and Sacl restric-
tion enzymes were used to transfer the C3H–amiRNA  and 
F5H–amiRNA precursor cassette into plant expression vec-
tor pBl121 (Chen et al. 2003).

Transient assay

Transient assays for expression of both C3H–amiRNA 
s and F5H–amiRNAs were done by Agrobacterium-
mediated transient expression in Nicotiana tabacum L. 
cv Xanthi leaves achieved through pressure infiltration, 
as described by Karjee et al. (2008), with minor modi-
fication. Agrobacterium tumefaciens LBA4404 cells 
were transformed separately with pre-amirRNA contain-
ing recombinant vectors. An Agrobacterium culture was 
grown until an optical density of 1.0 at 600 nm (OD600) 
was reached. The culture was treated with 200 µM ace-
tosyringone (AS) for 1 h prior to infiltration. Total RNA 
was isolated from the infiltrated zones at 7–21 days post-
infiltration (dpi). To estimate the degree of functional 

potency of precursors to form amiRNA, infiltrated zones 
at different dpi were subjected to small RNA northern 
analysis using the reverse complementary sequence of 
corresponding amiRNAs as probes, end labeled with 
[γ-32P] (6000 Ci/mmol; Perkin Elmer Life Sciences, 
USA). Another strategy for transient assay was followed 
in order to assess amiRNA functionality upon expression 
of a particular gene. In this case, tobacco leaf (N. tabacum 
L. cv Xanthi) was infiltrated in a quadrant fashion with 
four different Agrobacterium suspensions containing (1) 
amiR-construct, (2) full length gene construct, (3) mix-
ture of gene and amiR construct and (4) MES (2-N-mor-
pholino ethanesulfonic acid) respectively. After 21 dpi, 
the infiltrated zones were excised and subjected to reverse 
transcriptase (RT) using SuperScript® II (Invitrogen,) fol-
lowed by RT-PCR with gene specific primers to amplify 
the full length transcript. This strategy proves down-regu-
lation of target gene expression if the amiRNA construct 
is functional.

Agrobacterium mediated in planta transformation

A tissue culture independent A. tumefaciens mediated 
gene transformation protocol (Sajib et al. 2008) was used 
to introduce amiRNA based hairpin constructs into C. 
olitorius var. 0-9897. According to this protocol, shoot 
tips of young jute plants (15–20 cm in height) are injured 
with a fine needle. After an hour, the injured region is 
infected with a few drops of A. tumefaciens suspension, 
having an O.D. of 0.80 in YMB medium containing the 
respective constructs. This is followed an hour later by a 
second infection in the same region. The infected plants 
are next incubated in dark for 3 days at 28 °C. Then the 
plants are allowed to grow under normal conditions in 
light.

Genomic DNA PCR

To check for the presence of transgenesis in putative transfor-
mants (C3H–amiRNA  and F5H–amiRNA lines), genomic 
DNA was isolated from leaves of kanamycin-resistant (trans-
genic) and non-transformed jute plants. Genomic DNA was 
extracted using CTAB (N-acetyl-N, N,N-trimethylammonium 
bromide) method. To check for the presence of marker gene, 
NPT(II), PCR was carried out using the primers, NPT(II) 
forward (5′-CCGTAAAGCACGAGGAAGTC-3′) and 
NPT(II) reverse (5′-ATGGGGATTGAACAAGATGG-3′).  
The PCR reaction profile included initial sample denatura-
tion at 95 °C for 5 min followed by 30 cycles of strand sepa-
ration at 94 °C for 1 min, annealing at 56 °C for 30 s and 
extension at 72 °C for 30 s. The program ended with a final 
extension step for 7 min at 72 °C. Amplification products of 
approximately 350 bp were analyzed on a 0.8 % agarose gel.

http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
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Southern blot analysis

20 µg of genomic DNA from PCR-positive amiRNA lines 
together with wild type (WT) plants were digested with 
BamHI (for C3H) and HindIII (for F5H), electrophoresed 
and blotted on to Hybond N+ membranes (GE Health-
care Life Sciences, UK) by overnight capillary transfer. A 
250 bp amiRNA construct containing pre-miroRNA back-
bone was used as a probe (Sambrook et al. 1989) and puri-
fied in a G25 column (GE Healthcare Life Sciences, UK) 
according to supplier’s protocol. The probes were labeled 
with α [32P] dCTP (PerkinElmer Life Sciences, USA). 
After hybridization for 20 h at 68 °C, the membrane was 
washed once with 2× SSC containing 0.1 % SDS at 60 °C 
for 20 min, then with 0.5× SSC containing 0.1 % SDS at 
60 °C for 30 min and finally with 2× SSC at room tem-
perature and stored until exposure. The membranes were 
subjected to autoradiography using a TYPHOON phosphor 
imager (GE Healthcare Life Sciences, UK).

Target cleavage site PCR

Approximately 2 µg of total RNA from transgenic and non-
transgenic jute seedlings were used for first-strand cDNA 
synthesis, followed by target cleavage site PCR. cDNA 
was prepared in a 20 µl reaction volume using SuperScript 
TM II reverse transcriptase (Invitrogen). Three oligos 
were designed for each of the two genes (C3H and F5H). 
The first forward oligo located at the upstream region of 
the respective gene was named primer 3, second forward 
primer, primer 2 was designed spanning the amiR cleavage 
site (starting at the 8th nucleotide of amiR from the 5′ end) 
and the third reverse oligo was designed from the down-
stream region of the target gene (Supplementary Table 2). 
Two different combinations of PCRs were carried out using 
these oligos i.e. 3:1 and 2:1 from both WT and amiR trans-
genic lines. PCRs of the same samples were carried out 
using actin primers in order to semi-quantify the transcripts 
present. PCR band intensities were quantified using the 
ImageJ software (http://rsbweb.nih.gov/ij/index.html).

Modified 5′‑RACE

Cleavage sites of amiRs were mapped using a modified 
technique of 5′-RACE using FirstChoiceR RLM-RACE kit 
(Invitrogen). Total RNA was isolated with TRIZOL reagent 
(Invitrogen) from amiR transgenic lines and 5′-RACE was 
performed with 2 µg of total RNA according to the manu-
facturer’s instructions. First and subsequent nested PCRs 
(using the first PCR products as templates) were performed 
using adaptor and amiR specific primers (Supplemen-
tary Table 2). Nested PCR products were then cloned into 
pGEM-T easy vector (Promega, USA). 20 recombinant 

plasmids for the two different amiR lines (C3H–amiR and 
F5H–amiR) were sequenced and the 5′-terminal sequence 
of each was identified by alignment of the adaptor sequence 
with the sequence data.

Northern blot analysis

Total RNA was extracted from WT and kanamycin 
screened jute seedlings of amiRNA transgenic lines using 
the guanidinium thiocyanate extraction method (Chom-
czynski and Sacchi 1987). For northern blot of the tran-
scripts 30 µg of total RNA from each plant sample was 
resolved on a 1.2 % formaldehyde-agarose gel and trans-
ferred on to Hybond N+ membranes (GE Healthcare 
Life Sciences, UK). Probes were prepared according to a 
described protocol (Sambrook et al. 1989) using [α 32P] 
dCTP labelled cDNAs that spanned the entire coding 
sequence of C3H and F5H genes.

For northern blot of artificial microRNA, total RNA was 
isolated from non-transgenic and transgenic amiRNA lines 
using TRIZOL® reagent and following the manufacturer’s 
protocol (Invitrogen). 20 µg of each sample was resolved 
on a 12 % denaturing urea-PAGE gel. The RNA was then 
blotted onto a Hybond-N+ membrane (GE Healthcare 
Life Sciences, UK) by Semi-Dry Transfer Cell (Bio-Rad 
Laboratories, Inc, CA) and hybridized with the follow-
ing amiRNA antisense sequences: 5′-GGGAAGCGTTT-
TATGAACTA-3′ for C3H–amiR and 5′-CTGGGAAATC-
CATTAATGTTA-3′ for F5H–amiR. The probes were end 
labeled using 6000 Ci/mmol [γ-32P] ATP (PerkinElmer 
Life Sciences, USA) using T4 polynucleotide kinase (T4 
PNK—Fermentas, Lithuania) and purified in a G25 col-
umn (GE Healthcare Life Sciences, UK) according to the 
supplier’s protocol. Hybridization was carried out at 37 °C 
using a standard protocol. The membranes were subjected 
to autoradiography using a TYPHOON phosphor imager 
(GE Healthcare Life Sciences, UK).

Reverse transcriptase polymerase chain reaction 
(RT‑PCR) analysis

Approximately 2 µg of total RNA from transgenic and non-
transgenic jute seedlings were used for first-strand cDNA 
synthesis, followed by gene specific PCR. cDNA was pre-
pared in a 20 µl reaction volume using SuperScript TM II 
reverse transcriptase (Invitrogen). One microliter of the 
cDNA mixture was used as a template for PCR amplifica-
tion with C3H GSP forward/F5H GSP forward primer and 
C3H GSP reverse/F5H GSP reverse primers (Supplemen-
tary Table:1) to amplify C3H and F5H genes respectively. 
PCR of the same cDNA samples was carried out using 
gene-specific primers for actin gene in order to semi-quan-
tify the transcripts present. RT-PCR band intensities were 

http://rsbweb.nih.gov/ij/index.html
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quantified using the ImageJ software (http://rsbweb.nih.
gov/ij/index.html).

Pigment measurement

Chlorophyll content from the leaf tissues was meas-
ured spectrophotometrically after extraction with 80 % 
acetone according to the standard protocol (Arnon 1949; 
Lichtenthaler and Buschmann 2001). Experiments were 
repeated thrice with three replicates each time (n = 3). 
100 mg of leaf tissue was homogenized thoroughly in 1 ml 
of 80 % acetone and centrifuged at 3000 rpm for 2–3 min. 
The supernatant was retained and absorbance (A) was 
recorded using a spectrophotometer at 663 and 647 nm for 
chlorophyll-A (Chl-A) and chlorophyll-B (Chl-B) respec-
tively. Their amounts were determined using the following 
equations:

Chemical method of lignin estimation

Lignin content of the jute whole stem and fiber was meas-
ured to determine the amount of acid insoluble lignin in 
jute for both transgenic and in non-transgenic plants. To 
get the average lignin value of a plant, only the mid section 
(~16 cm) of the stem was used in this study. A modified 
Klason lignin estimation method was used to estimate acid 
insoluble lignin or AIL (Tanmoy et al. 2015).

Results and discussion

Design of artificial microRNA

The C3H–amiRNA  and F5H–amiRNA constructs were 
prepared for post-transcriptional silencing (PTGS) for the 
respective (C3H and F5H) genes, in jute. Transcripts of 

Chl-A(µg/ml) = 12.25A663− 2.79A647

Chl-B(µg/ml) = 21.50A647− 5.10A663

target genes were searched through sequence homology 
with A. thaliana. WMD3, a tool for designing artificial 
microRNA, was used to predict potential 21nt sequences 
while minimizing possible off-target effects to other tran-
scripts. Next, WMD3 primer designer tool was used to 
generate a set of four oligos for engineering each amiRNA 
construct. Overlapping PCR was set up with plasmid, 
pRS300 (containing Ath-pre-miR319a backbone) as a 
template, using different oligos (Table 1), for replacing 
the miRNA and its complementary (miRNA*) sequences 
with jute specific amiRNA duplex (Schwab et al. 2006). 
Ath-pre-miRNA319 backbone shows high conserva-
tion of pre-miRNA processing across the plant kingdom 
(Khraiwesh et al. 2008). It has thus been used in different 
plants (Schwab et al. 2005) and was expected to be relevant 
for jute. A schematic diagram representing the construction 
of the artificial microRNAs (C3H–amiR and F5H–amiR) 
along with the amiRNA and amiRNA* sequences for the 
corresponding genes is given in Fig. 1a.

The products of overlapping PCRs were cloned and 
sequenced to confirm the incorporation of jute specific 
amiRNA and amiRNA* in the mir319 backbone for both 
C3H and F5H genes. Subsequently, Smal and Sacl restric-
tion enzymes were used to transfer the C3H–amiRNA  and 
F5H–amiRNA precursor cassette into plant expression 
vector pBl121 (Chen et al. 2003). This was validated by 
cassette specific PCR and restriction digestion with Smal 
and Sacl. Secondary structure of the amiRNA precursor 
sequence was predicted using Mfold (Zuker 2003). This 
prediction tool provides images of the secondary structure 
of the pre-amiRNAs together with the nucleotides from 
which the location and direction of guiding strands and star 
strands of the amiRNAs can be identified. From the Mfold 
output the guiding strands of the amiRNAs were consid-
ered without changing any other nucleotides from their tar-
get mRNAs. In contrast, the star strands of the amiRNAs 
were generated based on the characteristics of the base 
pairing between the natural guiding and star strands. Pre-
dicted binding sites of amiRNA to the respective mRNA 

Table 1  List of primers and 
their sequences used for over-
lapping PCR

Sl. no. Oligos provided by WMD3 Sequences of the primer (5′–3′)

1 I amiR–C3H s gaTAAGTAATCCCTTACTTGCAAtctctcttttgtattcc

2 II amiR–C3H a gaTTGCAAGTAAGGGATTACTTAtcaaagagaatcaatga

3 III amiR*–C3H s gaTTACAAGTAAGGGTTTACTTTtcacaggtcgtgatatg

4 IV amiR*–C3H a gaAAAGTAAACCCTTACTTGTAAtctacatatatattcct

5 I amiR–F5H s gaTAACATTAATGGATTTCCCAGtctctcttttgtattcc

6 II amiR–F5H a gaCTGGGAAATCCATTAATGTTAtcaaagagaatcaatga

7 III amiR*–F5H s gaCTAGGAAATCCATAAATGTTTtcacaggtcgtgatatg

8 IV amiR*–F5H a aAAACATTTATGGATTTCCTAGtctacatatatattcct

9 Oligo A CTG CAA GGC GAT TAA GTT GGG TAA C

10 Oligo B GCG GAT AAC AAT TTC ACA CAG GAA ACA

http://rsbweb.nih.gov/ij/index.html
http://rsbweb.nih.gov/ij/index.html
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Fig. 1  a Diagrammatic 
representation for constructs 
of artificial microRNA along 
with their amiRNA/amiRNA* 
sequences, b secondary 
structure of amiRNA precursor 
predicted by Mfold (left panel). 
The right panel represents the 
sequence of amiRNA/amiRNA* 
duplex colored in red and green 
respectively (top) and sites 
for pairing of the amiRNAs 
with their corresponding target 
mRNAs (bottom), c depicts 
cleavage mapping for C3H 
(A) and F5H (B) gene by their 
respective amiRNAs



Plant Mol Biol 

1 3

sequences and amiRNA/amiRNA* duplex are shown in 
Fig. 1b. Cleavage mapping for the both genes (C3H and 
F5H) with their corresponding amiRNAs illustrates the 
probable cleavage site of amiRNAs (Fig. 1c).

Validating the amiRNA expression in Nicotiana 
tabacum

To validate the functionality of the constructs cloned in 
pBI121 vectors, a rapid and simple transient assay was per-
formed. The assay involves Agrobacterium-mediated tran-
sient expression of the construct in plant tissues for analyz-
ing the expression of small RNAs including amiRNAs (Ai 
et al. 2011; Kung et al. 2012; Qu et al. 2007). The C3H–
amiRNA  and F5H–amiRNA constructs were agro-infil-
trated in tobacco leaves. RNA isolated from the infiltrated 
zones was subjected to northern analysis for the amiRNA. 

Results showed specific signals for C3H–amiR and F5H–
amiR (Fig. 2) and no significant variations were found in 
amiRNA accumulation over the period of 7–21 dpi. Usu-
ally the level of amiRNA is supposed to increase with time 
during the post infiltration period for transiently expressed 
amiRNA constructs (Ai et al. 2011; Kung et al. 2012; Qu 
et al. 2007; Tang et al. 2010). However these are vari-
able indicators as the amount of amiRNA depends on the 
amount of infiltrated Agrobacterium and their expression.

Agro-infiltration of T-DNA vectors of each construct is 
expected to result in the expression of amiRNAs, initiating 
the RNA-guided transcript silencing, which eventually lim-
its the activity of the target gene (Johansen and Carrington, 
2001; Voinnet et al. 2003). RNA isolated from tobacco 
infiltrated zone after a fixed dpi when subjected to RT-PCR 
gave a significant reduction in the level of C3H and F5H 
transcripts (Fig. 2).

Fig. 2  The amiRNA accumulation in Agrobacterium infiltrated zone 
at 7–21 dpi for a C3H–amiR and b F5H–amiR. Right panel of figure 
(a) represents RT-PCR amplified cDNA of C3H gene from leaf tissue 
of tobacco infiltrated zone, lane 1 shows band for C3H gene, lane 2 
shows reduced expression of C3H gene from tobacco leaf tissue infil-
trated with a combination of amiR–C3H and full length C3H gene 
construct, lane 3 1 Kb marker, lane 4 shows no band for C3H gene 
where only amiR–C3H construct was infiltrated, lane 4 shows no sig-

nal for MES (used as a mock). Right panel of figure (b) depicts RT-
PCR amplified cDNA of F5H gene from leaf tissue of tobacco infil-
trated zone, lane 1 1 Kb marker, lane 2 shows no signal when only 
amiR–F5H construct was infiltrated, lane 3 shows low expression of 
F5H gene for the zone infiltrated with a mixture of full length F5H 
gene and F5H–amiR construct, lane 4 shows strong signal for full 
length F5H gene, lane 5 shows no band when MES alone was used



 Plant Mol Biol

1 3

Generation of amiRNA transgenic lines through  
in planta transformation

A tissue culture independent A. tumefaciens mediated gene 
transformation protocol (Sajib et al. 2008) was used to 
transform C. olitorius var. 0-9897 with the C3H–amiRNA  
and F5H–amiRNA based constructs. Screening of primary 
transformants was carried out by germinating the seeds on 
antibiotic selection medium containing 400 mM kanamy-
cin. Seedlings tested positive were subjected to molecular 
analysis and plants used in these analyses were randomly 
selected to rule out screening biasness.

Stable inheritance of transgene

Initial transgenesis of the amiRNA constructs in the trans-
genic T1 progenies were confirmed by genomic PCR for 
the amplification of the antibiotic gene present in the con-
struct. They showed a positive signal for NPT(II) gene 
whereas WT plants were PCR negative (Fig. 3). Integration 
of amiRNA was validated by Southern blot analysis using 
PCR positive lines where a single integrated band was 
observed for transgenic lines when probed with amiRNA-
precursor specific sequence (Fig. 3). Here, only single copy 
integration events were obtained for transformants with 
amiRNA. It is likely that, multi-copy integrations are not 

viable due to enhanced inhibitory effects on endogenous 
RNAi machinery, lethal to the plant (Das and Sanan-Mishra 
2015). Southern blot data revealed stable integration and 
inheritance of amiRNA precursor gene in the succeed-
ing transgenic generation (T2) which confirmed successful 
amiRNA mediated transgenesis in jute.

Mapping of amiR cleavage sites

Target cleavage site PCR

An artificial microRNA binds to its respective target, and 
depending on the degree of complementarity between the 
amiR and its target, the amiR either cleaves the target at 
a specific site or represses the target from being translated 
(Tiwari et al. 2014). In plants, slicing of target transcripts is 
dominant, as plant miRNAs normally show high comple-
mentarity to their target sequences (Voinnet 2009). In this 
study, since the designed amiRNAs had high complemen-
tarity to their potential targets, the targets were expected 
to be degraded through the slicing mechanism. The amiR 
transgenic lines initially confirmed by Southern blots were 
subjected to target cleavage site PCR. A schematic dia-
gram of the cleavage site PCR using three primers named 
primer 1, 2 and 3 (Supplementary Table 2) is given in 
Fig. 4a. The first round PCR using primer 3 forward and 

Fig. 3  a Amplification of 
NPT(II) as a proof of transfor-
mation for C3H–amiR  (Lanes 
2–7), lane 1 shows no band 
in WT control. Southern blot 
analysis: (Right) lane 1 template 
probe used as a control, lane 2 
WT plants, lanes 3–7 indepen-
dently transformed jute C3H–
amiR  lines. b PCR amplifica-
tion of transgene NPT(II) from 
F5H–amiR jute transgenic lines, 
(lanes 3–11), lane 1 no signal 
for WT control. Southern blot 
analysis for F5H–amiR T1 lines 
(Right) shows stable integration 
of F5H–amiR precursor in jute. 
lane 1 template probe used as a 
control, lane 2 WT plants, lanes 
3–7 independently transformed 
jute F5H–amiR lines
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primer 1 reverse will give a signal for amplified uncut tran-
scripts, whereas PCR using primer 2 forward and primer 
1 reverse will amplify the very sequence that is supposed 
to be cleaved off by amiRNA activity as it spans the puta-
tive cleavage site. In our case, amplifications were obtained 
in both PCR events using the transgenic (Fig. 4b) and WT 

plants (Fig. 4c). It is likely that, since the total RNA pop-
ulation (i.e. capped and cleaved) was used for first strand 
cDNA preparation followed by target cleavage site PCR, 
signal for uncut transcripts was also detected in transgenic 
plants although the band intensity was different from the 
WT. In WT plants the intensity was equal for both the 

Fig. 4  a A schematic representation of target cleavage site PCR. b 
Agarose gel represents the abundance of full length transcript and 
amplified amiRNA mediated cleaved fragments from C3H (left) and 

F5H (right) transgenic lines. c Depicts the outcomes of target cleav-
age site PCRs from C3H-WT (left) and F5H-WT (right)
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transcripts (Fig. 4c). In contrast, the amiR transgenic lines 
showed much higher intensity for the region spanning the 
cleavage site than the amplified uncut transcripts (Fig. 4b), 
which supports the functionality of amiRNAs in transgenic 
lines. These data demonstrate the silencing activity of the 
amiRNAs leading to cleavage of cognate transcript fol-
lowed by degradation of their putative target.

Modified 5′ RACE

For further validation, modified 5′ RACE of the cleaved 
fragments were carried out to map the specific cleavage site 
of amiR target. Plants randomly selected from the South-
ern positive amiR-lines (C3H–amiR  and F5H–amiR) were 
used in this study. In case of transgenic lines first round 
PCR with adapter specific forward and amiR-specific 
reverse primers (Supplementary Table 2) gave a band of 
the size, expected from cleaved target. In contrast no band 
was obtained for the WT (Fig. 5a). The 1st round ampli-
fied products were used for further nested PCR (Fig. 5b). 

The nested PCR products were then cloned into pGEM-T 
easy vector followed by sequencing. Sequencing results 
confirmed cleavage at the expected site, located between 
the region complementary to nucleotides 10/11 of the amiR 
(for 19 plasmids) and for only one plasmid the position 
was located between the 11/12 complementary nucleotides 
(Fig. 5c). Majority of the cleavage points (19/20) mapped 
to the expected site, indicating silencing activity of the 
expressed amiR (Niu et al. 2006).

Functionality of the amiRNA transgenic lines

The northern blot analysis for jute revealed the accumula-
tion of C3H–amiR  and F5H–amiR in transgenic lines in 
contrast to WT where no signal was found (Fig. 6a). Trans-
genic lines for both T1 and T2 generations of each gene 
showed a decrease in the expression of their correspond-
ing transcripts when monitored by northern blots (Fig. 6b) 
and semi-quantitative RT-PCR (Fig. 6c). These findings 
support correct processing and function of amiR–C3H 

Fig. 5  a Agarose gel shows the 
first round PCR amplification 
for C3H (left) and F5H (right); 
for each gene, PCR was carried 
out from modified 5′ RACE of 
cleaved fragments using adapter 
(forward) and amiR (reverse) 
specific primers. b Represents 
the agarose gel electrophoresis 
of nested PCR for C3H (left) 
and F5H (right), where the first 
round PCR product was used 
as template for the respective 
genes
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Fig. 6  a Figure represents 
abundance of amiRNA in trans-
genic (T1) lines for C3H–amiR  
(left) and F5H–amiR (right). b 
Northern blot showing a deple-
tion in the level of transcripts 
of C3H (left) and F5H (right) 
for jute lines transformed with 
their corresponding amiRNAs. 
c Semi-quantitative RT-PCR 
showing reduced expression for 
transgenic lines in comparison 
to the WT for C3H–amiR  (left) 
and F5H–amiR (right)
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and amiR–F5H in the transgenic lines. Our results vali-
date the prediction that RNAi will be effective in reducing 
lignin through gene silencing in jute (Bhagwat et al. 2013) 
because of its success in other plants (Liu et al. 2010; Wang 
et al. 2008). A positive correlation exists between amiRNA 
expression and the strength of target gene silencing but the 
degree of silencing varies between the different transgenic 
plants (Ai et al. 2011; Kung et al. 2012; Qu et al. 2007; 
Schwab et al. 2006). However in our case no such correla-
tion was observed.

An abundance of reports illustrate the effectiveness of 
amiRNA-strategy for gene silencing (Alvarez et al. 2006; 
Cantó-Pastor et al. 2015; Khraiwesh et al. 2008; Molnar 
et al. 2009; Shi et al. 2010; Toppino et al. 2011; Warthmann 
et al. 2013), but non-specificity resulting in morphological 
deformities cannot be ruled out. Phenotypic growth analy-
sis and morphological characteristics of the transformed 
jute lines were found to resemble the control plants. This 
indicated that the over-expression of the amiRNA had not 
led to any major growth deformity.

Morphological study

The RNAi-transgenic generations (amiRNAi) were 
screened morphologically throughout the growing period. 
For a relative assessment of plant health, different growth 
parameters such as plant height, plant width, pod number 
and average pod length of all plants grown under field con-
dition were measured and compared (Table 2). The table 
provides a clear indication of similarity at the physiologi-
cal level between the WT and transgenic plants (Fig. 7). As 
transgenic plants showed no significant dissimilarities com-
pared to the WT, one parameter related to photosynthesis 
i.e. chlorophyll content was measured to authenticate the 
same. The photosynthetic machinery is composed of differ-
ent parts and its functionality is dependent on various cel-
lular components, one of which is chlorophyll. Transgenic 
plants found to produce the same amount of chlorophyll as 
the WT (Fig. 8) supports the ability of the transgenic plants 
to maintain identical photosynthetic activity. By compar-
ing all the parameters studied here (plant height and width, 
pod number, pod length, chlorophyll) between the WT and 

transgenic (average of five lines) plants, no significant mor-
phological differences (statistical differences were meas-
ured by ANOVA and Duncan test, P < 0.05) were observed. 
Vegetative and reproductive growth characteristics of the 
transformed jute lines resembled the control plants, indicat-
ing no major growth deformity.

Klason lignin

Lignin composition is highly variable in plants and it can 
vary from 15 to 40 % (Sarkanen and Ludwig 1971). There 
are two main types of subunits in lignin viz. guaiacyl 
(G) and syringyl (S) units. The G units are derived from 
coniferyl alcohol monomers and results in lignin, which is 
typical of softwoods. The S units are derived from polym-
erization of the sinapyl alcohol monomers (Sarkanen 
and Ludwig 1971). The ratio of S:G units varies greatly 
between hard and softwoods (Day et al. 2005; Esteves et al. 
2007; Kline et al. 2010). Chemically, jute fiber has about 
59–61 % of cellulose while lignin content hovers from 
11 to 13.5 % (Del Rio et al. 2009; Giwa and Akwu 2007; 
Islam and Sarkanen 1993; Templeton and Ehrman 1995). 
However, till date, not much is known about the lignin con-
tent of either the jute stem or the whole plant. Chemical 
lignin estimation method optimized for jute (Tanmoy et al. 
2015) was used for estimating the lignin content of both 
transgenic and non-transgenic lines. The control plants 
on an average were found to have ~29.50 % (Table 3) of 
lignin for the whole stem whereas the lignin amount of 
retted, dried fiber was ~13 % (Table 4). Reduction of acid 
insoluble lignin was observed for both the whole stem and 
the fiber of engineered plants when compared to the wild 
type. Tweaking with the expression of F5H and C3H in 
jute resulted in about 25 % (Table 3) reduction in the lignin 
content of the whole stem and 13 % (Table 4) for the fiber, 
as estimated in some randomly selected Transgenic genera-
tion (T1–T3) plants of amiR-transgenic jute lines. Klason 
lignin data for some randomly selected transgenic (T1–T3) 
generations of amiRNA transgenic jute lines were statisti-
cally analyzed by ANOVA and Duncan test and categorized 
into groups (a, b, c and d) on the basis of reduction inten-
sity. Graphical illustrations for whole stem (Fig. 9) and 

Table 2  Measurement of various growth and yield parameters from WT and transgenic lines

* Statistical analysis determined by (P < 0.05, ANOVA and Duncan test)

Parameters WT C3H–amiRNA F5H–amiRNA

T1 T2 T3 T1 T2 T3

Plant height 335.24 ± 0.25* 335.3 ± 0.32* 335.1 ± 0.31* 334.9 ± 0.37* 335.3 ± 0.3* 334.9 ± 0.4* 334.9 ± 0.3*

Plant width 1.118 ± 0.02* 1.19 ± 0.005* 1.19 ± 0.005* 1.21 ± 0.004* 1.19 ± 0.004* 1.21 ± 0.004* 1.18 ± 0.003*

Pod number 61.8 ± 1.06* 58.6 ± 0.31* 56.6 ± 0.4* 60.6 ± 0.6* 61 ± 0.44* 63 ± 0.44* 61.8 ± 0.58*

Pod length 5.00 ± 0.007* 4.9 ± 0.004* 4.9 ± 0.008* 5.03 ± 0.006* 4.9 ± 0.006* 5.00 ± 0.006* 4.97 ± 0.006*
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fiber (Fig. 10) show significant reduction in the amount of 
lignin for almost all the transgenic lines in comparison to 
the corresponding WT plants. Reports claim that more than 
40 % of lignin reduction can be detrimental to plant physi-
ology and at this point they become susceptible to diseases 
(Franke et al. 2000; Reddy et al. 2005). Alteration in the 

expression of F5H and C3H in jute appear to reduce lignin 
significantly but not to the extent at which the plants are put 
in danger.

Conclusion

Lignin engineering can improve the fiber quality (Van-
holme et al. 2012) of jute and improved fiber is expected 
to have an impact on the enhancement of its profitable use. 
The amiRNA as a means of reducing lignin-related prob-
lems was found useful for reducing the amount of lignin in 
jute. This study reports the first ever use of amiRNA-based 
gene silencing strategy, which successfully reduced the 
amount of lignin without apparently compromising with 
the growth and defense mechanism of jute. Measurement 
of S:G ratios of these jute lines will determine the useful-
ness of the transgenic lines as modification of monomeric 
composition (S:G ratio) of lignin can also modify ligno-
cellulose recalcitrance resulting in improved polysaccha-
ride accessibility (Cesarino et al. 2012). This is evident in 
transgenic plants which show efficient pulping or improved 
digestibility (Baucher et al. 2003; Halpin 2004; Hunt-
ley et al. 2003; Li et al. 2010; Zhu et al. 2008). It can be 
claimed that the down-regulation of the two genes used in 
this study, F5H and C3H is going to be highly productive 

Fig. 7  Different developmental stages of transgenic plants along with 
control showing no significant morphological differences. Vegetative 
and reproductive growth is depicted in the photographs a, b for trans-

genic and control plants respectively in pot conditions. In contrast, 
photographs c–f were taken in field condition where c, d stands for 
transgenic and e, f for WT plants

Fig. 8  Graphical representation of average chlorophyll content show-
ing no significant variations between WT and transgenic plants sug-
gesting that transgenic plants are able to maintain similar photosyn-
thetic apparatus as the WT
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and at the same time will shed light on the gene regulatory 
network of lignin biosynthesis in this important fiber plant.
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Modification of Monolignol 
Biosynthetic Pathway in Jute: 
Different Gene, Different 
Consequence
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Lignin, a cross-linked macromolecule of hydrophobic aromatic structure, provides additional rigidity 
to a plant cell wall. Although it is an integral part of the plant cell, presence of lignin considerably 
reduces the quality of the fiber of fiber-yielding plants. Decreasing lignin in such plants holds significant 
commercial and environmental potential. This study aimed at reducing the lignin content in jute-a 
fiber crop, by introducing hpRNA-based vectors for downregulation of two monolignoid biosynthetic 
genes- cinnamate 4-hydroxylase (C4H) and caffeic acid O-methyltransferase (COMT). Transgenic 
generations, analyzed through Southern, RT-PCR and northern assays showed downregulation of the 
selected genes. Transgenic lines exhibited reduced level of gene expression with ~ 16–25% reduction in 
acid insoluble lignin for the whole stem and ~13–14% reduction in fiber lignin content compared to the 
control lines. Among the two transgenic plant types one exhibited an increase in cellulose content and 
concomitant improvement of glucose release. Composition of the lignin building blocks was found to 
alter and this alteration resulted in a pattern, different from other plants where the same genes were 
manipulated. It is expected that successful COMT-hpRNA and C4H-hpRNA transgenesis in jute will have 
far-reaching commercial implications leading to product diversification and value addition.

Growing environmental awareness together with a gradual curb of fossil fuels has led to a paradigm shift in the 
search for new fuel reserve and has recognized the potential of living materials as a source of renewable energy. 
Bioethanol, produced from biomass, is considered a promising transportation fuel, for which the major plant 
types used are sugarcane and corn1. However, bioethanol production from these crops has its limitations since 
they provide little or no net life cycle benefit in terms of carbon dioxide and other greenhouse gas (GHG) emis-
sion reductions2 and also because of their recognizable incorporation in our food supply chain3. On the other 
hand, lignocellulose biomass obtained from agricultural remains, forest residues (hardwood and softwood), her-
baceous and woody energy crops- is renewable, cheap, adaptable to less cultivable land and readily obtainable 
with 10–50 billion tons produced per year at the global level4. It has therefore been considered an attractive 
replacement of food-crop based source of biofuels2. Lignocellulosic biomass is also a potential source of raw 
materials for the paper and pulp industry5.

Nevertheless, the popularity of lignocellulose as an alternative source of biofuel, paper and pulping indus-
try is severely hindered by its structural features. Crystalline cellulose embedded in a hemicellulose and lignin 
matrix, renders enzymatic, microbial or chemical conversion of cellulose to glucose difficult6. Existing biomass 
fermentation procedures for fuels and chemicals are generally expensive principally because of this recalcitrance, 
which in turn lead to limited commercialization of bioethanol7. Recent plant genetic engineering studies have 
aimed to decrease the cost by lowering physical hindrance of plant cell wall and to increase the cellulose and/or 
overall crop biomass yield8. Accessibility of plant cell wall polysaccharides to digestion is limited by many factors, 
including the presence of lignin, a phenylpropanoid polymer in vascular tissues and fibers9. Attempts have been 
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made to lower the lignin content and/or change the composition by reducing the need for expensive and harsh 
pretreatments required to disintegrate the same and to allow access to cellulose10. There has also been an intense 
focus of research to alter lignocellulosic materials currently used in paper as well as pulp industries in order to 
improve pulp production, reduce the amount of energy required and the environmental pollution associated with 
biomass processing11.

Jute (Corchorus sp.), a lignocellulosic annual plant grown abundantly in Bangladesh, India, China and 
Thailand, is known for its fiber quality and is widely used for the manufacture of flexible packing fabrics, carpet 
backings, decorative fabrics, automotive headlining and other applications12. Agro-based nature, annually renew-
able, biodegradable and obtainable at a low cost put jute at an advantage13. Biodegradable nature of jute fiber and 
the potential high yield of cellulose biomass per acre have increased the global interest in jute. Textile and paper 
industries are also interested in its potential as an important ingredient for producing paper and fine textiles14. As 
with other lignocellulosic plants the drawback of jute when used as a source for such purposes is the abundance 
of lignin polymer that renders the plant material almost inaccessible for downstream processes. The high amount 
of lignin in jute makes it coarse and impedes use of the same as a textile fiber.

In this context, the current study aimed at modifying the lignin biosynthetic pathway of jute (Corchorus olito-
rius var. O-9897) for induced altered lignin composition, increase in cellulose content and enzymatic digestibility. 
This was attempted by downregulating two major genes, cinnamate 4-hydroxylase (C4H) and caffeic acid 3-O 
methyltransferase (COMT) of the lignin biosynthetic pathway by using the technique of RNAi15. Ten different 
enzymes catalyze a series of hydroxylation, methylation and side chain reduction reactions of monolignol pre-
cursors16. C4H is involved near the beginning of the lignin pathway which hydroxylates cinnamic acid to form 
p-coumaric acid17. COMT functions late in the monolignol biosynthetic pathway and, despite its name, methyl-
ates 5-hydroxyconiferyl aldehyde and 5-hydroxyconiferyl alcohol to form S unit precursors, sinapyl aldehyde and 
sinapyl alcohol, respectively18 These two genes, COMT and C4H do not appear to overlap with the plant defense 
machinery19. Transgenic jute lines with reduced expression of COMT and C4H genes were found to have lowered 
lignin content, altered lignin composition, increase in total cellulose content and improvement, albeit small in 
enzymatic saccharification. Moreover, none of these alterations led to any growth compensation. The results 
bolster the potential of lignin modification as a tool for improving lignocellulosic crops like jute so that it may be 
used more efficiently as a source of biofuel, paper pulp and textile fiber.

Results
Gene identification, construction of RNAi vector and validation. Full length sequences of each 
selected gene namely, caffeic acid O-methyltransferase (COMT) and cinnamate 4-hydroxylase (C4H) in jute were 
retrieved by using traditional gene walking method with degenerate primers designed from plants with sequence 
similarity to jute like Populus, Vitis, Gossypium etc20. This was followed by cloning and sequencing of the same.

Successful COMT-hpRNA and C4H-hpRNA constructs were designed from the conserved region of the 
respective genes (details given in methods). A set of construct specific PCRs revealed an inverted orientation 
of the two copies of COMT-hpRNA and C4H-hpRNA sequences. Determination of full-length sequence of the 
recombinant destination vectors (see methods) further validated the same (Supplementary Fig. 1.1, 1.2).

Transformation of jute plants. An in planta protocol for jute transformation developed by Sajib et al.21 
was used to introduce the COMT-hpRNA and C4H-hpRNA based constructs into C. olitorius var 0–9897 inde-
pendently to give rise to two different groups of transgenic lines (COMT-hpRNA and C4H-hpRNA lines). Initial 
confirmation of transgenesis was done by amplification of a region of NPT (II) (neomycin phosphotransferase II, 
determinant of kanamycin resistance) reporter gene using genomic DNA isolated from the leaves of randomly 
selected transgenic plants from each group and wild type control. PCR results showed prominent presence of the 
reporter gene in transgenic plants. No signal was obtained for the wild type control. Among the positive trans-
genic plants, six chosen arbitrarily for further analysis were designated CM P1 -P 6 for COMT-hpRNA and CH 
P1 - P6 for C4H-hpRNA plant lines (Fig. 1a,b).

Successive T1 generations of each line mentioned above were screened by their growth on media containing 
400 mM kanamycin, the resistance gene for which, is present in the RNAi vector. For both the genes ~75% of the 

Figure 1. Confirmation of initial transgenesis. Genomic DNA isolated from randomly selected transformed 
plants was PCR amplified with NPT (II) primer for COMT-hpRNAi (a) and C4H-hpRNAi (b) lines to confirm 
the initial transgenesis.
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assumed transformants were able to grow in the antibiotic media, indicating efficient transformation. Seedlings 
tested positive were used for subsequent molecular studies. Southern blot analysis was performed for T1 plants 
of the six lines of each transgenic type to further confirm the incorporation of hpRNA for both genes in the jute 
genome. Single conspicuous bands were detected in the blotting experiments when hpRNA precursor specific 
probes were used (Fig. 2a,b).

Downregulation of COMT and C4H genes in jute. Among these six lines of each transgenic type found 
positive by Southern analysis, four (CM P1-P4 and CH P1-P4) from each group were then considered for assess-
ing the functionality of the hpRNA constructs. The hpRNA for COMT and C4H appeared to be effective in acti-
vating the RNAi pathway leading to depleted gene expression. Expression was found to drop in comparison to the 
wildtype for both genes when monitored by semi-quantitative RT-PCR (Fig. 3a,b). Also, in the northern blots, 
intensities of the bands for expressed genes were found to be lower in comparison to non-transgenic plants for 
both lines, representing suppression of the respective genes and hence validating the functionality of the hpRNA 
constructs (Fig. 3c,d). Further experiments were conducted for T1, T2 and T3 generations of CM P1-P2 as well 
as CH P1-P2 plants. Each experiment (measurement of lignin and cellulose content and the amount of glucose 
released) was conducted taking into account biological duplicates with three technical replicates. Representative 
lines were also subjected to hpRNA northern blot analysis (Fig. 3e,f) to check their expression levels in transgenic 
plants. The blot showed an opposite trend of expression confirming successful and functional hpRNA transgen-
esis for both the genes. Signals were also observed in wild type samples because the hpRNAs were designed from 
endogenous COMT and C4H genes of C. olitorius. However, the intensities were much higher in transgenic lines 
in comparison to the wild type.

Phenotypical and histochemical analysis. Morphological assessments in terms of plant height, width, 
pod number and average pod length of all plants grown under field conditions were compared (Table 1) in order 
to determine if there were any differences in the vegetative and reproductive stages of the transformed jute gener-
ations. Plants were randomly chosen from the selected lines of each group. No distinct morphological variations 
with respect to wild type plants were observed. Plant height, width and pod length were considerably same in 
control and each type of transgenic plant generations (p =  0.3, 0.037 and 0.058 respectively). Random variations 
in the number of pods (ranging from 58–63) were seen in both control and different transgenic plant types. This 
therefore cannot be attributed to any effect of gene downregulation.

Histochemical analysis of stem cross sections of wild type and T3 generations of the selected plant lines was 
performed using phloroglucinol (a dye which specifically stains native lignin due to the formation of a purple to 
reddish chromophore between lignin hydroxycinnamaldehyde end-groups and phloroglucinol), showed signifi-
cantly lower deposition of lignin in both transgenic type. This is indicated by a reduction in the staining intensity 
when compared to control plants (Fig. 4). Variation in epidermal lignin content was not much for the different 
plant types but decreased lignin accumulation was observed in the phloem fiber (the region from where jute 
fiber is obtained) and the cortex of the transgenic lines compared to the wild type. The vascular cambium ring of 
each transgenic type was almost devoid of lignin. Within these plants the parenchymal tissue of the pith region, 
showed significant reduction of lignin deposition in comparison to the wild type. The overall lignin content 
appeared to be lower for C4H-hpRNA than that of COMT-hpRNA lines which supported the value obtained for 
Klason lignin (Table 2).

Lignin content and composition. To estimate if the lignin content was reduced as an effect of downregu-
lation of genes under consideration after incorporation of hpRNA, amount of lignin was estimated by the Klason 
lignin method. For measuring lignin reduction, three generations of the two lines (CM P1-P2 and CH P1-P2) 

Figure 2. Southern analysis of primary hpRNAi transformants of jute. Blots were probed with [α 32P] labeled 
hpRNAi construct specific region of different (a) COMT-hpRNA and (b) C4H-hpRNA transgenic plants.
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of each transgenic plant type were taken into consideration and compared to the control. Samples used were 
randomly selected ensuring two biological replicates with technical triplicates of T1 - T3 generations. Different 
constituents of lignin were determined by 2D NMR spectroscopy (Fig. 5). Substantial decrease in the lignin 
content was found for both transgenic type in comparison to the control. On an average, 16% reduction in the 
lignin content was found for the whole stem of the COMT -hpRNA- line and about 13.5% for the fiber alone 
when compared with wild type data. These COMT-hpRNA lines showed almost similar S/G ratio to that of the 
wild type. As for C4H -hpRNA- line, lignin reduction was calculated to be about 22% for the whole stem and an 
average of 14% for the fiber. The S/G ratio was found to increase in these lines in comparison to the wild type. 
Over all, C4H-hpRNA lines showed more decrease in lignin content than the COMT-hpRNA lines. S/G ratios 

Figure 3. Expression analysis of downregulated genes as a proof of functionality of the RNAi construct. 
RT-PCR of COMT (a) and C4H (b) gene along with actin gene as loading control. Northern blot with [α 32P] 
labeled cDNA probe of COMT (c) and C4H gene (d). For hp-northerns, the probes were hpRNAi amplicon 
specific sequences of COMT (e) and C4H (f) genes respectively. The figures show intensities of bands 
normalized with respect to 28S rRNA.
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were considerably different, up to the T2 generations for both transgenic plant types. However, T3 generations of 
these plants had an S/G ratio similar to that of the wild type.

Effect on cellulose content. In our study, both types of transgenic lines showed a considerable increase in 
the cellulose content in all three generations. This increase was up to 4% for COMT- hpRNA lines compared to 
the wild type with a concomitant increase in cellulose-to-lignin ratio (Table 2). In C4H- hpRNA lines, cellulose 
content on an average increased 3.5%, together with an increase in cellulose/lignin ratio. Modification induced by 
reduced expression of COMT- led to substantially more accumulation of cellulose than lines with reduced C4H 
expression. However, cellulose-to-lignin ratio was better in C4H- hpRNA, because of the lower lignin content 
than that of COMT- hpRNA lines.

Reduced recalcitrance in transgenic plants. Efficiency of glucose release (as a parameter of reduced 
recalcitrance) was measured for the transgenic lines. With reduced C4H transcript level, considerably more glu-
cose was released (an increase of about 2%) from these transgenic lines than the wild type (Table 2). However, for 
COMT-hpRNA lines the amount of glucose release was almost the same as the control.

Discussion
The current trend of altering lignin biosynthetic pathway with a view to reducing the amount of lignin is largely 
effective in enhancing the profitable usability of lignified plant-based resources. Jute, a ligno-cellulose-rich fiber 
crop, delineates a new sphere with respect to lignin manipulation. In the light of several literature reports5,22,23, it 
can be assumed that lignin engineering can reinforce the use of jute as a sustainable source of bio-based materials 
for commercial purposes (viz. textile, paper and pulping, biofuel). This study emphasized on reducing the lignin 
content in jute, using the RNAi technique (siRNA) for fine-tuned alteration of the lignin biosynthetic pathway.

RNA interference (RNAi) is based on sequence-specific RNA degradation that follows formation of 
double-stranded RNA (dsRNA) homologous in sequence to the target gene24. RNAi vector mediated gene silenc-
ing has increased the efficiency of genetic manipulation in plants because of its ease of application and possibilities 
for genome-wide reverse genetics25. With the advent of gene silencing techniques, many studies have shown that 
efficient repression of target genes can be induced by expressing self-complimentary hpRNA constructs, known 
as hpRNAi26. Gene constructs encoding intron spliced RNA with a self-complementary hairpin (hp) structure are 
known to induce post-transcriptional gene silencing with almost 100% efficiency when directed against viruses or 
endogenous genes and transgenes27. Because the method of RNAi is particularly sequence specific, elucidation of 
the very sequence of jute genes was imperative. Due to unavailability of jute genome sequence in public database, 

Parameters wild type

COMT-hpRNA line C4H-hpRNA line

T1 T2 T3 T1 T2 T3

Plant Height (cm) 335.24 ± 0.25a 334.84 ±  0.32a 334.7 ±  0.49a 335.52 ±  0.32a 334.8 ±  0.31a 335.5 ±  0.32a 335.4 ±  0.4a

Plant width (cm) 1.188 ±  0.02a 1.18 ±  0.003a 1.18 ±  0.0003a 1.19 ±  0.004a 1.22 ±  0.003a 1.19 ±  0.008a 1.20 ±  0.005a

Pod Number 61.8 ±  1.06ab 58 ±  0.44c*** 60 ±  0.44abc 59 ±  0.31bc 62 ±  0.31a 60 ±  0.31abc 58 ±  0.31c***

Pod Length (cm) 5.00 ±  0.007a 4.9 ±  0.005a 5.00 ±  0.003a 4.9 ±  0.003a 4.9 ±  0.005a 4.9 ±  0.005a 5.00 ±  0.004a

Table 1.  Measurement of various growth and yield parameters of wild type and transgenic lines. Results 
are given as means ±  standard error. Sample size =  5. Statistical analyses were done using one way ANOVA and 
Tukey’s test with P value <  0.001 considered as highly significant. (P value is given in Supplementary Table 2). 
‘***’denotes P <  0.001, ‘**’denotes P <  0.01. For each individual parameter, means that do not share a letter are 
significantly different. (cm =  centimeter).

Figure 4. Histochemical assay of lignin. Lignin deposition observed in wildtype plants (a) and transgenic 
lines COMT-hpRNA (b) and C4H-hpRNA (c). The arrows indicate difference in lignin deposition in transgenic 
and wild type jute plants (red: epidermis; orange: pith; yellow: vascular cambium). The area between the 
epidermis and vascular cambium (indicated by black arrows) is the bast region from where the jute fiber is 
obtained. This area as observed is significantly less lignified in transgenic plants than the wild type.
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first challenge of this study was to retrieve the full length sequence of the selected genes. Traditional method of 
gene walking was found to be effective because of sequence similarity of these genes among different species.

Lignin content and composition are two aspects that contribute to recalcitrance of a cell wall28. Among plants 
the lignin content can vary from 15% to 40%29. Deposition of lignin in cell walls is a crucial step in the adap-
tation of plants to a land habitat, as such, plants tolerate up to 40% reduction in lignin without major adverse 
effects on normal plant growth and development in greenhouse conditions30. Lignin is measured by the Klason 
method which determines the total residue remaining after removal of cell wall polysaccharides by sulfuric 
acid31. We observed significant reduction in lignin content in both types of transgenic plants (C4H-hpRNA and 
COMT-hpRNA lines) (Table 2). Effect of down regulating COMT expression has previously been reported for 
transgenic lines of tobacco23, maize32, alfalfa33, switchgrass34 etc. in which down regulation of COMT expression 
was found to accompany a reduction in the lignin amount, consistent with our findings. Decreasing C4H gene 
expression in tobacco35, alfalfa6 and eucalyptus36 showed a similar reduction in the lignin content.

Lignin is composed of a combination of sinapyl (S), coniferyl (G), and 4-coumaryl (H) alcohol subunits which 
polymerize with each other10. Composition of lignin varies widely based on plant species and subunit availability. 
Relative levels of S, G, and H lignin subunits are expressed as the S/G/H ratio. Since, H subunits are in insignif-
icant amount in woody species37 S/G ratio is therefore the general expression of lignin subunits. In addition to 
the three main monolignols, lignin contains small amount of units from incomplete monolignol biosynthesis 
and integrates various other phenylpropanoid units, such as hydroxycinnamyl aldehydes, acetates, p-coumarates, 
p-hydroxybenzoates, and tyramine ferulates38. Since the polymerization of monolignols is random, lignin compo-
sition is highly plastic and amenable to manipulation39. Lignins rich in G units has relatively more carbon-carbon 
bonds than lignin rich in S lignin, as a consequence, lignins essentially made of G units are less susceptible to del-
ignification than lignins made of S units40. Changes in lignin monomer composition are most readily visualized 
from the aromatic regions of two-dimensional NMR (HSQC) 1H–13C correlation signals41. Increasing the S-to-G 
ratio by altering lignin biosynthesis related gene expression can make a cell wall somewhat easier to degrade42.

The S/G ratio in this study was found to increase in C4H-hpRNA lines as opposed to other experiments of 
downregulation of C4H gene in tobacco35, alfalfa6 and eucalyptus36, in which C4H downregulation showed a 
drop in S/G ratio. The discrepancy between C4H downregulation and corresponding change in S/G ratio has 

Parameters Wildtype

COMT-hpRNA lines C4H-hpRNA lines

P1 P2 P1 P2

T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3

% Klason lignin 
(whole stem) 29.50 ±  0.04a 25.61 ±  

 0.10b***
24.22 ±   
0.21c***

23.81 ±  
 0.13c*** 25.35 ±  0.16b*** 23.97 ±  0.16c*** 23.95 ±  0.14c*** 22.90 ±  0.12d*** 22.85 ±  0.15d*** 22.96 ±  0.07d*** 22.85 ±  0.14d*** 22.56 ±  0.07d*** 22.79 ±  0.16d***

% Lignin 
reduction (whole 
stem)

13.18 17.90 19.28 14.08 18.76 18.82 22.36 22.56 22.17 22.54 23.54 22.73

% Klason lignin 
(fiber) 13.46 ±  0.02a 11.61 ± 

  0.12bcd***
11.68 ±   
0.14bcd***

11.54 ±   
0.17bcd*** 11.72 ±  0.16bc*** 11.58 ±  0.11bcd*** 11.86 ±  0.06b*** 11.05 ±  0.18d*** 11.74 ±  0.18bc*** 11.97 ±  0.09b*** 11.71 ±  0.13bc*** 11.16 ±  0.07 cd*** 11.41 ±  0.13bcd***

% Lignin 
reduction (fiber) 13.72 13.24 14.25 12.91 13.97 11.86 17.89 12.82 11.07 13.03 17.07 15.23

% Cellulose 
(whole stem) 30.37 ±  0.13d 31.55 ±   

0.14abc***
31.55 ±   
0.05abc***

31.49 ±   
0.11abc*** 31.79 ±  0.13a*** 31.87 ±  0.02a*** 31.70 ±  0.07ab*** 31.18 ±  0.16c*** 31.23 ±  0.06bc*** 31.58 ±  0.15abc*** 31.45 ±  0.05abc*** 31.42 ±  0.07abc*** 31.64 ±  0.05abc***

% Increase in 
cellulose content 
(whole stem)

3.88 3.89 3.69 4.68 4.95 4.39 2.67 2.84 3.99 3.56 3.45 4.19

Ratio of cellulose 
to lignin 1.00 f 1.23e*** 1.30d*** 1.32bcd*** 1.25e*** 1.33bcd*** 1.36ab*** 1.37a*** 1.37a*** 1.38a*** 1.38a*** 1.39a*** 1.39a***

Amount of 
glucose released 
(mg/g of sample)

76.87 ±  0.31b 76.01 ±   
0.63b

76.11 ± 
  0.55b

76.01 ±   
0.63b 76.04 ±  0.61b 76.06 ±  0.51b 76.06 ±  0.47b 78.46 ±  0.23a*** 78.18 ±  0.16ab*** 78.36 ±  0.18a*** 78.38 ±  0.22a*** 78.03 ±  0.28ab*** 78.37 ±  0.17a***

H (%) 0 0 0 0 0 0 0 0 0 0 0 0 0

S (%) 52 ±  0.57e 47.33 ±   
0.67 f***

46.67 ±  
 0.33 f***

51.67 ±  
 0.88e 46.67 ±  0.33 f*** 47.33 ±  0.33 f*** 50.67 ±  0.88e 61.67 ±  1.20a*** 55.33 ±  0.67 cd*** 53.33 ±  0.33d*** 59.00 ±  0.58ab*** 57.00 ±  0.58bc*** 52.67 ±  0.33d***

G (%) 48.00 ±  0.58b 52.67 ±   
0.67a***

53.33 ±  
 0.33a***

48.33 ± 
  0.88b 53.33 ±  0.33a*** 52.67 ±  0.33a*** 49.33 ±  0.88b 38.33 ±  1.20 f*** 44.67 ±  0.67 cd*** 46.67 ±  0.33bc*** 41.00 ±  0.58ef*** 43.00 ±  0.58de*** 47.33 ±  0.33bc***

S/G= 1.1e 0.9e 0.9e 1.1e 0.9e 0.9e 1.1e 1.8a*** 1.2 cd*** 1.2 cd*** 1.5ab*** 1.4bc*** 1.1e

P coumarate (%)* 11.33 ±  1.02c 9.33 ±   
1.76d**

4.66 ±   
0.57 g** 9 ±  0.57de** 8.95 ±  0.81e** 5.78 ±  0.95 g** 9.21 ±  1.05d** 15.7 ±  2.19a** 11.67 ±  0.88c 8.33 ±  2.19ef** 14.78 ±  1.56b** 11.12 ±  1.72c 9.26 ±  2.06d**

Table 2.  A summary of lignin content and composition, cellulose content, enzymatic glucose release and 
a comparative analyses between wild type and transgenic jute plants. The sample size was six for lignin 
measurement, cellulose content and glucose release estimations including two biological replicates and technical 
triplicates. Three replicates were used for analyses of lignin composition. Results are given as means ±  standard 
error. Statistical analyses were done using one way ANOVA and Tukey’s test with P value <  0.001 considered 
as highly significant (P value is given in Supplementary Table 2). ‘***’denotes P <  0.001, ‘**’denotes P <  0.01. 
For each individual parameter, means that do not share a letter are significantly different. P coumarate content 
expressed as a fraction of the total lignin aromatic units (H +  G +  S).
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been enigmatic to researchers. Because of its relative position in the pathway, the S/G ratio is expected to rise 
when C4H expression is lowered. In contrast to other reports artificial downregulation of C4H in jute supported 
the expected rise in the S/G ratio. The increase in S/G ratio in the transgenic lines of C4H-downregulated plants 
is due to an increase in the S lignin level (Table 2). Differences in lignin composition in C4H-hpRNA transgenic 
lines in jute and other plants cannot be linearly described because of the metabolic complexity of lignin biosyn-
thetic pathway. Although this pathway has been studied for more than a century now, there are still labyrinths 
that are not fully understood9. Variation in S/G lignin ratio as an effect of downregulation of C4H in jute and 
other plants may not be purely the result of a change in the overall fluctuation of the pathway determined by the 
extent of downregulation of the individual enzymes. Metabolic channeling may function at different stages of the 
phenylpropanoid biosynthetic pathway43, although there is no direct confirmation yet of the presence of separate 
metabolic channels leading to G and S lignin44. It is also possible that there are isoforms of C4H present in jute 
as reported for oilseed rape45, orange46, poplar47 and white popinac48 which influence the metabolic steps of the 
pathway. Recently a predictive kinetic metabolic-flux (PKMF) model has been proposed and validated in poplar 
which shows that two paralogs of C4H are kinetically distinct with different Km and Kcat values and contribute 
differentially to the metabolic-flux converting cinnamic acid to 4-coumaric acid; this model with experimental 
validations showed that a reduction in C4H expression, resulted in low lignin and a high S/G ratio49. An increase 
in p-coumarate in transgenic generations of C4H-hpRNA line (Table 2) suggests that although C4H, responsible 
for biosynthesis of p-coumarate is down-regulated, a second pathway responsible for altering lignin composition 
could possibly be active.

An increase in the amount of cellulose and a doubled cellulose to lignin ratio have been reported for most 
severely lignin-reduced transgenic trees of aspen50 and poplar51. In our study, the transgenic lines showed an 
increased level of cellulose content (Table 2). This might be due to relative locations of the enzymes in the lignin 
biosynthetic pathway which influence the associated surge in cellulose content because it is assumed that, cel-
lulose synthesis is normally substrate limited and reducing the flow at different stages of the lignin pathway 
increases the availability of carbon for cellulose deposition50.

Reduced recalcitrance may be referred to as an escalation in sugar release after enzymatic saccharification 
relative to the control samples under a defined pretreatment condition. In other words, it is an increase in the 
digestibility of polysaccharide components to liberate sugar22. There are many reports indicating that biomass 
digestibility is negatively correlated with lignin concentration. Genetic and transgenic approaches to manipulate 
these parameters have resulted in varying degrees of success with regard to improving cell wall digestibility6,52. 
Caffeic acid 3-O-methyltransferase (COMT) downregulation has led to increased saccharification in tobacco53, 
sorghum54, alfalfa33 and switchgrass34. Positive effect of C4H downregulation in saccharification and glucose 
release has also been reported in eucalyptus. For jute in our case, the amount of glucose released from the dif-
ferent transgenic plants (C4H-hpRNA and COMT-hpRNA lines) may be attributed to S/G ratios of the same. 
S/G ratio influences biomass digestibility with S lignin being favorable for hydrolysis because of less crosslinking 
compared to G lignin53. Between the two, C4H-hpRNA lines showed a decrease in lignin content, increase in S/G 
ratio and consequently better sugar release compared to COMT-hpRNA lines which showed a drop in the S lignin 
content. However, improvement in digestibility was not as large as has been seen for other plants. Our findings 
are in line with a report which documents that reduced lignin does not substantially improve the saccharification 
potential of transgenic poplars55, ascribed to complex biological aspect of plants which includes increase in phe-
nolics as a consequence of perturbation of the phenylpropanoid pathway.

Figure 5. 2D-HSQC-NMR spectra of the aromatic/unsaturated regions from whole jute stems representative 
of (a) wild type plants, (b) C4H-hpRNA lines, and (c) COMT-hpRNA lines. Main cross-signals in the aromatic/
unsaturated region (δ C/δ H 100–135/6.0–7.8) of the HSQC spectra corresponded to the aromatic rings and 
unsaturated side-chains of the different guaiacyl (G) and syringyl (S) lignin units, and to p-coumarates (PCA) 
that are associated to the lignin. Main lignin units detected in the aromatic region of the 2D HSQC NMR 
spectra of jute plants are displayed in the right side: G, guaiacyl units; S, syringyl units; PCA, p-coumarates.



www.nature.com/scientificreports/

8Scientific RepoRts | 7:39984 | DOI: 10.1038/srep39984

One remarkable observation of this study is that, different generations of both transgenic plant types showed 
no vital change in their phenotypic features (Table 1). This finding is of much significance, because the popular-
ity of lignin engineering is frequently questioned due to observed growth retardation of transgenic plants with 
reduction in the percentage of their biomass56. For example in Arabidopsis57 C4H downregulation had resulted in 
dwarfism. In this respect, jute has been found to be more robust to lignin perturbation, emphasizing its potential 
industrial applications.

Conclusion
In an earlier study, we had used artificial miRNA for manipulating the lignin pathway in order to reduce lignin 
content in jute by targeting two genes (coumarate 3- hydroxylase, C3H and ferulate 5-hydroxylase, F5H) dif-
ferent from the ones used in this study58. In the present study we have independently downregulated two other 
genes of the lignin biosynthetic pathway (COMT and C4H) by RNAi. Results show significant downregulation 
of transcripts as well as lignin content in the transgenic lines with an associated increase in cellulose and slight 
improvement in digestibility. UV fluorescence microscopy of stem cross sections of transgenic lines corroborate 
the biochemical estimation of lignin content. Even though digestibility testing does not show much improvement 
in release of sugars as compared to other transgenic plants, it supports the conventional theory of S/G ratio with 
respect to effective enzymatic saccharification. It is also possible that plants with different genetic make-ups have 
different responses to the same manipulation22. These data suggest that downregulation of lignin biosynthetic 
genes may lower the lignin content but the consequences of decreased lignin may not be the same in all modified 
plants. Discrepancies in the significances of such modifications appear to be rife.

Methods
Plant material. Seeds of Corchorus olitorius (var. 0–9897), one of the two cultivated jute species, were col-
lected from the Physiology Department, Bangladesh Jute Research Institute (BJRI), Dhaka.

Gene identification approach. Full length sequences of the two genes (C4H and COMT) used in the 
study were retrieved by using PCR based walking method. At first, parts of the two genes were identified using 
degenerate primers designed from conserved domains of the same genes from different plants followed by PCR 
amplifications, TA cloning (Invitrogen, USA) of the amplicons according to the manufacturer’s instruction, and 
sequencing. On the basis of the first sequence data, jute specific primers for particular genes were designed and 
gene walking approach was then followed from subsequent sequence data to extract the whole sequence of the 
two genes.

hpRNAi constructs. Once the sequence was known, RNAi primers were designed from the conserved cod-
ing region to amplify the products. COMT-RNAi and C4H-RNAi products were amplified (primer sequences 
can be found in Supplementary Table-1) followed by TA vector mediated cloning to determine the RNAi 
amplicons (Supplementary Fig. 2). Then these amplicons were incorporated into pENTER11 plasmids and the 
constructs were confirmed by colony PCR and restriction digestion with enzymes (BamHI/XhoI), the restric-
tion sites for which are present in the constructs. Finally, the recombinant GATEWAY™  pENTER11 plasmids 
(COMT-pENTER11 and C4H-pENTER11) were mobilized into GATEWAY™  pK7GWIWG (II)59 destination 
vector using LR reaction (Supplementary Fig. 3.1, 3.2) in order to introduce the hairpin construct into the same.

Agrobacterium mediated in-planta transformation. The hairpin constructs were then introduced into 
C. olitorius var 0–9897 by using a tissue culture independent Agrobacterium tumefaciens mediated gene trans-
formation method21. Shoot tips of young jute plants (15–20 cm in height) were pricked with a fine needle. After 
an hour, the injured region was infected with a few drops of A. tumefaciens suspension, having an O.D. of 0.80 
at 600 nm in YMB (Yeast Mannitol Broth) medium, containing the respective constructs. This was followed by a 
second infection in the same region an hour later. The infected plants were then incubated in dark for 3 days at 
28 °C. After that the plants were grown under normal conditions of light.

Genomic DNA PCR. The presence of the transgenes in the putative transformants (COMT -hpRNA lines 
and C4H –hpRNA lines) was assessed using genomic DNA from leaves of transformed (kanamycin-resistant) 
and non-transformed jute plants isolated by using the CTAB (N-Cetyl-N, N, N-trimethylammonium bro-
mide) method. The presence of the reporter gene NPT (II), was identified by performing PCR using the prim-
ers, NPT (II) forward (5′ -CCGTAAAGCACGAGGAAGTC-3′ ) and NPT (II) reverse (5′ -ATGGGGATT 
GAACAAGATGG-3′ ). The PCR reaction included initial denaturation at 95 °C for 5 min followed by 30 cycles at 
94 °C for 1 min, annealing at 56 °C for 30 s and extension at 72 °C for 30 s. The program ended with a final exten-
sion step for 7 min at 72 °C. Amplification products of approximately 350 bp were analyzed on a 0.8% agarose gel.

Southern blot analysis. 20 μ g of genomic DNA from PCR-positive hpRNAi lines for COMT and C4H 
together with the wild type control were digested with BamHI/HindIII, electrophoresed and blotted on to 
Hybond N +  membranes (GE Healthcare Life Sciences, UK) by overnight capillary transfer.

A 250 bp hpRNAi construct was used as a probe and purified in a G25 column (GE Healthcare Life Sciences, 
UK) according to the supplier’s protocol. The probes were labeled with [α 32P] dCTP (PerkinElmer Life Sciences, 
USA). After hybridization for 20 h at 68 °C, the membrane was washed once with 2X saline-sodium citrate 
(SSC) containing 0.1% sodium dodecyl sulfate (SDS) at 60 °C for 20 min, then washed with 0.5X SSC containing 
0.1% SDS at 60 °C for 30 min and finally washed with 2X SSC at room temperature and stored until exposure. 
The membranes were subjected to autoradiography using a TYPHOON phosphor imager (GE Healthcare Life 
Sciences, UK).
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Northern blot analysis. Total RNA was extracted from wild type and kanamycin screened 0–9897 jute 
seedlings of hpRNA transgenic lines (COMT & C4H) using the guanidium thiocynate extraction method. 
For northern blot of the transcripts 30 μ g of total RNA from each plant sample was resolved on a 1.2% 
formaldehyde-agarose gel and transferred on to Hybond N +  membranes (GE Healthcare Life Sciences, UK). 
The probes that spanned the entire coding sequence of the corresponding genes were prepared using [α 32P] dCTP 
labelled cDNA of COMT and C4H genes individually.

For northern blot of hpRNA, total RNA was isolated from non-transgenic and transgenic hpRNA (COMT and 
C4H) lines using TRIZOL reagent and following the manufacturer’s protocol (Invitrogen). 20 μ g of each sample 
was resolved on a 12% denaturing urea-PAGE gel. The RNA was then blotted onto a Hybond-N +  membrane (GE 
Healthcare Life Sciences, UK) by Semi-Dry Transfer Cell (Bio-Rad Laboratories, Inc, CA). Probes were prepared 
using [α 32P] dCTP labelled cDNAs that enclosed the respective hpRNAi amplicon specific sequences of COMT 
and C4H genes. Probes were purified in a G25 column (GE Healthcare Life Sciences, UK) according to the suppli-
er’s protocol. Hybridization was carried out at 42 °C using a standard protocol. The membranes were subjected to 
autoradiography using a TYPHOON phosphor imager (GE Healthcare Life Sciences, UK).

Reverse transcriptase polymerase chain reaction (RT-PCR) analysis. Approximately 2 μ g of total 
RNA from non-transgenic and transgenic jute seedlings was used for first-strand cDNA synthesis, followed by 
gene specific PCR. cDNA was prepared in a 20 μ L reaction volume, which contained 2 μ L of reverse transcriptase 
(200 U/μ L), using SuperScriptTM II reverse transcriptase kit (Invitrogen, USA) according to the manufactur-
er’s manual. The reaction was carried out with an initial incubation at 50 °C for 50 min, then 5 min at 85 °C to 
inactivate the enzyme. Next RNAse H was added followed by an incubation at 37 °C for 20 min to remove the 
cDNA-RNA hybrid. 1 μ L of the cDNA sample was used as a template for PCR amplification with COMT GSP for-
ward/COMT GSP reverse and C4H GSP forward /C4H GSP reverse primers (Supplementary Table 1) to amplify 
the respective samples. PCR of the same cDNA samples was carried out using gene-specific primers for actin to 
be used as a loading control in gel electrophoresis. All PCRs included 30 cycles of denaturation at 95 °C for 30 s, 
40 s at the optimal temperature for each gene specific primer set (Supplementary Table 1) for annealing and 40 s at 
72 °C for extension. RT-PCR band intensities were quantified using the ImageJ software (http://rsbweb.nih.gov/
ij/index.html).

Lignin content. Lignin content of jute whole stem and fiber was measured to determine the amount of acid 
insoluble lignin in jute for both transgenic and non-transgenic plants. To get the average lignin value of a plant, 
only the mid-section (~16 cm) of the stem was used in this study. A modified method of ribbon retting was fol-
lowed for isolating the jute fibers60. Briefly, green ribbons (outer skin) of jute were stripped manually from barks 
of mature plants and submerged for 35 days in a tank in 1:10 ribbon to water ratio using water from the city’s reg-
ular supply. Next the fibers were washed and dried for downstream chemical measurements. A modified Klason 
lignin estimation method was used to estimate acid insoluble lignin or AIL as described by Tanmoy et al.61.

Lignin composition. Lignin composition was determined from integration of the 13C-1H correlation signals 
in the 2D-NMR Heteronuclear Single Quantum Coherence (HSQC) of whole stems. Around 50 mg of finely 
divided (ball-milled) jute whole stem was swollen in 0.75 mL of Dimethyl sulfoxide-d6 (DMSO-d6) according to 
the method previously described62. 2D HSQC spectra were recorded at 25 °C on a Bruker AVANCE III 500 MHz 
instrument equipped with a cryogenically-cooled 5 mm TCI gradient probe with inverse geometry. 2D 13C-1H 
correlation spectra were carried out using an adiabatic HSQC pulse program (Bruker standard pulse sequence 
‘hsqcetgpsisp2.2′ ) and the following parameters: spectra acquired from 10 to 0 ppm in F2 (1H) using 1000 data 
points for an acquisition time of 140 ms, an interscan delay of 1 s, and from 165 to 0 ppm in F1 (13C) using 256 
increments of 32 scan, for a total acquisition time of 2 h 40 min. The 1JCH used was 145 Hz. Processing used typical 
matched Gaussian apodization in 1H and a squared cosine bell in 13C. The central solvent peak was used as an 
internal reference (δ C/δ H 39.5/2.49). 2D-NMR cross-signals were assigned by literature comparison. A semi quan-
titative analysis of the volume integrals of the HSQC correlation peaks was performed using Bruker’s Topspin 3.2 
processing software. In the aromatic/unsaturated region, C2/H2 correlations from H, G, and S lignin units and 
from p-coumarates were used to estimate their relative abundances.

Histochemistry and fluorescence microscopy. Lignified tissues were identified in the cross sections 
through histochemistry and fluorescence microscopy. Cross sectioning of jute stem samples was done using a 
microtome (Thermo Scientific™  HM 325) and sections were stained with phloroglucinol and observed under 
a light microscope (Nikon ECLIPES 50i) with a magnification of 100X. Presence of lignin was considered when 
the tissues were stained red. The fluorescence images were captured with a CCD (charged-couple device) camera.

Cellulose content. Cellulose content of both wildtype and transgenic plants was determined using cold 
anthrone reagent63. Samples were taken from the whole stem. They were first digested by an 80% acetic acid: 
100% nitric acid (8:1) solution and the precipitates were digested with 72% sulphuric acid. Addition of anthrone 
resulted in a green colored solution which gave an absorbance at 620 nm.

Enzymatic saccharification. For enzymatic saccharification, first the neutral detergent fiber (NDF) was 
prepared64 and was then incubated for 24 h at 37 °C using commercial cellulase (Sigma, Source : Aspergillus niger) 
in 0.1 N sodium acetate buffer, pH 4.8, at 80 FPU/g NDF and measurement of reducing sugars was made by using 
dinitrosalicylic acid at 540 nm65.

http://rsbweb.nih.gov/ij/index.html
http://rsbweb.nih.gov/ij/index.html
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Statistical analysis. Five randomly selected plants of each generation of the selected lines were considered 
for phenotypical analyses. For lignin and cellulose content and enzymatic saccharification, two randomly selected 
biological replicates and technical triplicates of all three generations of each plant line for both transgenic plant 
types (CM P1-P2 and CH P1-P2) were taken into account. For lignin composition study, technical triplicates 
were taken from each plant line. Standard errors were calculated by using Microsoft excel tool pack 2013. For 
each parameter, the means, one way ANOVA test and Tukey’s test (for evaluating differences in each plant type) 
were performed using the R program. The alpha value was set at 0.001 (99.99% confidence). P value <  0.001 was 
considered as significant.
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