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Abstract
Extraction of high quality RNA is a prerequisite for downstream application in functional genomics analyses. However, the
extraction and purification of pure nucleic acids from root tissues is generally difficult due to the high concentration of carbohydrates
and secondary metabolites. Furthermore, the presence of enzymatic inhibitors such as fulvic and humic acids can also negatively
affect extraction quality, when extracting from clay soil-grown roots. In this work, total RNA was extracted from soil-grown roots of
Ilex paraguariensis using four commercially available kits: SpectrumTM, RNeasy®, TRI Reagent®, and SV Total RNA Isolation
System. Spectral measurement and electrophoresis were used to demonstrate RNA quality and quantity. The SpectrumTM and
RNeasy® protocols provided the highest quantity and quality of RNA; however, the former revealed superior extraction performance.
Consequently, total RNA was extracted from the roots of non-stressed and drought-stressed plants using the SpectrumTM method and
six RNA-seq libraries were prepared from polyA + mRNAs by means of TruSeq mRNA library construction protocol to convert
RNA to complementary DNA (cDNA). More than 80 million raw read sequences were obtained from each condition with an average
read length of 150 bp. The yield and quality of the total RNA were consistently high and the RNA could be used for further analyses
as demonstrated by cDNA library construction, RT-PCR, and transcriptome sequencing. Thus, SpectrumTM method can be used to
isolate high quality RNA from roots of normal and drought stressed I. paraguariensis plants.
Keywords: Clay soil; dehydration; drought; Ilex paraguariensis; RNA isolation; RNA-seq; root tissues, woody plant.
Abbreviations: PCA_principal component analysis; qRT-PCR_quantitative real-time PCR; RIN_RNA integrity number;
Introduction
Ilex paraguariensis St. Hil. (Aquifoliaceae) is a shadetolerant tree cultured in northeastern Argentina, southeastern
Brazil, and Paraguay. Its leaves and young shoots are used to
prepare a tea-like infusion which has stimulant properties and
various medicinal benefits (Heck and De Mejia, 2007).
Drought and high temperatures during the growing season
impose stress on this species, to which it acclimates by
triggering a cascade of transcriptomic responses that modify
cell metabolism (Acevedo et al., 2016). Stress conditions can
affect crop yield, gene expression studies, as well as gene
identification and functional characterization based on RNA
sequencing, which are important tools for plant breeding.
Current high-throughput genomics analysis requires the
isolation of high-quality RNA with high integrity and free of
proteins, genomic DNA, and enzyme inhibitors. Integrity is
particularly important for quantitative real-time PCR (qRTPCR) analysis, while purity is essential for reproducibility
(Fleige and Pfaffl, 2006). Unfortunately, the presence of
carbohydrates and secondary metabolites can interfere with
isolation (Ghawana et al., 2011). In effect, tissue of woody
plant contains high level of polyphenols, flavonoids and other

compounds which bind and precipitate with nucleic acids.
This situation becomes more problematic in case of stressedtissues, in which a high level of secondary metabolites
accumulates as part of the plant defense mechanism to
tolerate the adverse environmental conditions (Shinozaki et
al., 2015). For this reason, the isolation of suitable RNA from
trees is considered more difficult than it is for herbaceous
plants (Morante-Carriel et al., 2014). In particular, I.
paraguariensis tissues present high levels of polyphenols and
other secondary metabolites (Filip et al., 2001). Moreover,
isolation from root extracts is even more difficult due to their
high fiber content, elevated concentration of storage
compounds, enzyme inhibitors and contaminants in the soil,
in which the roots are grown (Das et al., 2013). Additionally,
some soil substances such as humic and fulvic acids can
strongly inhibit DNA polymerase (Matheson et al., 2010). To
the best of our knowledge, no method has been established
for the effective isolation of total RNA from the roots of soilgrown Ilex paraguariensis plant. Our aim was to evaluate
four commercially available kits, specifically the SpectrumTM
Plant Total RNA Kit (Sigma), RNeasy® Plant Mini Kit
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(Qiagen), TRI Reagent® (Molecular Research Center), and
SV Total RNA Isolation System (Promega), for their ability
to extract total RNA from roots. The SpectrumTM kit showed
the highest RNA yield and quality among the four, which was
tested on roots from non-stressed and drought-stressed plants.
Quality of the isolated RNA for downstream application was
analyzed by determining the RNA integrity number.

De novo transcriptome sequencing
According with our previous results, the SpectrumTM protocol
was chosen to evaluate the RNA quality for transcriptome
sequencing of non-stressed and drought-stressed roots. RIN
calculated from the profiles demonstrated the quality
assessments of the RNA for subsequent de novo
transcriptome sequencing (Fig. 4). The RIN analysis
indicated that the integrity of RNA from drought-stressed
plants (RIN= 7.2, 7.7, 8.1 out of 10) were lower than those
from non-stressed samples (RIN = 8.1, 8.1, 8.6 out of 10).
This data reflects that RNA isolated from roots subjected to
drought might be more susceptible to RNA degradation than
those isolated from non-stressed plants. However, de novo
sequencing of RNA samples from roots grown under water
deficit and well-watered conditions yielded a total of 87.5
and 84.7 million raw read sequences from 3 libraries,
respectively (Fig. 5). The average length of each paired-end
read was 150 bp. This high-throughput data generated in this
study can later be used to assemble a de novo transcriptome
using Trinity software (Grabherr et al., 2011).

Results and discussion
Comparison of RNA extraction kits
Four RNA extraction kits were evaluated on Ilex
paraguariensis roots to identify the best method for isolating
a large quantity of high quality RNA for transcriptome
sequencing. The quality of total RNA analyzed by agarose
gel electrophoresis is presented in Fig 1. Intact bands
corresponding to 28S and 18S rRNA were clearly visible in
RNA samples obtained from TRI Reagent®, SpectrumTM and
RNeasy® but not from SV kit (Fig. 2). The sharpness of the
ribosomal RNA bands indicated that there was no RNA
degradation. Bands of lower molecular weight were also
observed corresponding to 5S rRNA. The samples provided
different band intensities, indicating differences in total RNA
quantity. No DNA contamination was visible in any of the
samples.
Concentration and purity of the RNA samples calculated
from A260, A280 and A230 are shown in Fig 3. Although, all
tested kits yielded detectable RNA from well-watered roots,
but the SpectrumTM method provided the highest total RNA,
ranged from 53.9 to 75.9 ng·mg-1 DW, whereas RNeasy® and
TRI Reagent methods produced lower amounts, ranged from
44.2±16.4 to 22.4 ± 3.8 ng·mg-1 DW, respectively (Fig. 3a).
The SV kit was ineffective for root RNA isolation and this
result complies with those obtained previously in other
recalcitrant species (Zamboni et al., 2008). The absorbance
ratioA260/A280 is generally used to determine protein
contamination of a nucleic acid sample and its expected value
should be somewhere around 2.1 for high quality RNA with
minimum impurities (Gallagher and Desjardins, 2006). In this
way, the ratios of isolated RNA from SpectrumTM and
RNeasy® kits were in the same ranges and close to the
optimum value indicating trace amounts of proteins (Fig. 3b).
Meanwhile, the absorbance ratio A260/A230 indicates the
presence of organic contaminants, such as secondary
metabolites, soil substances, and reagents (Reck et al., 2015).
Samples with A260/A230 ratios below 1.8 are considered to
have a significant amount of these contaminants that will
interfere with downstream applications (Sambrook, 2001).
Our results have shown that the RNA isolated with
commercial kits with included bind-wash-elution methods
(SpectrumTM, RNeasy®, and SV) had lower impurities (Fig.
3c). In contrast, the direct extraction method using phenol
and guanidine isothiocyanate liquid phase separation (TRI
Reagent) was less effective to control the impurities present
in the sample since the A260/A230 ratio was lesser than 0.5.
Finally, yield and quality were analyzed with PCA to test the
efficiency of RNA extraction kits on root tissues harvested
from soil-grown plant. Fig 3d shows that the SpectrumTM kit
has the best performance like combined yield and purity.
Additionally, to evaluate possible downstream applications,
we performed RT-PCR analysis of the β-tubulin gene of I.
paraguariensis (Acevedo et al., 2013). RNA samples
obtained from SpectrumTM, RNeasy® and TRI Reagent
amplified the β-tubulin gene (data not shown).

Materials and methods
Plant material and sample collections
Two-year-old Ilex paraguariensis plants were grown in 4 L
pots filled with lateritic soil and subjected to controlled
environmental conditions (27±1 / 22±2 °C, day / night; 14 h
photoperiod; 420 µmol·m-2·s-1 PPFD; 50–55 % RH). They
watered regularly during the acclimatization period.
Thereafter, water was withheld until the soil water potential
(Ψsoil) reached -2 MPa to induce drought stress. Both nonstressed (Ψsoil= ̴ -0.04 MPa) and drought-stressed plants were
uprooted carefully for the collection of roots. The collected
samples were rinsed with tap water, immediately immersed in
liquid nitrogen and stored at –70 °C until further processing.
Extraction and purification of total RNA
Total RNA was extracted from the adventitious roots of nonstressed plants by means of the commercial kits SpectrumTM
Plant Total RNA Kit (SpectrumTM, Sigma), RNeasy® Plant
Mini Kit (RNeasy®, Qiagen), TRI Reagent® (TRI Reagent®,
Molecular Research Center), and SV Total RNA Isolation
System (SV, Promega). Around 100-150 mg root tissue was
ground to a fine powder in liquid nitrogen. Extractions were
performed by triplicate according to each manufacturer’s
protocol (Fig. 1). For SpectrumTM, RNeasy® and TRI
Reagent®, DNA contamination was avoided by including a
digestion step with DNase (InvitrogenTM RNase-free DNase I,
Thermo Fisher Scientific). Total RNA integrity was verified
by resolving 10 µl of each extraction on a native 1.2 % (w/v)
agarose gel stained with ethidium bromide. The bands were
visualized under UV light and the images were documented
using the gel documentation unit GelDoc-It® (UVP).
Meanwhile, total RNA purity was assessed by determining
the absorbance of the samples at 230, 260, 280, and 320 nm
(background absorption) using a spectrophotometer
(SmartSpecTM Plus, Bio-Rad). Extractions with an
absorbance ratio A260/A280 higher than 1.8 were quantified
spectrophotometrically at 260 nm (1 OD = 40 ng µl-1), while
samples with an absorbance ratio A260/A280 lower than 1.8
were estimated by applying the following correction (Glasel
1995):
% Nucleic acid = (11.16[A260/A280] − 6.32)/(2.16
− [A260/A280])
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Fig 1. Schematic representation of the protocols used for the isolation of root RNA extracted from soil-grown plants. For SpectrumTM,
RNeasy® and TRI Reagent®, DNA contamination was avoided by including a digestion step with DNase as described in materials
and methods.

Fig 2. Gel electrophoresis of RNA isolated from roots using four kits. TRI Reagent ® (lines 1-3), SV (lines 4-6), SpectrumTM (lines 79), and RNeasy® (lines 10-12) kits.

Fig 3. Quantity and quality of root RNA isolated from I. paraguariensis using four methods. (a) Total RNA yields. (b-c) Absorbance
ratios A260/A280 and A260/A230 indicate presence of proteins and secondary metabolites impurities, respectively. (d) Principal
Components Analysis Biplot relating quality and yield. Means with similar letters do not differ significantly (P = 0.01).
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Fig 4. Electropherograms of RNA isolated from root tissues. RNA was extracted from non-stressed (left) and drought-stressed (right)
plants with SpectrumTM Plant Total RNA kit. Three biological replicates were used for each treatment. RNA integrity number (RIN)
values are indicated within the graph. The 28S and 18S and 5S peaks were marked.

Fig 5. De novo transcriptome sequencing of RNA isolated from I. paraguariensis roots. Number of paired-ends reads from plants
subjected to non-stressed (IRC) and drought-stressed (IRS) conditions. Raw reads data represented the total read count after adaptor
eliminations (filtered). Citocine-guanine contents are shown in parentheses. Total RNA was extracted by using SpectrumTM Plant
Total RNA kit.
5’-GGCATCCTGATATTGCTGGT-3’
(reverse)
was
amplified as the reference gene (Acevedo et al. 2013). qRTPCR was carried out on an Applied Biosystems 7500 RealTime PCR System using SYBR Premix according to the
protocol. The thermocycler program consisted of an initial
denaturation (95 °C for 10 min), followed by 40 cycles of
95 °C for 15 s and 60 °C for 1 min. Two biological replicates
were amplified in triplicate.

cDNA synthesis and real-time PCR analysis
First-strand cDNA was synthesized from 1 μg of total RNA
from each sample according to the protocol of SuperScript®
II Reverse Transcriptase (Thermo Fisher Scientific).
Quantitative RT-PCR reactions were prepared with SYBR
Green PCR Master Mix (Applied Biosystems). The I.
paraguariensis β-tubulin gene with the primer sequences 5’CTGGAGAAGGGATGGATGAA-3’
(forward)
and
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RIN analysis and RNA-sequencing
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Experimental design and statistical analysis
The experiment was repeated three times by performing three
biological units. The data sets were subjected to the ShapiroWilk test for normality (α= 0.05) and were statistically
analyzed by ANOVA (GraphPad version 7.0). Tukey’s
multiple comparison test was used to compare differences
among the treatments. A value of P = 0.01 was used to assess
statistical significance. Principal component analysis (PCA)
was performed with Infostat®.
Conclusion
The SpectrumTM Plant Total RNA kit (Sigma) was
demonstrated to be the most effective method for extracting a
large amount of high quality RNA required for transcriptome
sequencing of I. paraguariensis roots, even from waterstressed plants.
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