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The study aimed to develop a robust and reliable method to extract ribonucleic acid (RNA) from
Guazuma crinita and Calycophyllum spruceanum woody tissues for RNA sequencing. Thus, 60 plants of
each species were obtained, and four RNA extraction methods were evaluated (Direct-zol™ kit, TRIzol,
cetyltrimethylammonium bromide (CTAB) and CTAB with Direct-zol™ kit). Subsequently, six samples for
each species were selected for sequencing. As a result, the CTAB method combined with TRI-reagent and
Direct-zol™ RNA kit obtained RNA of good quality in both species, as the RNA integrity number (RIN)
values were higher than 7.9 in all samples. Inhibitors were removed in G. c¢rinita with polymerase chain
reaction (PCR) inhibitor removal kit. The sequencing process, on average per sample, were 4,559,130
kbp in 45,139,903 reads with a Q20 of 98.49% and Q30 of 95.59% obtained for G. crinita and 5,510,902
kbp in 54,563,395 reads with a Q20 of 98.23% and Q30 of 94.94% obtained for C. spruceanum. Thus, a
robust method was developed, enabling the extraction of RNA in both quality and quantity for RNA-seq
experiments, successfully overcoming the challenges posed by inhibitors and high concentrations of

exudates, alkaloids, polysaccharides and phenols.
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INTRODUCTION

The Amazon contains approximately 40%
of the world's remaining tropical forests
(Hubbell et al. 2008, Ter Steege et al. 2016).
It is estimated to be home to 50,000 plant
species, of which between 6,000 and 16,000
are tree species (Hubbell et al. 2008, Ter Steege
et al. 2016). Currently, there is great concern
about the rapid deforestation of the Amazon
and the possible consequences, such as the
extinction of species and genetic erosion, in
addition to the reduction of ecosystem services
(Degen & Sebbenn 2014, Cardoso et al. 2017,
de Lima et al. 2022). On the other hand, due to
the long-lived characteristics of trees, genetic
diversity is essential for the stability of forest
ecosystems (O’Neill et al. 2001). Therefore,
proper measures for gene conservation are
essential. However, there is currently limited
genomic and transcriptomic information on
Amazonian trees.
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Twenty years ago, the complete genome of a
model tree (Populus trichocarpa) was published
(De Heredia & Vazquez-Poletti 2016). Until
now, among the gymnosperms, the most studied
species belong to the Pinaceae family. Among
the angiosperm families, Salicaceae, Rosaceae,
Fabaceaeand Fagaceae, there are manyspecies of
great interest, such as, Calycophyllum spruceanum
and Guazuma crinita (De Heredia & Véazquez-
Poletti 2016). These species greatly interest the
forestry industry, agroforestry and ecological
restoration in the Amazon region. Biochemical
studies consider C. spruceanum a medicinal tree
of great interest due to the active components of
its bark (Odonne et al. 2013, Perin et al. 2020).
Pharmacologically, C. spruceanum exhibits
antioxidant properties that help delay cell aging
and photoprotection against UV radiation. It
also has immunostimulant, anti-inflammatory,
antileukemic, antiviral and antiseptic properties
(Santos et al. 2016).
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On the other hand, wood is an abundant
and vital renewable resource on Earth, and
its biosynthesis regulates the carbon cycle
within ecosystems, reducing CO, emissions
(Ambavaram et al. 2014, Sundell et al. 2017).

Likewise, biotechnology tools can be used
to understand the molecular processes of wood
formationand speed up the plantbreedingforest
in South America. Extracting high-quality DNA
and RNA is critical because of the large amounts
of resins, polysaccharides, inhibitors, phenols
and others that are present in trees (Vennapusa
et al. 2020, Saldana et al. 2022). For instance,
phenolic compounds are oxidised to form
quinones, binding irreversibly to nucleic acids
and proteins. Polysaccharides can coprecipitate
and degrade RNA by altering its molecular
structure (Sharma et al. 2003). Thus, Ghawana
et al. (2011) proposed a phenol-based method

to isolate RNA in species with a high presence of

secondary metabolites such as Rheum australand
Arnebia euchroma (Chomczynski 1993). Other
protocols using Trizol method are designed to
extract RNA from 7Tectona grandis (Galeano et
al. 2014). Most protocols are relatively simple
modifications of the cetyltrimethylammonium
bromide (CTAB) method. However, Ouyang et
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al. (2014) reported that some kits performed
poorly in isolating RNA from Neolamarckia
cadamba, may be due to the decrease in the
efficiency of the spin columns used in the
presence of phenolic compounds and alkaloids.
Therefore, efficiency improvement is required
to combat the presence of inhibitors. Finally,
the study aimed to develop a robust and reliable
method of RNA isolation from woody tissues
that can be used for RNA sequencing.

MATERIALS AND METHODS
Plant material

The evergreen G. crinita and the deciduous
C. spruceanum are two fast-growing pioneer
species in the Amazon (Figure 1). They are
of great economic, social and environmental
importance. Currently, they are used in
reforestation and  ecological restoration
programs. The study worked with 2-year-old
trees of C. spruceanum (Rubiaceae) and G. crinita
(Malvaceae), obtained from the Ayahuasca
Ecolodge EIRL nursery, Ucayali, Peru, and
grown in a net house at the Universidad
Nacional Agraria La Molina (12° 05’ S, 76° 57" W
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Figure 1 Distribution of Guazuma crinita and Calycophyllum spruceanum trees through the different biomes of
South America, a) distribution of Calycophyllum spruceanumand Guazuma crinitatrees in South America
(Brazil, Peru, Colombia, Ecuador and Bolivia), b) Peru coverage of six ecoregions of the jungle, having
a more significant presence in the region of Ucayali, Loreto and Madre de Dios, c) location of the
Universidad Nacional Agraria La Molina center where the experiment was conducted
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and 243.7 m.a.s.l.) (Figure 1). Guazuma crinita
was cultivated throughout the experiment in a
nursery covered by 70% radiation-interfering
mesh. According to Paredes et al. (2010), these
conditions ensure the optimal temperature,
relative humidity and light for adapting bolaina
plants. Calycophyllum spruceanum, was cultivated
in a nursery with 50% light reduction, as in a
previous studies by Abanto-Rodriguez et al.
(2016) .

In both species, 60 individuals were carefully
selected and assigned codes based on their
phenotypic characteristics (stem diameter,
height, straight stem, healthy leaves, etc.) and
good phytosanitary status. Subsequently, they
were planted in 12 L pots filled with a mixture of
agricultural soil, organic matter and vermiculite
in a 3:2:1 ratio. Irrigation was maintained
consistently throughout the experiment to
prevent water stress.

CTAB solution preparation

One liter of buffer solution containing 20 g of
CTAB at 2% (w/v), 12.11 g of Tris-HCI (pH 8.0),
29.224 g of ethylenediaminetetraacetic acid
(EDTA), 81.816 g of NaCl and 50.50 ml of beta-
mercaptoethanol 5% (v/v) was prepared, and
the solution was autoclaved and subsequently
stored at 2 °C.

RNA extraction

With a scalpel, 1 g of secondary xylem was
collected from the basal part of the stem,
frozen in liquid nitrogen and stored at -80
°C. The frozen tissues were ground with
liquid nitrogen in a mortar. Subsequently, the
ground tissue was mixed with 20 ml of pre-
heated buffer solution (CTAB) for 5 minutes
at 65 °C, and the samples were homogenised
for 1 minute and incubated at 65 °C for 30 min
in a water bath. Then 20 ml of chloroform/
isoamyl alcohol (24:1, v/v) was added and
homogenised vigorously for 5 min, and
centrifuged at 7800 rpm between 40 and 50
min at 2 °C. Since G. crinita has many exudates,
the chloroform /isoamyl alcohol (24:1, v/v)
procedure was repeated.

After centrifugation, 9 ml of supernatant was
mixed with 3 ml of LiCl in a new falcon tube,
homogenised and incubated at -20 °C for 12
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hours. Then, it was centrifuged at 7800 rpm
for 40 min at 2 °C to get a pellet. The pellet was
dissolved in 1 ml of TRI-reagent in a 1.5 ml vial
tube, mixed with 0.2 ml of chloroform, and
centrifuged at 13000 rpm for 20 min at 2 °C.
The aqueous phase was then transferred to a
new tube with 500 pl of isopropanol, vigorously
homogenised, and stored at -20 °C for 40 min.
Then, the mixture was centrifuged at 13,000
rpm for 20 min at 2 °C. The supernatant was
discarded, and the final pellet was washed
with 1 ml of 70% (v/v) ethanol at 13,000 rpm
for 3 minutes. This step was repeated twice,
and at the end, the pellet was air-dried for 4
min. The RNA was re-suspended with 50 pl of
milli-Q water and stored at -80 °C. Finally, the
integrity (285/18S) of the isolated RNA was
examined by 1.0% agarose gel, and RNA purity
(ratio of A260,/A280) was evaluated with a
nanophotometer for the CTAB method, Trizol
and Direct-zol RNA kit.

RNA purification and inhibitor removal
To remove any remaining inhibitors
(polyphenols, humic/fulvic acids, tannins,
melanin, etc.) that impair the construction
of total RNA sequencing libraries, the PCR
inhibitor removal kit protocol was used. Finally,
the quality and quantity of RNA was analysed,
and the samples were stored at -80 °C.

RNA integrity number (RIN) analysis
and next-generation sequencing (NGS)
library quality control (QC)

Six samples of G. crinita and C. spruceanum,
respectively, were tested. The quality and
concentration of all extracted RNA samples
were assessed with a bioanalyser RNA Pico 6000
chip (Agilent), and the library was prepared
using TruSeq Stranded mRNA Library at
MACROGEN Inc., Seoul, Korea.

RESULTS AND DISCUSSION

Isolating RNA from lignocellulosic tissues is
challenging, as they contain large amounts of
polyphenols, polysaccharides and specialised
metabolites that precipitate together with
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nucleic acids, negatively affecting both yield
and purity (Nizam et al. 2023). For this reason,
the objective of the study was to develop a
robust and reliable method to extract RNA
from G. crinita and C. spruceanum woody tissues
for subsequent application in tree genomics
(RNA sequencing, gene expression, etc.)
(Norwati et al. 2011, Wu et al. 2017).

However, a good quantity and quality of
RNA is essential to perform these experiments.
Therefore, modifications to the protocols
commonly used in trees are necessary to
obtain intact RNA without interference from
metabolites, as the quality and quantity of RNA
vary among different types of tissues and trees
(Ma et al. 2015, Chauhan et al. 2018, Yan et al.
2022).

Thus, four protocols were tested (Trizol,
Direct-zol RNA kit, CTAB and a combination
between CTAB and Direct-zol RNA) in G. crinita
and C. spruceanum (Figure 2).

The results showed that the most widely used
kit, the Direct-zol RNA Kit and the TRIzol™
reagent, were not successful in obtaining high-
quality RNA due to the presence of specialised
metabolites (Figure 2). Nizam et al. (2023)
reported similar results for the species Kandelia
candel, using the RNeasy Plant Mini kit and the
TRIzol™ reagent.

Table 1 shows that it was possible to obtain
RNA from forest trees with the CTAB method
and the combination between CTAB and Direct-
zol RNA. The CTAB method isadvantageous due
to the inclusion of f-mercaptoethanol, a potent
reducing agent that prevents the oxidation of
phenolic compounds. Consequently, the co-
precipitation of oxidised products with RNA
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during isolation is minimised. Additionally,
this method can break disulfide bonds and
inactivate ribonucleases (Kanani et al. 2019).
Likewise, the quality of isolated total RNA
described in this study was confirmed in several
ways. Firstly, Table 1 shows that RNA concentration
in G. crinita ranged between 2432.7 + 334.7 ng/uL.
(CTAB) and 2048.2 + 281.8 ng/ul. (CTAB with
Direct-zol RNA kit), and in C. spruceanum it ranged
between 2248.6 + 291.9 ng/uL (CTAB) and
1864.2 + 242.0 ng/uL (CTAB with Direct-zol
RNAKit). Moreover, with these two methods, the
260,280 and 260 /230 ratios were greater than
1.90, indicating high-quality RNA (Table 1).
On the other hand, the RNA concentration was
below 40 ng/ul with Trizol and Direct-zol RNA
kit (Table 1, Figure 2C, 2D, 2G, 2H) and the
260 /280 and 260 /230 ratios were below 1.5 and
0.5 respectively, indicating contamination by
protein, polysaccharides, salt ion and organic
solvents (Jensen et al. 2023, Yan et al. 2022).
Secondly, 1% agarose gels were run to
visualise RNA quality. Low-quality RNA was
obtained with the Trizol and Direct-zol RNA
kit methods (Figure 2). The finding is in
agreement with previous studies, since tissue
rich in phenolic compounds are oxidised
to form quinones that bind RNA, making it
difficult to isolate (Ghawana et al. 2011, Ouyang
et al. 2014). A good separation of the 28S and
18S ribosomal RNA bands with CTAB method
in G. crinita samples was not observed, and this
pattern was similar in all samples (Figure 2E),
although the 260,280 ratio was of 2.08 (Table 1).
Guazuma crinita presented several exudates,
making it challenging to isolate RNA. Thus, an
initial pretreatment of CTAB with chloroform /

Tablel  Ribonucleic acid (RNA) concentration and quality from Guazuma crinita and Calycophyllum spruceanum
Species Method Corz;egn/t;?)tion A260,/A280 A260,/A230
Trizol 26.7+4.7 1.43+0.03 0.56 £0.03
Cuazima crinita Direct-zol RNA kit 35.3+6.3 1.43+0.03 0.58 £0.03
CTAB 2432.7 + 334.7 2.08£0.03 2.25£0.09
CTAB & Direct-zol RNA kit 2048.2 £281.8 2.1+0.03 2.44£0.10
Trizol 27.1+24.1 1.36£0.08 0.37+0.03
Calycophyllum ~ Direct-zol RNA kit 35.4 +35.9 1.22£0.08 0.54 +0.05
spruceanum CTAB 2248.6 £291.9 2.03£0.10 1.95+0.15
CTAB & Direct-zol RNA kit 1864.2 £242.0 2.11+0.10 2.34+0.17

CTAB = cetyltrimethylammonium bromide, RNA = ribonucleic acid
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Figure 2 RNA quality in agarose gels from Guazuma crinitaand Calycophyllum spruceanum

isoamylalcohol (24:1,v/v) wasadded toimprove
RNA isolation. Likewise, RNA precipitation
with LiCl for 12 hours at -20 °C was performed
to help isolate the RNA from contamination,
avoiding the oxidation of polyphenols in
alkaline conditions. After RNA precipitation,
the pellet was dissolved in TRI-reagent, which
significantly eliminates
prevents the production of insoluble granules
(Ramadoss & Basu 2018). However, it was
necessary to improve the RNA isolation from
G. crinita. Thus, the CTAB method was used in
tandem with Direct-zol RNA kit, having RNA of

contamination and
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good quality. The 28S and 18S ribosomal RNA
bands were well-defined since the kit provided
a method of RNA purification by removing
polysaccharides and secondary metabolites
(Figure 2F). On the other hand, RNA isolation
in C. spruceanum presented good quality from
the secondary xylem tissues with CTAB and
CTAB plus Direct-zol RNA kit (Figure 2I, ]).
However, there are drawbacks to isolating RNA
from C. spruceanum bark because of the high
levels of polyphenols that are easily oxidised to
form covalent compounds with RNA, leading to
oxidation and degradation (Sharma et al. 2003,
Perin et al. 2020).
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RNA integrity number (RIN) analysis
and next-generation sequencing (NGS)
library quality control (QC)

Last but perhaps most importantly, an
electropherogram of the total RNA isolated
from the secondary xylem of G. crinita and
C. spruceanum was generated. The bioanalyser
system was used to validate total RNA high
quality, which uses the RIN to assign a
numerical value to the RNA quality, including
18S to 28S ribosomal peak ratio, the separation
between these peaks, and the presence or
absence of degradation (Ma et al. 2015, Agilent
Technologies 2016, Jensen et al. 2023). The
RIN has values ranging from 10 to 1, where
10 indicates the highest RNA quality and 1
indicates degraded RNA (Agilent Technologies
2016). Thus, the RNA isolated from all the
samples of G. crinita and C. spruceanum showed
RIN values greater than 7.9 (Table 2), showing
no degradation, and the RNA was of good
quality. Generally, an RNA value greater than
7.0 is necessary to yield satisfactory results in
next-generation sequencing analysis. The RIN
values obtained are significantly higher than
those reported in previous studies (Qiu et al.
2013, Ma et al. 2015, Nizam et al. 2023).

The purity of the extracted RNA may depend
on the number of secondary metabolites produced
by the plants (Sharma et al. 2003). The methods
consistently produced RNA with good yield and
high qualityin C. spruceanumand G. crinita (Table 2).
Therefore, 3 uL. were used to test NGS library QC.
Only the two-year-old plants of G. crinita failed to
pass, possibly due to inhibitors affecting Truseq
stranded mRNA library (Lamble et al. 2013).
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A possible explanation is that contaminants
could have a more significant effect than the
amount of RNA used in the reaction, and only
a small proportion of RNA would be accessible
to transposase, upsetting the ideal ratio of
RNA and enzyme. Thus, to solve this problem
in this downstream processing step, total RNA
from the two-year-old plants of G. crinita was
passed through the PCR inhibitor removal
kit, allowing the library construction for RNA
sequencing (Figure 3). It is worth noting that
this step was also employed by Jensen et al.
(2023) for extracting RNA from red, green and
brown algae, as well as from the cyanobacterium
Arthrospira  platensis and the seagrass Zostera
marina. These reports reinforce the notion that
the modified CTAB method could be applicable
to diverse autotrophic organisms (Mitchell et al.
2023).

Finally, total RNA sequencing was performed
with a sequencer to obtain paired-end reads.
Thus, on average per sample 4,559,130 total
kilo base pairs (kbp) in 45,139,903 reads with
a Q20 of 98.49% and Q30 of 95.59% were
obtained for G. c¢rinita and 5,510,902 total kbp
in 54,563,395 reads with a Q20 of 98.23% and
Q30 of 94.94% were obtained for C. spruceanum
(Supplementary material S1).

CONCLUSIONS

To have a robust protocol to isolate high-quality
RNA from Amazonian trees is truly important,
as it will help to understand the molecular
mechanisms associated with their development.
In this study, a high-throughput method was
developed for isolating RNA from the woody

Table 2  Assessment of the completeness of rRNA from Guazuma crinita and Calycophyllum spruceanum
Species Method CO‘E;egn/t;‘i‘)tion A260,/A280 A260,/A230
Trizol 26.7+4.7 1.43+0.03 0.56 £0.03
Cuazsima crinita Direct-zol RNA Kkit 35.3+6.3 1.43+0.03 0.58 £0.03
CTAB 2432.7+334.7 2.08+£0.03 2.25£0.09
CTAB & Direct-zol RNA kit 2048.2 +£281.8 2.1+0.03 2.44£0.10
Trizol 27.1+24.1 1.36 £0.08 0.37+0.03
Calycophyllum Direct-zol RNA kit 35.4+35.9 1.22£0.08 0.54£0.05
spruceanum CTAB 2248.6 £291.9 2.03£0.10 1.95+0.15
CTAB & Direct-zol RNA kit 1864.2 +242.0 2.11+0.10 2.34+0.17

RIN = RNA integrity number, rRNA = ribosomal ribonucleic acid
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tissues of G. crinitaand C. spruceanum, which can
beutilised forRNAsequencing. Comparedtothe
other three methods, the CTAB combined with
TRI-reagent and Direct-zolTM RNA kit allowed
obtaining good-quality RNA. Furthermore,
agarose gel electrophoresis exhibited distinct
and intact bands for this method, and the
RIN values ranged from 7.9 to 8.3. The results
showed that the modified method efficiently
obtained high-quality RNA from the secondary
xylem, overcoming the problems with inhibitors
and high concentrations of exudates, alkaloids,
polysaccharides and phenols. It is suitable for
downstream experiments such as RNA-seq,
qRT-PCR analysis and gene cloning.
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Appendix 1 S1 Distribution of A, T, G, C base in RNA sequencing

Species Sample ID Total read bases (kbp) Total reads GC(%) AT(%) Q20(%) Q30(%)

< BJ1 5,645,955 55,900,552 46.43 53.57 98.54 95.83

S BJ2 5,348,246 52,952,938 46.65 53.35 98.51 95.8

s BJ3 4,189,320 41,478,416 46.47 53.53 98.45 95.69

§ BAl 4,072,862 40,325,372 45.4 54.6 98.46 95.36

§ BA2 4,048,312 40,082,306 45.3 54.7 98.52 95.48

BA3 4,050,083 40,099,832 45.11 54.89 98.45 95.35

CJ1 5,043,953 49,940,132 45.58 54.42 98.42 95.49

§ S CJ2 5,542,772 54,878,936 45.23 54.77 98.53 95.76

= § CJ3 4,968,155 49,189,656 46.07 53.93 98.39 95.44

;g § CAl 6,468,740 64,046,940 45.55 54.45 97.89 94.02

S= CA2 6,533,295 64,686,092 45.67 54.33 97.96 94.17

CA3 4,508,499 44,638,612 45.22 54.78 98.19 94.76
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