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ABSTRACT
Isolation of an adequate quantity of high-quality RNA is a crucial step in gene expression analysis. 
Difficulties in sampling and RNA extraction of field-grown crops, especially from roots, are sub-
stantial obstacles to understanding actual gene expression in the field. We examined the effec-
tiveness of the RNA extraction method (FRP) using pot- and field-grown soybean roots. High 
quantity and quality of total RNA could extract by the FRP method from both pot- and field-grown 
soybean roots at different growth stages. To determine the influence of root washing during the 
sampling process, roots were washed with water for 5 s, 1 min, and 5 min, then analyzed for 
aquaporin gene expression levels. Root washing for 5 min affected gene expression of some 
aquaporins. To obtain RNA that reflects the correct gene expression profile, it is necessary to 
minimize the effects of the sampling process.
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Introduction

Recent advances in molecular biology have contributed to 
the understanding of biological phenomena by evaluating 
the fundamental processes of gene functions. However, 
there is limited knowledge regarding gene behavior 
under natural or agricultural field conditions, because 
most gene studies are laboratory-based. Under field con-
ditions, because the plants are exposed to various environ-
mental factors, such as temperature, humidity, and solar 
radiation, the behavior of plant genes under field 

conditions varies depending on these complex environ-
mental characteristics and this causes difficulty in analyzing 
gene expression (Nagano et al., 2012). Understanding the 
function of genes related to yield and various stress toler-
ances under field conditions is important for crop improve-
ment under ongoing climate change. Therefore, it is 
important to understand the behavior of genes under 
field conditions for gene expression analysis.

Gene expression analysis requires the extraction of 
high-quality RNA. Many RNA extraction methods for 
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various plant species have been developed; however, 
difficulty in RNA extraction from belowground parts, 
such as rhizomes, wooden roots, and field-grown plant 
roots, has been reported (Deepa et al., 2014; Matsunami 
et al., 2018; Muoki et al., 2012). In our previous study on 
RNA extraction from paddy-grown rice roots, the total 
RNA amounts decreased as plant growth progressed, 
and it was impossible to extract an adequate amount 
of RNA from roots after the panicle formation stage 
using a commercial RNA isolation kit (Matsunami et al., 
2018). Therefore, we established an effective RNA extrac-
tion method (FRP method) that combines a commercial 
RNA isolation kit and the same reagents with an easy 
step of purifying the sample and archived to obtain an 
adequate amount of high-quality RNA from rice roots 
with a wide growth period (from tillering to ripening).

In this study, we used soybeans because they are one 
of the major and most economically important upland 
crops. Soybeans have a main root system and woody 
type roots, unlike other major cereal crops. There have 
been previous studies that conducted RNA extraction 
from soybean roots using a commercial RNA isolation 
kit and reagents (Prince et al., 2019; Yuan et al., 2017, 
2016), but most were extracted from young seedling 
roots under pot-culture conditions. As with many other 
previous studies, the details of root sampling and RNA 
extraction have not well described in the paper. It has 
been reported that RNA isolation of wood roots is time- 
consuming and has a very low RNA yield (Muoki et al., 
2012; Ouyang et al., 2014); therefore, it is unclear 
whether well-developed field-grown soybean roots will 
cause RNA extraction difficulty. Furthermore, unlike 
aquatic plants, when upland crop roots are washed 
with water during the sampling process, the water status 
of the rhizosphere changed dramatically and could 
affect gene expression. However, it is not clear how 
long washing will affect gene expression. The goal of 
this study was to examine whether the root-sampling 
process (time of washing roots with water) affects gene 
expression analysis, and the difficulty of extracting RNA 
from field-grown soybean roots exists and whether the 
FRP method is effective for the RNA extraction from 
soybean roots.

Materials and methods

Pot experiment

Soybeans (Glycine max (L.) Merr. Nanbushirome) was 
sown into a pot, one plant per pot. The pot size was 
φ12.7 cm width and 19.8 cm height. To remove the soil 
from the roots quickly, river sand was filled in pots to 
5 cm from the top. A soybean seed was sown on the 

sand and then covered with seedling culture soil. The 
plants were grown in a glasshouse. Water was applied 
when the surface of the soil was dry.

At 21 DAS, the roots were sampled using the follow-
ing methods. Roots were washed with tap water for 5 s, 
1 min, and 5 min. The sand was easily and immediately 
removed by submersion in water. After washing, the 
roots were dried on a paper towel, wrapped with alumi-
num foil, and immediately frozen in liquid nitrogen. The 
root samples were ground using a mortar and pestle in 
liquid nitrogen and stored at −80°C until RNA extraction.

For the extraction of total RNA from the root samples, 
we used the RNeasy Plant Mini Kit (Qiagen, The 
Netherlands) alone or in combination with Fruit-mate 
for RNA Purification (Takara Bio Inc., Japan) and RNAiso 
Plus (Takara Bio Inc., Japan).

● RNeasy Plant Mini Kit method (PMK): RNA was 
extracted from approximately 100 mg of ground 
root tissue using the RNeasy PMK according to the 
manufacturer’s instructions.

● Combination of Fruit-mate for RNA Purification, 
RNAiso Plus, and RNeasy Plant Mini Kit (FRP): RNA 
was extracted from approximately 500 mg of ground 
roots. In this method, samples were pretreated with 
Fruit-mate for RNA Purification to purify the sample, 
and then RNA was lysed by the acid guanidinium- 
phenol-chloroform method using RNAiso Plus. Next, 
RNA was washed and treated with RNase-Free 
DNase I (Qiagen, The Netherlands) using the column 
attached to the RNeasy PMK. Further details of the 
FRP method are described in Matsunami et al. (2018). 
A simple flow chart of the PMK and FRP methods is 
shown in Figure 1.

The concentration of RNA was quantified in 
a spectrophotometer (Nano Drop 1000, Thermo Scientific, 
Japan). The purity of RNA was estimated using the A260/ 
A280 and A260/A230 ratio. The quality of RNA was assessed 
by agarose gel electrophoresis.

First-strand cDNA was synthesized from 0.5 μg of RNA 
using the ReverTra Ace qPCR RT Kit (TOYOBO, Japan), 
according to the manufacturer’s instructions. Real-time 
PCR was performed using the CFX Connect Real-Time 
PCR Detection System (BIO-RAD, Japan). The PCR condi-
tions were as follows: 95°C for 20 s, followed by 40 cycles 
of 95°C for 3 s, and 60°C for 30 s. The melt-curve reaction 
was conducted using the methods recommended by the 
instrument. To confirm that there was no contamination 
of genomic DNA in the extracted RNA, we conducted 
real-time PCR using the RNA solutions as templates. We 
concluded there was no DNA contamination if essen-
tially no amplification was observed in the PCR. Relative 
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expression levels of nine soybeans aquaporins were cal-
culated by the ΔΔCt method using 18s rRNA as 
a reference. Primer sequences are listed in Table 1. The 
nine aquaporins shown higher level of expression in 
roots among 45 aquaporins (Ishikawa, 2016). To calcu-
late significant differences between wash-treatments, 
the data were at first transformed by Box-Cox transfor-
mation, then Dunnett’s test was conducted by using JMP 
14 software.

Field experiment

We determined whether the RNA extraction from field- 
grown soybean roots is possible by the methods (PMK 
and FRP) described above. Soybeans (Glycine max (L.) 
Merr. Nanbushirome) was sown by hand in the experi-
mental field at Iwate University on 17 May 2019. The 
density of sowing was 9.5 plants m−2, with 0.15 m 

between hills and 0.70 m between rows. Two seeds 
were sown and seedlings were thinned to one per hill 
after establishment. Fertilizer was not applied. A pre- 
emergence herbicide (Basta, BSDF Japan Inc., Tokyo) 
was applied immediately after sowing according to the 
manufacturer’s recommendations.

Sample collection was performed at 35 (vegetative 
stage), 56 (vegetative stage), 76 (flowering stage), and 97 
(seed filling) d after sowing (DAS). Flowering started at 
61 DAS. Sampling was completed from 10:00–12:00 on 
sunny days. Roots were collected with a shovel  
(approximately 30 cm depth), the soil block was 
removed from the roots by hand, and they were lightly 
washed with tap water to remove the remaining soil. The 
main root, except the enlarged part and lateral roots 
were cut with scissors, patted dry on a paper towel, 
wrapped with aluminum foil, and immediately frozen 
in liquid nitrogen. The number of collected plants was 

Figure 1. Flow chart showing the procedure for the PMK and FRP methods. This chart is a modified version of the chart shown in. 
Matsunami et al. (2018).

Table 1. Primer sequences of soybean aquaporins detected in this study.
Gene Locus name FW primer RV primer

GmPIP1;7 Glyma14g06680 GAAGAGGCCCAACTCATG GATGCATATATATGACTCTGGTG
GmPIP1;8 Glyma11g35030 TGGATTACAACGATTCGTGGTC CCAGAAACTTGCTTGGTTTGG
GmPIP2;4 Glyma12g08041 TAATTAATCAATTAAGCTAGCTACCTTG GCACTCCTCAACATAGAAATTATTATTC
GmPIP2;6 Glyma13g40100 GTCTGTCTACAGGTCCCTCTC CCCAAACCCACGGGTAAGC
GmPIP2;13 Glyma10g35521 ATGATGGCTCTAGTGGAAAGAAG GGTCAAAGAAACGTTGCAAAACAC
GmTIP1;7 Glyma03g34310 GGAATCTTCTTCTGTGTATGGTTTTC GGCCACCGATTCAACAGGA
GmTIP2;1 Glyma01g41670 ACCTACCCTTGAGCTTCAACT AAGCGGTGGATAATAGATAAAGTAG
GmTIP2;2 Glyma11g03690 AGATGAAACTTGAAGGGACAGG
GmTIP4;1 Glyma04g08831 TCCACTTCCTCGTGATGAAGA CTACAATAATGCAGCATTTTTTAAGAA
18S rRNA TGACGGAGAATTAGGGTTCGA GGATGTGGTAGCCGTTTCTCA

Gene and locus names are according to Zhang et al. (2013).
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18–24, depending on the root size. The roots were 
ground and mixed using a mortar and pestle in liquid 
nitrogen and placed in a 50 mL collection tube. Each 
tube contained 3–6 plants and was prepared in triplicate 
from different plants. The samples were stored at −80°C 
until use for RNA extraction. Total RNA was extracted by 
PMK and FRP methods and then the RNA concentration 
and purity were checked as described above.

Results and discussion

RNA extraction from soybean roots

Table 2 shows the concentration and amount of total 
RNA collected from the soybean root samples. We 
empirically observed unstable PCR analysis results 

when using the RNA sample with a low concentration 
(below 400 ng/µl); therefore, in our experimental system, 
adequate quantities of total RNA were at least 400 ng/µl 
for downstream application. From the pot-grown soy-
bean roots, the extracted RNA concentration by PMK 
was low (RNA concentration mean was 106 ng/µl), and 
the ratio of A260/A230 was low (the ratio = 1.2). If the 
value is lower than 2, then it indicates that contaminants 
such as carbohydrates, EDTA, guanidine isothiocyanate 
and phenol that absorb at 230 nm are present in the 
sample (Sah et al., 2014). We could successfully obtain 
high concentration of total RNA (1381 ng/µl) by using 
FRP method. Agarose gel electrophoresis of RNA 
showed two distinct visible bands, indicating the quality 
of RNA was high (Figure 2(a)), although the bands were 
thin in PMK method. The reason for the lack of extraction 

Table 2. The concentration of total RNA extracted from soybean roots and the RNA purity.

Growth condition Method Plant age
Total RNA concentration (ng/µl) 

[RNA amount (µg)] A260/A280 A260/A230

Pot PMK 21DAS 106 ± 26 [3.2 ± 0.8] 2.2 ± 0.0 1.2 ± 0.4
FRP 21DAS 1381 ± 433 [41.4 ± 13.0] 2.1 ± 0.1 2.2 ± 0.1

Field PMK 35DAS 933 ± 241 [28.0 ± 7.2] 2.1 ± 0.0 2.2 ± 0.0
56DAS 568 ± 150 [17.0 ± 2.3] 2.2 ± 0.0 2.1 ± 0.1
76DAS 627 ± 228 [18.8 ± 3.3] 2.1 ± 0.0 1.9 ± 0.0
97DAS 624 ± 69 [18.7 ± 2.2] 2.1 ± 0.0 2.0 ± 0.0

FRP 76DAS 1805 ± 738 [54.2 ± 6.8] 2.1 ± 0.0 2.2 ± 0.0
97DAS 2160 ± 819 [64.8 ± 2.1] 2.1 ± 0.0 2.1 ± 0.1

Data were shown mean ± S.D. (n = 9 for pot experiment, n = 3 for field experiment). The amount of ground tissue sample used in PMK and FRP methods were 
approximately 100 mg and 500 mg, respectively.

Figure 2. Quality and purity of total RNA isolated from pot-grown soybean roots extracted by FRP and PMK methods. a Agarose gel 
electrophoresis of RNA. b RNA spectrum.
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of RNA by the PMK method was not elucidated in this 
study, but one possible explanation was because we 
used sand for cultivation, which may have caused 
water stress. Under water-stressed conditions, soybean 
roots enhance the accumulation of lignin (Yamaguchi 
et al., 2010), which is a major contaminant of RNA extrac-
tion. In addition, the high A230 was observed in the RNA 
sample extracted by PMK (Figure 2(b)). The accumula-
tion of soluble sugars was induced by osmotic stresses 
(Darko et al., 2019), thus, this may cause the lower level 
of purity of RNA. Therefore, accumulation of these sub-
stances may have reduced RNA yield and purity. During 
the process of FRP method, the interfering substances 
can be removed by pretreatment reagents and centrifu-
gation processes. Thus, the FRP method was shown to 
be effective in samples with high concentration of inter-
fering substances.

From the field-grown soybean roots, however, ade-
quate quantities and high purity of total RNA could 
extract regardless of the extraction method (Table 2). By 
PMK method, the highest concentration was 933 ng/µl at 
35 DAS, and the concentration decreased at 56, 76, and 97 
DAS (568–627 ng/µl) compared with that at 35 DAS. The 
FRP method was also effective in extracting RNA; the 
concentration from the 76 and 97 DAS samples were 
1805 and 2160 ng/µl, respectively. In our previous study, 
the RNA quantities extracted from paddy-grown rice roots 
dramatically decreased as growth progressed (Matsunami 
et al., 2018); the collected RNA was 404 ng/µl at 34 days 
after transplanting (DAT) (tillering stage) and 34 ng/µl at 
58 DAT (panicle formation stage) using the PMK method. 
We considered that the low yield of total RNA from field- 
grown rice roots was caused by a low ratio of active cells 
in the total root volume. A mature root has lysigenous 
aerenchyma (programmed cell death), which occupies 
a large part of the roots (Kawai et al., 1998; Suralta & 
Yamauchi, 2008). Furthermore, the architecture of the 
rice roots is fibrous root system; thus, it is difficult to 
separate the active part (e.g., apical part of nodal/lateral 
roots) within a few minutes under field conditions 
because the time consumption can affect gene expres-
sion. When we collected rice roots from the paddies, the 
root samples were a mixture of aged/young roots and 
apical/basal parts; thus, the active cell ratio decreased as 
root growth (and senescence) progressed. In contrast, 
because soybeans grow under upland conditions and 
have a main root system, it is easier to collect the roots 
from wider and deeper soil, and to collect lateral roots 
which is considered as the active part. We expected that 
RNA extraction from well-developed soybean roots would 
be difficult, but in practice, it was possible to extract 
adequate total RNA from soybean roots with wide growth 
period.

Root-washing time affects gene expression of 
aquaporin

The root sampling is an important step in gene expression 
analysis because the method and time may affect gene 
expression. To collect the root samples from upland crops, 
the immersion of roots in water likely affects gene expres-
sion because of the root water status changes with wash-
ing. Therefore, in a previous study, roots were cleaned by 
shaking and then frozen in liquid nitrogen (Henry et al., 
2012). However, to minimize the effect of soil contamina-
tion on RNA extraction and downstream applications 
(Wang et al., 2012), obtaining a clean sample is desirable.

Figure 3 shows the effect of root-washing time on the 
gene expression levels of aquaporins. Because we consid-
ered that 5 s of washing may not affect gene expression, 
we used the 5 s regime as the control. The expression of 
aquaporin did not change after 1 min of washing but was 
affected by washing for 5 min as compared with that of 
the control (5 s). Although this study analyzed only several 
aquaporin genes, these responses to moisture condition 
changes may occur in other genes. Therefore, it is recom-
mended not to take more than 1 min to wash the roots 
with water. We removed soil from field-grown soybean 
roots by hand after excavation; thus, washing could con-
duct within 1 min. However, plants that have fibrous root 
systems (e.g., monocotyledonous plants) will take more 
time to remove soil, especially at the basal part. The 
paddy-grown rice roots at the heading stage took 
1.5 min–2.5 min to wash, even if the skillful person con-
ducted the washing. Time consumption during root 
washing depends on the crop species, growth stage, 
and soil type; thus, it is important to establish an efficient 
sampling method for each target to obtain RNA that 
reflects the correct gene expression profile.

In conclusion, this study demonstrated the effective-
ness of the FRP method for both field- and pot-cultured 
soybean roots to extract total RNA. Using pretreatment 
regents does not significantly increase the cost of extrac-
tion but increase extraction success rate. That is, if the 
RNA is difficult to extract (from mature and old roots, or 
high interfering substances contaminated sample), the 
cost and time can be saved by reducing the number of 
failures. It is difficult to collect the root system and obtain 
the high quality of RNA sample under field conditions. In 
this study, we suggested that the washing process may 
affect gene expression, but there are other points to be 
noted, such as the time of sampling, time after cutting to 
freeze sample etc. These technical effects should be con-
sidered for field-based gene expression analysis. It is 
important to reveal gene expression throughout a wide 
range of growth periods, from not only young seedlings 
or early vegetative stage plants, to evaluate the function 
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of genes and their age-dependence. Field-based gene 
expression analysis and transcriptome provide us the 
deeper understanding of gene function and its practical 
application for crop production.
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