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Abstract

Background: Quantification of gene expression such as RNA-Seq is a popular approach to study various biological
phenomena. Despite the development of RNA-Seq library preparation methods and sequencing platforms in the last
decade, RNA extraction remains the most laborious and costly step in RNA-Seq of tissue samples of various organ-
isms. Thus, it is still difficult to examine gene expression in thousands of samples.

Results: Here, we developed Direct-RT buffer in which homogenization of tissue samples and direct-lysate reverse
transcription can be conducted without RNA purification. The DTT concentration in Direct-RT buffer prevented RNA
degradation but not RT in the lysates of several plant tissues, yeast, and zebrafish larvae. Direct reverse transcrip-
tion on these lysates in Direct-RT buffer produced comparable amounts of cDNA to those synthesized from purified
RNA. To maximize the advantage of the Direct-RT buffer, we integrated Direct-RT and targeted RNA-Seq to develop a
cost-effective, high-throughput quantification method for the expressions of hundreds of genes: DelTa-Seq (Direct-
Lysate reverse transcription and Targeted RNA-Seq). The DelTa-Seq method could drastically improve the efficiency
and accuracy of gene expression analysis. DelTa-Seq analysis of 1056 samples revealed the temperature-dependent
effects of jasmonic acid and salicylic acid in Arabidopsis thaliana.

Conclusions: The DelTa-Seq method can realize large-scale studies using thousands of animal, plant, and microor-
ganism samples, such as chemical screening, field experiments, and studies focusing on individual variability. In addi-
tion, Direct-RT is also beneficial for gene expression analysis in small tissues from which it is difficult to purify enough
RNA for the experiments.
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Background

Quantification of gene expression is a popular approach
to study various biological phenomena [1-8]. Recently,
large-scale transcriptome analysis by RNA-Seq of hun-
dreds of samples has emerged in plant biology [9-12].
Although the cost of sequencing has reduced drasti-
cally in the last decade [13], the labor requirements of
the library preparation step obstruct the routine use
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of RNA-Seq. To overcome the difficulties, several high-
throughput RNA-Seq library preparation methods have
been developed [14-19]. Particularly, two methods
developed based on the 3’ RNA-Seq protocols for single-
cell RNA-Seq, namely Lasy-Seq [19] and BRB-Seq [18],
enable the early pooling of samples, thereby reducing
labor and achieving a cost of approximately two dollars
per sample. In this situation, RNA extraction remains the
most laborious and costly step in RNA-Seq. It is more
expensive to purify RNA from plant samples than from
cultured animal cells, particularly because plants tend to
contain large amounts of polysaccharides and have high
RNase activity [20]. To obtain high-quality RNA from
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plant samples, samples are usually homogenized and
lysed in a buffer containing guanidine hydrochloride to
denature RNase, followed by RNA purification with phe-
nol chloroform extraction, a silica column, or magnetic
beads that selectively bind to nucleic acid. If these RNA
extraction steps can be skipped, the required cost and
labor for RNA-Seq will be substantially reduced, which
will facilitate the use of RNA-Seq in large-scale studies
with thousands of samples. Although several studies have
shown that RT can be directly obtained from the lysate
of cultured animal cells in cell-lysis buffers [21-23], to
our knowledge, no study has achieved direct lysate RT
from crude tissue lysates. A previous study showed that
reducing reagents such as dithiothreitol (DTT) irrevers-
ibly deactivate intrinsic RNase in wheat [24]. However,
whether DTT can protect RNA in the lysate of other spe-
cies without inhibition of reverse transcription has not
been examined.

There is a trade-off between comprehensive gene quan-
tification and the required amount of sequence data [25].
For example, in the case of the human transcriptome,
it is estimated that ~ 40 million reads are required for
the reliable quantification of moderately abundant tran-
scripts, and as many as 500 million reads are required to
comprehensively quantify rare transcripts such as tran-
scription factors [26, 27]. In some cases, it is sufficient to
focus on the limited number of genes of interest. When
we focus on the limited number of genes, we can meas-
ure gene expression more accurately with a small num-
ber of reads. This will enable us to examine biological
phenomena with higher resolution of time, space, per-
turbation, and individual variability. Thus, cost-effective
methods of gene quantification such as targeted RNA-
Seq and related techniques that can quantify hundreds of
transcripts [28-31] are required to understand the com-
plex behaviors of biological systems.

Jasmonic acid (JA) and salicylic acid (SA) are majorly
involved in defense and stress responses in plants [32].
Although defense responses of plants could vary under
high temperature due to global warming [33, 34], little
is known about the changes that occur in gene expres-
sion levels related to JA and SA with temperature [35].
This could be partially because a large number of sam-
ples need to be analyzed, which is a laborious and costly
process.

Here, we showed that a high concentration of DTT
can inhibit intrinsic RNase in plant and animal crude
tissue lysates, but does not inhibit reverse transcriptase.
Using Direct-RT buffer containing DTT, we succeeded
in direct-lysate RT from plant, yeast, and animal sam-
ples and RNA-Seq using the lysate. Finally, we com-
bined direct-lysate RT and targeted RNA-Seq into a new
method called DeLTa-Seq, which can drastically reduce
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the cost and labor of RNA-Seq, whilst maintaining accu-
racy in quantification. DeLTa-Seq will pave the way for
large-scale research.

Results

Reducing regents inhibit RNA degradation in plant, yeast,
and animal lysates

For direct-lysate RT from plant tissues, we trialed three
reagents [CL buffer [23], CellAmp (TaKaRa, Kusatsu,
Japan), and SuperPrep (TOYOBO, Osaka, Japan)]
designed for direct-lysate RT from cultured mammalian
cells. Arabidopsis thaliana seedlings were homogenized
in these reagents, followed by a 1 h incubation at 22 °C.
RNA was purified from the lysates and checked by elec-
trophoresis. Frozen rice (Oryza sativa) leaves were also
homogenized with zirconia beads and dissolved in the
reagents. Incubation and RNA purification were con-
ducted as described above. In both cases, no peaks of
18S or 28S rRNA were detected, but short fragments of
degraded RNAs were observed (Additional file 4: Fig. S1).
The electropherograms indicated that these reagents for
direct-lysate RT from cultured mammalian cells cannot
inhibit RNA degradation in plant lysates.

Bioanalyzer electropherograms of purified RNA from
plants and zebrafish larva lysates homogenized in CL
buffer and buffers from the CellAmp and SuperPrep kits.

In a previous study [24], inactivation of RNase in
an extract prepared from dark-grown wheat required
0.5 mM DTT or more than 0.014% 2-mercaptoethanol
(2ME) [24]. Thus, we examined the ability of reducing
reagents to protect RNA in plant lysates from RNase. We
prepared 90 mM Tris—HCI (pH 7.6) containing 10 mM,
50 mM, or 100 mM DTT or 2.5% 2ME, and homog-
enized A. thaliana seedlings in these buffers. Follow-
ing a 1 h incubation at 22 °C, RNA was purified from
the lysates, followed by electrophoresis to check the
quality. No peaks were observed in the electrophero-
gram of purified RNA from the lysate in the negative
control buffer (no reducing reagents; Fig. 1), indicating
that RNA was degraded in the lysate. In contrast, clear
peaks of rRNAs were observed in the electropherograms
of purified RNA from lysates containing DTT or 2ME.
In the 10 mM DTT buffer, slight degradation of rRNA
was observed in the region shorter than the 185 rRNA
(Fig. 1). Degradation of RNA was inhibited in the buff-
ers with higher concentrations of DTT or 2.5% 2ME (RIN
7.7-8.5, rRNA ratio[255/18S] >0.7) (Fig. 1). In addition,
we examined the effect of adding reducing regents to the
lysates of O. sativa leaf and root and Triticum aestivum
coleoptile with the first leaf. Frozen rice leaves and wheat
coleoptiles were homogenized with zirconia beads, and
Tris—HCI buffers containing the reducing regents were
added. As for A. thaliana, after a 1 h incubation at 22 °C,
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Fig. 1 Reducing reagents inhibited RNA degradation in plant and animal tissue lysate. Bioanalyzer electropherograms of purified RNA from tissue
lysates (A. thaliana seedlings, O. sativa leaves, O. sativa root, T. aestivum coleoptile, S. cerevisiae, and D. rerio) containing the reducing reagents
dithiothreitol (DTT) and 2-mercaptoethanol (2ME). The columns indicate the concentrations of the reducing reagents in the homogenization
buffers. N.C. represents no reducing reagents in the buffers (negative control)

degradation of rRNA was observed in the lysates in the
buffers without any reducing reagents and with 10 mM
DTT, but not 50 mM or 100 mM DTT or 2.5% 2ME (RIN
7.1-9.0, rRNA ratio[255/18S]>0.9) (Fig. 1). Further-
more, we examined whether 100 mM DTT can protect
RNA from degradation in the lysates of yeast and animal
tissue (zebrafish larvae). A pellet of liquid-cultured Sac-
charomyces cerevisiae was homogenized with zirconia
beads, and 2 days post-fertilization zebrafish larvae were
homogenized with a pestle in Tris—HCI buffer with or
without 100 mM DTT, followed by a 1 h incubation at
22 °C and purification of total RNA. As expected, clear
rRNA peaks were observed in the RNA from lysates
with DTT but not from those without DTT (Fig. 1). It is
noted that the commercial reagents for cultured animal
cells could not prevent RNA degradation in the lysate
of zebrafish (Additional file 4: Fig. S1). We therefore

concluded that a high concentration of reducing reagents
can protect RNA from intrinsic RNase.

Moderate concentrations of reducing reagents

do not inhibit reverse transcription

Next, we evaluated the efficiency of RT in the presence
of reducing reagents. We added several different concen-
trations of DTT or 2ME to RT reaction mixes and per-
formed RT of purified total RNA from O. sativa. Then,
qPCR for the Os03g0836000 transcript coding for an
actin protein was conducted. In the manufacturer’s pro-
tocol for RTase, the addition of 5 mM DTT to RT reac-
tions is recommended to protect the RT enzyme from
oxidization, therefore 5 mM DTT was a positive control
in this experiment. RT products with 5 mM DTT showed
a 4.4 lower Ct value than the negative control (Fig. 2a). As
the concentration of DTT increased, the Ct value slightly
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increased (Fig. 2a). The same tendency was observed for
2ME, but 10% 2ME drastically diminished the efficiency
of the RT reaction (Fig. 2a). These results indicate that a
high concentration of reducing reagent (e.g., 10% 2ME)
inhibits the RT reaction, but a moderate concentration of
reducing reagent does not.

To assess whether the addition of the reducing regents
into homogenization buffer permits RT from plant
lysates, we conducted direct lysate RT of A. thaliana
seedlings, O. sativa leaf and root, and T. aestivum coleop-
tile, and quantified their actin cDNAs (AT3G18780,
0s03g0836000, and HP620998.1, respectively) (Fig. 2b—
e). Because the genomic DNA remained in the lysates,
we conducted RT with dT primers harboring an adapter
sequence at the 5 end (Additional file 3: Table S1), fol-
lowed by RT-qPCR with gene-specific and adapter-spe-
cific primers to exclusively detect cDNA synthesized by
the direct-lysate RT (Fig. 2f). Amplification of the tar-
get cDNAs was observed in lysates containing reduc-
ing reagents (Fig. 2b—e) but not in the RT(—) negative
controls. Consistent with the RNA degradation levels
in the lysates (Fig. 2a), the lysate in 10 mM DTT buffer
showed less cDNA production than the others (Fig. 2b,
c). For all plant lysates, the 100 mM DTT buffer showed
high production of actin cDNAs (Fig. 2b—e). In addition,
to check the linearity of cDNA synthesis by direct-lysate
RT, we conducted direct-lysate RT of varied amounts
of O. sativa leaf lysate and quantified the cDNA using
qPCR. The series of direct-lysate RT showed good linear-
ity between the input amount of the lysate and the cDNA
production (R>=0.991, Fig. 2g). Thus, Direct-RT buffer
(100 mM DTT/90 mM Tris—HCI (pH 7.6)) was used for
the subsequent direct-lysate RT experiments.

Direct-lysate RT can produce cDNA comparable to RT

from purified RNA

We examined bias in direct lysate RT compared with
RT of purified total RNA. We compared the results of
3’ RNA-Seq of purified RNA and lysate. The lysate of
O. sativa leaves was divided into two aliquots. One was
purified and used for 3’ RNA-Seq library preparation,
whereas the other was directly used for 3’ RNA-Seq
library preparation. We sequenced 29 and 30 technical
replicates for cDNA from the purified RNA and lysate,
respectively. To remove noise derived from total read-
number variation, we analyzed 100,000 reads subsampled
from each technical replicate. The mapping rate onto the
transcriptome reference in RNA-Seq of the lysate was
approximately 1% higher than that of the purified RNA
(Fig. 3a). In addition, the ratio of rRNA reads of the lysate
was approximately 1.7% higher than that of the purified
RNA (Fig. 3b). The numbers of detected genes in the
purified RNA and lysate were almost the same (Fig. 3c).
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Comparison of each gene expression level showed that
almost all genes were quantified equally in both methods,
although 396 of 38,194 genes were differentially quanti-
fied (Fig. 3d). Among them, 329 genes were quantified at
a higher amount in the lysate than in the purified RNA
(Fig. 3d). The transcript length of the highly quanti-
fied genes tended to be short; the average length of the
highly quantified transcripts was 799 nt, while the aver-
age length of all transcripts in the reference was 1537 nt
(Fig. 3e). It is possible that direct-lysate RT could effi-
ciently produce cDNA of short transcripts in the lysate
of A. thaliana seedlings and/or that some of the short
transcripts might be diminished through RNA purifica-
tion. In addition, we conducted the same comparison of
RNA-Seq of lysate and purified RNA from budding yeast
and zebrafish larvae. Among 6713 genes in yeast, 37 and
48 genes were highly and lowly quantified, respectively,
in RNA-Seq of the lysate (Additional file 4: Fig. S2a).
Among 57,775 genes in zebrafish larvae, 6913 and 1048
genes were highly and lowly quantified in RNA-Seq of
the lysate (Additional file 4: Fig. S2b). Unlike A. thali-
ana lysate, no bias in the transcript length was observed
in either yeast or zebrafish lysates (Additional file 4: Fig.
S2¢, d). We concluded that the direct-lysate RT method
can produce comparable or even higher amounts of
cDNA to that synthesized from purified RNA, although
RT efficiencies of some transcripts could be specifically
altered by the composition of lysates.

Direct-lysate targeted RNA-Seq (DelTa-Seq)

To develop a cost-effective and accurate gene quanti-
fication method applicable with direct-lysate RT, we
attempted to utilize targeted amplicon RNA-Seq [28].
We designed gene-specific primers for all A. thaliana
genes (https://sites.google.com/view/delta-seq/). Here,
we focused on the 100 marker genes used in a previous
study [36]. We integrated the PCR-based targeted RNA-
Seq with direct-lysate RT in a novel technique named
“Direct-Lysate Targeted RNA-Seq” (DeLTa-Seq) (Fig. 4a).
First, 1st index 1 was added by direct-lysate RT with an
oligo-dT primer harboring a unique molecular identi-
fier (UMI), followed by sample pooling (up to 384 sam-
ples). Second, part of the adapter sequence was added
to the cDNA of target genes using gene-specific prim-
ers harboring a part of the adapter sequence. Third, 2nd
indexing and target amplification were conducted using
PCR. If needed, up to 384 libraries can be pooled, which
enables simultaneous sequencing of up to 147,456 sam-
ples. To evaluate target enrichment by DeLTa-Seq, we
prepared two libraries, non-targeted RNA-seq and tar-
geted RNA-Seq (DeLTa-Seq), from the same lysate of A.
thaliana seedlings. Sequencing of these libraries gen-
erated 6,694,751 reads of the non-targeted RNA-Seq
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and 203,450 reads of DeLTa-Seq. All target genes were
quantified at higher levels in targeted RNA-Seq than in
non-targeted RNA-Seq (Fig. 4b). The ratio of reads cor-
responding to the target genes increased from 0.45% in
the non-targeted RNA-Seq to 94.9% in the targeted RNA-
Seq; more than 200-fold enrichment for the target cDNA
was achieved even with direct-lysate RT (Fig. 4c).

Targeted RNA-Seq works with a low amount of input RNA

Next, we examined the required amount of input RNA
for targeted RNA-Seq. We prepared targeted RNA-
Seq libraries from 0.01, 0.1, 1, and 10 ng of the same
purified A. thaliana total RNA with 96, 96, 10, and 5
technical replicates, respectively. After sequencing,
10,000 reads were subsampled from each replicate. The
mean ratios of the target reads to the subsampled reads
were 89.5%, 87.1%, and 87.3% in the libraries with 0.1,
1, and 10 ng inputs, respectively, compared to 1.31%

in the libraries with 0.01 ng input (Fig. 5a). While 86
genes were detected in total, the number of detected
target genes was saturated in the libraries with more
than 0.1 ng input (69.6 and 74.4 genes on average with
1 and 10 ng input, respectively), whereas very few tar-
get genes (1.26 genes on average) were detected in the
libraries with 0.01 ng input (Fig. 5b). Pearson’s corre-
lation coefficient of log2 RPM + 1 of the target genes
in each library to each 10-ng-input library was also
saturated in the libraries with more than 0.1 ng input
(Fig. 5c). Based on these results, targeted RNA-Seq
requires around 1 ng of total RNA input, and would be
applicable for small tissues.

Targeted RNA-Seq improved the reproducibility and cost
of gene quantification

To examine the reproducibility and performance of
mRNA quantification by targeted RNA-Seq, we prepared
96 technical replicates of both targeted and non-targeted
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RNA-Seq libraries using a single tube of RNA from A.
thaliana seedlings and sequenced them using a HiSeq. In
our targeted RNA-Seq, we used 10-base unique molecu-
lar identifiers (UMI), which can theoretically distinguish
a million RNA molecules from each target transcript [30,
37]. All reads were used after UMI preprocessing, result-
ing in 96 technical replicates of non-targeted RNA-Seq
of 1786180 UMI counts on average and 96 technical rep-
licates of targeted RNA-Seq of 344215 UMI counts on
average. The average UMI conversion efficiencies were
0.805 in non-targeted RNA-Seq and 0.434 in targeted
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RNA-Seq (Additional file 4: Fig. S3). We merged all
UMI counts from targeted and non-targeted RNA-Seq
(33044648 and 171473284 UMI counts, respectively)
to be used as ‘full data’ First, to evaluate the reproduc-
ibility of our targeted RNA-Seq protocol, we subsampled
from 10,000 to 150,000 UMI counts from each techni-
cal replicate of targeted RNA-Seq. Pearson’s correlation
coeflicients of log2 RPM +1 of the target genes in each
subsampled dataset for the full data were calculated.
With 150,000 UMI counts, 96 replicates showed high
reproducibility (the average of Pearson’s correlation
coefficient for the full data was 0.977) (Fig. 6a). Next, to
examine quantification performance, we merged every
eight technical replicates of non-targeted and targeted
RNA-Seq into one, resulting in 12 pseudo-technical rep-
licates. Then, we subsampled from 1000 to 2,000,000
UMI counts of targeted RNA-Seq and from 10,000 to
10,000,000 UMI counts of non-targeted RNA-Seq from
each pseudo-technical replicate. The reproducibility of
quantification of each target gene was almost saturated
at 250,000 UMI counts in the targeted RNA-Seq, and
at 5,000,000 UMI counts in the non-targeted RNA-Seq
(Fig. 6b). Similarly, Pearson’s correlation coefficients of
log2 RPM+1 of the target genes in each subsampled
dataset for the full data were saturated at 250,000 and
5,000,000 UMI counts in the targeted and non-targeted
RNA-Seq, respectively (Fig. 6¢). Thus, targeted RNA-Seq
(DeLTa-Seq) would enable us to conduct cost-effective
and accurate quantification of target gene expression by
reducing the required amount of sequence data.

DelTa-Seq revealed temperature-dependent effects

of jasmonic acid and salicylic acid

Finally, we examined the effects of JA and SA on A. thali-
ana seedlings under different temperatures with DeLTa-
Seq. Seven days after sowing, A. thaliana seedlings were
treated with 0.33 uM JA, 0.33 uM SA, and 1% EtOH
(control) at every 2 °C rise from 10 °C to 30 °C for 6 h.
These treatments were conducted with 32 replicates. A
total of 1,056 samples were analyzed with DeLTa-Seq. In
addition to Tradict gene sets [36] (gene set 1), we used
“gene set 2”, which is composed of 98 genes related to JA
and SA pathways (Additional file 3: Table S4). A total of
44,948 and 47,185 UMI counts for 65.9 and 64.1 target
genes, on average, were obtained by DeLTa-Seq analy-
sis of gene set 1 and set 2, respectively (Fig. 7a; Addi-
tional files 1, 2: Data 1 and 2). DeLTa-Seq captured
common (e.g. AT2G04040.1) and specific downstream
(e.g. AT1G44800.1) genes related to JA and SA as well
as temperature-dependent changes in gene expres-
sion (Fig. 7a). Interestingly, correlation analysis between
average log2 RPM+1 of the control at each tempera-
ture and each sample showed that the effects of JA and
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Fig. 6 Reproducibility and required UMI counts for targeted and non-targeted RNA-Seq. a Plot of Pearson’s correlation coefficients of the target
log2 RPM + 1 between each of the subsampled 96 technical replicates and the full targeted RNA-Seq dataset. The replicates were prepared using
a single tube of purified RNA from A. thaliana seedlings. b Plots of examples of the target log2 RPM + 1 in each size of subsampled sets from 12
pseudo-technical replicates of targeted and non-targeted RNA-Seq results. The same purified RNA was used for the preparation of 96 technical
replicates of non-targeted RNA-Seq. Then, groups of 8 RNA-Seq results were merged, resulting in 12 pseudo-technical replicates. ¢ Plot of Pearson's
correlation coefficients of the target log2 RPM + 1 between each subsampled set from the 12 pseudo-technical replicates and the full dataset of
targeted and non-targeted RNA-Seq. a-c Red indicates targeted RNA-Seq, gray indicates non-targeted RNA-Seq, horizontal axis labels indicate the
numbers of subsampled UMI counts

(See figure on next page.)

Fig. 7 Effects of jasmonic acid and salicylic acid on A. thaliana seedlings at ambient temperatures. a Heatmaps of scaled RPM of targets genes in A.
thaliana seedlings treated with EtOH, jasmonic acid, and salicylic acid. b Plots of Pearson'’s correlation coefficients of target log2 RPM + 1 between
each sample and average expression of EtOH-treated samples at the same temperatures. ¢ Plots of examples of the target log2 RPM + 1 in EtOH-,
jasmonic-acid- and salicylic-acid-treated A. thaliana seedlings. Magenta lines represent the trend curves of each target log2 RPM 4 1 with the
ambient temperatures. Alphabets indicate results of Tukey’s test (FDR=0.05)
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SA decreased as the temperature increased (Fig. 7a, b).
In gene set 1, which could represent genome-wide tran-
scriptional states of A. thaliana [36], correlation coef-
ficients for the control at each temperature remarkably
increased at 26 °C in JA-treated plants, while correlation
coefficients gradually increased at temperatures greater
than 22 °C in SA-treated plants (Fig. 7b); this shows
the difference in sensitivity to temperature of JA- and
SA-induced responses. In gene set 2, correlation coeffi-
cients for the control at each temperature did not change
in JA-treated plants, while they increased at>22 °C in
SA-treated plants (Fig. 7b), indicating that SA-pathway
is more sensitive to temperature than JA-pathway. In
addition, DeLTa-Seq analysis revealed various patterns
of gene expression in response to temperature changes
under JA and SA treatments. For example, AT3G50480
(HR 4) of gene set 1 was upregulated under SA but not
under JA treatment, and the effects of SA gradually
decreased at> 26 °C and disappeared at 30 °C (Fig. 7c). In
the control, AT5G64040 (PSAN) of gene set 1 was drasti-
cally up-regulated at > 26 °C, while it was up-regulated in
JA- and SA-treated plants even at>14 °C (Fig. 7c), sug-
gesting that JA and SA can affect temperature-response
of gene expression. AT2G14610 (PR 1) of gene set 2,
which is a well-established marker gene for immunity
controlled by SA [38], was down-regulated at> 18 °C in
the control and JA-treated plants (Fig. 7c). In SA-treated
plants, this trend was also observed, but the expression
was still higher even at 30 °C than that in the control and
JA-treated plants at 10 °C (Fig. 7c). This could contrib-
ute to pathogen resistance in SA-treated plants under
high temperature. Finally, the expression of AT1G75690
(LQY1I), which codes for a Zn finger protein involved in
repair and reassembly of PSII complexes [39], gradually
decreased as the temperature increased (Fig. 7). Con-
versely, its expression gradually increased in both JA- and
SA-treated plants as the temperature increased; however,
its overall expression level was lower in JA-treated plants
than the control (Fig. 7). These results show that JA and
SA switch the negative effect of temperature to a positive
effect for LQY1 expression.

Discussion

Direct-lysate RT is utilized in analyses of cultured animal
cells to avoid the labor required for RNA purification, fol-
lowed by gene expression analysis techniques such as RT-
qPCR and RNA-Seq [21, 40]. In these direct-lysate RT
methods, RNase inhibitors are usually added to the lysis
buffers to inhibit RNA degradation by intrinsic RNase.
Commercial RNase inhibitors are expensive and there-
fore it is not realistic to use them in large-scale prepa-
ration of lysates from crude plant and animal tissues.
Notably, we demonstrated that these methods cannot be
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applied to plant and animal tissues (Additional file 4: Fig.
S1). In this study, we developed a Direct-RT buffer that
facilitates cost-effective direct-lysate RT of crude plant,
yeast, and animal samples. DTT can reduce the disulfide
bonds required for the activity of RNase in lysates [24].
Because direct-lysate RT does not involve the loss of
RNA associated with purification methods, this tech-
nique is also beneficial for gene expression analysis in
small tissues from which it is difficult to purify enough
RNA for the experiments. Furthermore, DTT may con-
tribute to long-term maintenance of endogenous RNase
inhibitor activity during storage at — 20 °C [23, 41]. Thus,
our Direct-lysate RT technique will be useful not only for
gene expression analysis but also for RNA storage.

Comparison of the non-targeted RNA-Seq results from
purified RNA and lysate revealed that some transcripts
were differentially reverse transcribed in the direct-lysate
RT compared to the RT of the purified RNA (Fig. 3d;
Additional file 4: Fig. S2). For A. thaliana seedlings, the
amount of cDNA generated from rRNA in the direct-
lysate RT was double that in the RT with purified RNA,
but less than 4% of the rRNA amount (Fig. 3b). Previous
studies have shown that nonspecific priming from the
A-rich region of rRNA with the dT primer occurs in the
RT step [19, 42]. Considering that the salt concentration
will be higher in the lysate than in the purified RNA solu-
tion, and that salt increases the base-pairing stability of
nucleic acids [43], nonspecific priming by the dT primer
against non-polyA RNA such as rRNA would occur in
direct-lysate RT more than in RT with purified RNA.
In addition, direct-lysate RT in the lysate of A. thaliana
seedlings might produce more cDNA of relatively short
transcripts (Fig. 3e). Given that numerous transcripts
were differentially quantified in the zebrafish lysate
(Additional file 4: Fig. S2), it is possible that the composi-
tion of the lysates affected the binding between the tran-
scripts and the magnetic beads, causing bias in the RNA
purification step. We recommend comparison of the
RNA-Seq of a lysate with that of purified RNA as a pilot
experiment.

In this study, we examined how much input RNA was
required for accurate gene quantification. At least 0.1 ng
total RNA per sample was required for stable quantifica-
tion of the target genes (Fig. 5b, c), but targeted-RNA-
Seq with 0.1 ng total RNA resulted in abundant useless
reads (Fig. 5a). The quantity of the 100 target RNAs in
0.01 ng of total RNA could be less than 0.1 pg (1% of total
RNA), which is equal to the mRNA amount in one cell
[44], and this resulted in few detected targets (Fig. 5b),
as observed in single-cell RNA-Seq. Single-cell RNA-Seq
can only capture a small fraction of the transcriptome
of each cell and the count of most genes is zero—a phe-
nomenon known as dropouts [45]. Considering that one
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cell contains 10 pg of total RNA [44], the requirement of
DeLTa-Seq will be met by small tissue samples consisting
of around 100 cells.

A high resolution of time, space, perturbation, and sto-
chastic variation is required to understand complex bio-
logical systems via transcriptome analysis. It is difficult
to apply a non-targeted RNA-Seq strategy to thousands
of samples because of the associated sequencing costs.
Although the required read counts for robust quantifica-
tion by targeted RNA-Seq depend on the expression lev-
els of target transcripts, our study indicated that 150,000
UMI counts could be enough for targeted RNA-Seq to
quantify target transcripts (Pearson’s correlation coeffi-
cient>0.98) (Fig. 6). Given the high throughput of recent
Mlumina DNA sequencers and our UMI conversion
efficiencies (Additional file 4: Fig. S3), we can sequence
thousands of samples per lane, resulting in cost-effective
quantification of genes of interest. For example, with
the HiSeq 4000 system (Illumina, San Diego, CA, USA),
which can generate 300 million reads per lane, two thou-
sand samples can be sequenced simultaneously. These
advantages, coupled with the lack of any RNA purifica-
tion step, mean that DeLTa-Seq can drastically reduce
cost and labor involved in mRNA quantification.

DeLTa-Seq enabled us to examine the effects of JA and
SA under varying temperature conditions. Various gene
expression patterns were revealed under JA- and SA-
treatments and different temperature conditions (Fig. 7).
SA and JA not only additively up- or down-regulated
the gene expression but also acted synergistically in
response to temperature as observed for AT5¢64040 and
ATI1G75690 (Fig. 7c). Interestingly, our results showed
that genes downstream of SA are less tolerant to high
temperature than those downstream of JA (Fig. 7b).
Although JA and SA are thought to function antagonis-
tically [46], our results showed that the up-regulation
of common downstream genes, such as ATI1G80840
and AT1G28480, which codes for a pathogen-induced
transcription factor [47, 48] and a glutaredoxin fam-
ily protein regulating protein redox state and involved
in JA/SA cross-talk [49], respectively was diminished
at high temperature by SA but not by JA (Fig. 7a; Addi-
tional file 2: Data 2). There is a possibility that JA treat-
ment could partially compensate for the defense response
that is diminished by an incompetent SA pathway under
high temperature. In addition to defense responses,
it is known that both JA and SA can contribute to the
improvement of basal thermotolerance [50]. AT5¢64040,
which codes for photosystem I (PS I) reaction center
subunit PSAN, was up-regulated at>26 °C in the con-
trol (Fig. 7c) and at > 16 °C under JA- and SA-treatments.
PSNA is involved in electron transfer from plastocya-
nin to P700+, the oxidized reaction center of PS I, thus
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enhancing NADPH production and yield of photosynthe-
sis [51]. Considering that heat stress enhances electron
transfer to PS I in various photosynthetic organisms [52],
up-regulation of AT5g64040 prior to heat-stress could be
important in increasing basal thermotolerance in JA- and
SA-treated plants. As discussed above, this study pro-
vided novel insights into the interactions between JA and
SA pathways and temperature. Further studies will reveal
the detailed mechanisms and biological roles of JA and
SA under varying temperature conditions.

Conclusions

DeLTa-Seq can be applied to animals, plants, and micro-
organisms and is useful not only for large-scale studies
handling thousands of samples, such as field transcrip-
tome and chemical screening, but also for in-depth
studies of specific biological systems. For example, a
researcher can conduct a limited number of comprehen-
sive RNA-Seq analyses and find genes of interest. DeLTa-
Seq can measure the expressions of the genes of interest
in many samples required for in-depth analysis. Notably,
in our protocol, the same cDNA can be shared for both
non-targeted and targeted RNA-Seq. This advantage
enables the researcher to select non-targeted or targeted
RNA-Seq according to the aim of each round. DeLTa-Seq
will achieve cost-effective and accurate quantification of
these genes in numerous samples. The DeLTa-Seq tech-
nique will open up a novel field of research in both plant
and animal biology.

Methods

Plant materials

Seeds of Oryza sativa L. japonica ‘Koshihikari’ were
sown in nursery trays then cultivated for two weeks
under a 16-h light, 30 °C /8-h dark, 20 °C cycle.

Seeds of Arabidopsis thaliana L. (Col-0, CS70000)
were sterilized in 90% EtOH. Then, they were sown on
0.5 x Murashige and Skoog medium with 0.25% gellan
gum (Wako, Osaka, Japan), 0.05% (v/v) PPM-100 (Plant
Cell Technology, Washington, D.C., USA), 1.25 mM
MES-KOH (pH 5.7), and 0.5% sucrose followed by cul-
tivation for 21 days at 20 °C under a 16-h light/8-h dark
cycle.

Seeds of Triticum aestivum L. ‘Chinese Spring’ were
sown on 200 pL zirconia beads YTZ-1 (AS-ONE, Osaka,
Japan) with 110 pL nuclease-free water in 2 mL micro-
tubes LT-0200 (INA OPTICA, Tokyo, Japan), followed by
cultivation for 3 days under 24-h dark at 4 °C and then
8 days under 24-h light at 20 °C.
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Budding yeast material

S. cerevisiae BY4742 strain was cultured in synthetic
complete (SC) medium at 28 °C. Yeast in the exponential
phase was used in this study.

Animal material

Fertilized eggs of zebrafish (Danio rerio) were obtained
from a cross of lab stock AB provided by the Zebrafish
International Resource Center (ZIRC) at the University
of Oregon. They were maintained at 28 °C under dark
conditions until sampling. Larvae were sacrificed at 48 h
post-fertilization.

Preparation of purified O. sativa and A. thaliana RNA

Two weeks after seeding, the youngest fully expanded
leaves of O. sativa were frozen in liquid nitrogen and
stored at -80 °C prior to RNA isolation for RNA-Seq.
Frozen samples were homogenized with zirconia beads
YTZ-4 (AS-ONE, Osaka, Japan) using TissueLyser II
(Qiagen, Hilden, Germany), and total RNA was extracted
using the Maxwell 16 LEV Plant RNA Kit (Promega,
Madison, WI, USA) and the Maxwell 16 Automated Puri-
fication System (Promega). The concentration of RNA
was measured using a QuantiFluor RNA System (Pro-
mega) and Quantus Fluorometer (Promega, Madison,
W1, USA).

Seven days after seeding, bulked seedlings of A. thali-
ana were homogenized with zirconia beads YTZ-4 using
a TissueLyser II (Qiagen, Hilden, Germany), and total
RNA was extracted using the Maxwell 16 LEV Plant RNA
Kit (Promega, Madison, WI, USA) and the Maxwell 16
Automated Purification System (Promega, Madison, W1,
USA). The RNA concentration was measured using a
Quantus Fluorometer (Promega, Madison, W1, USA).

Preparation of lysate

A maximum of 9 seedlings of A. thaliana were homoge-
nized with zirconia beads YTZ-4 using a TissueLyser II in
400 pL of 90 mM Tris—HCI (pH 7.6) containing reducing
regents (10, 50, or 100 mM DTT or 2.5% 2ME), CL buffer
[50 mM Tris—HCI pH 7.6, 0.1% Igepal CA-630, 150 mM
NaCl, and 1 mM DTT] [23] or CellAmp Processing
Buffer (TaKaRa), or SuperPrep Lysis Solution (TOYOBO,
Osaka, Japan). DTT solution was freshly prepared or
stored at — 20 °C. According to the SuperPrep manufac-
turer’s instructions, 76 pL Stop Solution (TOYOBO) and
4 pL RNase inhibitor (TOYOBO) were added following
incubation for 5 min at 22 °C.

Each youngest fully expanded leaf of O. sativa was fro-
zen in liquid nitrogen and stored at -80 °C until homog-
enization. Each frozen sample was homogenized with
zirconia beads YTZ-4 using a TissueLyser II. Then, 400
pL of the same buffers used for A. thaliana seedlings
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were added, and immediately, the samples were mixed
well by vortexing. According to the SuperPrep manufac-
turer’s instructions, 76 uL Stop Solution and 4 pL RNase
inhibitor were added following incubation for 5 min at
22 °C.

Each coleoptile with the first leaf of T. aestivum was
frozen in liquid nitrogen and stored at — 80 °C until
homogenization. Each frozen sample was homogenized
with zirconia beads YTZ-4 using a TissueLyser II. Then,
400 pL of Direct-RT buffer was added, and immediately,
the samples were mixed well by vortexing.

S. cerevisiae in the exponential phase was homogenized
with zirconia beads YTZ-1 and MS-100R (TOMY, Tokyo,
Japan) in 350 pL of 90 mM Tris—HCI (pH 7.6) containing
100 mM DTT.

Three D. rerio larvae were homogenized in 50 pL of the
same buffers used for A. thaliana seedlings with a Bio-
masher II (Nippi, Tokyo, Japan). According to the Super-
Prep manufacturer’s instructions, 9.5 pL Stop Solution
and 0.5 pL RNase inhibitor were added following incuba-
tion for 5 min at 22 °C.

The concentration of RNA in each lysate was measured
using the Quant-iT RNA Assay Kit (Thermo Fisher Sci-
entific, Waltham, MA, USA) and the Infinite M1000 PRO
plate reader (TECAN, Zurich, Switzerland).

Purification of RNA from lysates

The lysate was incubated for 1 h at 22 °C. Then, a
2.5 x volume of AMpure XP beads (Beckman Coulter,
Brea, CA, USA) was added to the lysate and the mixture
was purified according to the manufacturer’s instruc-
tions. The RNA was eluted with an equal volume of
RNase-free water to the lysate. One microliter of the
purified RNA solution was electrophoresed using a Bio-
analyzer 2100 with Agilent RNA nano or pico kit (Agilent
Technologies, Santa Clara, CA, USA) to check for quality.

Direct-lysate reverse transcription

RT reactions were conducted with 1 uL of 2 uM RT
primer (CAGAAGACGGCATACGAGATGCGTCTA
CGTGACTGGAGTTCAGACGTGTGCTCTTCCGAT
CNNNNNNTTTTTTTTTTTTTTTTTTV), 0.4 pL of
25 mM dNTP (Advantage UltraPure dNTP Combina-
tion Kit; TaKaRa), 4.0 pL of 5 x SSIV Buffer (Thermo
Fisher Scientific), 0.1 pL of SuperScript IV reverse tran-
scriptase (200 U/pL, Thermo Fisher Scientific), lysate,
and nuclease-free water to make a volume of 20 pL. In
order to suppress production of cDNA from rRNA [19],
reverse transcription was carried out at 65 °C for 10 min,
followed by incubation at 80 °C for 15 min to inactivate
the enzyme.
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Quantitative PCR analysis of cDNA (RT-qPCR)

For Fig. 2, RT was performed using 250 ng (A. thali-
ana and O. sativa) or 140 ng (T. aestivum) of total RNA
in the lysate. Then, the A. thaliana and O. sativa reac-
tion mix was diluted 20 times with nuclease-free water.
The T. aestivum reaction mix was used for subsequent
experiments without dilution. The ¢cDNA amount of
AT3G18780, Os03g0836000, or HP620998.1 was meas-
ured by qPCR analysis. The composition of the qPCR
mixture is described below: 2 pL diluted cDNA solution,
gene-specific primer (CTTGCACCAAGCAGCATG
AA for AT3G18780 or GTGTGTCGGTACTTTCGTCG
for 0s03g0836000, TGACCGTATGAGCAAGGAG for
HP620998.1) [53], P7 primer for the adapter sequence
added in the RT step (CAAGCAGAAGACGGCATA
CGAGAT), and 5 puL of KAPA SYBR FAST qPCR Mas-
ter Mix (2 x) (KAPA BIOSYSTEMS, Wilmington, MA,
USA). qPCR was conducted using a LightCycler 480
System II (Roche Diagnostics, Basel, Switzerland) with
the following program: enzyme activation at 95 °C for
3 min, 40 cycles of 95 °C for 3 s and 60 °C for 30 s for
amplification.

Non-targeted RNA-Seq

For Fig. 3, Non-targeted RNA-Seq was conducted
according to the Lasy-Seq ver. 1.1 protocol [19] (https://
sites.google.com/view/lasy-seq/). RT reactions were con-
ducted with 1 pL of 2 pM RT primer (CAGAAGACG
GCATACGAGATxxxxxxxxGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCNNNNNNTTTTTTTTT
TTTTTTTTTVT (xxxxxxxx indicates index sequences
for multiplex sequencing; see Additional file 3: Table S1),
0.4 pL of 25 mM dNTP, 4.0 pL of 5 x SSIV Buffer, 2.0 puL
of 100 mM DTT, 0.1 uL of SuperScript IV reverse tran-
scriptase, template RNA (lysate or purified RNA solu-
tion) and nuclease-free water to make a volume of 20 uL.
In order to suppress production of cDNA from rRNA
[19], reverse transcription was carried out at 65 °C for
10 min, followed by incubation at 80 °C for 15 min to
inactivate the enzyme. Then, all RT mixtures of samples
were pooled and purified with Wizard SV Gel and PCR
Clean-Up System (Promega, Madison, WI, USA) accord-
ing to the manufacturer’ s instructions, except for the
use of 80% EtOH instead of Membrane Wash Solution.
The purified cDNA was eluted with 30 pL of nuclease-
free water. Second strand synthesis was conducted on
the pooled samples (30 pL) with 4 uL of 10 x blue buffer
(Enzymatics, Beverly, MA, USA), 2 uL of 2.5 mM dNTP
(Advantage UltraPure dNTP Combination Kit), 1 puL of
100 mM DTT, 1 pL of RNase H (5 U/uL, Enzymatics),
and 2 pL of DNA polymerase I (10 U/uL, Enzymatics).
The reaction was conducted at 16 °C for 2 h and kept
at 4 °C until the next reaction. To avoid the carryover
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of large amounts of rRNAs, the mixture was treated
with 1 pL of RNase T1 (1 U/pL, Thermo Fisher Scien-
tific) and 1 pL of RNase A (10 ng/pL, NIPPON GENE,
Tokyo, Japan) at 37 °C for 5 min and then stored at 4 °C
until the next reaction. Purification was conducted with
a 0.8 x volume of AMpure XP beads according to the
manufacturer’s instructions, followed by elution with
36 pL nuclease-free water. Fragmentation, end-repair,
and A-tailing were conducted in a mixture of 17.5 pL of
dsDNA, 2.5 pL of 10 x Fragmentation Buffer (Enzymat-
ics), and 5 pL of 5 x WGS Fragmentation Mix (Enzymat-
ics). The mixture was kept at 4 °C until the next reaction.
The reaction was conducted at 4 °C for 1 min, 32 °C for
7 min, 65 °C for 30 min, and then the mixture was kept
at 4 °C until the next reaction. The adapter for the next
ligation step was prepared by annealing 100 mM of
A*C*C*GAGATCTACACACTCTTTCCCTACACG
ACGCTCTTCCGA*T*C*T and /5Phos/G*A*T*CGG
AAGAGCGTCGTGTTAAATGTA*T*A*T (* signifies a
phosphorothioate bond, /5Phos/ signifies a phosphoryla-
tion) using a thermal cycler with the following program:
95 °C for 2 min, gradually cooled to 45 °C (0.1 °C/s), fol-
lowed by 45 °C for 5 min. The following were added to
the above reaction mixture: 10 pl of 5 x Ligation buffer
(Enzymatics), 8 pL of nuclease-free water, and 2 pL of
4 mM annealed adapter, followed by 5 pL of T4 DNA
ligase (Enzymatics). The ligation was conducted at 20 °C
for 15 min. The adapter-ligated DNA was purified twice
with 0.8 x volume of AMpure XP beads, followed by elu-
tion with 17 pL of nuclease-free water. To optimize the
PCR cycle for library amplification, qPCR was conducted
with 3.5 pL of the adapter-ligated DNA, 5 uL of KAPA
HiFi HotStart ReadyMix (KAPA BIOSYSTEMS), 0.5 pL
of EvaGreen dye (20 x in water; Biotium, Fremont, CA,
USA), 0.5 pL of 10 pM 5 x WGS_Pr_R1-5' primer (AAT
GATACGGCGACCACCGAGATCTACACTCGTCGG
CAGCGTC) and 0.5 pL of 10 uM PCR_P7 primer (CAA
GCAGAAGACGGCATACGAGAT). The reaction was
carried out using a LightCycler 480 II at 95 °C for 5 min,
then 30 cycles of 98 °C for 20 s, 60 °C for 15 s, 72 °C for
40 s, followed by 72 °C for 3 min, and then held at 4 °C.
The optimal number of PCR cycles was the cycle corre-
sponding to the middle of the exponential phase. Then,
the library was amplified with 12 pL of the adapter-
ligated DNA, 15 uL of KAPA HiFi HotStart ReadyMix,
1.5 pL of 10 uM 5 x WGS_Pr_R1-5' primer and 1.5 pL
of 10 uM PCR_P7 primer. The reaction was carried out
at 95 °C for 5 min, then the optimal number of cycles
of 98 °C for 20 s, 60 °C for 15 s, 72 °C for 40 s, followed
by 72 °C for 3 min, and then held at 4 °C. The amplified
library was purified with an equal volume of AMpure
XP beads and eluted with 15 pL of nuclease-free water.
One microliter of the library was electrophoresed using
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a Bioanalyzer 2100 with Agilent High Sensitivity DNA
kit to check for quality. Sequencing of 50-bp single-ends
was performed using a HiSeq (Illumina, San Diego, CA,
USA).

Design of gene-specific primers for A. thaliana

We designed gene-specific primers for A. thaliana cDNA
sequences using Primer3 [54], with the following param-
eters: Concentration of Monovalent Cations=40 mM,
Concentration of Divalent Cations=6 mM, Annealing
Oligo Concentration=25 nM, Primer Size Min/Opt/
Max =20/23/25, Primer Tm Min/Opt/Max =60/65.5/70,
Primer GC% Min/Opt/Max=30/50/55, Max Tm Differ-
ence=5, Product Size Ranges=289-889, Number To
Return=5, PRIMER RIGHT_INPUT =CAAGCAGAA
GACGGCATACGAGAT, PRIMER MAX END_ STA-
BILITY. Candidate gene-specific primers were then con-
catenated as follows: TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAG + gene-specif-primer. All candidate
gene-specific primers for all A. thaliana genes are avail-
able at https://sites.google.com/view/delta-seq/).

Direct-lysate targeted RNA-Seq (DelLTa-Seq)

For Fig. 4, RT reactions and sample pooling were con-
ducted according to the above protocol for non-tar-
geted RNA-Seq, followed by elution of pooled cDNA
with 40 pL of nuclease-free water. The eluted cDNA
(20 pL) was treated with 1 pL of RNase T1 and 1 pL of
RNase A. The reaction was conducted at 37 °C for 5 min
and then kept at 4 °C until the next reaction. Purifica-
tion was conducted with a 0.8 x volume of AMpure XP
beads according to the manufacturer’s instructions, fol-
lowed by elution with 10 pL nuclease-free water. The
adapter sequence was added to the target transcripts in
the library amplification step. The reaction mixture con-
tained 4 pL of the RNase-treated cDNA solution, 5 pL of
KKAPA HiFi HotStart ReadyMix, and 1 pL of gene-specific
primer mix (total 100 uM, see Additional file 3: Table S2).
The reaction was conducted at 95 °C for 5 min, 98 °C for
20 s, 60 °C for 15 s, 72 °C for 40 s and then kept at 4 °C
until the next reaction. Purification was conducted with
a 0.8 x volume of AMpure XP beads according to the
manufacturer’s instructions, followed by elution with 12
uL nuclease-free water. To optimize the PCR cycle for
library amplification, gPCR was conducted with 3.5 pyL
of the adapter-added DNA, 5 uL of KAPA HiFi HotStart
ReadyMix, 0.5 pL of EvaGreen dye (20 x in water), 0.5 pL
of 10 uM 2nd-index primer (AATGATACGGCGACC
ACCGAGATCTACACxxxxxxxxACACTCTTTCCCTAC
ACGA, xxxxxxxx indicates index sequences for multi-
plex sequencing, see Additional file 3: Table S3), and 0.5
pL of 10 uM PCR_P7 primer (CAAGCAGAAGACGGC
ATACGAGAT). The reaction was carried out using a
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LightCycler 480 II at 95 °C for 5 min, then 30 cycles of
98 °C for 20 s, 60 °C for 15 s, 72 °C for 40 s, followed by
72 °C for 3 min, and then held at 4 °C. The optimal num-
ber of PCR cycles was the cycle corresponding to the
middle of the exponential phase. Then, the library was
amplified with 7 pL of the adapter-added DNA, 10 pL of
KAPA HiFi HotStart ReadyMix, 1 pL of 10 uM 2nd index
primer (Additional file 3: Table S2), and 1 pL of 10 pM
PCR_P7 primer. The reaction was carried out at 95 °C
for 5 min, then the optimal number of cycles of 98 °C for
20's, 60 °C for 15 s, 72 °C for 40 s, followed by 72 °C for
3 min, and then held at 4 °C. The amplified library was
purified with an equal volume of AMpure XP beads and
eluted with 15 pL of 10 mM Tris—HCI (pH 7.6). One
microliter of the library was electrophoresed using a Bio-
analyzer 2100 with Agilent High Sensitivity DNA kit to
check for quality. Sequencing of 140-bp single-ends was
carried out with a MiSeq system (Illumina, San Diego,
CA, USA). The sequences of the first 50-bp of the 5'-end
were used in the subsequent analysis.

An update of the DeLTa-Seq protocol is available at our
website (https://sites.google.com/view/delta-seq/).

Targeted RNA-Seq

For Fig. 5, RNA was extracted from the bulked homoge-
nate of approximately 10 A. thaliana seedlings 14 days
after sowing. Then, 0.01, 0.1, 1, and 10 ng of the purified
RNA were used for reverse transcription with 96, 96, 10,
and 5 technical replicates, respectively. The following
experiments were conducted as described in the ‘Direct-
lysate targeted RNA-Seq (DeLTa-Seq)’ section.

Preparation and sequencing of 96 technical replicates

of non-targeted and targeted RNA-Seq

For Fig. 6, RNA was extracted from the bulked homoge-
nate of approximately 250 A. thaliana seedlings 7 days
after sowing. RT reactions, pooling, and purification were
conducted as described in the ‘Non-targeted RNA-Seq
for Fig. 3’ section, except that 250 ng of template RNA
was used for each technical replicate. The pooled cDNA
was eluted with 50 pL of nuclease-free water in the puri-
fication step.

For non-targeted RNA-Seq, 20 uL of pooled cDNA was
used. The following steps were conducted as described
in the ‘Non-targeted RNA-Seq for Fig. 3’ section with
some changes. Following RNase treatment, dsDNA was
eluted with 10 pL nuclease-free water. Optimization of
the PCR amplification cycle was conducted with 4 uL of
the adapter-ligated dsDNA. Then, the library was ampli-
fied using 7 pL of the adapter-ligated DNA. The ampli-
fied library was purified and eluted with 15 pL of 10 mM
Tris—HCI (pH 7.6).
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For targeted RNA-Seq, the following experiments were
conducted as described in the ‘Direct-lysate targeted
RNA-Seq (DeLTa-Seq) for Fig. 4’ section.

Equal amounts of non-targeted and targeted RNA-
Seq libraries were mixed based on qPCR-based quan-
tification with Kapa Library Quantification Kit (KAPA
BIOSYSTEMS). Sequencing of 150-bp paired-ends was
performed using a HiSeq.

Subsampling of RNA-Seq reads

Subsampling of RNA-Seq reads was conducted with
‘seqtk’ (https://github.com/lh3/seqtk) to normalize total
reads. The seed parameter ‘-s” was specified differently in
each subsampling.

Calculation and normalization of RNA-Seq count data

All obtained reads were processed with Trimmomatic
(version 0.3.3) [55] using the following parameters:
TOPHRED33 ILLUMINACLIP: TruSeq3-SE.fa:2:30:10
LEADING:19 TRAILING:19 SLIDINGWINDOW:30:20
AVGQUAL:20 MINLEN:40. This procedure removed
adapter  sequences (ILLUMINACLIP:TruSeq3-PE.
fa:2:30:10) and leading and trailing low quality or N bases
(below quality Phred score 19) (LEADING:19 TRAIL-
ING:19). In addition, the reads were trimmed when the
average quality per base dropped below 20 with a 30-base
wide sliding window (SLIDINGWINDOW:30:20).
Finally, trimmed reads with length>39 nucleotides and
average quality score>19 were output. The trimmed
reads were then mapped to the O. sativa reference
sequences of IRGSP-1.0_transcript [56, 57], rRNAs, and
transcripts coded in the mitochondria and chloroplast
genomes (GenBank: NC_001320.1 and NC_011033.1),
the A. thaliana reference sequence of Araportll repre-
sentative transcripts [58], the S. cerevisiae cDNA R64-1-1
reference sequence of ensemble [59], or D. rerio GRCz11.
cdna.all reference sequences of ensemble [59] with RSEM
(version 1.3.0) [60], using Bowtie (version 1.1.2) [61] with
default parameters.

When using UMI in the analysis, all obtained paired
reads were processed using dynacomkobe/biodocker_
rnaseq_pipeline:ver.0.2.0 with the default parameters,
with quality trimming using Trimmomatic, and quantifi-
cation with RSEM and Bowtie.

The expected counts of each gene in the RSEM out-
puts were used with R (version 3.4.2) [62] in the follow-
ing analysis. The R script used in this study was deposited
in https://github.com/naganolab/DelLTa-Seq.git. Briefly,
read counts were normalized by calculating read per
million (RPM) using the total read count of all tran-
scripts as denominators. Differentially quantified genes
(FDR=0.05) were detected as described by Sun et al.
[63].
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DelTa-Seq analysis of A. thaliana seedlings treated

with EtOH, jasmonic acid, and salicylic acid

A seed of A. thaliana was sowed in 100 pL of
0.5 x Murashige and Skoog medium in each well of a
96-well plate and grown at 20 °C under continuous light
for 7 days after vernalization treatment. Each of the 11
96-well plates was incubated at a different temperature
(10, 12, 14, 16, 18, 20, 22, 24, 26, 28 and 30 °C) for 18 h.
Then, each 96-well plate was divided into three parts of
32 wells each, and each part was filled with 50% EtOH,
or 16.5 mM of JA or SA stock solution, forming a final
concentration of 1%, 0.33 mM, and 0.33 mM, respec-
tively; the plates were incubated for an additional 6 h.
After incubation, medium was immediately discarded
using 96 channel pipette (epMotion 96 (Eppendorf,
Hamburg, Germany)), and A. thaliana seedlings were
homogenized twice in 90 s with 200 puL of 90 mM Tris—
HCI (pH 7.6) containing 100 mM DTT using TissueLyser
II (Qiagen, Hilden, Germany). DeLTa-seq libraries were
created as described above with minor modifications.
RT products were obtained from 5 pL of lysate as the
template. Pooled RT products were divided into two ali-
quots and each sample was allowed to react with either
of the two gene specific primer mixes, Tradict targeting
genes (Additional file 3: Table S2) or SA/JA-related genes
(Additional file 3: Table S4).

Heatmap analysis of DeLTA-Seq results

Heatmap of scaled log2 RPM + 1 of target genes was illus-
trated using NormalizeData, ScaleData, and DoHeata-
map in R package Seurat (version 4.05) [64].

Tukey's test
Tukey’s test was conducted with multcomp R package
(version 1.4-19) with the default parametors [65].

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513007-022-00930-x.

Additional file 1: Data 1 Expressions of gene set 1 in EtOH-, jasmonic-
acid-, and salicylic-acid-treated A. thaliana seedlings. Magenta lines
represent trend curves of each target log2 RPM + 1 with the ambient
temperatures.

Additional file 2: Data 2 Expressions of gene set 2 in EtOH-, jasmonic-
acid-, and salicylic-acid-treated A. thaliana seedlings. Magenta lines
represent trend curves of each target log2 RPM + 1 with the ambient
temperatures.

Additional file 3: Table S1 List of the RT primers harboring 1st indexes.
Table S2 List of the gene-specific primers for gene set 1 (Tradict target
gene set). Table S3. List of the PCR primers harboring 2nd indexes.
Table S4. List of the gene-specific primers for gene set 2 (JA- and SA-
related genes).

Additional file 4: Fig. S1. Performance of previously reported buffers
for mammalian cultured cells in direct-lysate reverse transcription of A.
thaliana, O. sativa, and D. rerio. Fig. S2. Comparison of RNA-Seq results of
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purified RNA and lysate of S. cerevisiae and D. rerio. Fig. S3. UMI conver-
sion efficiencies of 96 technical replicates of non-targeted and targeted
RNA-Seq.

Acknowledgements

We thank Yoichi Hashida for his advice on culture of O. sativa, Yuko Kurita

for her advice on culture of A. thaliana Yuma Wakamatsu for breeding of D.
rerio, and Takahiro Mochizuki and Fumiyoshi Abe for a kind gift of S. cerevisiae,
respectively. We also thank all our laboratory members for their help and
encouragement.

Author contributions

MK, MK, YN and NM conducted the plant experiments. SB selected the JA- and
SA-related genes. MK and HH designed and conducted the zebrafish and
yeast experiments. MK and AJN designed the plant experiments and wrote
the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by JST CREST (JPMJCR1502 to A. N.), JST FOREST
(JPMJFR210B to ANN.) and NEDO MOONSHOT Research & Development Pro-
gram, (JPNP18016 to AN.).

Availability of data and materials
The datasets generated and analyzed during the current study are available in
the SRA repository (PRINA643885 and PRINA813371).

Declarations

Ethics approval and consent to participate
All animal experiments described in this manuscript and guidelines for use of
zebrafish have been approved by Animal Care and Use Committee at Aoyama
Gakuin University (A9: valid until March 2021).

Competing interests
The authors declare that they have no competing interests.

Author details

'Research Institute for Food and Agriculture, Ryukoku University, Yokotani

1-5, Seta Oe-cho, Otsu, Shiga 520-2194, Japan. >Department of Chemis-

try and Biological Science, College of Science and Engineering, Aoyama
Gakuin University, Fuchinobe 5-10-1, Chuoku, , Sagamihara 252-5258, Japan.
3Center for Ecological Research, Kyoto University, Hirano 2-509-3, Otsu, Shiga
520-2113, Japan. “Faculty of Agriculture, Ryukoku University, Yokotani 1-5, Seta
Oe-cho, Otsu, Shiga 520-2194, Japan. 5Institute for Advanced Biosciences, Keio
University, 403-1 Nipponkoku, Daihouji, Tsuruoka, Yamagata 997-0017, Japan.

Received: 14 April 2022 Accepted: 24 July 2022
Published online: 06 August 2022

References

1. Choudhury FK, Devireddy AR, Azad RK, Shulaev V, Mittler R. Rapid
accumulation of glutathione during light stress in Arabidopsis. Plant Cell
Physiol. 2018;59:1817-26.

2. CuiPLinQ Fang D, Zhang L, Li R, Cheng J, et al. Tung Tree (Vernicia fordii,
Hemsl.) genome and transcriptome sequencing reveals co-ordinate
up-regulation of fatty acid p-oxidation and triacylglycerol biosynthesis
pathways during eleostearic acid accumulation in seeds. Plant Cell
Physiol. 2018;59:1990-2003.

3. LinY,Jiang L, Chen Q LiY, Zhang, LuoY, et al. Comparative tran-
scriptome profiling analysis of red- and white-fleshed strawberry
(Fragaria x ananassa) provides new insight into the regulation of the
anthocyanin pathway. Plant Cell Physiol. 2018;59:1844-59. https://doi.
0rg/10.1093/pcp/pcy098/5003756.

4. YoshidaT, Kawanabe T, Bo Y, Fujimoto R, Kawabe A. Genome-wide analy-
sis of parent-of-origin allelic expression in endosperms of Brassicaceae

20.

AR

22.

Page 17 of 18

Species, Brassica rapa. Plant Cell Physiol. 2018;59:2590-601. https://doi.
org/10.1093/pcp/pcy178/5085164.

Yuan S, Yan J,Wang M, Ding X, Zhang Y, Li W, et al. Transcriptomic and
metabolic profiling reveals ‘green ring’and red ring’ on jujube fruit
upon postharvest Alternaria alternata infection. Plant Cell Physiol.
2018;60:844-61.

Yuan S, Yan J,Wang M, Ding X, Zhang Y, Li W, et al. Transcriptomic and
metabolic profiling reveals “green ring”and “red ring” on jujube fruit
upon postharvest Alternaria alternata infection. Plant Cell Physiol.
2019;,60:844-61.

Huang R, Liu Z, Xing M, Yang Y, Wu X, Liu H, et al. Heat stress suppresses
Brassica napus seed oil accumulation by inhibition of photosynthesis and
BnWRIT pathway. Plant Cell Physiol. 2019;60:1457-70.

Ishimaru T, Parween S, Saito Y, Shigemitsu T, Yamakawa H, Nakazono M,
et al. Laser microdissection-based tissue-specific transcriptome analysis
reveals a novel regulatory network of genes involved in heat-induced
grain chalk in rice endosperm. Plant Cell Physiol. 2019,60:626-42.
Nagano AJ, Sato Y, Mihara M, Antonio BA, Motoyama R, Itoh H, et al.
Deciphering and prediction of transcriptome dynamics under fluctuating
field conditions. Cell. 2012;151:1358-69. https://doi.org/10.1016/j.cell.
2012.10.048.

. Nagano AJ, Kawagoe T, Sugisaka J, Honjo MN, Iwayama K, Kudoh H.

Annual transcriptome dynamics in natural environments reveals plant
seasonal adaptation. Nat Plants. 2019;5:74-83.

. Anacleto R, Badoni S, Parween S, Butardo VM, Misra G, Cuevas RP, et al.

Integrating a genome-wide association study with a large-scale tran-
scriptome analysis to predict genetic regions influencing the glycaemic
index and texture in rice. Plant Biotechnol J. 2018;13051. https://doi.org/
10.1111/pbi.13051.

. Kremling KAGG, Chen S-YY, Su M-HH, Lepak NK, Romay MC, Swarts KL,

et al. Dysregulation of expression correlates with rare-allele burden and
fitness loss in maize. Nature. 2018;555:520-3. https://doi.org/10.1038/
nature25966.

. MuirP LiS, Lou S,Wang D, Spakowicz DJ, Salichos L, et al. The real cost

of sequencing: scaling computation to keep pace with data generation.
Genome Biol BioMed Central. 2016;17:53.

. Kumar R, Ichihashi Y, Kimura S, Chitwood DH, Headland LR, Peng J, et al. A

high-throughput method for lllumina RNA-Seq library preparation. Front
Plant Sci. 2012;3:1-10.

. Nagano AJ, Honjo MN, Mihara M, Sato M, Kudoh H. Detection of

plant viruses in natural environments by using RNA-Seq. Plant Virol
Protoc Methods Mol Biol. 2015;1236:89-98. https://doi.org/10.1007/
978-1-59745-102-4.

. Townsley BT, Covington MF, Ichihashi Y, Zumstein K. BrAD-seq: breath

adapter directional sequencing: a streamlined, ultra-simple and fast
library preparation protocol for strand specific mRNA library construction.
Front Plant Sci. 2015;6:1-11.

. Ishikawa T, Kashima M, Nagano AJ, Ishikawa-Fujiwara T, Kamei Y, Todo

T, et al. Unfolded protein response transducer IRE1-mediated signaling
independent of XBPT mRNA splicing is not required for growth and
development of medaka fish. Elife. 2017;6:1-29.

. Alpern D, Gardeux V, Russeil J, Mangeat B, Meireles-Filho ACA, Breysse R,

et al. BRB-seq: ultra-affordable high-throughput transcriptomics enabled
by bulk RNA barcoding and sequencing. Genome Biol BioMed Central.
2019;20:71. https://doi.org/10.1186/513059-019-1671-x.

. Kamitani M, Kashima M, Tezuka A, Nagano AJ. Lasy-Seq: a high-

throughput library preparation method for RNA-Seq and its application
in the analysis of plant responses to fluctuating temperatures. Sci Rep.
2019,9:7091.

Yockteng R, Almeida AMR, Yee S, Andre T, Hill C, Specht CD. A method
for extracting high-quality RNA from diverse plants for next-gen-
eration sequencing and gene expression analyses. Appl Plant Sci.
2013;1:1300070.

Shatzkes K, Teferedegne B, Murata H. A simple, inexpensive method for
preparing cell lysates suitable for downstream reverse transcription quan-
titative PCR. Sci Rep 2014/4.

Huang D, Le Viet-Phuong A, Thompson EW, Dobrovic A, Blick T, Le AV-P,
et al. An optimised direct lysis method for gene expression studies on
low cell numbers. Sci Rep. 2015;5:1-10.


https://doi.org/10.1093/pcp/pcy098/5003756
https://doi.org/10.1093/pcp/pcy098/5003756
https://doi.org/10.1093/pcp/pcy178/5085164
https://doi.org/10.1093/pcp/pcy178/5085164
https://doi.org/10.1016/j.cell.2012.10.048
https://doi.org/10.1016/j.cell.2012.10.048
https://doi.org/10.1111/pbi.13051
https://doi.org/10.1111/pbi.13051
https://doi.org/10.1038/nature25966
https://doi.org/10.1038/nature25966
https://doi.org/10.1007/978-1-59745-102-4
https://doi.org/10.1007/978-1-59745-102-4
https://doi.org/10.1186/s13059-019-1671-x

Kashima et al. Plant Methods

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2022) 18:99

Wang X, Teferedegne B, Shatzkes K, Tu W, Murata H. Endogenous RNase
inhibitor contributes to stability of RNA in crude cell lysates: applicability
to RT-gPCR. Anal Biochem. 2016;513:21-7.

Chen Z, Ling J, Gallie DR. RNase activity requires formation of disulfide
bonds and is regulated by the redox state. Plant Mol Biol. 2004;55:83-96.
Clark MB, Amaral PP, Schlesinger FJ, Dinger ME, Taft RJ, Rinn JL, et al. The
reality of pervasive transcription.

Blencowe BJ, Ahmad S, Lee LJ. Current-generation high-throughput
sequencing: deepening insights into mammalian transcriptomes. Genes
Dev. 2009;23:1379-86.

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and
quantifying mammalian transcriptomes by RNA-Seq. Nat Methods.
2008;5:621-8.

Blomquist TM, Crawford EL, Lovett JL, Yeo J, Stanoszek LM, Levin A, et al.
Targeted RNA-sequencing with competitive multiplex-PCR amplicon
libraries. PLoS One. 2013;8.

Subramanian A, Narayan R, Corsello SM, Peck DD, Natoli TE, Lu X, et al. A
next generation connectivity map: L1000 platform and the first 1,000,000
profiles. Cell. 2017;171:1437-1452.e17. https://doi.org/10.1016/j.cell.2017.
10.049.

Fu GK, Xu W, Wilhelmy J, Mindrinos MN, Davis RW, Xiao W, et al. Molecular
indexing enables quantitative targeted RNA sequencing and reveals
poor efficiencies in standard library preparations. Proc Natl Acad Sci USA.
2014;111:1891-6.

Sato M, Mitra RM, Coller J, Wang D, Spivey NW, Dewdney J, et al. A
high-performance, small-scale microarray for expression profiling of
many samples in Arabidopsis-pathogen studies. Plant J. 2007;49:565-77.
https://doi.org/10.1111/j.1365-313X.2006.02972 x.

Pieterse CMJ, Van Der Does D, Zamioudis C, Leon-Reyes A, Van Wees SCM.
Hormonal modulation of plant immunity. Annu Rev. 2012;28:489-521.
https://doi.org/10.1146/annurev-cellbio-092910-154055.

Garrett KA, Dendy SP, Frank EE, Rouse MN, Travers SE. Climate

change effects on plant disease: genomes to ecosystems. Annu Rev.
2006;44:489-509. https://doi.org/10.1146/annurev.phyto.44.070505.
143420.

LiN, Euring D, Cha JY, Lin Z, Lu M, Huang LJ, et al. Plant hormone-medi-
ated regulation of heat tolerance in response to global climate change.
Front Plant Sci. 2021;11:2318.

Hum Kim J, DanveCastroverde CM, Huang S, Li C, Hilleary R, Seroka A,

et al. Increasing the resilience of plant immunity to a warming climate.
Nature. 2022;607:339. https://doi.org/10.1038/541586-022-04902-y.
Biswas S, Kerner K, Teixeira PJPL, Dangl JL, Jojic V, Wigge PA. Tradict
enables accurate prediction of eukaryotic transcriptional states from 100
marker genes. Nat Commun. 2017;8.

Kivioja T, Vahdrautio A, Karlsson K, Bonke M, Enge M, Linnarsson S, et al.
Counting absolute numbers of molecules using unique molecular identi-
fiers. Nat Methods. 2012;9:72-4.

Corina Vlot A, Dempsey DA, Klessig DF. Salicylic acid, a multifaceted
hormone to combat disease. Annu Rev. 2009;47:177-206. https://doi.org/
10.1146/annurev.phyto.050908.135202.

Lu Y, Hall DA, Last RL. A small zinc finger thylakoid protein plays a role

in maintenance of photosystem Il in Arabidopsis thaliana. Plant Cell.
2011,23:1861-75.

Sasagawa Y, Danno H, Takada H, Ebisawa M, Tanaka K, Hayashi T, et al.
Quartz-Seq2: a high-throughput single-cell RNA-sequencing method
that effectively uses limited sequence reads. Genome Biol. 2018;19:1-24.
Dickson KA, Haigis MC, Raines RT. Ribonuclease inhibitor: structure and
function. Prog Nucleic Acid Res Mol Biol. 2005;80:349-74.

Nam DK, Lee S, Zhou G, Cao X, Wang C, Clark T, et al. Oligo(dT) primer
generates a high frequency of truncated cDNAs through internal
poly(A) priming during reverse transcription. Proc Natl Acad Sci USA.
2002,99:6152-6.

Nakano S, Fujimoto M, Hara H, Sugimoto N. Nucleic acid duplex stabil-
ity: influence of base composition on cation effects. Nucleic Acids Res.
1999;27:2957-65. https://doi.org/10.1093/nar/27.14.2957.

Sasagawa Y, Nikaido |, Hayashi T, Danno H, Uno KD, Imai T, et al. Quartz-
Seq: a highly reproducible and sensitive single-cell RNA-Seq reveals
non-genetic gene expression heterogeneity. Genome Biol. 2013;14:R31.
Zappia L, Phipson B, Oshlack A. Splatter: simulation of single-cell RNA
sequencing data. Genome Biol. 2017;18:174.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 18 of 18

Thaler JS, Humphrey PT, Whiteman NK. Evolution of jasmonate and
salicylate signal crosstalk. Trends Plant Sci. 2012;17:260-70.

Dong J, Chen C, Chen Z. Expression profiles of the Arabidopsis WRKY
gene superfamily during plant defense response. Plant Mol Biol.
2003;51:21-37. https://doi.org/10.1023/A:1020780022549.

Xu X, Chen C, Fan B, Chen Z. Physical and functional interactions between
pathogen-induced Arabidopsis WRKY 18, WRKY40, and WRKY60 transcrip-
tion factors. Plant Cell. 2006;18:1310-26.

Ndamukong |, Abdallat AA, Thurow C, Fode B, Zander M, Weigel R, et al.
SA-inducible Arabidopsis glutaredoxin interacts with TGA factors and
suppresses JA-responsive PDF12 transcription. Plant J. 2007;50:128-39.
https://doi.org/10.1111/j.1365-313X.2007.03039.x.

Clarke SM, Cristescu SM, Miersch O, Harren FJM, Wasternack C, Mur LAJ.
Jasmonates act with salicylic acid to confer basal thermotolerance in
Arabidopsis thaliana. New Phytol. 2009;182:175-87. https://doi.org/10.
1111/j.1469-8137.2008.02735 X.

Haldrup A, Naver H, Scheller HV. The interaction between plastocyanin
and photosystem | is inefficient in transgenic Arabidopsis plants lacking
the PSI-N subunit of photosystem. Plant J. 1999;17:689-98. https://doi.
0rg/10.1046/j.1365-313X.1999.00419.x.

Ivanov AG, Velitchkova MY, Allakhverdiev SI, Huner NPA. Heat stress-
induced effects of photosystem I: an overview of structural and
functional responses. Photosynth Res. 2017;133:17-30. https://doi.org/10.
1007/511120-017-0383-x.

Paolacci AR, Tanzarella OA, Porceddu E, Ciaffi M. Identification and valida-
tion of reference genes for quantitative RT-PCR normalization in wheat.
BMC Mol Biol. 2009;10:11. https://doi.org/10.1186/1471-2199-10-11.
Koressaar T, Remm M. Enhancements and modifications of primer design
program Primer3. Bioinformatics. 2007,23:1289-91.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illu-
mina sequence data. Bioinformatics. 2014;30:2114-20.

Kawahara Y, de la Bastide M, Hamilton JP, Kanamori H, McCombie WR,
Ouyang S, et al. Improvement of the Oryza sativa Nipponbare reference
genome using next generation sequence and optical map data. Rice.
2013;6:4.

Sakai H, Lee SS, Tanaka T, Numa H, Kim J, Kawahara Y, et al. Rice annota-
tion project database (RAP-DB): an integrative and interactive database
for rice genomics. Plant Cell Physiol. 2018;54:1-11.

Cheng C-Y, Krishnakumar V, Chan AP, Thibaud-Nissen F, Schobel S, Town
CD. Araport11: a complete reannotation of the Arabidopsis thaliana
reference genome. Plant J. 2017;89:789-804. https://doi.org/10.1111/tpj.
13415.

Yates AD, Achuthan P, Akanni W, Allen J, Allen J, Alvarez-Jarreta J, et al.
Ensembl 2020. Nucleic Acids Res. 2020; 48.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-

Seq data with or without a reference genome. BMC Bioinformatics.
2011;12:323.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome.
Genome Biol. 2009;10:R25.

R Core Team. R: A language and environment for statistical computing.

R Foundation for Statis-tical Computing, Vienna, Austria. [Internet]. 2017.
Available from: https.//www.r-project.org/.

Sun J, Nishiyama T, Shimizu K, Kadota K. TCC: an R package for comparing
tag count data with robust normalization strategies. BMC Bioinformatics.
2013;14:1.

Hao Y, Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler A, et al.
Integrated analysis of multimodal single-cell data. Cell Cell Press.
2021;184:3573-3587.e29.

Hothorn T, Bretz F, Westfall P. Simultaneous Inference in General Paramet-
ric Models. Biometrical J. 2008;50:346-63. https://doi.org/10.1002/bimj.
200810425.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.1111/j.1365-313X.2006.02972.x
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://doi.org/10.1146/annurev.phyto.44.070505.143420
https://doi.org/10.1146/annurev.phyto.44.070505.143420
https://doi.org/10.1038/s41586-022-04902-y
https://doi.org/10.1146/annurev.phyto.050908.135202
https://doi.org/10.1146/annurev.phyto.050908.135202
https://doi.org/10.1093/nar/27.14.2957
https://doi.org/10.1023/A:1020780022549
https://doi.org/10.1111/j.1365-313X.2007.03039.x
https://doi.org/10.1111/j.1469-8137.2008.02735.x
https://doi.org/10.1111/j.1469-8137.2008.02735.x
https://doi.org/10.1046/j.1365-313X.1999.00419.x
https://doi.org/10.1046/j.1365-313X.1999.00419.x
https://doi.org/10.1007/s11120-017-0383-x
https://doi.org/10.1007/s11120-017-0383-x
https://doi.org/10.1186/1471-2199-10-11
https://doi.org/10.1111/tpj.13415
https://doi.org/10.1111/tpj.13415
https://www.r-project.org/
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1002/bimj.200810425

	DeLTa-Seq: direct-lysate targeted RNA-Seq from crude tissue lysate
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Reducing regents inhibit RNA degradation in plant, yeast, and animal lysates
	Moderate concentrations of reducing reagents do not inhibit reverse transcription
	Direct-lysate RT can produce cDNA comparable to RT from purified RNA
	Direct-lysate targeted RNA-Seq (DeLTa-Seq)
	Targeted RNA-Seq works with a low amount of input RNA
	Targeted RNA-Seq improved the reproducibility and cost of gene quantification
	DeLTa-Seq revealed temperature-dependent effects of jasmonic acid and salicylic acid

	Discussion
	Conclusions
	Methods
	Plant materials
	Budding yeast material
	Animal material
	Preparation of purified O. sativa and A. thaliana RNA
	Preparation of lysate
	Purification of RNA from lysates
	Direct-lysate reverse transcription
	Quantitative PCR analysis of cDNA (RT-qPCR)
	Non-targeted RNA-Seq
	Design of gene-specific primers for A. thaliana
	Direct-lysate targeted RNA-Seq (DeLTa-Seq)
	Targeted RNA-Seq
	Preparation and sequencing of 96 technical replicates of non-targeted and targeted RNA-Seq
	Subsampling of RNA-Seq reads
	Calculation and normalization of RNA-Seq count data
	DeLTa-Seq analysis of A. thaliana seedlings treated with EtOH, jasmonic acid, and salicylic acid
	Heatmap analysis of DeLTA-Seq results
	Tukey’s test

	Acknowledgements
	References




