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Amplification of genomic DNA fragments by polymerase
chain reaction (PCR) is essential for plant molecular biology
approaches such as genotyping, sequencing andmutant screen-
ing (Hamajima 2001, Stepanova and Alonso 2006, Emonet et al.
2007). PCR using plant tissues without DNA purification is
often unsuccessful because contaminants from plant tissues
inhibit PCR.Therefore, laborious or costly genomic DNA purifi-
cation is required (Tan and Yiap 2009). Among commercially
available DNA purification kits, PlantSaver Whatman Flinders
Technology Associates (FTA) card has several advantages. Plant
tissue can be pounded to the cellulose-based FTA card and a
small punch of FTA card containing plant tissue can be used
directly as the PCR template after purifying DNA by several
washing steps, eliminating the DNA elution step by directly
amplifying DNA from the membrane. Plant samples on the
FTA card can be stored at room temperature for years with-
out any special equipment (GE Healthcare 2011). However,
the DNA purification step is laborious and costly, undermining
throughput.

In order to decrease labor and increase throughput in PCR-
basedmolecular diagnostic, we explored the possibility of elim-
inating the DNA purification step for PlantSaver FTA card but
failed to detect PCR products when we directly used Arabidop-
sis thaliana leaves pounded to PlantSaver FTA card (Fig. 1B).We
tested known suppressors of PCR inhibitors such as Tween-20,
a nonionic detergent (Sekikawa et al. 2008, 2011). Strikingly, we
detected PCR products when we added 2–14% Tween at the
final concentration in the PCR mixture, allowing us to skip the
DNA purification step (Fig. 1B and Supplementary Fig. S1A).
We used 4% Tween-20 condition in the following experiments
because it appears to be the optimum condition for PCR and
less concentration would be favorable for downstream applica-
tions (see Supplementary methods for detail).

Next, we explored the possibility to make a home-
made cellulose-based card as a replacement of the expensive

PlantSaver FTA card. We selected two different cellulose-based
Whatman filter papers and submerged them into buffer con-
taining SDS, which would contribute to tissue lysis and DNA
protection. After drying the paper, we pounded plant tissues
to the paper and took a small punch of the paper containing
plant tissue directly followed by PCR (Fig. 1A). These home-
made cards worked as well as the PlantSaver FTA card (Fig. 1B
and Supplementary Fig. S1A). This procedure is simple with-
out need for special chemicals or equipment, and therefore, any
laboratories would be able to produce their own cards.

To test the robustness of the method, we used two addi-
tional primer sets with replications (Supplementary Fig. S1B).
We found robust amplification of PCR products in all tested
primer sets. Furthermore, PCR efficiency did not decrease
when we used cards on which plant tissues were pounded
3 or 6 months ago (Fig. 1B and Supplementary Fig. S1B).
These plant-tissue-pounded cards were stored in a desk drawer
at room temperature. Thus, DNA on these papers was PCR-
compatible for a long period, likely for several years without any
special conditions (GE Healthcare 2011).

To demonstrate the utility of our method, we genotyped
three A. thaliana T-DNA insertion mutants. We were able to
distinguish wild-type and T-DNA insertion mutant plants in all
tested cases (Fig. 1C and Supplementary Fig. S1C). In addition
to these T-DNA insertion lines, we routinely genotype various
lines, indicating the high utility of thismethod (Supplementary
Table S1).

We tested whether we could amplify longer fragments by
our method. Although we could detect PCR products longer
than 2 kb using purified genomic DNA, the card-based sys-
tems were less efficient to amplify longer fragments, espe-
cially for homemade cards (Supplementary Fig. S1D). While
this is a limitation of our method, primers can be designed
to generate shorter fragments for genotyping. Besides, we do
not recommend our method for cloning genes, as we do not
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Fig. 1 (A) Schematic representation of sample preparation (for detail, see Supplementary methods). (1) Submergence of a filter paper in the
soaking buffer. (2) Air-drying the filter paper at room temperature (RT). (3) Applying leaf samples to FTA or the homemade paper card using
parafilm followed by air-drying at RT. (4) Punching a disk with A. thaliana leaf samples. (5) (6) Adding the disk into PCRmixture directly followed
by PCR. (B) Tween-20 facilitates PCR without DNA purification. A disk from the same PlantSaver FTA Card (FTA) or homemade card (Home 1 or
Home 2) or purified A. thaliana genomic DNA was added to PCR mixture with 0–4% of Tween-20 as template to amplify A. thaliana PBS3 gene
fragment (upper). The card with A. thaliana tissue stored for 6months was used to amplify (4% Tween-20) the same PBS3 gene fragment. Three
replicates (three different disks from the same plant leaf sample on the same card) are shown (bottom). (C) Schematic representation of T-DNA
insertion (upper) and genotyping of A. thaliana T-DNA insertion mutants (bottom). (D) Sanger sequencing (upper) and CAPS marker analysis of
A. thaliana npr1-1mutant (bottom). PCR products (PBS3 gene fragment) without purification were analyzed by Sanger sequencing and 88–101
bases are visualized as examples (upper). PCR products for NPR1 gene fragment were directly digested with restriction endonuclease NlaIII, NT,
PCR products without endonuclease digestion (bottom). (E)The cellulose-based card system is widely applicable tomultiple plant species. A disk
of three different plant leaf samples on the same PlantSaver FTA Card (FTA) or homemade card (Home1 or Home 2) or purified plant genome
DNA was used for PCR in PCR mixture containing 4% Tween-20.

know the error rate introduced during PCR in high Tween-20
concentrations.

Compared to purified genomic DNA, PCR products using
our card-based system may contain compounds that inhibit
downstream applications. Therefore, we tested whether PCR
products can be directly used for Sanger sequencing with-
out purification of the PCR product. We observed good
quality signals with the card-based systems as purified DNA

(Fig. 1D and Supplementary Fig. S1E). Next, we tested if
we could perform Cleaved Amplified Polymorphic Sequences
(CAPS) marker analysis directly using PCR products with-
out purification. We could distinguish wild-type, homozy-
gous mutant and pseudo-heterozygous (mixed wild type with
homozygote) mutant plants (Fig. 1D and Supplementary Fig.
S1E). Until now, we tested 15 restriction enzymes for CAPS
marker-based genotyping (Fig. 1D, Supplementary Fig. S1E
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and Supplementary Table S2), all of which were successful.
Taken together, these results indicate that PCR products gen-
erated by this method could be directly used for downstream
applications such as Sanger sequencing and CAPS marker
analysis.

We investigated whether our method can be used for other
plant species. We used 11 additional plant species including
major crops, such as rice, potato, soybean and tobacco plants
and found robust PCR amplification for all tested species except
for tea plants (Fig. 1E and Supplementary Fig. S1F). Thus, our
method can be used to amplify genomic DNA fragments from
many plant species if not all.

Our cellulose-based card system has a wide applicability to
PCR-based molecular approaches including genotyping T-DNA
insertion mutants, Sanger sequencing and CAPS marker analy-
sis. Ourmethodhas advantages over existingmethods. First, our
method is simple and rapid. A punch of plant tissue pounded to
the paper card is directly put into the PCRmixture, eliminating a
DNA purification step. This dramatically increases throughput,
which would allow a researcher to analyze over 1,000 samples
per day. Second, our method is low cost. We have shown that
ordinary cellulose membrane can be transformed to a DNA
storage card with a simple procedure and plant tissues on the
card can be stored at room temperature without any special
equipment. This also allows researchers to perform multiple
PCR amplification from the same sample, which is required,
for instance, for generation of high-order and combinatorial
plant mutants (Tsuda et al. 2009). Simple, rapid and inexpen-
sive sampling procedure followed by PCR in our method also
allows for molecular diagnostic assays involving DNA ampli-
fication by PCR from plant genomes in limited resource con-
ditions such as classrooms, field conditions and developing
countries.
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