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Phosphorus (P) enters roots as inorganic phosphate (Pi) derived from organic and inorganic P compounds in the soil. Nucleic
acids can support plant growth as the sole source of P in axenic culture but are thought to be converted into Pi by plant-derived
nucleases and phosphatases prior to uptake. Here, we show that a nuclease-resistant analog of DNA is taken up by plant cells.
Fluorescently labeled S-DNA of 25 bp, which is protected against enzymatic breakdown by its phosphorothioate backbone,
was taken up and detected in root cells including root hairs and pollen tubes. These results indicate that current views of plant
P acquisition may have to be revised to include uptake of DNA into cells. We further show that addition of DNA to
Pi-containing growth medium enhanced the growth of lateral roots and root hairs even though plants were P replete and had
similar biomass as plants supplied with Pi only. Exogenously supplied DNA increased length growth of pollen tubes, which
were studied because they have similar elongated and polarized growth as root hairs. Our results indicate that DNA is not only
taken up and used as a P source by plants, but ironically and independent of Pi supply, DNA also induces morphological
changes in roots similar to those observed with P limitation. This study provides, to our knowledge, first evidence that
exogenous DNA could act nonspecifically as signaling molecules for root development.

Phosphorus (P) is an essential macronutrient that
limits plant growth in many situations due to a low
availability in soils (for review, see Schachtman et al.,
1998; Raghothama, 1999; Vance et al., 2003; Lambers
et al., 2008). P enters plant roots as orthophosphates
(Pi) via active transport across the plasma membrane
(Smith et al., 2003; Park et al., 2007; Xu et al., 2007).
Concentrations of Pi in soil solution are generally very
low (,10 mM; Bieleski, 1973) and plants have evolved
root specializations to access P from inorganic and
organic sources (Raghothama, 1999; Hinsinger, 2001;
López-Bucio et al., 2003; Vance et al., 2003; Lambers
et al., 2008). Roots exude enzymes and chemicals to
mobilize P directly from soil compounds or indirectly
via enhanced activity of soil microbes, and form sym-
bioseswith P-mobilizingmycorrhizal fungi (Schachtman
et al., 1998; Raghothama, 1999; Bucher, 2007).

However, similar to other nutrients, notably nitrogen,
research on P nutrition of plants has focused on inor-
ganic sources although organic P (Porg) in soil can ac-
count for 40% to 80% of the total P pool of mineral and
organic soils, respectively (Bower, 1945; Raghothama,
1999; Vance et al., 2003). Porg compounds in soils are
derived from plant residues, soil biota, and from
synthesis by soil microbes (Jencks et al., 1964). Soil
Porg is composed primarily of phospholipids, nucleic
acids, and phytin (Dyer and Wrenshall, 1941). Phytic
acid (inositol hexaphosphate) and its salts phytate,
account for a large proportion of the Porg pool of soils
(Anderson, 1980). Nucleic acids (RNA, DNA) repre-
sent approximately 1% to 2% of the soil Porg pool
(Dalal, 1977). It can be released from prokaryotic and
eukaryotic cells after death and protected against
nuclease degradation by its adsorption on soil colloids
and sand particles (Pietramellara et al., 2009).

Although Porg can be a substantial constituent of the
soil P pool, its contribution to the P nutrition of plants
is poorly understood. Porg can be converted to Pi via
root-exuded enzymes (Tarafdar and Claassen, 1988;
Marschner, 1995; Vance et al., 2003). Secretion of nucle-
olytic enzymes and breakdown of nucleic acid were
considered the reason for the observed growth of
axenic Arabidopsis (Arabidopsis thaliana) and wheat
(Triticum aestivum) on nucleic acid substrates as the sole
P source (Chen et al., 2000; Richardson et al., 2000).

Whether plants take up intact DNA has not been
reported. We recently showed that roots take up
protein, possibly via endocytosis (Paungfoo-Lonhienne
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et al., 2008). We hypothesized that roots may take up
DNA by a similar process and grew Arabidopsis in
the presence of phosphorothioate oligonucleotides
(S-DNA) labeled with Cy3-fluorescent dye. S-DNA
has a sulfur backbone and cannot be digested by plant
nucleases, allowing tracking DNA of known size into
cells (Spitzer and Eckstein, 1988). We examined if
S-DNA of 25 nucleotides in length enters root hairs and
pollen tubes as both types of cells are strongly elon-
gated and have similar polarized growth (Schiefelbein
et al., 1993; Hepler et al., 2001). We also assessed if
addition of DNA to the growth medium affects the
morphology of roots and pollen tubes. Here, we present
evidence that plants take up DNA and demonstrate
that the presence of DNA in the growth medium
enhances lateral branching of roots, and the length of
root hairs and pollen tubes, irrespective of Pi supply.

RESULTS

Arabidopsis Roots Take Up Externally Supplied DNA

To examine whether DNA, rather than nucleotides
or Pi derived from DNA, was taken up by plant roots,
nuclease-resistant phosphorothioate DNA (S-DNA)
was added to intact roots of axenic Arabidopsis.
When 1 mM Cy3-S-DNA (25-bp long) was added to
roots of Arabidopsis grown axenically in solid me-
dium, fluorescence was observed in root hairs and root
epidermis (Fig. 1, B and E). The same roots showed
strong fluorescence when stained with fluorescein
diacetate (FDA), indicating that root cells are alive
(Fig. 1C; Widholm, 1972). This observation was sup-
ported by cytoplasmic streaming in root hair cells in
which Cy3-S-DNAwas detected (Fig. 1E; Supplemen-
tal Video S1).

No fluorescence was observed in plants incubated
with free 1 mM Cy3 (Fig. 1H), confirming that fluores-
cence observed in Cy3-S-DNA incubated roots is not
caused by free Cy3 dye entering root cells. We detected
no fluorescence in roots of plants incubated with 1 mM

Rhodamine Green 3,000 molecular weight dextran
(rhodamine dextran; Fig. 1K), a molecule of a molec-
ular mass similar to Cy3-S-DNA, which further lends
confidence to the notion that Cy3-S-DNAwas actively
incorporated into root cells. We also observed inter-
nalization of Cy3-S-DNA in roots of Arabidopsis
grown axenically in liquid culture (Supplemental
Fig. S1), thus excluding the possibility that entry of
Cy3-S-DNAwas the result of damaging manipulation
of roots grown in solid medium. Taken together, the
results presented here are strong evidence that Arabi-
dopsis is able to incorporate DNA into root cells by a
process specific to DNA.

DNA in Growth Medium Increases Lateral Branching,
Lateral Root Length, and Root Hair Length

Plants grown with no or low Pi supply (0.114 mg
KH2PO4 per mL growth medium) produced more

biomass in the presence of DNA (0.8 mg herring
sperm DNA of 120–3,000 nucleotides length per mL
growth medium; Supplemental Fig. S2), confirming
that DNA was used as a P source as had been previ-
ously reported (Chen et al., 2000).

Arabidopsis plants grown with adequate Pi supply
(5.7 mg KH2PO4 per mL medium; a standard concen-
tration in Arabidopsis axenic culture) had similar dry
weight and P content regardless of the addition of
DNA (0.8 mg DNA per mL; Fig. 2, A and B), indicating
that plants in both treatments were P replete. How-
ever, the presence of DNA in the growth medium
induced changes in root morphology (Figs. 2, C–F and
3). P-replete plants grown in the presence of DNA had
significantly more lateral roots (31.4 6 2.9 per plant
and 22 6 1.7 per plant; Figs. 2C and 3, A–D) and

Figure 1. Uptake of externally supplied DNA by Arabidopsis roots.
Plants were grown on 0.53 MS medium for 11 d before adding 1 mM

Cy3-labeled S-DNA (B and E) or 1 mM free Cy3 (H) or 1 mM rhodamine-
labeled dextran (K) to the plates and incubated for 3 h. D is an enlarged
image of a living root hair cell as indicated by its cytoplasmic streaming
(Supplemental Video S1). No fluorescence was observed in plants
incubated with free Cy3 (H) or rhodamine-labeled dextran (K). Living
root cells were visualized after incubation with 5 mg mL21 FDA for
1 min (C, F, I, and L). A, D, G, and J are bright-field images of
fluorescence images B and C, E and F, H and I, and K and L, re-
spectively. Small square in K shows a fluorescence image of rhodamine-
labeled dextran. Images were taken with a confocal microscope.
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greater average lateral root length (1.52 6 0.1 cm and
0.96 0.1 cm; Fig. 3D) than plants grownwith adequate
Pi supply alone (P , 0.005). Average root hair length
was significantly (P , 0.0001) greater in P-replete
plants grown with DNA than with Pi alone (2456 11.3
mm and 131 6 4.2 mm, respectively; Figs. 2E and 3,
C–F; Supplemental Fig. S3), while length of the primary
root was similar in both treatments (Fig. 2F). Further-
more, these effects on root morphology were also
observed when purified plasmid was used as a DNA
source (Supplemental Fig. S4), ruling out the possibil-
ity that they are triggered by a compound present in
the herring sperm DNA.

Pollen Tubes of Arabidopsis and Nicotiana benthamiana
Take Up S-DNA and Have Enhanced Growth in the

Presence of DNA

Root hairs and pollen tubes have similar growth
morphology and we therefore tested if pollen tubes
take up DNA. Arabidopsis and Nicotiana benthamiana
pollen was germinated for 5 or 3 h respectively, in the
presence of S-DNA or Cy3-S-DNA to determine the
effect on pollen tube growth and possible incorpora-
tion of Cy3-S-DNA. As indicated by strong fluores-
cence inside pollen tubes, Cy3-S-DNA was taken up

into Arabidopsis (Fig. 4B) and N. benthamiana pollen
(data not shown). Similar to root hairs, pollen tubes
did not take up free Cy3 dye (Fig. 4E), confirming that
fluorescence observed in pollen incubated with Cy3-S-
DNA was due to uptake of the whole molecule (Fig.
4B). The viability of cells taking up S-DNA was
assessed using FDA staining and Figure 4C shows
that S-DNA detected in pollen tubes was taken up by
living cell. Similar to roots, pollen did not take up 1 mM

rhodamine dextran (Fig. 4H), supporting the notion
that uptake of S-DNA into roots and into pollen tubes
occurs via a similar, active process.

Adding DNA to the germinating medium as plas-
mid, circular double-stranded DNA of 5,006 nucleo-
tides in length, significantly (P, 0.0001) increased the
length of pollen tubes (Fig. 5). Pollen tube growth

Figure 2. Dry weight, P content, and root growth of Arabidopsis plants
grown on medium with and without DNA. Dry weight (A), P content
(B), and primary root length (F) were similar in plants grown with and
without DNA while number of lateral root (C), lateral root length (D),
and root hair length (E) increased in response to addition of DNA. Seeds
were germinated and cultivated for 14 d (A and B) or 11 d (C–F) on
medium containing adequate supply of Pi (5.7 mg KH2PO4 per mL
growth medium) without DNA (2DNA) or with DNA (+DNA, 0.8 mg
mL21) added. Bars of A and B represent average and SEM of four plates
with 100 Arabidopsis plants per plate. Bars represent averages and SEM

of five plants (C, D, and F) or 10 roots hairs on each of three plants (E).
Different letters indicate significant differences at P , 0.005 (C and D)
or P , 0.0001 (E). Error bars indicate SEM.

Figure 3. Root growth of axenic Arabidopsis plants on medium with or
without externally supplied DNA. Plants were grown for 11 d on
medium containing an adequate concentration of Pi (5.7 mg KH2PO4

per mL growth medium without DNA [A, C, and E] or with DNA [0.8
mgDNA per mL growth medium] added [B, D, and F]). Root hair length
(D and F) and number of lateral root (B) increased in response to the
addition of DNA. C and D are enlarged images of a and b, respectively.
E and F are enlarged images of c and d, respectively. Bright-field images
of E and F were taken with a confocal microscope.
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experiments were carried out with plasmid DNA
because, in contrast to fish sperm DNA used in the
whole-plant experiments described above, plasmid
DNA does not precipitate in the pollen-germinating
medium that contains polyethylene glycol. The length
of Arabidopsis pollen tubes with and without DNA in
the germinating medium differed significantly (P ,
0.0001), averaging 0.69 6 0.012 mm (mean 6 SEM) and
0.44 6 0.008 mm, respectively (Fig. 5C). Similarly,
average lengths of N. benthamiana pollen tubes were
0.896 0.0169 mm (with DNA added) and 0.476 0.013
mm (without DNA added; Fig. 5D).

DISCUSSION

This study provides, to our knowledge, the first
evidence that plants take up Porg in the form of DNA.
Following the observation that axenically grownArab-
idopsis and wheat can grow with DNA as the sole
source of P, it was proposed that prior to uptake, DNA
is converted into Pi by root-exuded nucleases (Abel
et al., 2000; Richardson et al., 2000). We used nuclease-
resistant S-DNA, 25-bp long and labeled with Cy3-
fluorescent dye, to demonstrate that root hairs and
pollen tubes take up S-DNA. S-DNA has a mass of
approximately 16.5 kD, somewhat less than GFP (26.9

kD) that is also incorporated into roots (Paungfoo-
Lonhienne et al., 2008). Cy3 dye is much smaller than
S-DNA and GFP with a mass of 767 D (http://flowcyt.
salk.edu/fluo.html) and was not incorporated into
roots when administered alone. Furthermore, we
show that roots of Arabidopsis cultivated in liquid
medium took up S-DNA, confirming that entry of
S-DNA is not due to damage and passive leakage into
roots or root hairs that could occur during manipula-
tion of roots grown on solid media. The pattern of
fluorescence observed following uptake of Cy3-
labeled S-DNA is strikingly similar to those seen in
roots that have taken up GFP (Paungfoo-Lonhienne
et al., 2008) as well as in transgenic plants expressing
GFP under the control of trichoblast-specific phos-
phate transporter promoters (Mudge et al., 2002, 2003).
The observation that DNA enters root trichoblasts (i.e.

Figure 4. Uptake of Cy3-labeled S-DNA and rhodamine-labeled dex-
tran by Arabidopsis pollen tubes. Bright-field images are shown (A, D,
and G) for pollen grown on germination medium for 5 h and incubated
with 1 mM Cy3-S-DNA (B), 1 mM Cy3 dye (E), and 1 mM rhodamine
dextran (H), respectively, for 1 h. Cy3 (E) and rhodamine dextran (H)
were not taken up by pollen. Living root cell were visualized by
staining with 5 mg mL21 FDA for 1 min (C, F, and I). Images were
viewed with a confocal microscope.

Figure 5. Pollen tube growth in response to external DNA supply.
Pollen tubes of Arabidopsis (A) and N. benthamiana (B) grow longer
with DNA (0.4 mg plasmid per mL germination buffer) added to the
growth medium. The length of Arabidopsis (C) andN. benthamiana (D)
pollen tubes was significantly (P , 0.0001) greater in DNA-containing
medium as indicated by different letters. Pollen was viewed after 3 h of
incubation in germinationmedium. Different letters indicate significant
differences at P , 0.0001 (C–D). Error bars indicate SEM.
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root hairs) and pollen tubes provides further evidence
that large exogenous biomolecules can enter plant
cells.
Root hairs are tip-growing, tubular-shaped out-

growths that emerge from the basal end of specialized
trichoblast cells (Foreman and Dolan, 2001). Root hairs
substantially increase the absorbing surface of roots
and have a main role for the uptake of water and
nutrients into plants (Greulach and Adams, 1967;
Parker et al., 2000). The uptake of S-DNA and previ-
ously reported uptake of protein (Paungfoo-Lonhienne
et al., 2008) appears to be restricted to root-hair-
producing trichoblast cells and root hairs. Root hairs
are the major site of Pi uptake (Gahoonia and Nielsen,
1998) as trichoblasts express the high-affinity phos-
phate transporters responsible for Pi uptake (Mudge
et al., 2002, 2003; Schunmann et al., 2004). The obser-
vation that uptake of larger molecules such as DNA
and protein occurs in trichoblasts indicates that these
specialized epidermal cells may have a more wide-
ranging ability for the acquisition of compounds from
the soil solution than previously considered. This
ability is not restricted to Arabidopsis, since uptake
of Cy3-S-DNA also occurred into root hairs and root-
hair-producing trichoblasts of tomato (Solanum lyco-
persicum; Supplemental Fig. S5), which in contrast to
nonmycorrhizal Arabidopsis, forms endomycorrhizal
symbioses.
Root hairs and pollen tubes have similar polarized

growth (Schiefelbein et al., 1993), and pollen is used to
study uptake facilitated by membrane transporters
(Komarova et al., 2008). We investigated whether
pollen tubes resemble root hairs in their ability to
take up DNA. The results showed that pollen tubes of
Arabidopsis and N. benthamiana take up Cy3-labeled
S-DNA, and, similar to root hairs, pollen tubes grew
longer in the presence of DNA. This observation
suggests that similar mechanisms of DNA uptake
and growth stimulation exist in root hairs and pollen
tubes.
The second key finding of the research presented

here is that exogenously supplied DNA affects root
morphology and pollen tube growth. Plants increase
root branching, root length, root hair density, and
length in response to P deficiency (Bates and Lynch,
1996; Ma et al., 2001; Gojon et al., 2009), yet results
presented here show that root branching, length of
lateral roots, and length of root hairs increase in the
presence of DNA, irrespective of the plant P nutrition
status. Biomass and P contents were similar in plants
grown with adequate supply of Pi in the presence or
absence of DNA, and the observed increases in root
branching and root hair length are therefore not a
response to low P supply. Similarly, DNA-derived
nitrogen or reduced carbon compounds are an un-
likely cause for the observed changes in root morphol-
ogy because plants were adequately supplied with
these compounds in the growth medium.
The ecological significance of the research presented

here may be explained by the need of plants to forage

for localized supplies of nutrients (Hutchings and
Dekroon, 1994). Root development responds to het-
erogeneous distribution of nutrients and lateral roots
proliferate preferentially within nutrient-rich zones
(Jackson et al., 1990; Robinson, 1994). Similarly to
other P forms in soil, DNA is adsorbed by soil colloids
and particles (Pietramellara et al., 2009), and DNA-
induced root proliferation could enhance access to not
only this P source but to other colocated nutrients.
Indeed, it is possible that presence of DNA is an
environmental cue for enrichment of multiple nutri-
ents in the soil, especially associated with decaying
organic matter. Our results indicate that exogenous
DNA could act nonspecifically as signaling molecules
for root development, but further research is required
to elaborate the mechanisms and the ecological rele-
vance.

CONCLUSION

We have shown that a nuclease-resistant analog of
DNA enters root hairs and pollen tubes to provide
further evidence that exogenous biomolecules of high
molecular mass can enter plant cells. Our study also
presents evidence that Porg may bemore important as a
source of P for plants than previously considered and
that exogenous DNA increases lateral root branching
and root hair length by a mechanism independent of
plant P status.

MATERIALS AND METHODS

DNA Preparations

For Arabidopsis (Arabidopsis thaliana) growth experiments, we used her-

ring sperm DNA fragments, 120 to 3,000 nucleotides in length (10 mg DNA

mL21, Roche; Chen et al., 2000). To eliminate any minor contamination with

small DNA fragments or free nucleic acids, herring sperm DNA was solubi-

lized in sterile distilled water, filter sterilized (0.22-mm Millipore Filter), and

twice subjected to dialysis at 4�C against distilled water (1:100 v/v) for 12 h.

The dialysis tubing (Spectra/Por, Spectrum Laboratories Inc.) has a nominal

Mr cutoff of 25 kD to remove traces of any contaminants of low molecular

mass. The resulting DNA (8 mg mL21) and the remaining dialysis water were

stored in aliquots at220�C. The Arabidopsis growth medium (see below) was

supplemented either with dialyzed DNA (+DNA treatment), or with an

equivalent volume of the remaining dialysis water (2DNA treatment).

Because herring sperm DNA precipitates in germination medium of pollen,

plasmid DNAwas used instead. Plasmid DNAwas isolated using a QIAGEN

plasmid giga kit, and diluted in distilled water to a final concentration of 4 mg

DNA mL21 (pGem-T Easy vector, Promega) and used for pollen tube growth

experiments. To exclude any chance that root growth was altered by biolog-

ically active compounds present in the herring sperm DNA, the root growth

experiment was repeated using purified plasmid DNA.

To study the uptake of fluorescent DNA by Arabidopsis plants and pollen

of Arabidopsis and Nicotiana benthamiana, we used Cy3-DNA (Sigma-Proligo)

and Cy3-S-DNA (Sigma-Genosys). Cy3-DNA was 25 nucleotides in length

(5#-ATGGTGAGCAAGGGCGAGGAGCTGT-3#) labeled with Cy3 at its 5#
end, and hybridized with its unlabeled antisense oligonucleotide

(5#-ACAGCTCCTCGCCCTTGCTCACCAT-3#). Cy3-S-DNA (Sigma-Genosys)

was the same as Cy3-DNA, except that the labeled strand had phosphor-

othioate rather than phosphodiester linkages along its backbone. These

sequences showed no significant homology (i.e.#14 nucleotide perfect match)

with sequences in the Arabidopsis genome. Cy3 was used as the negative

control (Molecular Probes).

DNA Uptake by Root Hairs and Pollen
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Plant Material and Growth Conditions

Arabidopsis (ecotype Columbia-0) was used in this study. To meet the

specific requirements of individual experiments, one of the following growth

conditions was used.

Petri Dish Culture

Surface-sterilized seeds were grown on petri dishes containing 25 mL of

P-free Murashige and Skoog (MS; Murashige and Skoog, 1962) basal salt

solution (M0529, Sigma-Aldrich) supplemented with 5 g L21 Suc, 5 mM KNO3,

2 mM MgSO4, 2 mM Ca(NO3)2, and 2.5 mM MES (pH 5.5). The media were

adjusted to pH 5.5 and 0.3% phytagel (Phytotechnologies) was used as

solidifying substance. Phytagel contains a minor amount of P (1 mM 6 0.5;

Bates and Lynch, 1996) and was used for all experiments. P was added as

Pi (1.25 mM KH2PO4) or as a combination of Pi (1.25 mM KH2PO4) and DNA

(0.8 mg mL21 of herring sperm DNA, equaling about 2.58 mM P). Plated seeds

were incubated in a cold room for 3 d and then transferred to a growth cabinet

(21�C, 16 h/8 h day/night, 150 mmol m22 s21) for growth in a vertical position.

After 14 d, plants were rinsed and cleaned three times in 0.5 mM CaCl2 to

remove P from plant surfaces. Plants were dried at 60�C for 2 d, weighed,

homogenized, and analyzed for P with a combustion elemental analyzer

(Thermo Finnigan EA 1112 Series, CE Instruments). The results represent

averages and SEM of four plates with 100 Arabidopsis plants per plate.

For the root growth experiment, seedlings were grown vertically for 11 d

before root morphology was assessed. The length of 10 randomly selected root

hairs was measured in three 2-mm segments at approximately 2-mm distance

from the main root axis. Primary root length, lateral root number, and lateral

root lengths of five plants were measured using the WinRhizo 2007 program

(Reagent Instruments Inc.) and the experiment was repeated twice.

For uptake experiments with fluorescent DNA, axenic Arabidopsis

and tomato (Solanum lycopersicum) were grown vertically on MS medium

(Murashige and Skoog, 1962) for 11 d. One micrometer of Cy3 (negative control)

or Cy3-S-DNAwas carefully poured on the surface of themedia. Incubationwas

carried out for 3 h in the dark and at room temperature. Roots were carefully

removedwith forceps taking the entire plant from themedium and immediately

washed twice with water before being viewed under confocal microscope as

described below. Concurrently, 1 mM of Rhodamine Green 3,000 molecular

weight dextran (rhodamine dextran; Molecular Probes) was used as another

control for the uptake of high molecular mass compounds.

Liquid Culture

In addition to solid culture, we grew plants in axenic liquid culture to

ensure that injury of roots after removal from the culture medium is not the

cause of the observed incorporation of DNA (Supplemental Fig. S1). Briefly,

Arabidopsis plants were grown axenically for 7 d in 1 mL 0.53 strength MS

medium in 24-well cell culture plates. The plates were aerated by placing on a

shaker table rotating at 80 rpm. The roots were rinsed twice with 0.53 strength

MS medium, and then Cy3-S-DNA was added to a final concentration of

0.2 mM. Roots were washed after 3 h of incubation and viewed with a confo-

cal microscope (see below).

To ensure that the root growth was not an effect from any biologically

active compound contained in herring sperm DNA, Arabidopsis plants were

axenically grown for 10 d in a 12-well cell culture plate containing 2 mL 0.53
strength MS medium with or without purified plasmid DNA (0.4 mg mL21)

added. The length of 10 randomly selected root hairs was measured in three

2-mm segments at approximately 2-mm distance from the main root axis.

Lateral root number, and lateral root lengths of 18 plants were measured as

described above.

In Vitro Pollen Germination

For pollen growth experiments, pollen from three to five flowers of

Arabidopsis or N. benthamiana was suspended in 45 mL of germination buffer

(Tang et al., 2002) supplemented with 5 mL of distilled water or 5 mL of

plasmid solution (4 mg plasmid mL21). Pollen was germinated on hanging

drops (20 mL) at 22�C for 5 h (Arabidopsis) or 6 h (N. benthamiana). Germinated

pollen was examined via microscopy (Nikon Eclipse E600) or confocal

microscopy (Carl Zeiss). Determination of Arabidopsis and N. benthamiana

pollen tube length was based on 100 pollen in three independent experiments.

For studying the uptake of fluorescent DNA, Arabidopsis pollen was

germinated as described above with 1 mM of Cy3-S-DNA, 1 mM of Cy3

(negative control), or 1 mM rhodamine dextran incorporated in the germina-

tion buffer. After 5 h incubation, pollen was examined with confocal micros-

copy as described below.

Determination of Cell Viability

Cell viability were assessed with FDA (Sigma-Aldrich) according to the

method of Widholm (1972). FDA (0.2%; w/v) stock solution in acetone was

diluted to a final concentration of 5 mg mL21 with culture medium and used

for staining plant roots and pollen on amicroscopic slide for 1 min. Roots were

washed twice before being observed under the confocal microscope.

Confocal Microscopy and Image Analysis

A Zeiss LSM510 META (Carl Zeiss) confocal laser-scanning microscope

was used with 103 dry, 203 water immersion objectives, and 403 or 603 oil

immersion objectives. DNA or S-DNA labeled with Cy3 dye and dextran

labeled with rhodamine were visualized by excitation with aHeNe laser at 543

nm and detection with a 560 to 615 nm band-path filter. Fluorescein, actively

converted from nonfluorescent FDA by living cells, was detected by excitation

with an Argon laser at 488 nm and detection with a 505 to 530 band-path filter.

Root hairs and pollen tubes were observed and measured with either a

fluorescence microscope (Nikon Eclipse E600) or the confocal microscope.

Images were captured with a SPOT camera and imported into SPOT RT

imaging software v3.5 (SPOT Diagnostic Instrument, Inc.) for the fluorescence

microscope or with a Zeiss LSM image browser (Carl Zeiss) for the confocal

microscope.

Statistical Analysis

Statistical analyses were performed using Student’s t tests (GraphPad

Prism4, GraphPad Software, Inc.).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Uptake of DNA by roots of Arabidopsis plants

grown in liquid medium.

Supplemental Figure S2. The presence of externally supplied DNA

increased growth of Arabidopsis grown without or with suboptimal

amount of Pi.

Supplemental Figure S3. Main root profile of Arabidopsis on medium

containing adequate P content with (+DNA) or without (2DNA) the

addition of DNA.

Supplemental Figure S4. Dry weight and root growth of Arabidopsis

plants grown on medium with and without plasmid DNA.

Supplemental Figure S5. Uptake of DNA by roots of tomato.

Supplemental Video S1. Cytoplasmic streaming of Cy3-labeled S-DNA

taken up into a root hair of Arabidopsis.
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