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Abstract Laser microdissection (LM) combined with

microarray analysis or next-generation sequencing of

cDNA is a powerful tool for understanding molecular

events in individual cell types of plants as well as animals.

Obtaining high quality RNA is essential for this approach.

For plant tissues, paraffin-embedded sections better pre-

serve cell structure than do frozen sections. However, the

conventional method for preparing paraffin sections is a

lengthy process involving embedding the tissue and float-

ing and drying the sections, during which time RNA deg-

radation occurs. Here, we describe a method for preparing

serial sections that greatly reduces RNA degradation: we

reduced (1) the embedding time from 4–6 days to about

5 h by using a recently developed microwave method; (2)

the time of floating sections from *10 min to less than

5 min, (3) the drying time from *12 to 1 h; and (4) the

drying temperature from 42 to 4�C. With this method, we

were able to isolate higher integrity RNA from many kinds

of plant tissues than is typically obtained by the conven-

tional paraffin preparation method. The improvement in

RNA quality and yield removes a major obstacle to the

widespread use of LM with high-throughput technologies

for plants.
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Introduction

Laser microdissection (LM) allows for the isolation of

specific cells of interest from heterogeneous tissues under

a microscope with the assistance of a laser beam

(Emmert-Buck et al. 1996). LM can be used in a broad

range of plant organs and tissues where target cells can

be identified in the tissue sections via microscopy (Asano

et al. 2002; Kerk et al. 2003; Nakazono et al. 2003;

Nelson et al. 2006). To collect cells by LM, tissues fixed

in coagulating fixatives such as 75% ethanol/25% acetate

or acetone are embedded in paraffin (for paraffin-

embedded sections) or embedding media such as the

optimal cutting temperature (OCT) compound (for frozen

sections), and are cut into sections. RNA is extracted

from LM-isolated tissue sections for gene expression

analysis (Schnable et al. 2004). Recently, LM combined

with high-throughput technologies such as microarray

analysis and next-generation sequencing of cDNA has

been shown to be a powerful tool for understanding the

unique roles of individual plant cell types (Emrich et al.

2007; Nelson et al. 2006; Ohtsu et al. 2007). LM com-

bined with microarray analyses was recently used to

prepare a rice cell type-specific atlas (Hirano et al. 2008;

Hobo et al. 2008; Jiao et al. 2009; Suwabe et al. 2008).

Clearly, the RNA extracted from LM-collected cells

must be of high quality. In general, LM from frozen sec-

tions yields more RNA of high integrity than does LM
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from paraffin-embedded sections (Goldsworthy et al.

1999). However, frozen sections are not suitable for LM of

some plant tissues because freezing often damages cell

morphology. Paraffin-embedded sections provide high

histological quality, but their preparation requires condi-

tions that are conducive to RNA degradation: conventional

paraffin preparation takes several days and paraffin sections

must be floated on the surface of warm water to be properly

mounted on a glass slide and then dried overnight at warm

temperature, all of which increase the chance of RNA

degradation. To shorten the embedding process, Inada and

Wildermuth (2005) and Tang et al. (2006) used a micro-

wave method for plant tissue sections, which reduced the

total preparation time from several days to about 5 h. The

floating step can be avoided by using a tape transfer system

(Cai and Lashbrook 2006). However, this method is

expensive and time consuming, and thus is not practical for

preparing serial paraffin sections.

Here we describe a new modified method for preparing

RNA from serial paraffin sections for LM that combines

the microwave embedding method with shortened times

and reduced temperatures in the subsequent steps to pre-

pare the sections.

Materials and methods

Sample fixation

Pre-chilled chemical fixatives such as 75% ethanol/25%

acetate, 60% ethanol/40% acetate, 100% ethanol or 100%

acetone were used for fixation depending on types of target

plant tissues (Table 1). Tissues cut into pieces of about

0.5 mm each were immediately immersed in the fixative

solutions in a glass vial and were fixed under vacuum for

5 min on ice. To insure full fixation, the vacuum infiltration

step was done three times with fresh fixative. Subsequently,

samples were kept in the fixatives overnight at 4�C. All

chemicals were purchased from Wako Pure Chemical

Industries (Osaka, Japan).

Table 1 Optimal fixatives for laser microdissection (LM) for different tissues of several plant species and yields of RNA extracted from LM-

isolated tissues

Species Tissue Optimal fixatives Section

thickness

(lm)

Number of

sections

RNA

yield

(ng)

Oryza sativa Immature embryo 75% Ethanol/25% acetate 10 24 57.7–99.2

Plumule in mature embryo 75% Ethanol/25% acetate

or 100% acetone

20 10–20 47.3–216.2

Coleoptile in mature embryo 75% Ethanol/25% acetate

or 100% acetone

20 10–20 50.6–221.5

Stele, root 75% Ethanol/25% acetate 16 106–298 9.5–76.0

Cortex, root 75% Ethanol/25% acetate 16 49–103 22.1–82.1

Outer part of root (epidermis,

exodermis, sclerenchyma and cortex)

75% Ethanol/25% acetate

or 100% acetone

16 63–108 14.9–96.8

Shoot apical meristem 75% Ethanol/25% acetate 10 35–48 4.7–51.5

Inflorescence meristem 75% Ethanol/25% acetate 10 24–32 22.2–107.8

Vascular 100% Acetone 16 135–372 24.0–261.5

Microspore 75% Ethanol/25% acetate 16 400–500 12.0–42.7

Tapetum 75% Ethanol/25% acetate 16 250–300 26.2–35.3

Ovule before flowering 100% Acetone 10 83–106 33.8–63.6

Abscission layer 100% Acetone 12 58–100 10.1–27.6

Zea mays Stele, root 75% Ethanol/25% acetate 16 80–100 23.0–152.2

Cortex, root 75% Ethanol/25% acetate 16 80–100 22.3–75.4

Outer part of root (epidermis,

exodermis, sclerenchyma and cortex)

75% Ethanol/25% acetate 16 80–100 14.6–37.4

Arabidopsis thaliana Vascular, leaf 75% Ethanol/25% acetate 16 60–80 10.4–16.0

Mesophyll, leaf 75% Ethanol/25% acetate 16 60–80 8.0–10.0

Lotus japonicus Stele, root 75% Ethanol/25% acetate 14 100–200 15.1–49.9

Vascular, leaf 75% Ethanol/25% acetate 14 200–290 28.6–30.5

Mesophyll, leaf 75% Ethanol/25% acetate 14 50–100 14.6–66.2
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Paraffin-embedding using a microwave

Paraffin-embedding was followed by the microwave

method reported by Inada and Wildermuth (2005) with

minor modification.

The fixative solution in the vial was replaced with a new

pre-chilled fixative solution before start of the microwave

method. The vial was placed on ice and microwaved using

a Microwave Processor (Energy Beam Sciences, East

Granby, CT) at 250 W at 37�C for 15 min three times. The

fixative solution was replaced with a new solution each

time. For dehydration and infiltration, the microwave

power was changed to 300 W. The fixed samples were

dehydrated with 70% ethanol at 58�C for 1 min 30 s, fol-

lowed by dehydration steps of 1 min 30 s each in 80%

ethanol, 90% ethanol, 100% ethanol and absolute ethanol.

Note that when 100% acetone and 100% ethanol were used

as fixatives, the dehydration steps were skipped. For infil-

tration, absolute ethanol and 100% acetone were replaced

with 50% ethanol/50% n-butanol and 50% acetone/50%

n-butanol, respectively, followed by 100% n-butanol, with

each step microwaved at 58�C for 1 min 30 s. n-Butanol

was replaced with melted paraffin wax (Paraplast Xtra;

Fisher Scientific, Pittsburgh, PA), and specimens in par-

affin wax:n-butanol (1:1) were microwaved at 300 W at

58�C for 10 min. Subsequently, the specimens were mi-

crowaved in 100% paraffin wax at 250 W at 58�C for

10 min, followed by microwaving in 100% paraffin wax at

250 W at 58�C for 30 min 4 times. The specimens were

placed onto a plastic dish filled with new 100% paraffin

wax, and the embedded specimens were then cooled to

room temperature. After cooling, the paraffin blocks were

stored at 4�C.

Preparation of paraffin-embedded sections for LM

RNase inhibitor solution, RNAsecureTM reagent (Ambi-

on, Austin, TXA) or RNase-free water was used for

mounting of serial paraffin sections on a slide. The

RNAsecureTM reagent was diluted 25 times with RNase-

free water and was pre-incubated at 60�C for 10 min.

The pre-incubated RNAsecureTM solution or RNase-free

water was put onto a PEN membrane glass slide

(Molecular Devices, Sunnyvale, CA) heated on a hot

plate. Serial paraffin sections prepared at 10–20 lm in

thickness were floated on surface of the RNAsecureTM

Fig. 1 Isolation of rice tissues from paraffin-embedded sections by

laser microdissection (LM; a) and assessment of integrity of extracted

RNA (b). Plumule (leaves) in seed embryo, outer part of root

(epidermis, exodermis, sclerenchyma and cortex), immature embryo

from developing seed, and shoot apical meristem (SAM) in seedling

were isolated by LM. Scale bars 100 lm. Electropherograms were

obtained with an Agilent 2100 Bioanalyzer. Open and closed
arrowheads indicate the 18S and 28S ribosomal RNA peaks,

respectively. RNA quality is expressed as RNA integrity number

(RIN)
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solution or RNase-free water on the PEN membrane

glass slides, and were incubated at 57�C for 0, 2, 5, 10

or 30 min. Subsequently, the solution was removed with

a micropipette, and then residual solution was wiped off

with RNase-free paper. The sections were dried at 42�C

for 0, 0.5, 1 or 24 h, and then were further dried at 4�C

for 1 h. To remove paraffin, slides were gently immersed

in Histoclear II (National Diagnostics, Atlanta, GA) for

5 min twice, and then were air-dried completely at room

temperature.

Fig. 2 Effect on RNA integrity

of different incubation time for

floating of the serial sections on

RNase inhibitor solution or

RNase-free water followed by

isolation of plumules (leaves)

from rice seed embryos (see

Fig. 1a) by LM. The paraffin-

embedded sections were floated

on the RNase inhibitor solution

(?RNase inhibitor a–e) or

RNase-free water (-RNase

inhibitor f–j), and were

incubated at 57�C for 0 min

(a, f), 2 min (b, g), 5 min (c, h),

10 min (d, i) or 30 min (e, j).
Electropherogram images of

total RNA extracted from

LM-isolated plumules were

obtained using an Agilent 2100

Bioanalyzer. Open and closed
arrowheads indicate the 18S

and 28S ribosomal RNA peaks,

respectively. RNA quality is

expressed as RIN
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Laser microdissection

LM was performed using the Veritas Laser Microdissection

System LCC1704 (Molecular Devices). Selected areas

were captured by an infrared laser (IR laser) onto CapSure

Macro LCM Caps (Molecular Devices), and were subse-

quently cut by a UV laser (see Fig. 1). The target cells that

fused to the LCM cap were collected by removing the cap

from the tissue section.

Extraction and quantification of total RNA

and assessment of RNA quality

Total RNA was extracted from LM cells with a Pico-

PureTM RNA isolation kit (Molecular Devices) according

to the manufacturer’s protocol. The extracted total RNA

was quantified with a Quant-iTTM RiboGreen RNA

reagent and kit (Invitrogen, Carlsbad, CA) according to

the manufacturer’s protocol. The RNA yield of each

sample is shown in Table 1. The quality of total RNA

extracted from LM-collected tissues was assessed using

an RNA 6000 Pico kit on the Agilent 2100 Bioanalyzer

(Agilent Technologies, Santa Clara, CA). RNA integrity

was judged by RNA Integrity Number (RIN), which was

calculated with 2100 Expert Software (Agilent, version

B.02.02, eukaryote total RNA pico mode). The software

algorithm, developed by Schroeder et al. (2006), cate-

gorizes total RNA quality on a scale from 1 to 10, in

which 10 corresponds to intact RNA and 1 corresponds

to highly degraded RNA. RIN calculations are based on

RNA electropherograms from non-plant species. Our

experience has been that when plant electropherograms

are used, the RIN understates the true RNA quality by 1

or 2 points. As a result, plant RNA with a RIN value of

6–7 is of acceptable quality for microarray and RT-PCR

analyses.

Results and discussion

Morphology of tissue sections prepared

by the microwave paraffin preparation method

It is known that RNA of high integrity can be obtained

from tissues fixed by coagulating fixatives (e.g., alcohol

and acetone). Over the years in our laboratory we have

used four such fixatives [75% ethanol/25% acetate

(Farmer’s fixative), 60% ethanol/40% acetate, 100% etha-

nol and 100% acetone] to fix several kinds of tissues of rice

(Oryza sativa), maize (Zea mays), Arabidopsis thaliana

and Lotus japonicus using the paraffin preparation method.

The fixative found to be best for each tissue type is shown

in Table 1. Representative tissue sections prepared by the

microwave method are shown in Fig. 1.

Optimal conditions for mounting sections on a slide

Serial paraffin sections (i.e., a paraffin ribbon) are floated

on water and then flattened on a slide. This step is sus-

pected to contribute most to RNA degradation. To deter-

mine the optimum length of the floating step, we floated

serial paraffin sections of rice seed embryos (Fig. 1a) on

RNase-free water or on a solution of RNase inhibitor

(RNAsecureTM) for 0, 2, 5, 10 and 30 min at 57�C. RNA

quality was relatively preserved (RIN = *7) at incubation

times up to 10 min with the RNase inhibitor (Fig. 2a–d) or

without it (Fig. 2f–i). At 30 min, RNA quality decreased in

both the RNase inhibitor solution sample (Fig. 2e) and the

RNase-free water sample (Fig. 2j). RNA isolated from

some tissues started to degrade at 10 min (data not shown).

Therefore, in subsequent experiments, we used a floating

time of 5 min or less.

After floating the sections, the solution is removed from

the slide and the sections are dried completely to prevent

them from separating from the slide during deparaffiniza-

tion. In the conventional method, the sections are dried

overnight by evaporation at 42�C. To reduce the drying time,

we removed the solution with a micropipette, and wiped

residual solution with RNase-free paper. The slide-mounted

sections were incubated for 0, 0.5, 1 and 24 h at 42�C, and

then for 1 h in a refrigerator (4�C; Fig. 3a–h). At 0 h (before

incubation at 42�C), RNA quality was relatively preserved

for RNA treated with the RNase inhibitor (RIN = 6.9;

Fig. 3a) and untreated RNA (RIN = 6.8; Fig. 3e). However,

the RNA was degraded slightly after 0.5 h at 42�C with

the RNase inhibitor (RIN = 5.5; Fig. 3b) or without it

(RIN = 5.7; Fig. 3f). After that, degradation was faster

without the RNase inhibitor (Fig. 3g–h). Thus, we decided to

dry the sections at 4�C for at least 1 h without any incubation

at 42�C. Under these conditions, the sections would remain

attached to the slide during deparaffinization.

Together, the reduced floating time (i.e., 5 min or less)

and lower drying temperature [i.e., 4�C (for at least 1 h)]

were essential for maintaining RNA integrity with or

without the RNase inhibitor. However, we recommend

using the RNase inhibitor because it did have a slightly

positive effect at longer incubation times (Figs. 2, 3).

Use of the new method for LM of many kinds

of plant tissues

Using our method, we carried out LM on four rice tissues

(Fig. 1a; plumule in seed embryo, outer part of root,

immature embryo and shoot apical meristem). High quality
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RNA was obtained from each tissue as shown by the

electropherograms in Fig. 1b. In addition, we obtained high

yields of RNA from different tissues of several plants

(Table 1). These results show that the method is applicable

to many kinds of plant tissues.
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