










hindrance. However, the ratio could also 
represent the relative abundance between 
polyadenylated and UTR sequence–
containing mRNA.

Previous investigations on mRNA 
localization in Drosophila eggs were 
based on mRNA-reporter constructs such 
as molecular beacons (17) or injected 
fluorescent mRNA constructs (18). 
Although these methods are valuable tools 
for in vivo mRNA localization studies, the 
required genetic transformations limit these 
applications to single, well-characterized 
mRNA species. In contrast, the high 
spatial resolution of SPGE allows detailed 
mapping and quantification of any mRNA 
with suitable primers such as gene-specific 
reporters (dual-labeled fluorescent probes) 
or degenerate or random sequences.

Actin Profiling in Germinating 
Flax Roots

Because actin is often used as a house-
keeping gene (19) and plays important 
roles in vesicle transport and cell elongation 
(12,13), we monitored changes in the 
expression of two genes of this family (ACT1expression of two genes of this family (ACT1expression of two genes of this family (
and ACT2) during the first 48 h of flax seed 
germination. ACT1 mRNA showed low 
abundance (2.1 × 10× 10× 4 104 10  cps, Figure 3A) in the 4 cps, Figure 3A) in the 4

root cap 3 h after imbibition and peaked after 
9 h (1.7 × 10× 10× 6 cps) with a 40-fold increase.6 cps) with a 40-fold increase.6

ACT1 expression was higher in the 
meristem and elongation zone than in 
the root cap. Its high abundance in the 
meristem 3 h after imbibition suggests that 
ACT1 mRNA is not newly synthesized. 
Root elongation starts 16 h after imbibition 
(20) and coincides with the onset of ACT1
expression in the elongation zone (Figure 
3A).

Previous reports have linked the increase 
in actin mRNA and protein to elongation 
growth in Zea mays (14) and Zea mays (14) and Zea mays Phaseolus 
vulgaris (21) but the detection of mRNA vulgaris (21) but the detection of mRNA vulgaris
during early stages of germination was not 
possible because of lack of sensitivity of 
conventional techniques.

ACT2 Expression

Because actins belong to a large gene 
family, it is likely that developmental 
and cellular processes induce changes in 
expression of more than one actin isoform. 
The abundance of ACT2 was up to three 
orders of magnitude lower than ACT1 levels 
in all examined locations. ACT2 expression 
peaked in the root cap and meristem 12 h 
after imbibition (Figure 3B) and coincided 

with the onset of mitosis (data not shown). 
In the elongation zone, ACT2 peaked 18 
h after imbibition, similar to ACT1, but 
its abundance was 10- to 20-fold lower 
compared with the cap or meristem. Previous 
reports indicate that actin isovariants are not 
interchangeable but have discrete functions 
within a specific tissue (22). Therefore, 
ACT1 and ACT2 are likely linked to specific 
functions during elongation growth (ACT1functions during elongation growth (ACT1functions during elongation growth ( ) 
and the onset of mitosis (ACT2and the onset of mitosis (ACT2and the onset of mitosis ( ). Our data 
are the first to show an increase in expression 
of actin (ACT2of actin (ACT2of actin ( ) in the meristem at the onset 
of mitosis and corroborate different actin 
expression profiles observed during seed 
germination in Zea mays (14) and Zea mays (14) and Zea mays Phaseolus 
vulgaris (21), but with higher sensitivity and vulgaris (21), but with higher sensitivity and vulgaris
resolution.

The copy numbers of ACT2 mRNA in 
the root cap (400 cps) compared to those 
of ACT1 mRNA (8.2 × 10× 10× 6 cps) indicate a 
dynamic range of 1:20,000 for low- and 
high-abundant genes for SPGE. The high 
variability in both tested actin isoforms 
during germination also suggests that actins 
are not suitable as reference genes.

The presented gene expression 
data were not normalized to traditional 
housekeeping genes. Rather we used the 
(uniform) oligo-dT coating on the needles to 
“standardize” the performed mRNA extrac-
tions. The demonstrated reproducibility of 
needle coating eliminates the analysis of 
housekeeping genes for SPGE (Figure 1) 
and may not need further normalization.

The combination of high sensitivity, 
wide dynamic range, and minimal intru-
siveness makes SPGE ideally suited for 
analyzing mRNA at high temporal and 
spatial resolution. These characteristics 
will be useful for the assessment of gene 
expression and mRNA transport, storage, 
and longevity.

DISCUSSION

SPGE offers a novel approach to gene 
expression studies. We were able to extract 
and quantify mRNA multiple times from 
individual Drosophila eggs and embryonic Drosophila eggs and embryonic Drosophila
flax roots with unprecedented spatial and 
temporal resolution. The spatial resolution 
of SPGE depends only on the tip diameter 
of the needle. We used probes of 0.5 μm μm μ
diameter; however, larger (beveled) glass 
tips or even stainless steel needles can be 
used for impaling sturdier structures. The 
temporal resolution is limited by the time 
necessary to exchange probes and by the 
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hybridization time of the mRNA to the 
needle-bound oligonucleotides.

Although beneficial, the use of a 
micromanipulator is only required for 
sampling of microscopic structures. 
Manual sampling of larger tissues allows 
simultaneous sampling at several positions. 
Despite the minute amounts of mRNA 
extracted, SPGE sampling is bias-free 
(Figure 1, D–E). The ion concentration 
of the sampled tissue (as shown for flax 
cytoplasm) is sufficient for mRNA hybrid-
ization and not a limiting factor for the 
efficiency of repeated extractions (Figure 
1F). SPGE can be calibrated for a set 
of mRNAs to determine copy numbers 
per sample. Thus, calibrated extractions 
(Figure 1, D–E) allow comparisons among 
samples without further normalization, and 
they reduce but do not preclude the use of 
housekeeping genes.

Future experiments will examine the 
effectiveness of oligo-dTs of different 
lengths. We intend to further optimize 
the protocol by testing different storage 
conditions and the possible effect of probe 
hydration prior to sampling, which may 
affect the efficiency of our technique. 
However, unlike oligo-dTs, alternate (e.g., 
UTR) fragments are likely to differ based 
on the Tm value of the sequence and their m value of the sequence and their m

tendency to form secondary structures 
(loops or dimers). For this reason, the 
extraction efficiency of different UTR 
sequences must be examined individually.

The localization of mRNA within a 
single cell can be visualized by genetic 
transformation of the organism and 
expression of suitable reporter genes such as 
green fluorescent protein (23,24). However, 
such studies require well-identified mRNA 
species. SPGE sampling can directly 
monitor the spatial distribution of any gene, 
for which suitable primers can be designed. 
Thus, SPGE can assess mRNA transport, 
turn-over, and sequestration.

Although extraction of mRNA from 
individual cells by means of oligo-dT–
coated cantilevers of an atomic force 
microscope has been demonstrated (4), 
this technique requires special equipment 
and is limited to exposed (surface) cells 
and therefore is not suitable for tissue 
sampling. In contrast, SPGE can repeatedly 
sample single cells and tissue, if necessary 
manually. The manual sampling method 
offers an interesting prospect for cancer 
diagnoses, for example, where mRNA 
can be removed for genetic analysis of 
suspicious tissue without performing the 
typical biopsies. These advantages make 

SPGE a universal and novel tool for gene 
expression studies.
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