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ABSTRACT

'this review on Southern and Northern analysis, rather than providing step by-Step protocols, rocuses on a critical evahiatior. of the
existing experimental methods and mndihoahons thereof . Principal parameters influencing eleetrophoresos of DNA ; RNA in agarose
gets are outlined and at the same time alterations in these parameters for optimal resolulion of DNA of varying length are discussed .
Further, methods for evaluating the quality of DNA/RNA size separation in agarose gels are described . Since efficient transfer of
DNA,/RNA froth the gel onto a membrane support is critical in both methods, several experimental approaches for transfer arc
compared . Also discussed in this review arc alternative methods for radioactive and ron-radioactive labelling of DNA probes . Finally .
detailed protocols are provided for an effective hybridization el Southern and Northern blots .
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1 . INTRODUCTION

Southern analysis allows the detection of a giv-
en DNA sequence in a complex mixture of DNA
sequences. The method was developed to identify
homologous sequences in genomic DNA and to
facilitate gene mapping . Southern blotting is also
commonly used in a variety of DNA cloning
techniques, since it allows the identification of
correct DNA fragment(s) in analytical restriction
enzyme digestions of cloned DNA material . The
method is similarly applied for the verification of
products obtained by the polymerase chain reac-
tion (PCR) technique, Northern analysis allows
the detection of a given RNA sequence in a com-
plex mixture of RNA sequences . It is used to de-
tect and quantitate a given mRNA species in cells
and tissues .

The basic principles of Southern and Northern
analysis techniques are very similar . First. the nu-
cleic acid (DNA or RNA) has to be purified from
eukaryotic cells or bacteria . In a second step the
(charged) nucleic acid is separated according to
length in a gel matrix placed into an electrical
field. Following size separation, the DNA (dena-
tured to single strands) or RNA is transferred
onto a Nylon membrane and fixed to it . Subse-
quently, the immobilized DNA or RNA is hy-
bridized to a. homologous, labelled single-strand-
ed nucleic acid ("probe") . The detection of the
hybridized probe depends on the labelling meth-
od used. With 32P-labelled probes the signal is
detected and quantified using X-ray films for au-
toradiogaphy . Standard molecular biology
manuals [1-3] provide step-by-step protocols for
Southern and Northern analysis . It is suggested
that readers familiarize themselves with these
protocols before reading this review . Here, the
aim is to critically evaluate methodological varia-
tions of essential steps in both techniques and to
provide an overview of recent technical develop-
ments .
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SOUTHERN AND NORTItERN BLOTTING

?.1 . Principal ./actors influencing elecirophore e
mobility of nucleic acids in agarose gels

Nucleic acids arc negatively charged at neutral
p11 and can therefore be separated according to
length using the sieving properties of agarosc (a
highly porous polysaccharide) and the driving
force of an electrical field . In a system where the
electrical resistance of all components remains
constant (low-voltage conditions), linear nucleic
acid molecules will move in agarose at a velocity
proportional to the voltage applied . It should he
emphasized that the driving force for nucleic
acids in an agarose gel is not the voltage set oil
the power supply, but the voltage gradient per
unit length effective in the gel matrix . In a typical
electrophoresis system this voltage gradient is
mainly dependent on the geometry of the electro-
phoresis chamber, on the geometry and composi-
tion (i .e . the total resistance) of the gel. and on
the volume and ionic strength (i.e . the total resis-
tance) of the buffer used . At a set voltage the
following rules apply : 'I'he greater the distance
between the electrodes of the electrophoresis
chamber, the lower the effective voltage gradient
and the velocity of nucleic acid migration . An
increase in gel thickness or holler volume also
leads to a lower effective voltage gradient in the
gel matrix . Theoretically. the actual voltage gra-
dient in the gel could be measured with a
high-resistance voltmeter, but in practice this is
not done. In many publications the parameter
V/em (voltage set at the power supply per cm
distance between the two electrodes not the
voltage gradient per unit length!) is indicated -
this is obviously not sufficient to define exactly an
electrophoresis system. (For a more detailed dis-
cussion of physical parameters influencing aga-
rose electrophoresis see ref 4 .) In practice, one
should keep the gel geometry as well as the buffer
volume and composition constant and determine
the optimal voltage for a given application em-
pirically . Ideally, the agarose gel should he cov-
ered by 3-4 mm of buffer . The maximal voltage
applicable is limited by the heat generated in the
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gel . With higher effective volta ge gradients .m con-
stant buffer recirculation is recommended to pre-
vent temperature gradients . Increase in voltage
will eventually lead to melting of the agarose gel .
However, since optimal separation of nucleic
acids is usually achieved at low-voltage condi-
tions, overheating of the gel is not a limitation
with the commonly used low-salt buffers .

As a general rule, double-stranded (ds) linear
DNA or RNA migrates through a gel matrix at a
velocity approximately inversely proportional to
the logu ; of the number of base pairs [5] . Condi-
tions used to achieve optimal size separation vary
depending on whether DNA or RNA is analysed .
Electrophoresis parameters for both techniques
are therefore discussed in detail in the following
chapters .

2.2. Agarose gel electrophoresis mid blotting nj'
))AA

Southern analysis was developed by E. M .
Southern in 1975 [6] . It is used to detect a given
DNA sequence in a complex mixture of DNA
sequences, e .g . in restriction mapping of genes or
in the detection of restriction fragment length
polymorphism. Since its original description, the
principle of Southern analysis has remained es-
sentially unchanged . The main modifications
have been the introduction of Nylon membranes
instead of cellulose nitrate for binding of blotted
DNA, and the establishment of vacuum blotting
instead of capillary transfer [7,SJ . Today, agarose
electrophoresis allows separation of 1)NA rang-
ing from 200 base pairs (bp) to 10 106 hp. How-
ever, no single gel system allows the separation of
nucleic acids over this range of length . The "clas-
sical'" Southern analysis can resolve DNA be-
tween 200 by and 20 kilohase pairs (kbp) . For
separation of DNA shorter than 200 hp or for
optimal resolution in the range of 10 by to I kbp,
polyacrylamide gel systems are applied [9 11] .
DNA larger than 20 khp is analysed using the
pulsed-field gel electrophoresis technique [12] .

By tar the majority of applications of Southern
analysis require the discrimination of DNA in the
range of 0.2 20 khp, and this is discussed below .

In "classical" Southern analysis various param-
eters are modified to achieve optimal resolution
in the desired range of DNA length. Two impor-
tant parameters are the percentage and the cotn-
position of the agarosc gel used. When resolving
DNA of 0.2 I kbp, good results are achieved
with 2-4% agarosc gels using a 3 :1 mixture of
low-melting agarose and standard agarosc (prod-
uct information provided by FMC BioProduets,
Rockland, ME. USA). These high-percentage
gels arc typically used for Southern analysis of
PCR products or cloned DNA . Since the amount
of target DNA is not limiting in these applica-
tions. sufficient amounts of size-separated DNA
can be transferred onto a membrane support in
spite of the high density of the agarose matrix .
For the analysis ofgenomir DNA, 0.7-1 .2% aga-
rose gels are used . Gels below 0.7% are difficult
to handle, while transfer efficiencies with high-
percentage gels (> 1 .2%) are unsatisfactory in
the analysis of single-copy genes where the
amount of target DNA is the limiting factor . Ta-
ble I provides a guideline for the percentage of
agarose gels used to achieve an optimal resolu-
tion in the 0.2-20 kbp range, as well as the ap-
proximate migration of two commonly used
dyes, relative to DNA length standards, in gels of
various agarose percentage .
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" Partly adapted Iron ref. 2 and product mtormatioti prorided
by FMC BieProducta (Rockland, ME. USA) .

" Approximate dye migration in TAE buffer t0 .f)4 14 irk-ac ;-
late, I m L1 EDTA, pH B .0) relative to DNA standards, varies
,lightly with varim's agarosc brands .

` Agarose bland of three parts tOW-melting agarose and one part
standard agarose (FMC BitiProduci ,) .

TABLE I

OPTIMAL RESO1.I :TTON OF
I,ENGIH IN AGAROSE GFT .S'

DNA OF VARYING

Size of DNA Al-arose Bromnphenol hloe
fragment (kbp) concentration dye imgranen'

0,1-4 5 4% agarose blend' 35 by
0.5-1 .0 3%, agarose blend Not determined
0.4 6 1 2% agarose 400 hp
121 0 .7% agarose 700 hp
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A

- 2 .3
2 .3- - 2 .0
2.0 -

F1 a . I . h lecl of .oft geccadlhons on size separation of csDNA
of various ]cugWs . Hired IIcat lambda DNA was separated zl .c-
tropboretical.y at 28 V37 mA rot 16 h (A) or al 70 V 9? mA for
5 .25', with buffer recirculation 1111 : all olhcr paran•c tcrn were
ide-tical . It is apparent Ihar .ow-voltage. car iitions favour siic
separation or fNA between 2.0 and 9 .4 khp. whereas DNA b-
wrrn 9 .4 and 27 .1 khp migralcs relaLivelp la,Ler at hi g h lullage
cordilinns .

A second parameter in DNA electrophoresis,
which has major elTeers on resolution .. is the volt-
age applied . I ligh voltage combined with short
run times gives optimal size separation of DNA
10 20 kbp in length, whereas low voltage com-
bined with long run times gives good resolution
between I and 10 kbp . An example is given in
Fig . I . As mentioned before. the application of
high voltage requires a constant buffer recircula-
tion to avoid uneven heat distribution in the gel ;
buffer system, whereas this is not necessary with
low-voltage runs .

For the analysis of single-copy genes most
standard protocols suggest the use of 10 pg of
DNA. By changing the geometry of the sample
wells in the gel, the same signal can in my experi-
ence he achieved with 2 .5 gg of DNA, an impor-
tant aspect in all applications where the amount
of DNA is limiting . To this end I use 2 .7 num x
1 .5 mm combs to generate gel pockets with a vol-
ume of 13 fat . Electrophoresis and blotting are
performed according to standard protocols . Ail
important prerequisite in the analysis of single-
copy genes is an optimal restriction enzyme di-
gestion of genomic DNA . Statistically, if 80% of

B
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restriction enzyme sites are cut, only 644%1 (O .S x
0.8) of fragments with the correct size are gener-
ated. When digesting mini-prep genomic DNA,
which is often less pure than standard prepara-
tions, the addition of spermidine (5 m of final) to
intermediate- or high-salt enzymatic reactions
considerably improves the final result [13-15j-

Staining of the electrophoresed DNA is very
infonnative . This can easily be achieved with the
use of dyes binding to DNA (and RNA), such as
ethidi um hromidc (EtBr) . The gels can be stained
after clcetrophoresis, but the results are subopti-
mal. Best staining of DNA in achieved with EtBr
present during electrophoresis . EtBr is added to a
final concentration 40.5 agiml, both to the
melted agarose (cooled to 55°C) and to the electro-
phoresis buffer . This procedure allows a constant
monitoring of DNA migration and also a final
photographic documentation of the size-separat-
ed DNA- Staining of restriction enzyme-digested
genomic DNA is particularly informative . W hen
size-separating enzyme-restricted genomic DNA
I use 15-cm-long gels and electrophoresis condi-
tions under which short DNA fragments are still
retained in the lower portion of the gel . After
electrophoresis, distinct bands become visible in
this lower portion of the gel . These bands result
from restriction site repeats in genomic DNA and
are characteristic of the restriction enzyme used
(Fig . 2) . Their appearance confirms all adequate
enzymatic digestion of the genomic DNA ae well
as a correct size separation during gel elcctropho-
resis . 9CNr photographing, I cut off the lower .5
cm of the gel and use the remaining gel for South-
ern blotting (when analysing DNA >2,5 kbp) . It
should he noted that EtBr is a powerful mutagen .
The use of EIBr requires appropriate inaclivati on
of the mutagenic properties of the dye before dis-
posal [2j .

Alter electrophoresis. the DNA is transferred
onto a membrane support . Many protocols still
suggest the use of nitrocellulose for this purpose .
In my opinion, Nylon membranes are clearly su-
perior to nitrocellulose because of their higher
DNA ; RNA binding capacity and their greater
mechanical strength on stripping and rcprobing .
A systematic comparison of a large number of
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1-i 2.Rearicliorsiterepeu!,ingennmicDNA .Humanpennm-
ic DNA was digested with the resliic :ion enzyme HindlII and
s 7c-cpsrated by agarose (U.7'$,) gel electrnphore5is ut 28 V for
IS h in the nrscnce of ethidium bromide (0 .5 pghn1J- Note the
appcaraace of a hand characteristic of a Jil,all digestion (ar-
row) caused by reslric .ion site rpcaLs in go nomic DNA .

Nylon membranes for use in Southern and
Northern analysis has been conducted [16 .171 ..
however, the hybridization protocols used may
not have been optimal for all membrane types
tested. I have compared Nylon membranes from
several major manufacturers under identical
blowing%hybridization conditions and found only
insignificant differences . Before DNA transfer I
strongly recommend -'soaking" the Nylon mcm-
brane in the transfer buffer used (typically 20 x
SSC; I x SSC is 0_15 hl sodium chloride, 0 .015
A1 sodium citrate, pl1 7 .0) for more than 30 min,
since this prevents a "moth-eaten" appearance of
transferred DNA on hybridization .

Several parameters are critical to achieve an
optimal transfer of DNA from a gel to a mem-
brane support. First of all. the dsDNA has to he
denatured to single-stranded DNA, and tlus is
achieved by soaking the eel in 0 .5 bf sodium hy-
droxide plus I .5 Al sodium chloride for 45 grin .
F' or the analysis of DNA > 5 kbp many proto-
cols recommend depurinatiug the DNA prior to
denaturation by soaking the gel in 0 .2 Al hydro-
chloric acid for 5-I S min [11 . The depurination by
hydrochloride, upon subsequent denaturation by
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sodium hydroxide, leads to nicks in the DNA
strands, resulting in a . breakdown of long DNA
fragments into shorter pieces . These shorter frag-
ments are more efficiently transferred in the blot-
ting process . In my experience the depurination
step introduced by Wahl ci ad . [18] is not required .
However, if used, the duration of the exposure of
the gel to 0 .2 W hydrochloric acid should be care-
fully determined, since extensive depurination
and nicking of DNA will draolieally reduce the
hybridization signal finally obtained . Obviously,
the size of target DNA as well as gel thickness
and percentage have to he taken into account in
this procedure . For high-molecular-mass DNA,
as used in pulsed-field gel electrophoresis . nicking
of DNA is an absolute requirement and can also
he achieved by exposing the gel to short-wave
UV light [19]. In contrast to the depurination
step, the denaturation step with 0 .5 1 sodium
hydroxide plus 1 .5 Al sodium chloride is obliga-
LOry. Alter a subsequent neutralization step
(soaking of the gel in 1 A3 Tris_ 1 .5 Al sodium
chloride. pH 7 .4, for 45 min), the DNA is trans-
ferred onto a membrane support .
For the physical transfer of DNA onto the

membrane support various methods are used .
Southern [6] described "ascending" capillary
transfer, which is still the most widely used meth-
od Recently. a modification of this procedure,
designated "descending" capillary transfer, has
been introduced . In this modification there is
gravitational flow of the transfer buffer which .
according to the observations of the authors, al-
lows a more rapid blotting of DNA [20,21] . I
have routinely used "ascending" capillary trans-
ler with 20x SSC as transfer buffer zinc] have
determined that a transfer time of 12 h clearly
gives better results than transfers over 4 or 8 IL .

When using this "classical" niethod one should
avoid an early compression of the gel matrix,
which prevents an efficient diffusion of DNA on-
to the membrane support . The weight on top of
the stack of blotting paper should therefore be
limited to approxinmately 350 g for standard-size
gels .

Regarding the transfer buffer, Southern has
determined that retention of DNA on cellulose
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nitrate filler supports is best with high-salt buff-
ers, e.g. 20 x SSC [6] . Later, Reed and Mann [22]
introduced 0 .4 62 sodium hydroxide as an alter-
native transfer buffer applicable with Nylon
membranes . 1' his was the basis for several mod-
ifications of "alkaline blotting" [23,24] . In my ex-
perience. however, the use of 0 .4 Al sodium hy-
droxide for transfer leads to a diminished specific
signal and to increased non-specific background
on hybridization. an observation also made by
others [16,25] . The use of 0 .025 %l sodium phos-
phate, pI1 6 .5, for transfer onto Nylon mem-
branes in my hands also yielded suboptinial re-
sults when compared with 20 x SSC. In this con-
text, one should keep in mind that optimal trans-
fer of DNA onto a membrane support does not
necessarily lead to an optimal hybridization si,
nal. In fact, only a fraction of the tnemhrane-
bound DNA (or RNA) is accessible to the hy-
bridizing probe . 'the size of this fraction is deter-
mined by the degree of cross-linking achieved by
baking or U V fixation (six; below), by (tic
strength of DNA binding to the membrane and
by other ill-defined factors. Saluz and Jost [26]
have obtained optimal hybridization signals with
blottine!fixation conditions under which only
30",% of the DNA bound to the membrane . When
comparing two methods for Southern blotting it
is therefore critical to compare the final hybrid-
ization signals obtained and not the transfer rates
of 32P-labelled DNA onto a membrane support .

Recently. vacuum blotting has been intro-
duced as an alternative to capillary transfer [7 .8]
and commercial apparatuses are available for
this purpose. With vacuum blotting, the gel is
pretreated in the same manner as for capillary
transfer and is also blotted with 20 x SSC . Major
advantages of vacuum blotting arc the rapidity
and reproducibility of the transfer . The degree
and duration of negative pressure applied to the
gel have to be determined experimentally and de-
pend on the agarose percentage and the thickness
of the gel . With a I % agarose, 1-cm-thick gel,
vacuum blotting at 40 to -50 cmH 2O for 4 h
is a reasonable starting point . Owing to its speed,
vacuum blotting is convenient for blotting of sin-
gle gels . 11' several gels have to he subjected to
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Southern blotting in parallel, the method he-
coraes more cumbersome . When using vacuum
blotting, we recommend replacing the usual rub-
her mask with an appropriate silicone material .
This simple modification significantly improves
the seal, and soothes the nerves of the experi-
menter! Eleetroblottiug, which was described as
an alternative to capillary transfer and vacuum
blotting [27], never gained popularity because of
its poor reproducibility and the equipment re-
quired .

After transfer, the DNA has to he "fixed" onto
the membrane support. This is achieved by bak-
ing the still damp (!) membrane at 80°C for ? It or
by UV light irradiation for a few minutes, fol-
lowed by air drying . Both methods are equally
effective for fixation of DNA to a Nylon mem-
brane support. With I.JV irradiation the optimal
exposure times have to be determined experimcn-
tally (for details see the following section on blot-
ting of RNA) . The baked or UV-fixed Southern
blots can be stored for prolonged periods of time
at room temperature. After capillary or vacuum
transfer I suggest restanung the gel in 500 pclml
EtBr for several hours or overnight and deter-
mining the efficiency of DNA transfer under UV
light .

2.3 . A,garose gel eleclroplwrestc and blotting of
RNA

Northern analysis allows detection of a given
RNA species in a mixture of heterogeneous
RNA, and is therefore another basic technique in
molecular biology . For standard protocols the
reader is again referred to molecular biology
manuals In contrast to electrophoresis of
DNA, where separation of nucleic acids varying
between 100 hp and 10 106 hp in length is per-
fornted, electrophoresis of RNA typically re-
quires separation in the 0 .5-6.0 kbp range- Con-
sequently, to obtain optimal resolution, the use
of 1 .2% agarose gels is standard practice . Com-
pared with DNA .. RNA is more prone to degra-
dation. The reagents used to prepare RNA have
to be kept free from ubiquitous RNAscs, which is
achieved by treatment of most reagents with
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diethyl pyrocarhonate (DI:PC [2,2]) . Equally
important but less frequently observed is the fact
that RNA will be chemically degraded at pH val-
ues >7.5 or <4 .0. A meticulous adjustment of
the pH of all solution coming into contact with
the RNA is therefore critical .

Several methods are used to extract RNA from
cells and tissue . The method described by Chirg-
win el (11 . [29] and Glisin et al . [30] needs ultracen-
trifugation equipment . Another drawback of this
method is that (without special modifications)
one requires a relatively high amount of starting
material (e .g . 50 - 10 6 primary T-cells) to recover
the RNA. However, the quality of the RNA ob-
tained by the method of Chirgwin et al [29] is to
date unsurpassed, making it the standard method
for RNA extraction in most laboratories, includ-
ing my own . A quick RNA preparation method
recently introduced by Chomczynski [21] yields
RNA of acceptable quality for Northern analy-
sis, but the quantitation of RNA following ex-
traction is difficult owing to the presence of uni-
dentified material absorbing in the 230 280 rim
U V range. In our view this latter method is opti-
mal for obtaining RNA from limited number of
cells, as is often required fur PCR analysis .

Since single-stranded . native RNA tends to
form secondary structures. i t has to be denatured
before electrophoresis and kept in a denatured

[ABLE 2

DENATl1RATION, STATNING AND ELECI ROPHORETIC. SNPARATION IN NORTHERN RLOTTTNG

0) The RNA sample finally loaded or_to the gel is composed of
5 .5 al RNA (5 fig) in realer .

19 .5 PI premix
5 .01d loading solution
1 .0 p1 Et Br of (L5 lhelllll stock

31 .0 MI
(2)

	

The. ,sample is heated to 55*C for 15 min (denaturation of RNA),
(3)

	

The samp'.c is briefly quenched on ice, loaded onto a l .2% agarose- 1.1% formaldehyde ge . The RNA is separated electropho
relictdty in 70 V fur 3 .5 h with buffer recirculation (for further details see ref. 28) .

Premix : 1 .3 x -MOPS buffer, 3 11 formaldehyde . 64 0/. furmamide.

Loading solution- 1 m,W ]it) TA, pH x0, 0_25% saturated bromophenol blue soiutinr, 0 .25% saturated xyene cyannl solution, 50
glycerol .

I x MOPS buffer : 0 .02 M 4-murpholinepropancsulphouic acid, 5 m~W sodium acetate, 1 111,14 EDTA, pH 5 .5 7 .0.
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state during electrophoresis . Before electrophore-
sis . denaturation is achieved by heating the sam-
ple to 55°C in the presence of formaldehyde and
formamide. During electrophoresis of RNA, ad-
dition of formaldehyde to the gel prevents refor-
mation of secondary structures [31] . As an alter-
native to formaldehyde denaturation, modifica-
tion of RNA with glyoxal was introduced by
McMaster and Carmichael [32], yielding excel-
lent results . I lowever, the glyoxal products have
to be removed from the RNA after blotting, and
this requires an additional experimental step . De-
naturation of RNA by mercury has also been de-
scribed [33]. but did not gain broad acceptance
because of the inherent toxicity of Lhe system . As
a result, formaldehyde denaturation of RNA for
Northern analysis is the standard method in most
laboratories .

Standard protocols for Northern blotting sug-
gest the use of 10 pg of RNA for analysis . I have
downscaled the amount of RNA loaded to 5 jig
without loss of signal. The RNA is denatured (see
Table 2_) and loaded into small gel pockets (2 .7
mm x 1 .5 mm) . Using an appropriate comb, up
to 30 RNA samples can be analysed at the same
time. After loading, RNA is size-separated at 70
V for 3.5 h with buffer recirculation (for details
see ref- 28) .

RNA can he stained by addition of EtBr to the



laa

sample prior to heat denaturation [28,34] . Alter-
natively_ PtBr can he added to the gel, but this
gives unsatisfactory results . After electrophoresis
the gel is photographed on an CV transillum-
inator. The image obtained provides information
on the size separation of the RNA, on RNA in-
tegrity and on the relative positions of the 28S
(5 .0 kb [35]), 18S (1 .87 kb [36]) and 5.85 (0.16 kb
[37]) ribosomal RNA hands that serve as size
markers. At the same time . the amount of RNA
loaded per lane can easily be assessed (Fig . 3A
and ref. 34) .

After electrophoresis the size-separated RNA
has to he transferred onto a membrane support,
preferentially a Nylon membrane . As with
Southern analysis, capillary blotting or vacuum
blotting can he used . We have directly compared
both principles for Northern blotting and ob-
tained a clearly better hybridization signal with
vacuum blotting (-60 cmH,O for 4 h), com-
pared with overnight capillary transfer [28] . Like
transferred DNA, RNA has to be fixed onto the
membrane . With RNA, fixation by L.V light irra-
diation is clearly superior to baking at 80°C
[16.28,38] . The optimal UV irradiation dose has
to be determined experimentally, since overexpo-
sure leads to a decrease in hybridization signal

A B
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(author's own observation) thought to result
from extensive cross-linking of the RNA . Prior to
UV exposure the membrane is briefly air-dried .
The degree of moisture still contained in the filter
has to he kept constant since water significantly
absorbs UV light . Another potential variable is
the ageing of UV light bulbs. Commercial suppli-
ers of U V fixation ovens try to chock the decrease
of UV light intensity over time by directly mea-
suring UV light over a given nanometer range, or
by measuring total light energy, Which is less sat-
isfactory . UV fixation of RNA can also be per-
formed by placing the Nylon membrane, RNA
side down, onto a UV transilluminator covered
with plastic wrap . Since the EtBr is still bound to
the blotted RNA, the lanes containing size-sep-
arated RNA light up. By taking a photograph of
the UV-exposed membrane one can easily docu-
ment both the quality and quantity of transfer
(Pig. 3B). The use of EtUr to stain RNA in
Northern analysis decreases the final hybridiza-
tion signal by 12-IS"'. compared with unstained
RNA [28,34] . However, in my view this moderate
decrease in signal is clearly outweighed by the
critical information available when stained RNA
is used . After UV fixation the membrane is com-
pletely air dried and can be stored at room tem-
perature for prolonged periods of time .

th

Fie . i, Eilcct of ethidiurn bi-onl clestaining nt RNA in Northern blotting . various amounts of total RNA (?0 03 0g) were smmed wish
ell idmm hirom .de, separated elect,ophoreticaIly (for details see ref. 28) and photographed (A) The RNA was Ikon bluted onto r
Nylon. membrane h} vacuum transfer. The photograph .own in (8) was ohnrined during LA fir . (on of the blotted RN .A. Nete that

e picture is si de- rccrscd . since (lie blot wasphotegrtphedwiththeI{NAiheingdot •u .ThehiittlitIluoresceneesignali_thelowerpar :
of the blot was caused by the conenmita- .tlY Iransferred hran.orlwuol blue dye .
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3 . PROBE LABELLING AND HYHHII)IJA'I ION

3.1. General considerations
Since many aspects of signal detection are

common to both Southern and Northern analy-
sis, they arc discussed together in this section . In
principle, a labelled, denatured single-stranded
probe is hybridized to membrane-bound homo-
logous DNA or RNA . Temperature. salt and sol-
vents (e.g . formamide) are important parameters
influencing the kinetics of This reaction and the
relative binding strength of DNA-RNA and
RNA-RNA duplexes . These parameters arc ex-
tensively reviewed elsewhere [39] .

Conventionally, a dsDNA probe is labelled,
using "P-modified deoxynucleoside triphos-
phates (dNTP), by "nick translation" [40] or by
-random-primed" DNA labelling [41 [ to a specif-
ic activity of > I 10s cpm/yAg DNA . In the nick
translation method, DNAsc I first nicks one
strand of the DNA, then Escherichia coli poly-
merase I incorporates labelled dNTPs at this site .
In random-pruned labelling, the dsDNA is dena-
tured and random hexamers or nanomers are hy-
bridized to the template DNA strands . The an-
nealed primers arc then extended by the Kienow
enzyme or by the '1? DNA polynlcrase utilizing

564 -

125 -

1 2 3 4

Pig . 4 . Length of single-stranded, ' 1P-labelled DNA fragments
obtained with the `nick translation" and the "random-painted
to he IIine' methods . ane I - a-P labelled s,re marker 1564 and
125 hp l ; lane 2 = random-primed labelled DNA (commercial kit
A) ; lane 3 - nick tauslatlon labelled DNA . tine 4 - jiucom-
primed labelled DNA !commercial kit B) . For size analysis the
DNA was scparalcd on an alkaline P lo agarose gel l2J

1 4 1

labelled dNTPs . With random-primed labelling
the probe can he labelled to a higher specific ac-
tivity . however, the resultant probe is statistically
shorter than the nick-labelled probe (Fig . 4) .
Theoretically, one should achieve a stronger hy-
bridization signal with random-primed probes .
In practice the signals obtained are often similar
in both methods (author's own observation) -
the shorter random-primed probes apparently
hybridize less efficiently to target DNA/RNA, I
routinely use the nick translation reaction be-
cause labelling of DNA is more consistent. How-
ever, random-primed labelling has one important
advantage over nick translation . It allows the la-
belling of short (> 100 bp) dsDNA fragments
that are inefficient substrates for the nick trans-
lation reaction . Recently. non-radioactive labell-
ing methods have been designed [42-48] . 'they
offer the advantage of long storage tinges of the
labelled probe and avoid radiation hazards . Un-
fortunately, the lower sensitivity - obtained with
non-radioactive labelling methods does not easily
allow a routine detection of single-copy genes on
Southern blots [49,50]- In Northern analysis the
signals generated with most of the available non-
radioactive detection systems are not linearly re-
lated to the amount of RNA present on the mem-
brane, a major drawback for a method designed
to quantitatc target mRNA [471 . In addition .
background signals arc often high with these
non-radioactive methods . these shortconmgs
have to date prevented a general use of non-ra-
dioactive probe labelling in Southern and North-
ern analysis .

Once labelled, the DNA probe is denatured at
95'C for 4 min and is hybridized to the mem-
hrane-fixed DNA Or RNA at 1-2 . 10 6 epm;ml
hybridization solution for 18-24 h . For hybrid-
ization, we strongly recommend the use of corn-
rnercially available hybridization ovens since hy-
bridization performed in plastic bans, as still sug-
gested in some modern molecular biology
manuals, pose radiation hazards and the danger
of radioactive spills . After hybridization, the
blots are washed to remove non-specifically
bound probe . In spite of theoretical predictions,
the temperature of the washing solution in the
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42°C 47°C 52°C 5700
Pi g . 5 . Gaect of the hybridization temperature on the final hy-
hddization signal - Fetal RNA from HcLa cells ,? jsg per lanci
wes ecpnrated nn a I .z% auarote-I .l=s;, formaldehyde. ur I . Alter
vacuum Irano-ler nn_L) a Nylcn n'.embnr,e the la n_s were C-L

.JIMt and I i t+rid]Led aI raryin, tumpe_utine+bnt LILherwixI aIIIL .

dard conditions (secI -able') to a rat glvCSaldehyde phosphate
dchydrugenasc IGAPDl1l probe that is 9 S ",n identical to hun' an
CAPRI l . A l hybridized hlar were war-ed under -lie condition,
uuLILncd in Table 4 .

"stringent" washing step [low ,alt . high sodium
dodecyl sulphate (SDS) concentration] has only a
moderate effect on the specificity of the signal ob-
tained . The effect of the washing temperature is
dramatic only in hybridization experiments with
labelled shvvt synthetic oligonucleotides . Rather,
the specificity of the hybridization signal in
Southern and Northern analysis is mainly deter-
mined by the h,ybridiz(mon temperature (Pig. 5) .
The higher the hybridization temperature . the
more stringent the hybridization reaction . Witli a
given hybridization protocol the temperature
limits should be determined empirically .

After hybridization and washing, the blots are
exposed to appropriate X-ray filets . lntensifving
screens achieve an approximately ten-fold ampli-
fication of the signal, when applied at -70`C .
I-or mtcnsitvtrte screens we recommend modern
tungstate-based screens . which replaced the less
effective rare earth screens .

After film exposure, both Southern and 1\ orth-
ern blots can be stripped multiple times and re-
hybridized with different probes. The stripping
procedure differs for the two methods and is in-
dicated in the approporiate sections below . Re-
gardless of the stripping procedure used, care
should he taken that the blots are only briefly
air-dried and sealed in a humid state in a plastic
bag. Drying of the membrane would result in un-
acceptably high background on rehybridization

R. A . Kroc=el, 1 J Chrnmcrorr . 6+d (/99") I" i- 1 11

'fhescaled blots can be stored at 4`C for extended
periods of time without loss of signal .

3 . _' . Hrbuidi-at/un q , .Southern hlo?y

The baked or UV-fixed Southern blot is "pre-
hybridized" with an appropriate solution to re-
duce non-specific binding of labelled DNA upon
hybridization . Subsequently, the prehybridiza-
bon solution is replaced by the hybridization so-
lution and the labelled probe added . After exten-
sive testing I recommend protocols that use
formamidc to lower the hybridization temper-
ature [5I 53] . Since there are several formamide-
based prchybridization solutions, I provide a
protocol, which I have successfully used with Ze-
tahind (Cuno . Meriden. Cl', USA), Zetaprohe
(Bio-Rad, Cambridt,e, MA, USA). and Riodyne
(Pall, Glen Cove, NY, USA) membranes for
Southern analysis . The composition of the pre-
hybridization and hybridization solutions . a s
well as the hybridization temperature used are
given in Table 3 .1 use high-nrolecuhu-mass poly-
ethylene glycol (PEG 35 000) to increase probe
concentration [54]. PEG 35 000 is an alternative
to the addition of the expensive dextran sulphate
[18], which is similarly effective (Fig . 6) .

After hybridization, [he blots are washed to re-
move non-specifically bound probe . Again, sev-
eral equally effective variations of this procedure
exist. My protocol for washing of Southern blots
is indicated in Table 3 . Stripping of Southern
blots is best achieved with 0 .4 Al sodium hydrox-
ide followed by a neutralization step (Table 3) .

3.3 . Hybridization of Norr/iern blots

For Northern analysis I routinely use a mod-
ification of a recently introduced hybridization
method [55] . The blot is pretreated for only 10
min and is then immediately hybridized with the
labelled probe (:Table 4) .'t'he high percentage of
SDS prevents high background signals and con-
centrates the probe. 'I he addition of PEG 35 000
to this hybridization solution leads to back-
ground problems without increasing the spccilic
signal (author's own observation) . The stripping
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TABLE i

HYBRIDILA/ION AND SI RIPPING OF SOUTHERN BLOTS

(1)

	

The Nylon membrane is piehybridized in 50% deionized fonnamide, 0 .6 .11 sodium chloride, 0 .04 M sodium dihydregen-
phosphate, p11 7 .4, 4 mill EDTA, t% SDS, 1 mglml yeast RNA . for 8-l6 hat 42'C-

(2)

	

Ilybridizationispcrformedin5O%, , ionizedformamidc,0.6 .tisndiumch:oridc,0 .0444sodiumdihydregcnphosphatc,pH74-
4 mM EDTA, 1% SDS, 5°L, PFG ',5 (100, for 24 hat 42'C .

,AltenraIiVely . the ii Cii] I.' to lie is prelrybudized and hybridized mend ding to the protocol used fur Northernc1nLa (see Tub] e 4) .
'f he labelled DNA probe is denatured for 4 miry at 91c C. briefly quenched oil ice and adced at t-=,e beginning of tile hybaidi7ativii
at 1-2 - 10" cpnr/ml hyhridization solution .

(4) Follrnving hybridization the membrane is rinsed in 2 , 55C and'dgorously washed in 2 < SSC4) . I% SDS, USx SSCC . I'A
SDSand0.!a SSC-0.I%,SDSfor15mirearlsatroomtcmpcralure,followcdhvafinalwashin0 .1x SSC-I"•% SDSfor30min
at SO°C .

(5)

	

After brie f air-drying the membrane is scaled in a olastic bag and exposed to an autoradiography flint .
For stripping or the probe the membrane is washed in 0.4 04 sodium hydroxide for 30 min at 42"C and subsequently in 0 .1 r.
SSC', (t1% SF-1, S, 0 .7 11 Iris HCI, pH 7A, for 30 min at 42'( '. (neutralization step))

of Northern blots is also performed differently
from Southern blots, since use of 0 .4 A,1 sodium
hydroxide would lead to degradation of the
RNA. Instead, melting of DNA-RNA hybrids is
achieved by raising the temperature at low-salt
conditions (Table 4) . As with Southern blots,
stripping of Northern blots allows multiple rc-
hybridization experiments . Autoradiography of
Northern blots is performed as described previ-
ously .

A B
C

The protocol given above is the standard meth-
od for the detection and quantitation of target
mRNA in cells and tissue. In the case that the
analysed cell population contains only low
amounts of the target RNA species, more sensi-
tive detection methods must be applied . Instead
of DNA probes obtained by nick translation or
random priming one can generate single-strand-
ed RNA probes by in vitro transcription of
dsDNA templates cloned into appropriate vec-

D

Fig . 6 . Eflect ofdextaan sulphate and PEG 35 000 on the final hybridization signal. Human genomm DNA was digested with appropri-
ate restriction enzymes and hybridized to a humor. Tte11 receptor fl-chain probe . Hybridization was iii 5(1% formamide_ 9 x SSPF, 1 %
SDS f,see Table 3) wil .hout dextren sulphate (A), in the presence of 5% cextran sulphate (B and C) or in the presence if iO/ PEG ;5 (]()a
ID) .
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TABLE 4

HYBRIDIZATION AND STRIPPING OF NORTHERN BLOTS

(5)
(6j

I' he Nylon membrane rs prehybridized in 0 .1 x SSC, 0 5'% SDS, pH 7 4 for III min at 65"C
Hybridization is performer) in 511% deinnrzed fnrmamide, 0_12 .1,1 radium hydrogenphosphate, pH 7_2,1125 M sodium chloride,
7% SDS (WO fin -14 It at, 47C .
The labelled DNA probe is denatured for 4 min at 98'C, bticfy quenched on itx and added at the beginning of the hvhridization
at I-2 l0s cpmlnil of hybridization solution .

(4) Following hybridization the membrane is rinsed in 2 x SSC and vigorously washed in 2 x SSC-0 .1 % SDS, 0 .5 a SSC-0 .I `i,
SDS and 0 .1 x SSC-0 1 % SDS for 15 min each at room temperature, fo:]owed by a final wash in 0.1 x SSC 1 % SDS for 31) An
at 50 ,C .
After brief sir-drying the mnmhrane is sralcd in a plastic hag and exposed to an auloradiography film
For slapping of the probe the membrane is washed in 12 mM Tris-HC1, pH 7 .4, 0.2% SDS for I .5 h at 7C'C .

(3)

tors [2] . These RNA probes ("riboprobes- ') can
be labelled to very high specific activity . In addi-
tion, because of the higher stability of RNA-
RNA duplexes, RNA probes give stronger sir
nals on hybridization than DNA probes of equal
specific activity . If even this approach fails to de-
tect the target mRNA, the experimenter has to
resort to the PCR method performed on reverse-
transcribed mRNA [56,57] . This type of analysis
offers exquisite sensitivity at the cost of an . at
besL, semiyuantilative determination of mRNA
abundance .
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