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Northern blotting and cDNA microarray analyses used for gene expression studies 

Introduction 

Gene expression studies, have been rapidly growing since the first results obtained in this field in the 

early 1990s (Zhao et al., 1995; DeRisi et al., 1996; Velculescu et al., 1997; Baldi and Hatfield, 2002). 

Protein-coding genes transfer coded information for the amino acid sequences in peptides. The 

protein-coding information is transmitted indirectly, through mRNA molecules, which are 

intermediate molecules in the central dogma process. The study of transcriptomics, aims to discover 

the genotype-phenotype relationship by examining the expression level of RNAs (mRNAs, non-coding 

RNAs and small RNAs) in a given cell population at any given moment (Horgan and Kenny, 2011).   

The gene regulation in prokaryotes and eukaryotes is fundamentally different (Struhl, 1999). 

Prokaryotes have simple, short-term regulatory pathways controlling gene expression by the 

promoter region and operons, while eukaryotes have complex, both short and long-term regulatory 

systems at enhancer and promoter regions and requiring spliceosomes to remove introns from the 

coding region from the much larger genome before translation (Figure 1). 

Various methods exists for gene expression profiling (Table 1) (Bowtell, 1999). Sensitivity and 

specificity requirements will depend on the study organism, whether the gene is known or not, 

whether only a single gene is the target or multiple ones are.  

Gene expression studies can be applied to study human diseases (Golub et al., 1999; Iorio et al., 2005), 

model organisms (Greenberg et al., 1995; Su et al., 2002; Leain et al., 2007), plant growth (Shinozaki 

et al., 2003), food production (Görlach et al., 1996; Rabbani et al., 2003; Loor et al., 2006; Wotton et 

al., 2014; Hu et al., 2017) and so on. 

This essay briefly introduces RNA extraction, describes the procedure of Northern blot and microarray 

analysis methods which are widely used in gene expression studies. These methods are somewhat 

considered ‘old school’ as more quantitative, advanced analyses are available today (e.g. qRT PCR and 

RNA-seq) but the Northern blot and microarray methods have led to major breakthroughs in gene 

expression research. 

Method Description Reference 

qRT PCR 

cDNA PCR dying with SYRB 
green, gene by gene, small 
sample sizes, detects and 
quantifies mRNA 

Schmittgen 
et al., 2000 

EST 
Short cDNA sequences 
cloned, can be used for 
physical mapping 

Nagaraj et 
al., 2006 

SAGE 

Library of short tags and 
assessing how many each 
tag is detected and 
quantified 

Yamamoto 
et al., 2001 

RNA-seq 

Shotgun sequencing of 
cDNA, amount of each RNA 
molecule can be 
determined 

Ozsolak 
and Milos, 
2010 

Figure 1. The DNA of prokaryotes is found in the cytoplasm, their 
chromosomes are circular and rarely contain non-coding regions. For 
eukaryotes, most of the DNA is located in their nucleus, wound on histone 
proteins, their chromosomes are linear and there are both introns (non-
coding regions) and exons (coding regions), in their nuclear DNA. 
Mitochondria and chloroplasts also contain DNA. Picture by University of 
Tokyo. 

Table 1. Gene expression can be studied with various methods 
such as Northern blotting, real-time, quantitative reverse-
transcription (qRT) PCR, Expressed Sequence Tag (EST), Serial 
Analysis of Gene Expression (SAGE), DNA microarrays and whole 
transcriptome sequencing. 
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RNA extraction 

The first step for every analysis is the extraction of the total RNA content of cells which is usually 

carried out in a sterile environment to avoid contamination. The procedure is similar to DNA 

extraction, phenol extraction followed by ethanol precipitation. Commercially available QIAGEN 

RNeasy Mini Kit (QIAGEN, Germantown, MD, USA) is optimised for RNA extraction. The mRNAs which 

have 3’ poly(A) tails, are isolated by either affinity chromatography or by oligo(dT) chromatography 

(Pemberton et al., 1975) or using Oligotex mRNA spin-column protocol (Qiagen, Valencia, CA, USA).  

The first step is to size-fractionate the extracted RNA on a gel of 0.8-1.4% agarose concentration and 

4-20% acrylamide. As mRNA requires stabilisation in denaturing condition, so either formaldehyde or

glyoxal gel is used for mRNA (Lehrach et al., 1977). This prevents the RNA to form secondary structures

which would mask strand breaks in further analysis. Up to 20 μg precisely pipetted RNA mixed with

RNA loading buffer, stained usually with ethidium bromide, and is loaded onto the gel in buffer

solution. Ethidium bromide cannot be used on glyoxal gels as they interact so alternative staining

method is required. Denaturation can be carried out before loading the gel as well (Thurston et al.,

1988).

Figure 2. Study by Wang et al. (2009) examined tomato gene expression throughout development, in 
different plant organs. The RNA gel electrophoresis analysis of total RNA on 1.2% agarose gel shows a 
successful RNA extraction. In the electrical field, the mRNA molecules travel through the gel, 
separating them by their molecular weight, forming bands. Gels are inspected under UV light to 
ensure the quality of the mRNA. 
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Method 1: Northern Blotting analysis 

This method was a development after Southern’s (1997) Southern blotting procedure for DNA 

analysis. It provides information on the presence, size and abundance of RNA from a mixture. It is 

widely used for pair-wise comparisons to compare the levels of gene expression in two samples from 

different environments or different species. The method requires a priori knowledge of the gene 

sequences studied, which has always been a limiting factor for its use. The results can be reflected 

upon the organism’s use of promoters, terminators or different splicing. 

Following the mRNA gel electrophoresis, the gel is moved to blotting set up. During the most common 

capillary blotting set up the transfer buffer (saline-sodium citrate, SSC, containing NaCl) moves from 

reservoir below the gel into a dry stack of paper towels, above the membrane by capillary action 

(Figure 3). The buffer passes through the gel and carries the nucleic acid with it, until it hits the surface 

of the membrane above, then it stops. The filter membrane can vary according to the size of the RNA 

and the manufacturer’s recommendation. One of the most successful membranes is positively 

charged nylon membrane and nitrocellulose membranes (Khandjian, 1987). The membrane has high 

binding capacity (4–500 μg/cm2), with different pore sizes (0.22 to 0.45 μm). After removing the filter 

membrane with the mRNA bound to it, it is washed in diluted transfer buffer and dried. Then the RNA 

needs to be immobilised onto the membrane. 

Using UV light, which activates pyrimidine bases (T and U), in alkaline conditions, the mRNA becomes 

covalently bound to the filter (Khandjian, 1986). Another way of immobilizing mRNA is to incubate or 

bake the filter at 65◦C for 1–2 hours (Gillespie and Spiegelman, 1965). Therefore, the filter membrane 

both increases the affinity for nucleic acid and also immobilizes the mRNA on the membrane which is 

crucial to avoid any loss during the next step, the hybridization.  

Figure 3. Northern blot upward and downward set ups showing which way the transfer buffer moves through and transfers the RNA 
onto the filter membrane. The RNA gel electrophoresis and filter membrane are checked under UV light. After hybridization, the band 
presence and width is the final output of the northern blot analysis. There are a number of commercially available blotting set ups 
available as well (e.g. electroblotter, semidry electroblotter, vacuum blotter, pressure blotter). 
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This starts with pre-hybridization, to protect the membrane from being coated by the probe, where 

the filter is in pre-hybridization buffer, an incubated at 42◦C for 2-4 hours. Next step consists of probing 

the bound RNA. The most common probe is using radioactive labelling (32P) which can be visualised 

on X-ray films. Oligonucleotides, small fragments (5-50bp) of ssDNA, can be used which are less 

hazardous but also less sensitive, and using digoxogenin-labelled oligonucleotide probes have been 

successful in various studies (Huang et al., 2014; Kim et al., 2010).  

The hybridization takes place in a hybridization oven, the membrane usually on the side of a tube or 

in a sealed bag. It is incubated overnight at 42-50◦C with constant movement (Kirakosyan et al., 2016). 

The labelled probe strand is hybridized in solution to the sample RNA (Figure 4). Once the solution is 

removed, it is washed with solution buffer (SSC and SDS). Incubation at 52◦C for 30 minutes follows 

and the membrane is washed again. This procedure is repeated three times. This reduces the 

nonspecific interactions after the probes annealed to their targets. The membrane should be placed 

within cellophane and should be in contact with the X-ray film overnight at -70◦C. Then the final output 

of the northern blot analysis is visualised on X-ray films.  

The output of the Northern blot analysis is the image of the X-ray film, which then can be quantified 

with image analysis, measuring the band width the intensity. ImageQuant is a widely used software 

for Northern blot analysis (Zong et al., 2002; Fleming et al., 1999). It is important to use housekeeping 

genes, found in all cells carrying out ‘housekeeping’ functions, as controls and produce numerous 

replicates when using Northern blotting. 

Method 2: Microarrays 

RNA microarrays monitor the transcription patterns of numerous genes during one procedure, 

contrary to the Northern blot’s gene by gene approach. The DNA microarray was first introduced by 

Brown et al. (1999) using the complementary DNA (cDNA) of Arabidopsis thaliana. 

As mRNA is more unstable than DNA because of the nucleophilic 2´ hydroxyl groups (Zhao and 

Hamilton, 2007), so after RNA extraction, reverse transcription is used to synthesize cDNA of the 

mRNA.This can be achieved through reverse transcription with reverse transcriptase enzyme which 

creates complimentary base of the mRNA. The mRNA is incubated for 1-2 hours with reverse 

transcriptase. Then the original RNA template can be degraded with RNase H, leaving only the single 

stranded (ss) cDNA. The ss cDNA is then converted into a double stranded (ds) cDNA with Polymerase 

Figure 4. Hybridization of mRNA is the same process as DNA hybridization where two, complimentary ssDNA have the 

tendency to bind together to form a single dsDNA molecule following the Watson-Crick rule (A-T, C-G). In mRNA, T is 

replaced by U but binds to the complimentary probe. Illustration by cbc.arizona.edu. 
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I and DNA Ligase. The complete set of cDNA copies of mRNAs is called a cDNA library and it should be 

large enough to contain all sequences of interested at both 5’ and 3’ ends.  

The two cDNA libraries are labelled with substances that fluoresce when excited by light. The most 

commonly used dyes are Cyanine 3 (Cy3, green) and Cyanine 5 (Cy5, red) or Alexa 488 and Alexa 594 

(Staal et al., 2005). These fluorescent dyes have conjugated bonds which contain electrons that absorb 

and emit light (Do and Choi, 2007). These can be directly labelled during the cDNA synthesise and the 

mRNAs are degraded by sodium hydroxide. Indirect labelling consists of incorporating an aminoallyl-

modified nucleotide during reverse transcription reaction. The incorporation itself if easier than the 

direct labelling but it requires an additional step which prolongs the procedure.  

The two labelled cDNA samples are mixed in one microfuge tube and pipetted onto the microarray 

(Figure 5). There is a great variety of these ‘chips’ available (Table 2). The pipetted cDNA hybridizes 

with the probes over night or ideally 17 hours (Mantione et al., 2014) at 37◦C. 

 

The microarray is washed three times (with SSC, SDS) to remove non-specific binding as in Northern 

blotting. The slide is then placed into a scanner. The first laser scans through the slide which excites 

Cy3 (532 nm) and the scanner, through a microscope takes a 16-bit grey-scale image. Then the second 

laser for the Cy5 dye (635 nm) produces another image. An image analysis software will replace the 

grey-scale pictures with green and red lights. The yellow colouring implies that both of the cDNAs 

bound to that location (Figure 4) and therefore that gene was expressed in both samples. The output 

of the microarray analysis is processed with image analysis (e.g. MAGIC tool software by Heyer et al., 

2005) quantifying the expression of each gene in different samples.  

Name Brief description 

cDNA 
microarrays 

most commonly used, complementary 
sequences used as probes 

oligonucleotide 
microarrays 

alternative to cDNA microarray, but 
higher specificity and reproducibility 
(more expensive) 

exon array 
each exon of a gene is measured 
individually 

SNP arrays 
single nucleotide polymorphism 
measured between individuals of a 
population 

Chip-on-Chip 
Array 

protein binding to different states of 
DNA with chromatin-
immunoprecipitation 

Table 2. There is a great variety of microarrays optimised 
for different applications. 

Figure 5. The mixed cDNA is pipetted with the arrayer, 
onto a glass slide (or silicon chip or nylon membrane) 
which is coated with DNA-binding chemicals (e.g. amino 
silane). This glass slide has a collection of ssDNA (probes) 
on the surface which represent different binding sites 
(complementary sequences) for genes. Illustration from 
SlidePlayer. 
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Conclusion 

This essay gave a brief overview of the first step of all gene expression studies, the RNA extraction, 

then discussed the Northern blot analysis and cDNA microarray analysis. Microarray analysis is 

estimated to cost $300 per sample (Mantione et al., 2014) while Northern blotting is estimated to cost 

2.01€ per sample and about $700 for 34 samples and 10 genes and which takes around 6 days 

(Rumlow et al., 2016). When designing a gene expression study, it is important to decide whether 

more genes or more samples are worth researching. These methods can be used to complement each 

other – starting with low number of samples, exploring many genes and their expression and once 

genes of particular interest are identified, methods that enable fewer genes but more samples can 

validate the their function and mechanism (Figure 5). 

Figure 4. The final output by Wang et al. (1999) of developmental profiling by microarray analysis. The green fruit (green) and orange 
fruit (red) analysed in GeneSpring software. The intensity of the colours represents how strong the binding was to the probes. These 
two images are then combined. If a ‘dot’ on the microarray is green, then the first sample was bound to that specific probe (the gene 
was expressed), if it is red, then it is from the second sample. Overall, 98 up-regulated genes and 37 down-regulated genes showed 
five-fold difference in the orange coloured fruits, compared to green fruits and there was a different pattern throughout development. 

Figure 5. Different methods of gene expression studies enable researchers to move from discovery 
of genes to validating their functions and importance (VanGuilder et al., 2008). 
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