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Abstract

Adhesion of Plasmodium falciparum infected erythrocytes (IE) to human endothelial receptors during malaria infections is mediated by
expression of PfEMP1 protein variants encoded by the var genes.

The haploid P. falciparum genome harbors approximately 60 different var genes of which only one has been believed to be transcribed per cell
at a time during the blood stage of the infection. How such mutually exclusive regulation of var gene transcription is achieved is unclear, as
is the identification of individual var genes or sub-groups of var genes associated with different receptors and the consequence of differential
binding on the clinical outcome of P. falciparum infections. Recently, the mutually exclusive transcription paradigm has been called into doubt by
transcription assays based on individual P. falciparum transcript identification in single infected erythrocytic cells using RNA fluorescent in situ
hybridization (FISH) analysis of var gene transcription by the parasite in individual nuclei of P. falciparum IE1.

Here, we present a detailed protocol for carrying out the RNA-FISH methodology for analysis of var gene transcription in single-nuclei of P.
falciparum infected human erythrocytes. The method is based on the use of digoxigenin- and biotin- labeled antisense RNA probes using the
TSA Plus Fluorescence Palette System2 (Perkin Elmer), microscopic analyses and freshly selected P. falciparum IE. The in situ hybridization
method can be used to monitor transcription and regulation of a variety of genes expressed during the different stages of the P. falciparum life
cycle and is adaptable to other malaria parasite species and other organisms and cell types.

Video Link

The video component of this article can be found at https://www.jove.com/video/4073/

Protocol

1. Generation of Freshly Selected Infected Erythrocytes

For this assay, the best results are obtained when using freshly selected cultures for surface expression of PfEMP1 protein. In this particular
experiment the 3D7 P. falciparum lineage was selected using specific antibodies as previously described1.

Day 1

1. Harvest 200 μl of packed blood cells from a P. falciparum culture containing 2-5 % late stage IE by centrifugation at 800 x g for 8 min at room
temperature.

2. Re-suspend the blood pellet in 2 ml of 37 °C warm 0.75 % gelatin solution in a 14 ml sterile tube, and leave for 15-20 min at 37 °C to allow
the uninfected and ring-stage IE to sediment.

3. Harvest the late-stage IE, i.e. the upper phase, into a new 14 ml tube and wash twice with 10 ml of 37 °C warm RBC-wash media.
4. Dilute 50 μl of specific anti-PfEMP1 antibodies in 2 ml of 37 °C warm RBC-wash media and sterile filter.
5. Mix the washed late-stage IE with the sterilized diluted antisera in a 14 ml sterile tube and incubate for 30 min at 37 °C with gentle agitation.
6. Spin down at 800 x g for 8 min at room temperature, and wash twice with 10 ml of 37 °C warm RBC-wash media.
7. Wash 50 μl of Dynabead Protein A suspension twice with RBC-wash media using a DynaMaq-15 magnet.
8. Resuspend the Dynabeads in 300 μl RBC-wash media and add them to the washed late-stage IE. Incubate for 30 min at 37 °C with gentle

agitation.
9. Transfer the tube to the DynaMaq-15 magnet. Leave for 1-2 min and remove all the liquid.
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10. Resuspend the Dynabeads in 4-5 ml of RBC-wash media. Transfer the tube back onto the magnet and leave it for 1-2 min before removing all
the liquid. Repeat the washing step once.

11. Transfer the washed beads to a 25 cm2 sterile culture flask containing 200 μl freshly packed red blood cells. Add 5-6 ml of Albumax media
into the culture. Store overnight at 5% CO2 at 37 °C.

Day 2

12. Remove the Dynabeads from the culture when the selected IE has reinvaded the fresh red blood cells by transferring all the culture to a 14 ml
sterile tube. Put the tube onto the DynaMaq-15 magnet and leave for 1-2 min. Then, pour all the liquid back to a culture flask.

13. Culture for as few cycles as possible until a parasitemia of 5-10 % and parasites are at the ringstage.
14. IE should be analyzed by FACS to make sure that the correct surface phenotype, i.e. protein expression of either PFD1235w and/

orPF11_0008 has been obtained1.

2. Preparation of Probes

The antisense RNA probes were generated from the most variable regions of the PFD1235w and the PF11_0008 var genes from P. falciparum
3D7 genomic DNA. DNA was amplified by PCR and cloned into the pSPT18 or 19 vector for transcription, respectively according to the
manufacturer's description (Roche). The probes (580 base pairs (bp) and 590 bp in length) were labeled with Digoxigenin (DIG) or Biotin using a
DIG RNA labeling Kit or a Biotin RNA labeling Mix, respectively. We confirmed the specificity of the probes both by Northern blot analyses and by
single-label FISH analysis1.

3. Thin Smear and Fixation of Parasites Prior to In Situ Hybridization

Day 1

All steps are performed in an RNase-free environment and all reagents are RNase-free or pre-treated with diethyl pyrocarbonate (DEPC) or
RNase Zap (Invitrogen). The slides and cover slips should be cleaned with alcohol to remove residual manufacturing grease. It is important to
perform the protocol without any pause in between steps in order to minimize the risk of nuclease contamination.

1. Make a thin blood film by the standard spreading method3. Using the 100x oil objective lens of the microscope, count the IE and calculate the
percentage of IE in the culture. Check that the parasite stages are in approximate synchrony, in the ring and early trophozoite stages of the IE
cycle. These are the pre-replication, uni-nucleate stages, expressing var gene mRNA and suitable for single cell FISH transcription assays of
this type.

2. Transfer 50 μl of the parasite culture, at a parasitemia of 5-10 %, to a 1.5 ml RNase-free Eppendorf tube. Centrifuge for 1 min at 2,000 rpm at
room temperature.

3. Remove the media and add 50 μl PBS pH 7.2 in DEPC-treated water. Agitate the tube gently. Repeat the centrifugal sedimentation step twice
to wash the cells free from media and cell debris.

4. Make four good quality thin smears. For each smear, make one smear onto one 11 mm diameter well of a 4 well slide, i.e. four glass slides in
total, in a RNase-free hood (a critical step). Wave slides briefly into the air to dry. Make three extra slides for negative controls–one slide for
single probe staining for any other irrelevant gene by using a specific probe, another slide for RNase treatment and a third slide containing IE
not expressing the gene of interest. Leave the slides to dry on the bench for 10-20 min.

5. Fix the thin films by adding 60 μl of fixation solution containing 4 % paraformaldehyde and 5 % glacial acetic acid into the wells. Leave for 10
min on the bench at room temperature.

6. Wash the slides in 2x SSPE buffer for 5 min by gentle agitation at room temperature. Briefly remove excess liquid by touching the wells
containing the cells gently with a paper tissue.

7. Cover the slides with 0.01 % pepsin in 0.01 M HCl for 2 min at 37 °C (an extremely critical step). Wash the slides in 2x SSPE for 5 min at
room temperature.

8. Dilute the RNase solution to a final concentration of 10 μg/ml. Cover the negative control smears with 60 μl of the RNase solution. Incubate
for 30 min at 37 °C and then wash the slides in 2x SSPE for 5 min at room temperature.

9. Proceed immediately to the hybridization step.

4. Hybridization of RNA Probes to Fixed Slides

Day 1

1. Prepare the hybridization chamber, such as a ThermoStar 100 HC4 or an empty pipette tip box put in a clean oven, by spraying with RNase
Zap and wiping it clean with a paper tissue. Fill the channels of the hybridization chamber or the bottom of the box with DEPC-treated water
to make sure that the slides will not dry out during hybridization. Close the chamber and preheat to 48 °C.

2. Dilute the probes into the hybridization solution to a final concentration of 12 ng/μl. Denature the probe solution at 65 °C for 5 min in a heating
block. Immediately chill on ice.

3. Briefly air dry the slides after the 2x SSPE wash. Carefully remove excess liquid around the wells with a paper tissue.
4. Open the hybridization chamber and place the slides in the chamber. Apply one or both probes in a total volume of 60 μl per well. Carefully

cover the liquid drop with an RNase-free cover slip using sterile forceps.
5. Close the chamber and hybridize the slides at 48 °C for at least 16 hr over night.
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5. Antibody Conjugation and Fluorescence Amplification

Day 2

The following steps are based on the TSA Plus Fluorescence Palette System from Perkin Elmer. All the steps are done at room temperature.

1. Wash the slides 3 times in TNT buffer for 5 min with gentle agitation.
2. Block the wells in 150 μl of TNB buffer for 30 min.
3. Dilute the HRP-conjugated α-DIG antibody in TNB buffer at a ratio of 1:100 and the HRP-conjugated α-biotin antibody in TNB buffer, at a ratio

of 1:500. Remove any excess TNB buffer from the slides with a paper tissue. When detecting two transcripts simultaneously, both antibodies
can go at once. Apply a total amount of 100 μl of the antibody-TNB solution per well and carefully cover with a cover slip. Incubate the slides
for 2 hr.

4. Remove the cover slips carefully. Wash the slides in TNT buffer 3 times for 5 min.
5. Dilute the FITC-fluorophore in the tyramide amplification reagent at a ratio of 1:500 and apply 100 μl of the solution to each well. Cover the

wells with cover slips and incubate for 12 min.
6. Remove the cover slips carefully and wash the slides 3 times for 5 min in TNT buffer by gentle agitation.
7. Dilute the Cyan3-fluorophore in the tyramide amplification reagent at a ratio of 1:500. Add 100 μl per well of this solution. Cover the wells with

cover slips and incubate for 12 min.
8. Remove the cover slips carefully and then rinse the slides quickly by immersion in TNT buffer.
9. Wash the slides 3 times with TNT buffer for 5 min.
10. Immerse the slides quickly in DEPC-treated water.
11. Leave the slides to air dry. Mount the slides with anti-fade reagent containing DAPI. Seal the corners of the cover slips with nail polish.
12. The slides are now ready for microscopy. Keep the slides covered with aluminum foil and store at 4 °C if the experiment is to be completed

the next day. A complete sealing of the sides of the slides can be carried out 24 hr after applying the anti-fade reagent. This will allow the
slides to be imaged for up to one week after the protocol has been completed.

6. Visualization of Hybridized Probes

1. Turn on the microscope. A standard immunofluorescence microscope is sufficient for this kind of experiment, but if you have access to a
confocal microscope you can also use this for 3D images or to obtain videos of your stained cells. Allow microscope to warm up for 15-30
min. Switch on the computer and the software.

2. Check the quality of the staining on the immunofluorescence microscope. Choose a spot containing a few parasites.
3. Adjust the gain of each laser manually. Adjust the pixel dwell to 4-6 m-1s-1 and the steps to 512 x 512 pixels.
4. Take a test picture using Frame Lambda. Readjust the laser gain.
5. Take a minimum of 20 good pictures of fluorescent single cells. At least 2-5 pictures of a field containing 5-20 parasites are needed in order to

obtain a fair overview of the percentage of positive parasites.

Representative Results

Figure 1 illustrates a flowchart of the major steps and the time duration of the RNA FISH methodology.

A series of representative images of well and poorly preserved stained mRNA FISH experiments using single P. falciparum IE are shown
in Figure 2. This intracellular protozoan has a small (1-1.5 μm diameter) nucleus which is stained blue with DAPI. Twenty four hours after
erythrocyte invasion in P. falciparum the process of schizogony, i.e. nuclear division, begins. Optimal FISH detection of var gene transcription
occurs at around 10-22 hr into this 48 hr intra-erythrocytic lytic cycle. Probes generally hybridize to mRNA species which appear adjacent to
the main nuclear body, in what is probably nuclear envelope-associated endoplasmic reticulum. The good quality images in row A show FITC-
(green) and Cyan3- (red) labeled probes corresponding to the PFD1235w and PF11_0008 var genes, respectively, in the double selected P.
falciparum sub-line, 3D7 PFD1235w/PF11_0008. Co-localization of the genes is apparent but not absolute. Row B shows poor hybridization of both
probes to parasites which have either degraded or largely ceased transcribing var mRNA. In row C, a good FISH hybridization is obtained but the
cellular preservation is poor, as shown by badly spread and aggregating parasites.
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Figure 1. RNA FISH experiment flowchart.  The flowchart illustrates the main points and timing of the FISH procedure.
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Figure 2. Confocal images of RNA-FISH in double selected P. falciparum indicating simultanous mRNA transcription of two different var genes
labeled with either FITC (green) or Cyan3 (red) signal. DAPI staining (blue) indicates the parasite nuclear DNA. The vertical row a1, b1 and c1
show the transmission images of the parasites. Scale bar 5 μm.

Discussion

RNA FISH analysis, in contrast to methods such as Northern blotting and RT-PCR, allows discrimination of specific mRNA transcripts at the
single cell level. This makes it possible to discriminate between transcriptionally active and inactive cells, in this example, P. falciparum parasitic
protozoa inside human red blood cells. Such whole-cell observations are often necessary and may unravel important and novel transcriptional
patterns1.

Although other RNA FISH methods have been described4-10, there has been a need for development of a new and refined protocol for the study
of simultaneous var mRNA transcription in P. falciparum. By using asRNA probes as detection tools, the special-temporal patterns of mRNA
activity can be easily localized in the cells. In addition, asRNA probes can also be used in other experimental systems which would support
their specificity1. Other critical parameters that are important when developing a new protocol includes fixation and permeabilzation of the cells.
These steps were empirically defined by testing various chemical reagents as suggested by other authors5. We concluded that by combining
the slow acting cross linker paraformaldehyde together with the coagulant fixative acetic acid we could obtain a good preservation of the tissue
morphology. In addition, we found out that pre-blocking the cells before adding the probes was not necessary, similarly to other described RNA
FISH protocols5. Furthermore, in the present protocol we use gentle washes, a mild protease (pepsin) at low amounts and a short incubation
period to allow for the probe and the antibodies to diffuse into the nucleus and hybridize with the mRNA attached on the ER, minimizing the
damage to surrounding membranes (Figure 2a1-2a4).

In addition, the RNA FISH and the high resolution images generated by the camera attached to the confocal microscope reveals whether a
particular cell is positive for staining or not and also gives valuable information about the spatial relationships between the stained antisense
RNA and the DAPI stained nucleus. As resolved in the images in Figure 2a4, the mRNA appears to be attached next to the nucleus, probably in
the endoplasmic reticulum, and not on top of it, as expected in a DNA-FISH image11-12.

Studies of single cells require observations of numerous parasites and at different time points to get a statistically significant result. Thus, RNA
FISH analysis is a rather time consuming technique that demands patience and considerable trial-and-error experimentation to calibrate the
technique. As RNA FISH is a technique of many parameters a trouble-shooting guide to the main steps of this protocol are given in Table 1.

Problem Possible cause Recommendation

Weak signal or no signal • Low mRNA expression.
• mRNA degradation.
• Probe is degraded, in-efficiently labeled

or too low in concentration.
• Too high hybridization temperature.
• Too long pepsin treatment.
• Cells are not permeabilized enough.

• Check the protein expression by FACS.
• Work under RNAse free conditions and

use only freshly prepared solutions.
• Do a quality check of the labeled probe

on gel and compare to a labeled control
RNA. Make a titration series of the probe
concentration in FISH.

• Reduce the hybridization temperature
stepwise.

• Reduce the pepsin treatment length.
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• Prolong the pepsin treatment length or
try another detergent.

Poor cellular preservation • Too high parasitaemia or stressed
parasites.

• Too thick films.
• Badly cleaned slides.
• The cells on the slides are deattached.

• Use a healthy parasite culture by
keeping the parasitemia under 10 % and
changing the cell media every day.

• Dilute the parasite culture.
• Clean the slides with alcohol and wait at

least 10 min for the slides to dry.
• Use freshly prepared para-formaldehyde

and/or increase the paraformaldehyde
incubation length.

High Background • Too high probe concentration.
• Insufficient washing of parasites.
• Bursting shizonts.
• Insufficient post hybridization washings.
• Blocking buffer is contaminated or

inefficient.

• Make a titration series of the probe
concentration in FISH.

• Wash the parasites twice before
preparing the thin films.

• Synchronize the culture more tightly.
• Increase the number and/or length of

washes.
• Prepare new blocking buffer. Try other

blocking reagent, concentration or
prolong the blocking period

The RNase treated control is positive • The Rnase solution is inactive.
• Too low RNase concentration.
• The incubation was too short.

• Prepare a new Rnase solution.
• Increase the concentration. Make a

titration series.
• Prolong the RNAse treatment period.

False positive detection of negative control
parasites

• The probe is not specific.
• Parasites do not express the mRNA

detected by the probe.

• Check the specificity of the probes.
• Check that the parasite line used is the

right one and freshly selected.

Table 1. Troubleshooting guidance.
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