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Abstract   

 

One of the key questions in biology is whether all the cells of a “cell type” have more or less 

the same phenotype, especially with relation to non-imprinted autosomal loci. This could be 

answered by single-cell studies in heterozygous organisms. We studied the ABO locus to 

assess the relative levels of expression of the co-dominant alleles I
A
 and I

B
 in 2512 RBC from 

24 individuals with AB blood group using Cy3- and FITC- tagged antibodies. Contrary to the 

general belief that all RBC in AB individuals express both antigens in comparable amounts, 

they segregated into 4 groups: showing normal distribution for both antigens, either antigen, 

and neither antigen; the deviation from normal distribution could not be correlated to 

maternal/paternal origin. Surprisingly, very few people showed any correlation between the 

amounts of these two antigens on RBC. In fact, the ratio of antigen A to B in the entire set of 

samples spanned over 6 orders of magnitude. This variability in amount of the antigens A 

and/or B, combined with a lack of correlation between the amounts of these two antigens 

resulted in unique staining patterns for RBC, generating widespread mosaicism in the RBC 

population of AB blood group individuals. 

Introduction 

Alleles I
A
 and I

B 
that are responsible for the production of antigens A and B

1-4
  

respectively, of the ABO blood group are cited as classic examples of co-dominant 

expression of Mendelian traits
5
. The A and B antigens are produced by the differential 

glycosylation of a common substrate, H, present on the surface of all human cells. Allele I
A
 

encodes α1-3 N-acetylgalactosaminyl transferase which adds an N-acetyl galactosamine 

residue to H disaccharides present on glycolipids or glycoproteins; this modified form is 
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termed antigen A. Allele I
B
 encodes α1-3 galactosyl transferase which adds a galactose 

residue at the same position of the H antigen; this modified form is termed antigen B. Null 

alleles at this locus are termed i, and the unmodified substance H is termed O antigen. Alleles 

I
A
 and I

B
 are both dominant over allele i, but are co-dominant with respect to each other. 

Recently, natural and engineered enzymes with dual specificity (cis-AB alleles) have been 

reported that can modify H antigen to produce both A and B antigens. However, an 

individual molecule of substance H can be modified to produce either A antigen or B antigen, 

but not both. 

Cells of individuals with genotype I
A
I

B 
express both, A antigen and B antigen, on their 

surfaces. It is generally believed that these two antigens are present in more or less equivalent 

amounts, as judged by agglutination reactions. Certain types of I
A
 and I

B 
alleles are known to 

be ‘weak’, either due to lower level of transcription and/or poor catalytic activity of the 

encoded polypeptide product
6,7

. For example, I
A
 and I

B 
alleles containing missense mutations  

showed variation in expression when transfected into HeLa cells in terms of mean antigen 

amount as well as number of antigen expressing cells
8
.  Nevertheless, one would expect that 

all the cells within an I
A
I

B 
individual would be fairly homogenous in terms of the 

stoichiometric ratios of the A and B antigens. 

Here we report the quantification by immunofluorescence, of A and B antigens on 

2512 peripheral red blood cells (RBC) from 24 individuals of AB blood type. We observed 

that a majority of the subjects (19 of the 24) in this cohort did not have RBC that stained 

equally for antigens A and B; in most cells, each RBC stained substantially more for either 

antigen A or antigen B. Quantification of both antigens on each cell revealed a wide variation 

in the amount of A and/or B antigen in most samples. Of the 24 individuals tested, only 8 

showed appreciable or strong positive correlation (Carl Pearson correlation coefficient r > 
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0.5). The effect of these two levels of variation in quantity of surface antigens is that most 

individuals of AB blood group in this study group were phenotypic mosaics for these 

proteins. These observations challenge the presumption of stoichiometric expression of these 

two alleles within the RBC population and may be indicative of epigenetic mechanisms that 

can render these two alleles functionally non-equivalent within a cell. 

Materials and Methods 

Ethics Statement 

 

Blood samples were collected with informed consent of the subjects, after obtaining 

clearance from the ethical committee, Centre for Cellular and Molecular Biology (CCMB), 

Hyderabad, India. The subjects were healthy donors from the institute. All the experimental 

procedures followed were as per strict guidelines and regulations issued by ethical 

committee, CCMB. 

Immunofluorescent detection of antigens A and B on RBC: 100 μl of peripheral blood 

was fixed on poly-lysine coated cover slips using 3.7% formaldehyde. The cells were blocked 

with 2% BSA and incubated serially in (a) mouse monoclonal Anti-A antibody (1:10 

dilution; Tulip Diagnostics (P) Ltd. India) for 90 min., (b) Cy3-tagged anti-mouse antibody 

(1:500 dilution; Amersham Pharmacia) for 60 min, (c) mouse monoclonal Anti-B antibody 

(1:10 dilution; Tulip Diagnostics (P) Ltd. India) for 90 min, and (d) FITC tagged anti-mouse 

antibody (1:200 dilution; Vector Labs). After each incubation, the slides were washed in 1x 

PBS (Phosphate Buffered Saline) for 15 min. After the final wash, slides were mounted using 

a glycerol-based anti-fade reagent, Vectashield (Vector Labs). Control reactions carried out 

to rule out non-specific binding were incubation of (a) anti-A antibody to RBC of O and B 

blood group types, (b) anti-B antibody to RBC of O and A blood group types, and (b) anti-
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mouse secondary antibody to RBC of all four blood groups (O, A, B, and AB) in the absence 

of any primary antibody. All procedures were done at room temperature.  

Image capture: Slides were scanned at 40x (dry) and 100x (oil) magnifications using the 

dual scanning, multi-track mode of a confocal microscope (Zeiss, LSM510 META). The 

numerical aperture used was 0.95 for 40x and 1.4 for 100x. Images containing 5 Z-stacks 

were captured for quantification (100x magnification) on Axioplan-2 using Axiovision 

version-4 camera (Carl Zeiss). The intensity of fluorescence of FITC and Cy3 was quantified 

from the projected images using the LSM-FCS Version 3.2SP software (Carl Zeiss) and 

corrected for background fluorescence. Typically, around 100 cells were analyzed from each 

sample slide. 

Statistical analysis: Data were analyzed using MS Excel and R Statistical Software. Outliers 

in box plots were identified using default parameters of R. The Shapiro test was used to 

determine the probability that a given set of fluorescence values conformed to a normal 

distribution. For each subject, the Karl Pearson correlation coefficient was calculated using 

basic functions in Excel.  

Data availability statement 

The authors affirm that all data necessary for confirming the conclusions of the article are 

present within the article, figures, and tables. 

Results and discussion 

Unequal staining for A and B antigens on RBC from AB blood group individuals 

The RBC from 24 (15 males and 9 females) AB blood group individuals were fixed 

on slides and incubated with anti-A and anti-B antibodies followed by fluorescently tagged 
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secondary antibodies; Cy3 (red fluorescence) for antigen A, and FITC (green fluorescence) 

for antigen B. Contrary to expectations of finding equivalent amounts of antigen A and 

antigen B on each RBC, we observed that RBC from AB individuals differed with respect to 

the fluorescent staining pattern on their surface on co-localization of the A and B antigens 

(Fig. 1).  

The samples appeared to fall into four distinct categories. In group (i), most of the 

RBC were stained for antigen B but differentially stained for antigen A (Fig. 2, A-F). In 

group (ii), almost all RBC were stained for antigen A but only some cells showed staining for 

antigen B; in other words, staining for antigen B was differential, i.e., quantitatively different 

from cell to cell (Fig. 2, G-L). In group (iii), RBC appeared to be stained differentially for 

both antigens (Fig. 2, M-R). Finally, in group (iv), all the RBC stained equally for both 

antigens (Fig. 2, S-X).  

Distribution of A and B antigens on RBC from AB blood group individuals 

To determine the extent of expression of the antigens on individual cells, we used 

densitometry to quantify the fluorescence for both dyes. These RBCs were studied with 

respect to the number of cells showing differences and the quantitative variation between the 

two antigens from single cells. The data was analyzed to check for statistically significant 

differences, if any. The fluorescence measurements of the A and B antigens were checked for 

normal distribution, using the Quantile-Quantile (Q-Q) plots, which plot the distribution of 

the observed values against an expected normal distribution. The Q-Q plots show that the 

fluorescence did not show a normal distribution for most of the samples (Fig. 3).  

These data were also plotted as a box plot to show the distribution of fluorescence for 

antigen A (red bars) and antigen B (green bars) (Fig. 4). Using the Shapiro Wilk test to assess 
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for normality of the distribution, we found that the samples could again be assigned to 4 

classes: (i), where only antigen B shows a normal distribution (subject # 19); (ii), where only 

antigen A shows a normal distribution (subjects #2, 3, 5, 7, 13, 17, 20 and 25); (iii), where 

neither antigen shows a normal distribution (subjects # 9, 11, 15, 18, 1, 24, 6, 12, 16, 23 and 

26) and (iv), where both antigens show a normal distribution (subjects # 4, 8, 14, and 21). 

Another interesting observation was that most samples showed no correlation between the 

amounts of antigens A and B on individual cells. As noted in Figure 4, only 2 samples 

(subjects # 4 and 19) showed a value above 0.9 for Karl Pearson correlation coefficient (r), 

and 3 other samples (subjects # 8, 6, and 26) had r>0.6. 

Range and ratio of expression of A and B antigens on RBC from AB blood group 

individuals 

Considering that these two antigens are expressed from alleles on homologous 

chromosomes, this lack of correlation shows that the expression of these antigens is not under 

stringent control. The extent of wide variation in the relative amount of antigens A and B on 

individual RBC is evident from a box plot of the ratio of fluorescence from antigen A to that 

from antigen B (Fig. 5). If these two alleles were expressed at comparable amounts on all 

cells, we would expect to see a narrow range of ratios (the ratio would be 1 if the 

fluorescence due to the two dyes – Cy3 and FITC – had molar equivalence). Yet we see the 

ratios spanning 5 orders of magnitude, from 1/100 to over 1000. This is consistent with 

essentially independent levels of expression of these antigens and/or rates of loss during the 

lifetime of the RBC.    

 Our observations are consistent with a previous report by Balea and colleagues
9
 where 

flow cytometry of RBC from AB individuals revealed distinct sub-population of cells with 
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equal concentrations of antigens A and B, or with maximum concentration of antigen A and 

minimum concentration of antigen B, or with maximum concentration of antigen B and 

minimum concentration of antigen A. The use of scanning fluorescence microscopy in our 

study has revealed more layers of heterogeneity within population of RBC in individuals of 

AB blood group. In many individuals, the level of heterogeneity is so high that it appears that 

no two RBC are alike with respect to antigens A and B on their surface. This degree of 

mosaicism appears to be unparalleled in human tissues. 

 In this cohort of 24 subjects, 12 showed normal distribution for antigen A while only 

4 showed normal distribution for antigen B. This was an unexpected finding: differences have 

been reported in the promoter strength as well as the level of transcripts from various I
A
 and 

I
B
 alleles, but one would expect that the products of strongly or weakly expressed alleles 

would show a normal distribution nevertheless, even if the absolute amount of antigen A was 

not the same as that of antigen B. There is no synthesis of new molecules of these antigens in 

circulating RBC, given that these cells are devoid of ER where the galactosyl transferases 

encoded by I
A
 and I

B
 alleles function. Scant expression of the A or B antigen on circulating 

RBC is consistent with the corresponding enzyme being fully active only in few cells; the 

reasons for a possible sporadic activity, however, are not clear. 

Is the ABO locus imprinted? 

To probe if the non-normal distribution of antigens from the I
A
 and/or I

B
 alleles in 

certain individuals was potentially due to epigenetic mechanisms dependent on the parent of 

origin, we attempted to correlate the alleles to paternal or maternal allele origin. The blood 

group of the parents of some of the subjects in this test group was known. Comparison of the 

blood group of the parents with the test individuals showed that there was no relationship 

between the allele showing differential expression and the parent of origin (Table 1).  
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Serial 

number 

Subject number Category Mother  Father 

1 13 1 B A 

2 10 2 A B 

3 3 2 AB AB 

4 5 2 AB AB 

5 12 2 AB (not known) 

6 1 3 AB AB 

7 21 4 A B 

8 6 4 A B 

9 11 4 A B 

10 24 4 AB B 

 

Table 1:  Blood groups of selected subjects and their parents  

The alleles of the ABO blood group genes localizing to chromosome 9 in humans are 

classic examples of co-dominant gene expression
10

. Earlier studies in the lab reported a 

difference in the occurrence of sister chromatid exchanges on the chromosomes of Muntiacus 

muntjak
11

. More recent studies show that indeed there are a number of genes, which show 

allelic variation in gene expression within an individual, elucidating the fact that this could be 

a more common phenomenon than envisaged
12,13

. Allele-specific differences in gene 

expression have been reported and currently this concept is more widely accepted
14,15

. 

Epigenetic factors such as single nucleotide polymorphisms in regulatory elements, parent of 

origin imprinting, differential methylation etc. is believed to effect such differences in gene 

expression
16

. Variation in transcription has been observed within cells of a population. Yet 

the variability at the cytoplasmic level is tightly regulated by the nucleus
17

. In the RBC of the 

AB blood group, we observe a variation in the protein. The long term follow up of few 
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subjects over a span of 6-7 months shows that the expression pattern of these antigens 

appears to be fixed for a given individual (data not shown).     

The mechanisms responsible for this heterogeneity are not clear. Different 

mechanisms are known to result in mosaicism in a tissue: position effect variegation due to 

variable heterochromatin formation, epigenetic modifications such as methylation, hyper-

mutation, cellular volume and number of mitochondria within a cell
17

. Since the RBC lack 

DNA, it is not possible to determine if the sporadic or non-coordinated transcription of the 

alleles is due to any of these mechanisms or a novel pathway. A and B antigens are expressed 

on all cells
18,19

; it is possible that characterization of clones from single cells taken from some 

other somatic tissues may reveal modifications in the genotype that can be correlated to the 

phenotype, but such analyses will be technologically challenging.  

It is also not clear whether this heterogeneity has any physiological significance. A 

variety of functions have been proposed for the ABO antigens; certain blood types have been 

associated with increased risk for certain medical conditions, or infections (Reviewed in
20

). 

The revelation of extensive heterogeneity in the quantitative profiles of these antigens 

suggests that the use of quantitative immunofluorescence instead of the traditional method of 

agglutination reactions to determine the blood group of individuals may allow more thorough 

correlation of these risk factors with specific antigen profiles.  

The differential and combinatorial expression from autosomal homologues, can give 

rise to cell-specific expression, not only giving each cell a unique signature, but accounting as 

well for individual specific gene expression. This may be one of the mechanisms by which 

nature can bring about phenotypic variation within a single genotype. It would be interesting 

to investigate if the differential response to drugs by individuals can be understood better by 

studying combinatorial expression of sets of genes. 
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Figure legends 

Figure 1: Mosaicism for antigens A and B on RBC from different subjects revealed by 

immunofluorescent staining: Panels a-h represent RBC from eight different individuals. RBC 

were fixed on cover slips and stained with antibodies to stain antigen A with Cy3-tag (red 

fluorescence) and antigen B with FITC-tag (green fluorescence). Overlay of red and green 

fluorescence appears as yellow fluorescence. RBC from eight subjects are shown at 100X 

magnification.  

Figure 2: Immunofluorescent staining for antigens A and B on RBC from individuals of AB 

blood group: RBC were fixed on cover slips and stained with antibodies to stain antigen A 

with Cy3-tag (red fluorescence) and antigen B with FITC-tag (green fluorescence). Left panel 

shows co-localization of antigens A and B (yellow fluorescence); middle panel shows 

staining for antigen A; and right panel shows staining for antigen B. Cells from representative 

samples from each category are shown at 100X and 40 X magnifications. A-F: cells from 
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group (i) - stained predominantly for antigen B and differential staining for antigen A; G-L: 

cells from group (ii) - stained predominantly for antigen A and differential staining for 

antigen B; M-R: cells from group (iii) - differential staining for both antigens; S-X: cells from 

group (iv) - equal and uniform staining for both antigens. 

Figure 3.  Figure shows the Q-Q plots depicting the distribution of A and B antigens from 

four representative individuals. The Panels a and b show the distribution of antigen A and B 

respectively of an AB individual who shows a differential expression of A antigen. The 

antigen A shows a distribution away from the normal (a), and antigen B (b) shows a normal 

distribution. Panels c, d show the distribution of an individual with differential expression of 

antigen B, which shows a skewed distribution (c) and antigen A shows a normal distribution 

(d). The panels (e) and (f) display skewed distribution of both A and B antigens in an 

individual who shows differential expression of both the antigens. Panels (g) and (h) show 

normal distribution of both the antigens A and B in an individual with equal expression of 

both the antigens. The Q-Q plot plots the expected normal distribution on the Y axis against 

the observed values on the X axis.  

Figure 4: Comparison of distribution of fluorescence (arbitrary units) corresponding to 

antigens A and B on RBC: Box plot showing distribution for fluorescence intensity for 

antigens A (red boxes) and B (green boxes) stained with Cy3- and FITC- tagged antibodies. 

The value of Karl Pearson coefficient of correlation (r) and number of RBC quantified (n) is 

shown for each subject. Outliers were identified using the boxplot() function of R. The box 

marks the limits of the upper and lower quartiles, and the median is indicated as a line within 

the box. Whiskers extend to 1.5*IQR (interquartile range). Filled circles indicate outliers. 

Figure 5: Fluorescence ratios for all individuals. Box plots and outliers were marked as for 

Figure 4. 
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