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Abstract

Flow cytometry is a technique that yields rapid results in analyses of cell properties such as volume, 
morphological complexity and quantitative DNA content, and it is considered more convenient than 
other techniques. However, the analysis usually generates histograms marked by variations that can be 
produced by many factors, including differences between the software packages that capture the data 
generated by the flow cytometer. The objective of the present work was to evaluate the performance of 
four software products commonly used in flow cytometry based on quantifications of DNA content and 
analyses of the coefficients of variation associated with the software outputs. Readings were obtained 
from 25 ‘NBA’ (AA) banana leaf samples using the FACSCalibur (BD) flow cytometer, and 25 histograms 
from each software product (CellQuest™, WinMDI™, FlowJo™ and FCS Express™) were analyzed to 
obtain the estimated DNA content and the coefficient of variation (CV) of the estimates. The values of 
DNA content obtained from the software did not differ significantly. However, the CV analysis showed 
that the precision of the WinMDI™ software was low and that the CV values were underestimated, 
whereas the remaining software showed CV values that were in relatively close agreement with those 
found in the literature. The CellQuest™ software is recommended because it was developed by the same 
company that produces the flow cytometer used in the present study.
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Resumo

A citometria de fluxo é uma técnica que apresenta resultados com extrema rapidez para análises de 
propriedades celulares como volume, complexidade morfológica e conteúdo de DNA, e é considerada 
mais conveniente que outras técnicas. Entretanto, as análises muitas vezes geram histogramas com 
variações que podem ser devidas a vários fatores, dentre os quais, as diferenças entre os softwares que 
realizam a aquisição dos dados gerados pelo citômetro de fluxo. Este trabalho foi realizado com o objetivo 
de avaliar o desempenho de quatro softwares comumente utilizados em análises de citometria de fluxo, 
por meio de quantificações do conteúdo de DNA e análises do coeficiente de variação gerados por eles. 
Foram realizadas leituras de 25 amostras foliares de bananeira ‘NBA’ (AA) utilizando o citômetro de 
fluxo modelo FACSCalibur (BD) e 25 histogramas de cada software (CellQuest™, WinMDI™, FlowJo™ 
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e FCS Express™) foram analisados para obtenção do conteúdo de DNA estimado e do coeficiente 
de variação das estimativas. Não há diferença entre os softwares quanto aos valores de conteúdo de 
DNA. Entretanto, as análises do CV indicaram que a precisão do software WinMDI™ foi baixa e que 
os valores de CV foram subestimados, enquanto que os demais softwares apresentaram valores de CV 
mais condizentes com a literatura. O software CellQuest™ é recomendado por ser desenvolvido pela 
própria empresa fabricante do citômetro de fluxo utilizado nas análises do presente trabalho.
Palavras-chave: Coeficiente de variação, conteúdo de DNA, CellQuest™, WinMDI™, FlowJo™, FCS 
Express™

Flow cytometry is a productive method for 
studying numerous cellular characteristics. It can be 
used to analyze a large number of cells individually 
(LOUREIRO et al., 2007). In recent years, this 
method has been considered the most rapid and the 
most convenient of the available techniques (SUDA; 
TRAVNICEK, 2006). However, the histograms 
obtained from the method always include variation 
because the measurement of the DNA content is 
not perfect (DOLEZEL; GREILHUBER; SUDA, 
2007b). This variation, whose sources can range 
from the methodology used for sample preparation 
to the cytometer readings and the programs used in 
the analysis, is expressed by a coefficient of variation 
(CV = standard deviation/average), which usually 
varies from 1 to 10% for plant cells. According to 
Marie and Brown (1993), the CV is a basic criterion 
for the validation of cytological methods and defines 
a broad spectrum of values ranging from 1 to 2% for 
high-quality analysis and 3% for routine analysis.

Studies that aim to achieve greater precision 
in conjunction with more appropriate information 
about the distribution of the DNA content and CVs 
are currently being conducted. Previous studies have 
addressed tests of isolation buffers (LOUREIRO et 
al., 2006); plant tissue and the absence and presence 
of RNAse (DOLEZEL; GREILHUBER; SUDA, 
2007a; LOUREIRO et al., 2007); and fluorochromes 
(type, time of exposure and quantity) (LOUREIRO 
et al., 2006). However, information about the 
actual performance of the computer software most 
commonly used in these analyses is rare.

The evaluation of the quality and precision 
of the information generated by flow cytometers 

and encoded by the applied software should 
be prioritized so that the analysis offers the 
greatest possible level of reliability. Cytometers 
are accompanied by software developed by the 
equipment manufacturer for cytometry data 
acquisition, e.g., the BD Biosciences company, 
which created the CellQuest™ Pro software, and the 
Beckman Coulter company, which developed the 
Expo32 software. However, these programs do not 
have specific functions allowing the quality of the 
analysis to be evaluated (LE MEUR et al., 2007). 
The same limitation applies to software products 
such as FlowJo™, WinMDI™ and FCS Express™, 
which were developed by companies that do not 
specialize in the fabrication of flow cytometers but 
that develop software for use in acquiring data from 
a variety of types of equipment (BONETTA, 2005; 
CHI, 2010; LE MEUR et al., 2007). 

Therefore, the objective of this work is to evaluate 
the performance of software commonly used in flow 
cytometry analysis, obtaining more reliable values 
for DNA content and the coefficient of variation 
and drawing inferences about the technical quality 
of each software product. These analyses will 
help to improve the analyses performed with flow 
cytometry techniques.

This study was performed in the Plant Tissue 
Culture Laboratory in the Department of Agriculture 
at the Federal University of Lavras, Lavras/MG, 
Brazil. Twenty-five recently collected ‘NBA’ banana 
samples were evaluated. To release the cell nuclei, 
a scalpel was used to crush leaf fragments weighing 
approximately 20-30 mg in Petri dishes containing 
1 mL of cold LB01 extraction buffer (DOLEZEL; 
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BINAROVÁ; LUCRETTI, 1989). The suspension 
of nuclei was aspirated using two layers of gauze 
and filtered with 50 µm mesh filters. This suspension 
was maintained in a receptacle containing chopped 
ice to preserve the material. The nuclei were then 
stained with 25 μL of propidium iodide, and 5 μL 
of RNase was added to each sample. Five thousand 
nuclei were analyzed/sample in the FACSCalibur 
BD flow cytometer, and the histograms were 
obtained with the CellQuest™ program supplied 
with the cytometer.

To estimate the DNA content and the coefficient 
of variation, all 25 samples were analyzed with 
four software products (CellQuest™, WinMDI™, 
FlowJo™ and FCS Express™). The values of the 
geometric mean and coefficient of variation were 
automatically calculated by these programs. Based 
on the geometric mean (Gmean) of the samples and 
the data on the reference standard (Pisum sativum 
L.), the DNA content of the samples was estimated 
using the following equation: DNA of the sample 
= (G1sample/G1standard) x DNAstandard, where G1sample 
refers to the position of the G1 peak of the sample, 
G1standard refers to the position of the G1 peak of 
the reference standard and DNAstandard refers to the 
quantity of nuclear DNA of the species used as the 
reference standard (Pisum sativum = 9.09 pg).

The coefficient of variation describes the width 
of the G1 peak of the sample; therefore, the thinner 
the G1 peak, the smaller the coefficient of variation, 
and the more precise the analysis. Hence, in flow 
cytometry analysis, it is very important to obtain 
thin peaks. The measurements should be conducted 
in the position that best represents the average 
of the population of the nuclei. This position is 
approximately the middle of the G1 peak of the 
sample.

The coefficients of variation (CVs) and DNA 
content values obtained were evaluated with an 
analysis of variance and an F test. If statistically 
significant, the averages were evaluated with a Tukey 
test (p≤0.05) using R software (R DEVELOPMENT 
CORE TEAM, 2008). 

The nuclear DNA content ranged from 1.77 to 
1.87 pg. These values do not differ statistically. 
Therefore, the amount of DNA was the same for 
all treatments, as shown in Table 1. This result is 
very important because it shows that this software 
function yields highly homogeneous results and that 
any one of the four programs may be used for the 
analysis of banana samples because the estimates 
of DNA content will not vary among the software 
products. 

Table 1. Average values of nuclear DNA content (pg) and coefficient of variation (%) obtained for four software 
products used in flow cytometry. UFLA, Lavras, MG, 2011.

Software Nuclear DNA content 2C (pg) CV (%)1

CellQuest™   1.77 ns 3.20 b
WinMDI™ 1.87 0.71 a
FlowJo™ 1.84 4.70 c

FCS Express™ 1.80 5.40 c
CV (%)  20.5  30.0

1Averages followed by the same letter in a given column do not differ from each other (Tukey test, 5% probability).
* ns = non-significant.
Source: Elaboration of the authors.
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However, varying levels of precision were 
found for the coefficient of variation. These levels 
of precision depended on the software used for the 
acquisition and reading of the data.

Of the software products evaluated, WinMDI™ 
showed the smallest average value for the CV. 
Initially, this software might appear ideal because 
this program gave the lowest CV of any software 
evaluated. However, users observed that this 
software underestimates the CV values, producing 
an analysis with misleading results. Furthermore, 
in certain cases, e.g., the analysis of the reference 
standard, the geometric mean appeared with the 
value zero, highlighting an error introduced by the 
program. 

CellQuest™ software is supplied with the BD 
Biosciences flow cytometer. This software should 
supply a more precise analysis of the data because it 
was developed by the manufacturer of the equipment 
used for the readings. Moreover, it is expensive and 
only runs on computers with a Macintosh operating 
system in conjunction with a program security key. 
The average CV value obtained by this software 
is 3.20%. This value is considered acceptable for 
flow cytometry analysis. Values close to or less 
than 3% are considered good, whereas CV values 
greater than 5% are not acceptable (DOLEZEL; 
GREILHUBER; SUDA, 2007b). Note that CVs 
obtained for in vitro cultures range approximately 
from 5% to 10% (WEBER et al., 2010). 

Despite its high acquisition cost, CellQuest™ is 
extremely complete and performs many more types 
of cellular analyses than WinMDI™ software, which 
is free but is considered inferior because the tools 
it offers are those of a software product with only 
basic functions (CHI, 2010).

The FlowJo™ and FCS Express™ software 
products must also be purchased separately and offer 
many resources for advanced analysis. They are 
considered good programs. The CV values obtained 
from these two programs did not differ significantly. 
These values were approximately 5% in each case. 

This result is in agreement with that found by Obae 
and West (2010), who obtained a CV of 4.9% for 
an analysis that used FCS Express™ software to 
evaluate the nuclear DNA content of Hydrastis 
canadensis. Similarly, Chung, Weber and Hipp 
(2011) found average CV values of approximately 
4.3% in an analysis that used FlowJo™ software 
to evaluate the nuclear DNA content of Carex 
scoparia var. scoparia (Cyperaceae). A value close 
to those cited earlier in this paragraph (CV = 4.35%) 
was obtained by Cousin et al. (2009) for a ploidy 
analysis performed with FlowJo™ in Brassica 
napus. Note that the Becton Dickinson cytometer 
was used in all the works cited, the same equipment 
used in the present study. 

For the FlowJo™ and FCS Express™ software, 
the values of the coefficients of variation would be 
considered to be very high. However, according to 
Dolezel, Greilhuber and Suda (2007b), these values 
are still acceptable, especially if the species under 
study presents a particularity that interferes with the 
quality of the analysis. Musa acuminata contains 
a significant amount of phenolic compounds. The 
presence of these compounds decreases the final 
quality of the analysis of in vitro plants (CAMOLESI 
et al., 2007) because these compounds precipitate 
during the preparation of these samples, making 
the cytometer readings difficult. In this case, CVs 
ranging from 3% to 5% may be satisfactory. Figure 
1 shows the profiles of the histograms generated for 
each software product.

Dolezel, Greilhuber and Suda (2007b) report 
that the use of appropriate software to evaluate 
the quality of the analysis is extremely important. 
The advantage of using more stringent software is 
that more care in the preparation of the samples is 
demanded from the operator. This care is required to 
ensure that thinner peaks are always obtained, with 
CVs that do not surpass the 5% threshold. 

The results of this study show that CellQuest™ 
software can be recommended for flow cytometry 
analysis if the cytometer is a FACSCalibur unit or 
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another similar device from the BD Biosciences 
company. This software is recommended because 
it is already installed in the equipment, has many 
features to support analyses and does not alter the 
final results. Moreover, it is recommended for its 
good precision, as verified by the analysis of the 
coefficient of variation. The FlowJo™ and FCS 
Express™ programs are considered very good. 
However, the values obtined for the coefficient of 
variation for both were high. Furthermore, these 
programs are very expensive. Their acquisition is 
not advised if users already have the CellQuest™ 
program installed in the computer in the cytometer. 
However, these programs may be needed if large 

amounts of data are to be analyzed and the number 
of computers with the Macintosh operating system 
is limited. The advantage in this case is that these 
programs can be run in any operating system. 
Although WinMDI™ is free and does not alter the 
measurements of the DNA content of the samples, it 
is the least reliable.

Due to its good performance, CellQuest™ 
software is recommended for users who have 
computers that are coupled to Becton Dickinson 
(BD) flow cytometers. The FlowJo™ and FCS 
Epress™ software may also be used if the user does 
not have a Macintosh operating system.

Figure 1. Profiles of histograms generated by the software products for a random sample. a. WinMDI™, b. CellQuest™, 
c. FlowJo™, d. FCS Express™.
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