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Abstract

Within a practical course of cytotaxonomy organized in Pisa (Italy) on February 2024 by the Group for
Floristics, Systematics and Evolution of the Italian Botanical Society, we tested whether using image analysis
softwares possible biases are still introduced by different observers. We conclude that observer bias selectively
applies in possibly overestimating the length of short arms in a karyotype. As a consequence, the parameters
most sensitive to these possible errors are CV, and CV» and to a less degree M, and THL. To achieve
more stable results among observers, a still lacking standardized measurement protocol could be helpful.
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Introduction

Karyomorphology is an easy, cheap and powerful approach to obtain useful basic compara-
tive information in systematic studies (Astuti et al. 2017). This usually implies the measure-
ment of chromosomes (i.e. length of long arm [L], short arm [S], and other derived infor-
mation) in spread metaphase plates, to describe the phenotypic aspect of the chromosome
complement (Levin 2002; Guerra 2012). The most commonly used traits to characterize a
karyotype structure and asymmetry are: the chromosome number (27), the basic chromo-
some number (x), the total haploid (monoploid) chromosome length (THL), the mean
centromeric asymmetry (M), the coefficient of variation of chromosome length (CV,),
and the coefhicient of variation of centromeric index (CV,,) (Peruzzi and Altnordu 2014).

However, while obtaining the chromosome number and basic chromosome num-
ber (see also Peruzzi 2013) should be a relatively easy task, it is well known that the
reliability of karyomorphological measurements can be influenced by two main causes
(Sybenga 1959; Bentzer et al. 1971): a) variation in actual chromosome length, b) vari-
ation caused by inaccuracy of the measurement. The first cause is biological and linked
to several phenomena, which may alter the degree of chromosome condensation (e.g.,
Bentzer et al. 1971; Mdrtonfiovd 2013; Mehravi et al. 2022; Franzoni et al. 2024). The
second cause of variation is “artificial” and pertains to variation in methods and observ-
er (Sybenga 1959; Essad et al. 1966; Bentzer et al. 1971). In particular, Bentzer et al.
(1971) also addressed the question whether the same measurements made by different
people produce consistent data, and showed that this is not the case, especially using
camera lucida drawings of metaphase plates. Starting from the early 2000s, a new era
of chromosome measurement through image analysis softwares started (e.g., Rasband
1997 onwards, Mirzaghaderi and Marzangi 2015; Alunordu et al. 2016; Kirov et al.
2017; Liu et al. 2023; Stossi and Singh 2023), certainly making the measurements
more accurate than in the twentieth century, when scholars were forcedly based on
camera lucida drawings or printed microphotographs. However, no information is
available whether using image analysis softwares possible biases are still introduced by
different observers in measuring the very same microphotographs.

We addressed this problem within a practical course organized in Pisa (Italy) be-
tween 6 and 9 February 2024 by the Group for Floristics, Systematics and Evolution
of the Italian Botanical Society.

Material and methods

A metaphase plate of the diploid (272 = 18) angiosperm Santolina decumbens Miller,
1768 subsp. diversifolia (Jordan et Fourreau,1869) Giaco et Peruzzi, 2022 (Asteraceae;
Giaco et al. 2023) obtained from plants collected in Sisteron, Provence-Alpes-Cote
d’Azur, France (Fig. 1) was taken from those used in the work by Giaco et al. (2022).
This metaphase plate was given to all the participants to the course, who independently
measured it, by using the software MATO (Liu et al. 2023).
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Figure 1. The metaphase plate of Santolina decumbens subsp. diversifolia (from Giaco et al. 2022) distrib-

uted to the participants for independent measurements. The image was built by pasting several images at
different focus, in order to be able to see all the 272 = 18 chromosomes in the same picture. Scale bar: 10 pm.

We focused on the following quantitative traits (Peruzzi and Alunordu 2014; As-
tuti et al. 2017):

* THL (total haploid [monoploid] length of chromosome complement). It is a gross
proxy of genome size (Carta and Peruzzi 2016; Franzoni et al. 2024), and is obtained by the
sum of the length of all the chromosomes in a metaphase plate, divided by the ploidy level.

* M, (mean centromeric asymmetry). It expresses the intrachromosomal karyotype
asymmetry (Peruzzi and Eroglu 2013), and is calculated as the mean value of the difference
between the two (complementary) proportions L/(L+S) and S/(L+S), multiplied by 100.

e CV_, (coefficient of variation of chromosome length). It expresses the inter-
chromosomal karyotype asymmetry (Paszko 2006), and is calculated as the standard
deviation of chromosome lengths (L+S) in a complement, divided by the mean chro-
mosome length and multiplied by 100.

CV,, (coefhicient of variation of centromeric index). It expresses the degree of
heterogeneity in the position of centromere in a karyotype (Zuo and Yuan 2011), and
is calculated as the standard deviation of centromeric index S/(L+S) in a complement,
divided by the mean centromeric index and multiplied by 100.
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The variation of each karyomorphological trait cited above was illustrated by
means of boxplots. Then, to test which karyomorphological traits are more prone to
biases introduced by different observers, for each trait a CV was calculated. Finally,
correlations between parameters were tested by Pearson’s correlation coefficient. All the
analyses have been carried out in PAST 4.17 (Hammer et al. 2001; Hammer 2024).

Results

The variation of each karyomorphological trait is illustrated in Fig. 2, which is based
on the data reported in Suppl. material 1: table S1. The coefficients of variation show
the highest value concerning CV,, (17.3%) and CV_,, (13.4%), and the lowest for M.,
(4.7%) and THL (9.4%).

According to Table 1, the only highly statistically significant (p < 0.01) and nega-
tive correlation is between THL and M, (Fig. 3). A positive correlation between CV
and CV, is only marginally significant (p < 0.05), while all other correlations are not
significant (p > 0.05).

A

Figure 2. Boxplots with jitters illustrating the variability in the karyomorphological traits THL (A), M,
(B), CV, (C), and CV, (D) independently calculated by the participants based on the same metaphase
plate of Santolina decumbens subsp. diversifolia in Fig. 1. The red dot is the measurement n. 15 (see Suppl.
material 1: table S1), used to build the karyotype of this population by Giaco et al. (2022).

Discussion

The significant negative correlation between THL and M., points towards selec-
tive observer bias that tends to overestimate the length of the short arm. Indeed,
such an overestimation could at the same time cause an increment of THL and a
decrease in MCA. Indeed, already Sybenga (1959) and Bentzer et al. (1971) evi-
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Table I. Pearson’s correlation coeflicients and p values among the considered quantitative karyomorpho-
logical traits based on 15 measurements independently made by different evaluators on the same meta-
phase plate of Sanrolina decumbens subsp. diversifolia. In bold are highlighted the significant correlations.

THL M, Cv,, Cv,,
THL p = 0.0022365 p = 0.40465 p =0.055789
M, -0.7248 p=0.38316 p =0.056293
CV, -0.23236 +0.38316 p=0.010211
CV,, -0.50333 +0.63978 +0.50225
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Figure 3. Scatter plot THL (x axis) vs. M, (v axis), highlighting the significant negative correlation
among these two karyomorphological traits. The red dot is the measurement n. 15 (see Suppl. material 1:
table S1), used to build the karyotype of this population by Giaco et al. (2022).

denced how possible measurement errors can become of increasing importance in
case of small chromosomes / small chromosome arms. Possibly, the same correla-
tion is not found in CV_ because this parameter is based on centromeric index [S/
(L+S)], so that an overestimation of short arm would have consequences both at
the numerator and at the denominator of the centromeric index. On one side, this
causes the lack of correlation between CV  and THL, while on the other side it
causes a lot of further variation in this parameter, which is the most subjected to
observer bias (up to 17.3% in our experiment). These errors may be due to the dif-
ferent decisions made when selecting the centromere, as no standardized protocol
has ever been proposed.

We can conclude that, in karyomorphology, observer bias selectively applies in
possibly overestimating the length of short arms in a karyotype. As a consequence,
the parameters most sensitive to these possible errors are CV and CV, and to a less
degree M, and THL.
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Accordingly, we recommend special attention in recognizing and measuring cor-
rectly the short arms of chromosomes, which are the main source of observer bias
in cytogenetics. To achieve this, a homogeneous approach among observers could be
helpful. Moreover, the motto already claimed by Bentzer et al. (1971) “in the course of
an investigation all the measurements should be made by the same person” also fully applies
to the era of image analysis.
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