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somes at this meiotic stage. From this proportion, we esti-
mated the DNA amount for 3 different B chromosome vari-
ants found in individuals from 3  E. plorans  Spanish popula-
tions (0.54 pg for B1 from Saladares, 0.51 pg for B2 from 
Salobreña and 0.64 for B24 from Torrox). Likewise, we esti-
mated the DNA amount of the B chromosome in  L. migratoria  
to be 0.15 pg. To automate measurements, we wrote a GPL3 
licensed Python program (pyFIA). We discuss the utility of 
the present approach for estimating X and B chromosome 
DNA amount in a variety of situations, and the meaning of 
the DNA amount estimates for X and B chromosomes in 
these 2 species.  Copyright © 2011 S. Karger AG, Basel 

 In addition to standard (A) chromosomes, many eu-
karyote genomes carry one or several copies of supernu-
merary (B) chromosomes which are not necessary for 
carrier life cycle (i.e. they are dispensable) but infringe a 
cost to cells that have to replicate them. Preferential trans-
mission mechanisms (drive) and their harmful effects 
confer on B chromosomes a selfish nature as true genome 
parasites [Camacho, 2005]. 
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 Abstract 

 We analyzed the DNA amount in X and B chromosomes of 2 
XX/X0 grasshopper species  (Eyprepocnemis plorans  and  Lo-
custa migratoria) , by means of Feulgen image analysis densi-
tometry (FIAD), using previous estimates in  L. migratoria  as 
standard (5.89 pg). We first analyzed spermatids of 0B males 
and found a bimodal distribution of integrated optical densi-
ties (IODs), suggesting that one peak corresponded to +X 
and the other to –X spermatids. The difference between the 
2 peaks corresponded to the X chromosome DNA amount, 
which was 1.28 pg in  E. plorans  and 0.80 pg in  L. migratoria . 
In addition, the +X peak in  E. plorans  gave an estimate of the 
C-value in this species (10.39 pg). We next analyzed diplo-
tene cells from 1B males in  E. plorans  and +B males in  L. mi-
gratoria  (a species where Bs are mitotically unstable and no 
integer B number can be defined for an individual) and mea-
sured B chromosome IOD relative to X chromosome IOD, 
within the same cell, taking advantage of the similar degree 
of condensation for both positively heteropycnotic chromo-
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  B chromosomes have been profusely studied in the 
grasshopper  Eyprepocnemis plorans , a species showing 
these extra elements in Mediterranean regions such as 
the Iberian Peninsula, Balearic Islands, Morocco, Italy, 
Greece and Turkey, as well as in the Caucasus (Dagestan 
and Armenia) [see López-León et al., 2008]. A remarkable 
characteristic of this B chromosome system is its ex-
tremely high variation, with more than 50 B variants in 
Iberia [López-León et al., 1991; Camacho et al., 2003] and 
many more including those found in other regions [Ab-
delaziz et al., 2007; López-León et al., 2008]. However, the 
immense majority of Bs hitherto found are mostly com-
posed of 1 or 2 repetitive DNAs, i.e. a 180-bp tandem re-
peat and 45S rDNA [Cabrero et al., 1999; López-León et 
al., 2008]. 

  B chromosomes in  E. plorans  invade populations be-
cause of drive, but natural selection promotes frequency 
increase of gene variants in the A chromosomes being 
able to suppress B drive when the Bs reach a high fre-
quency. These neutralized Bs may have a long life before 
extinction (characterized by drift and selection against 
individuals with a high number of Bs), during which a 
new B variant may emerge (by mutation) being able to 
drive, replacing the neutralized variant. All these stages 
have been observed in natural populations [Camacho et 
al., 1997, 2003; Zurita et al., 1998]. 

  The B chromosome system in  Locusta migratoria  is 
present in the whole geographical range of this species 
over most continents: Japan [Itoh, 1934; Nur, 1969; Kay-
ano, 1971], China [Hsiang, 1958], Mali [Dearn, 1974], 
Australia [King and John, 1980] and Spain [Cabrero et al., 
1984]. B chromosomes in all regions have been shown to 
be mitotically unstable due to embryo mitosis non-dis-
junction; thus, variation in B number is observed be-
tween cells within individuals [Nur, 1969; Cabrero et al., 
1984; Viseras et al., 1990; Pardo et al., 1994, 1995]. These 
Bs have also the peculiarity of showing drive through 
both sexes [Pardo et al., 1994]. Recently, we have proved 
that this B might have derived from the 8th autosome (in 
order of decreasing size), since both B and 8 are the only 
chromosomes showing a histone gene cluster in the ge-
nome of  L. migratoria , and DNA sequence comparison 
suggested that this B chromosome is about 750,000 years 
old [Teruel et al., 2010]. 

  Despite many studies on both B chromosome systems, 
including B effects at several levels [for review see Cama-
cho, 2005], the amount of DNA contained in B chromo-
somes has not yet been determined in any of these spe-
cies, although they are not an exception because DNA 
amount has only been determined for B chromosomes in 

rye [Kirk and Jones, 1970], the wasp  Nasonia vitripennis  
[Rasch et al., 1975] and maize [Rosado et al., 2009]. B 
chromosomes are one of the causes of intraspecific varia-
tion for individual C values [Gregory, 2005], so that 
knowing how much DNA a B chromosome does contain 
gives us an idea of the load that such an amount of extra 
DNA represents for the cell machinery built by the A 
chromosomes. Other sources of variation for the C value 
are sex chromosomes, supernumerary segments [Cama-
cho and Cabrero, 1982] and other types of chromosome 
polymorphisms involving gains or losses of chromosome 
material. 

  The main techniques currently employed for measur-
ing DNA amount are flow cytometry [Geraci et al., 2007] 
and Feulgen image analysis densitometry (FIAD) [Har-
die et al., 2002; Gregory and Shorthouse, 2003; Mendon-
ça et al., 2010], although real time PCR has also been used 
[Wilhelm et al., 2003]. Doležel et al. [1998] showed an ex-
cellent correspondence of genome size measurements 
performed by flow cytometry and FIAD. 

  A flow cytometry estimate of B chromosome DNA 
amount could be obtained from the difference between 
1B and 0B individual measures. This is feasible for mi-
totically stable B chromosomes, i.e. those showing the 
same number in all cells from the same individual. How-
ever, in the case of mitotically unstable Bs (e.g. those in  L.  
 migratoria , see above) different cells within the same
individual show a different number of B chromosomes, 
which makes the application of flow cytometry impos-
sible, but not FIAD. In fact, the FIAD technique has some 
advantages over flow cytometry. As pointed out by Greil-
huber [2008], it is applicable to single cells or single par-
ticles (e.g. chromosomes), there is visual control, it per-
mits long-term material storage and there is no debris in 
the histograms. As argued by Hardie et al. [2002], with 
the appropriate rigor in the application of the several 
fields needed to perform it (genetics, chemistry, optics 
and computing), FIAD is an alternative to flow cytome-
try. 

  For this paper, we designed a procedure to measure 
DNA amount of X and B chromosomes by means of the 
FIAD technique, which is useful for both mitotically sta-
ble and unstable B chromosomes. The procedure consist-
ed of measuring the DNA amount of the X chromosome 
and the C-value in spermatids of 0B males, and then mea-
suring the amount of DNA in B chromosomes relative to 
that in the X chromosome in diplotene cells from B-car-
rying males. 



 DNA Amount of X and B Chromosomes Cytogenet Genome Res  3

  Materials and Methods 

 Adult males of  E. plorans  were collected at 3 Spanish natural 
populations: Saladares (Albacete), Salobreña (Granada) and Tor-
rox (Málaga), carrying the B1, B2 and B24 chromosome variants, 
respectively. In addition,  L. migratoria  males were used from our 
laboratory stock (lacking B chromosomes) as well as hybrid males 
obtained between our stock and specimens collected at Padul 
(Granada). Testes were fixed in 3:   1 ethanol-acetic acid and stored 
at 4   °   C until usage. 

  In  E. plorans , we first determined the number of B chromo-
somes on testis squash preparations in acetic orcein in order to 
select males with and without B chromosomes. In addition, we 
tested these males for the presence of supernumerary segments, a 
frequent kind of chromosome polymorphism in grasshoppers 
[Camacho and Cabrero, 1982] that has also been found in both  E. 
plorans  [López-León et al., 1991] and  L. migratoria  [Pardo et al., 
1993]. For this purpose, males were analyzed by the C-banding 
technique [Camacho et al., 1991]. Among the males that lacked 
this polymorphism, we selected 3 0B and 3 1B males from every 
 E. plorans  population, and 3  L. migratoria  hybrid males. In addi-
tion, B-lacking males from our  L. migratoria  laboratory stock 
were employed for standardization of spermatid preparations. 

  For Feulgen staining, we squashed 3 testis tubules of  E. plorans 
 in 50% acetic acid, on one half of the slide, and 2 testis tubules of 
 L. migratoria  on the other half, so that the staining conditions 
were similar for the sample ( E. plorans ) and the standard ( L. mi-
gratoria ). Preparations were then treated with 5N HCl for 20 min 
at room temperature, the Schiff ’s reagent (Sigma-Aldrich) for 120 
min, and 3 5-min shaking washes in sulphurous water. These con-
ditions were experimentally determined, and the staining was op-
timized for both species. Preparations were then mounted in DPX 
and stored at 4   °   C in the dark. 

  Spermatids and diplotene primary spermatocytes were photo-
graphed in an Olympus microscope equipped with the DP70 dig-
ital camera, using white light with no filter. To calibrate and eval-

uate the system, we performed several tests to determine lineality, 
stability [Vilhar and Dermastia, 2002] and uniformity [Puech and 
Giroud, 1999]. Before each capture session, we tested for Köhler 
illumination in the microscope. All samples were observed and 
photographed at 1,000 !  magnification, using a 100 !  oil-immer-
sion objective. 

  Three photography parameters were fixed: 1/120 s exposure 
time, 200 maximum intensity for the green channel [Hardie et al., 
2002] and 16 bits TIFF format for the photographs. Objects (nuclei 
or chromosomes) were trimmed from the photographs (only the 
green channel) with the ImageJ application [Magelhaes et al., 
2004], and stored in text format. We automated object measuring 
by writing a Python program which was able to read all objects 
stored in the same folder. This program, named pyFIA, has a 
GPL3 license and can be freely downloaded from http://code.
google.com/p/pyfia/. For each trimmed object, the pyFIA algo-
rithm calculates pixel intensity threshold in order to separate ob-
ject (nucleus or chromosome) pixels from background pixels by 
the Otsu method [Otsu, 1975; Ng, 2006], and estimates the aver-
age background to be subtracted in calculating the optical den-
sity of each object pixel. The sum of all object pixel values consti-
tutes the integrated optical density (IOD) of the object [Hardie et 
al., 2002]. The program writes a file (optimized for the Gnumeric 
spreadsheet) within the same folder containing a list of all objects 
within the folder, file names and their respective IOD. All mea-
surements of optical density were rounded to the second decimal 
place, because this is the theoretical accuracy limit for microspec-
trophotometry [Rasch, 2006]. 

  No information is currently available on the C-value in  E. 
plorans , but it has been measured 5 times in  L. migratoria  [Bier 
and Müller, 1969; Fox, 1970; Wilmore and Brown, 1975; Rees et 
al., 1978; Rasch, 1985], with an average value of 5.89  8  0.14 pg. 
We will use this C-value as a standard for transforming all mea-
surements to picograms. 

  We analyzed primary spermatocytes as well as spermatids at 
diplotene (see  fig. 1 ). In 0B males, we selected spermatids grouped 

a b

c

  Fig. 1.  Types of cells analyzed.  a  Sperma-
tids from a 0B  E. plorans  male from Tor-
rox. Thin arrows point to spermatids that, 
after measurement, belonged to the –X 
peak, and thick arrows point to spermatids 
falling into the +X peak. The unmarked 
spermatid showed IOD about double that 
of normal spermatids. This kind of sper-
matid was not included in the analysis. 
 b  Diplotene cell from a  L. migratoria  male 
with 1B.  c  Diplotene cell from a 1B  E. plo-
rans  male. Bars indicate 10  � m. 
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into cysts to measure C-value in  E. plorans  and the DNA amount 
of the X chromosome in both species. Because the 2 grasshopper 
species analyzed have an XX/X0 sex chromosome system, it could 
theoretically be possible to distinguish X-carrying spermatids 
from those lacking the X by the bimodal distribution of IOD val-
ues. To facilitate this we selected spermatids with a similar degree 
of spermiogenic development in both species. The difference in 
IOD between the 2 observed peaks represents the DNA amount 
of the X chromosome. 

  In 1B males, we photographed diplotene cells to measure the 
IOD of X and B chromosomes and calculate the B/X IOD ratio. 
The similar positive heteropycnosis of both chromosome univa-
lents in this stage grants minimizing measurement errors. The 
standard for measuring B chromosome DNA amount was thus 
the X DNA amount previously estimated from spermatids. 

  For calculating DNA amount, we first built a histogram series 
with different interval amplitudes, in order to choose the one pro-
viding the best representation of results. To adjust the obtained 
frequency distributions to a Gaussian curve and estimating the 
mean and standard deviation, we used the QtiPlot program. The 
C-value was calculated by the following equations: 

Cep lm
ep

Clm

X

C

B

X

IOD C
C IOD

IOD C
X IOD

IOD X
B IOD

 where  C  = C-value for  E. plorans  or  L. migratoria  (pg);  IODC  = IOD 
for the +X peak in spermatids, representing the C-value in  E. 
plorans  or  L.   migratoria;   X  = DNA amount of the X chromosome 

in  E. plorans  or  L. migratoria  (pg);  IODX  = IOD for the X chromo-
some in  E. plorans  or  L. migratoria ;  B  = DNA amount of the B 
chromosome in  E. plorans  or  L. migratoria  (pg);  IODB  = IOD for 
the B chromosome in  E. plorans  or  L. migratoria . 

  All pg values were converted to bp bearing in mind that 1 pg 
DNA contains 0.978  !  10 9  bp [Doležel et al., 2003]. 

  Results and Discussion 

 Our analysis of spermatids from 0B males showed, in 
both species, 2 types of spermatids differing in IOD, 
clearly grouped into 2 different peaks ( fig. 2 ). As males of 
these species are X0, it can reasonably be inferred that the 
2 peaks correspond to +X and –X spermatids, and that an 
estimate of the DNA amount in the X chromosome can 
be deduced from the IOD difference between the 2 peaks. 
In  E. plorans , the X chromosome was shown to contain 
1.28 pg (1.25  !  10 9  bp) on average, with some differences 
among populations (see below). In  L. migratoria , the X 
chromosome contains about 0.80 pg (0.78  !  10 9  bp). In 
addition, the C-value in  E. plorans  can be estimated from 
the spermatid peak showing the highest IOD (i.e. that of 
spermatids presumably containing the X chromosome). 
This indicated an average C-value of 10.39 pg for  E. 
plorans  (1.16  !  10 9  bp). 

  Fig. 2.  Histogram of IOD values obtained 
in a 0B male of  L. migratoria  (left) and a 0B 
male of  E. plorans  (right). In both species, 
a bimodal distribution was clearly appar-
ent, one peak corresponding to spermatids 
lacking X chromosome (on the left) and 
the other including spermatids with X 
chromosome (on the right). 
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  Once the DNA amount in the X chromosome was 
known, we estimated the DNA amount in B chromo-
somes by measuring IOD in selected X and B chromo-
somes from the same cell, and calculating the average 
B/X ratio for all cells measured per individual, from 
which value we inferred the DNA amount in the B chro-
mosome. By this approach, we estimated the DNA 
amount for 3 B chromosome variants in  E. plorans : B1 
from Saladares, which contains 0.54 pg DNA (0.54  !  10 9  
bp), B2 from Salobreña, which contains 0.51 pg DNA 
(0.50  !  10 9  bp), and B24 from Torrox with 0.64 pg DNA 
(0.63  !  10 9  bp). The  L.   migratoria  B chromosome is rath-
er smaller, with only 0.15 pg DNA (0.15  !  10 9  bp) ( ta-
ble 1 ). 

  The DNA amount estimates obtained indicate that B 
chromosomes in  E. plorans  (0.51–0.64 pg) are larger than 
those in other organisms, such as maize (0.32–0.42 pg) 
[Rosado et al., 2009] or the wasp  N.   vitripennis  (0.019 pg) 
[Rasch et al., 1975], although genome size is almost 4 
times larger in  E. plorans  (10.31–10.49 pg) than that in 
maize (2.80 pg), and about 30 times larger than that in  N. 
vitripennis  (0.34 pg). In  L. migratoria , however, B chro-
mosomes are rather smaller than those in  E. plorans  and 
maize, but they are about 1 order of magnitude larger 
than the  N. vitripennis  B chromosome. However, the ratio 
between the DNA amount in B chromosomes and the C-
value in their respective species was about 14% in maize, 
5.7% in  N. vitripennis , 5% in  E. plorans  and 2.5% in  L. 
migratoria . This shows a remarkable resemblance among 
species, with the exception of maize, a plant that seems to 
show a high tolerance for B chromosomes, as is also sug-
gested by the finding of maize plants with up to 34 B 
chromosomes [see Jones and Rees, 1982]. Nevertheless, 
no more than one B chromosome has been found in  N. 
vitripennis , a maximum of 6 Bs has been found in  E. 

plorans  [Teruel et al., 2007] and a maximum mean num-
ber of 4.41 Bs has been observed in  L. migratoria  [Cabre-
ro et al. 1984]. 

  It is remarkable that B chromosomes in  L. migratoria 
 do contain as much DNA as the C-value in  Tribolium al-
bax  (0.16 pg) [Alvarez-Fuster et al., 2009] or  Drosophila 
melanogaster  (0.18 pg) [Rasch et al., 1971; Mulligan and 
Rasch, 1980; Adams et al., 2000]. Likewise, B chromo-
somes in  E. plorans  contain DNA amounts comparable to 
the C-value in the beetle  Tenebrio molitor  (0.52 pg) [Juan 
and Petitpierre, 1989], or the worm  Lumbricus terrestris  
(0.60 pg) [Gregory and Hebert, 2002]. Of course, these 
comparisons are only valid for quantity, not quality, since 
most DNA within B chromosomes is repetitive [for re-
view, see Camacho, 2005]. 

  We have observed some differences in DNA amount 
for the X chromosome among  E. plorans  populations ( ta-
ble 1 ). Student t tests revealed that the X chromosome in 
the Salobreña population contained significantly more 
DNA than that in Saladares (t = 2.36, p = 0.019), whereas 
the differences were not significant between Saladares 
and Torrox (t = 1.30, p = 0.194) or between Salobreña and 
Torrox (t = 0.87, p = 0.386). Variation in DNA amount of 
the X chromosome among populations thus deserve fu-
ture research, bearing also in mind that differences in sex 
chromosome DNA amount provoking variation in C-val-
ue have been reported in other organisms [Garagna et al., 
1999]. Among the reasons for the observed difference, 
variation in the amount of mobile elements, which in  E. 
plorans  and other grasshoppers are very frequent in the 
euchromatin [Montiel et al., in preparation], could be a 
feasible explanation. 

  Our results have shown that the C-value in  E. plorans 
 is similar to that in other grasshopper species, e.g.  Cale-
dia captiva  (10.90 pg) [Rees et al., 1978]. This information 

Table 1.  Calculation of the C-value in E. plorans (Cep) and DNA amount (pg 8 SD) of the X and B chromosomes in E. plorans and
L. migratoria

Species (Population, 
B variant)

IODCep/IODC lm IODX/IODC IODB/IODX DNA amount

Ns mean 8  SD Ns mean 8 SD Nd mean 8 SD C-value X B

mean 8 SD mean 8 SD mean 8 SD

E. plorans (Saladares, B1) 50 1.7580.05 150 11.3480.54% 20 46.8784.64% 10.3180.27 1.1780.06 0.5480.05
E. plorans (Salobreña, B2) 50 1.7680.11 150 13.5080.59% 20 36.5383.05% 10.3780.67 1.3780.06 0.5180.04
E. plorans (Torrox, B24) 50 1.7880.19 150 12.3380.64% 20 49.4783.99% 10.4981.13 1.2980.07 0.6480.05
L. migratoria – – 150 13.6380.27% 40 18.8382.06% 5.8980.14a 0.8080.02 0.1580.017

Ns = Number of spermatids; Nd = number of diplotene cells. a C-value in L. migratoria (Clm) used as standard.
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can be useful for estimating the amount of ribosomal 
DNA [Prokopowich et al., 2003], or the amount of repet-
itive DNA and the DNA sequencing effort needed for ge-
nome projects [Geraci et al., 2007]. In addition, it has been 
shown that genome size is correlated with microsatellite 
frequency [Hancock, 1996, 2002; Tóth et al., 2000], and 
also with microsatellite length in the grasshopper  Chor-
tippus biguttulus  [Ustinova et al., 2006]. 

  We have shown that the FIAD technique is able to dis-
tinguish among spermatids with and without X chromo-
somes, which could be useful for some purposes. In those 
cases where a bimodal distribution of spermatid IOD val-
ues is not detected, a measurement error is expected, be-
cause estimating C-value from unimodal spermatid dis-
tributions in XX/X0 organisms would imply inferring it 
from a single peak which would coincide with the mean 
of a bimodal distribution with +X and –X peaks well dif-
ferentiated. In this case, the C-value deduced from the 
unimodal mean would be lower than that inferred from 
the +X peak in the bimodal distribution, because it would 
fail to include half of the DNA amount contained in the 
X chromosome. This might have been a common error in 
many previous estimations of DNA amount, obtained 
from spermatids, in grasshoppers [Fox, 1970; Belda et al., 
1991] and other animals showing XX/X0 sex chromo-
some determinism, since about half of the cells measured 
lack the X chromosome. 

  Our present approach for inferring the DNA amount 
of X chromosomes from the bimodal distribution of IOD 
values of spermatids can also be employed in other sex 
chromosome systems, in combination with measuring 

individual chromosomes. For instance, in an XX/XY sys-
tem, if the difference in size between the X and the Y 
chromosomes is enough to yield a bimodal IOD sperma-
tid distribution, then we could infer the difference be-
tween the X and Y DNA amount directly from the differ-
ence between the 2 peaks. If we also measured the IOD 
ratio between these 2 chromosomes in mitotic metaphase 
cells, provided that they are easily distinguishable, we 
could infer the DNA amount in each of both sex chromo-
somes. This may be valuable information for genome re-
search in many species. 

  The FIAD technique has proved to be useful for mea-
suring relative DNA amounts between chromosomes 
within a same genome, which may be applied, in combi-
nation with C-value estimation, to estimating the DNA 
amount of certain chromosomes, such as B chromo-
somes, irrespectively of whether they are mitotically sta-
ble or unstable. But it may also be applied to any other 
chromosome within the genome, or even to all chromo-
somes [Rosado et al., 2005; de Abreu et al., 2008]. 
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