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Abstract

Erythropoietic and hemoglobin DNA transcriptional activities were analyzed in the diploid and the teBdpluiophrynus americanus.

Flow cytometric analyses of DNA, RNA and mitochondrial contents showed increased genic activity in both diploid and tetraploid
animals during erythropoiesisvivoelicited by pretreatment phenylhydrazine. Generally, higher values were seen in immature tetraploid
erythroid cells. On the 10th day of recovery from anemia, large amounts of messenger RNA were found in both specimeriseBased on
mitochondrial content, the tetraploid cells had more intense energy metabolism than the diploid cellODaphgidcanusiad about

three times more erythroid cells than tetraploid specimens, indicating that there were differences in the regulatory noé elngitisrits

cells. Hematological parameters showed that tetraploid cells had 30% more hemoglobin than the diploid, suggesting enesdnaatory

ism of hemoglobin synthesis at the transcriptional level. Cytoplasmic inclusions resembling Heinz bodies were founceis @iatkltgp

In the tetraploid cells they were previously found associated with RNA or RNP, suggesting that other regulatory systemtmwlsch co

the accumulation of nontranslated RNA transcribed in excess must be present. These differences at the physiologicabatelaislecul
during erythropoiesis reinforce the hypothesis that speciation is occurring between diploid and t€&raph@dcanus

INTRODUCTION maturationin vivoin a relatively synchronized polyploid
system, to quantify some of the genic products synthe-
Ecological, biogeographical, and evolutionary pro- sized during distinct stages of the erythropoiesis elicited
cesses encompass several categories of individual or popisy phenylhydrazine, and to correlate these results with
lational responses that may affect the survival of a spe-gene regulation and speciation.
cies or the rise of a new species (Endler, 1977). Genomic

evolution by polyploidy is observed in plants (Stebbins, MATERIAL AND METHODS

1950) and animals (Becait al, 1966). When doubling

of the entire chromosomal set occurs simultaneously, Amphibians

adaptive polymorphism will be fixed. This mechanism,

which produces great genetic variability in a relatively fast Eight adult diploid, eight adult tetraplo@. ameri-

manner, seems to have played an important role in the evazanusfrogs (14-18 g) and four adult dipld&iifo ictericus
lution of the lower vertebrates (Becak, 1968; Becak andtoads (100-200 g) were collected in Botucatu (diploids)
Becak, 1998). However, the question remains as to howand S&o Roque (tetraploids), S&o Paulo State, Brazil.
gene expression is regulated in polyploid systems. Sev-

eral hypotheses have been proposed but not fully demon- Induction of hemolytic anemia
strated experimentally (Begcak and Pueyo, 1970; Cortadas
and Ruiz, 1988; Ruiz and Brison, 1989; Alvaetsl, Four diploid and four tetraploid frogs were made ane-

1998). In this contextQdontophrynus americanus mic by subcutaneous injections of 0.5% phenylhydrazine
South American frog, may provide a useful experimentalhydrochloride (10 mg/body weight/day) in PBS solution,
genetic model. This species is a fossorial-terrestrial anupH 7.0, for three consecutive days (Cianciarullo and
ran and was the first reported example of a bisexual natuMeirelles, 1994). Immature erythroid cells were obtained
ral polyploid species of vertebrate (Beglal, 1966). from peripheral blood collected 5, 10, 15, 20, 30 and 50
Diploid and tetraploid cryptic specimens occur in allo- days after the induction of anemia. The response to the drug
patric populations of this frog in S&o Paulo State, Brazil. was monitored using blood smears, stained with 0.5% new
The aim of the present study was to examine erythrocytamethylene blue in aqueous solution (Brecher, 1949), to vi-
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sualize immature forms of erythroid cells. Smears werecorpuscular hemoglobin (MCH), and mean corpuscular
counterstained with Rosenfeld’s dye (Rosenfeld, 1947), tchemoglobin concentration (MCHC).
differentiate the cytoplasmic and nuclear acidophily and
basophily. The distinct stages of erythropoiesis, as a func- RESULTS
tion of time, were then determined by light microscopy.
Recovery from hemolytic anemia
Flow cytometry
Flow cytometry of blood samples from diploid and
Analyses of 15,000 cells for each normal and ane-tetraploidO. americanudrogs before and after the in-
mic blood sample from four diploid and four tetraploid duction of anemia revealed a small nonsignificant differ-
frogs were made with an EPICS-751 flow cytometer ence in the size of the erythroid cells in the two popula-
(Coulter Electronics, USA), using the following param- tions, with tetraploid cells usually being larger. Further-
eters: cell size after red cell sphering (Moharetaal., more, immature cells were smaller than mature erythro-
1986), DNA and RNA content by acridine orange staining cytes (Figure 1). These results were confirmed by light
(Traganoset al, 1977) and mitochondrial content by microscopy (data not shown).
rhodamine 123 staining (Darzynkiewietzal, 1982). The The DNA, RNA and mitochondrial contents were
intensity of red fluorescence emissioyufrna miochondria) guantified indirectly by measuring the incorporation of
measured within a 600-650 nm band, and the intensity ofluorescent dye into these structures (Figure 2A-C). DNA
green fluorescence emissionsf oy, Measured within - levels were usually proportional to the ploidy number. At
a 515-575 nm band, were obtained for cells excited afall time points analyzed, the tetraploid cells had higher
sharply focused 488 nm by an argon ion laser beam andmounts of DNA compared to the diploid cells. However,
recorded by separate photomultipliers. Controls were perthe measurements were not uniform since they included
formed by incubating cell samples for 20 min 23With cells in different stages of DNA synthesis and mitosis.
0.004% RNase diluted in PBS, pH 7.2, and by omissionTetraploid cells showed a first DNA peak on the 10th day
of the respective fluorochromes in each measurement. after the induction of anemia and a new, more pronounced
peak at the 20th day, thus representing two distinct waves
Total RNA extraction of erythropoiesis (Figure 2A). Diploid cells had a single
peak 15-20 days after the induction of anemia and main-
Blood of two normal and two anemic (10 days after tained these levels until the 30th day. After 50 days, the
anemia induction) aduBufo ictericugoads was used asa DNA content returned to normal levels in both diploid and
control for the RNA synthesis, because of the great vol-tetraploid cells. The controls were negative (zero) for all
ume of blood these animals can provide. Total RNA ex-measurements performed (data not shown).
traction was performed according to Chomczynski and The tetraploid cells produced two distinct RNA peaks,

Sacchi (1987). one on the 10th day and other on the 20th day after the
induction of anemia, thus coinciding with the DNA peaks
Transmission electron microscopy (Figure 2B). The diploid cells produced only one peak on

the 10th day, but this was less intense than that of the tet-

Erythroid cells were fixed in a gradient concentra- raploid cells. Total RNA extraction of blood collected
tion of 4 and 2% glutaraldehyde in 0.2 M and 0.1 M phos-from the diploidBufo ictericusobtained on the 10th day
phate buffer, respectively (Brunneretral, 1975), post-  after the induction of anemia confirmed the data obtained
fixed in 1% OsQdiluted in the same buffer, contrasted by flow cytometry. A high RNA concentration in the 28S,
en blocwith 2% uranyl acetate in aqueous solution, de- 18S and 5S bands was found at this time (Figure 3: lane
hydrated in acetone series and embedded in Epon 812). The control, using blood samples from non-anemic
resin. Thin sections were contrasted with lead citrate andoads, showed no detectable RNA under the same experi-
examined in a Zeiss EM 109 transmission electron mi-mental conditions (Figure 3: lane 1).

croscope. The relative mitochondrial content showed that the
tetraploid cells had a higher number of mitochondria (or
Determination of hematological parameters larger ones) than the diploid cells at all time points (Fig-

ure 2C). A small increase in fluorescence was observed

Classic clinical hematology procedures (Oliveira on the 10th day of recovery from anemia in both cell types,
Lima et al, 1992) were applied to four normal diploid and this was maintained up to the 50th day.
and tetraploid frogs. Red cells were counted in a The data obtained by flow cytometry and light micros-
Neubauer chamber using Hayen'’s liquid. Hematocrit wascopy were confirmed at the ultrastructural level, where a
determined in order to establish the erythrocyte concen-<correlation between the erythrocyte maturation stage, the
tration (%) in blood and to determine hematimetric val- presence of cytoplasmic organelles and the variations in
ues such as the mean corpuscular volume (MCV), mearcell size was possible (Cianciarudibal, 2000). The cyto-
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Figure 1 - Histogram of the relative cell size in spherical-m@dntophrynus americanesythroid cells, during the different
maturation stages of erythropoiesis. Arbitrary units; SD - standard deviation ( 1).

plasmic inclusions previously found in the tetraploid cells cess, indicating increased genic activity in both diploids
(Cianciarullo and Meirelles, 1994) were now detected in and tetraploids. The values were higher and distributed over
both diploid and tetraploid erythroid cells (Figures 4a,b). a wider range in immature tetraploid erythroid cells, sug-
gesting that gene activity in tetrapldd americanuss
Hematological parameters more intense than in diploids during recovery from ane-
mia. These data indicate that, because of their tetravalent
The approximately two-fold higher hematocritin dip- state, the gene alleles in tetraploid animals may be more
loid cells probably reflects the fact that the blood of dip- active under physiological stress than in diploid animals.
loid O. americanusontains about three times more eryth- The DNA peak observed on the 20th day agrees with
roid cells than that of tetraploid organisms (Table I). The the results obtained by transmission electron microscopy,
MCV was 50% greater in tetraploid cells, whereas the to-which showed very immature erythroid cells around the
tal hemoglobin concentration was 50% higher in the whole30th day. Based on their ribosome content, these cells were
blood of the diploid animals. However, the MCH and classified as proerythroblasts and basophilic erythroblasts
MCHC measurements showed that tetraploid cells had 8@Cianciarulloet al., 2000).

and 30% more hemoglobin per cell, respectively. The RNA content of erythroid cells consisted pre-
dominantly of messenger RNA (MRNA), since the eryth-
DISCUSSION roid cells were not treated to analyze the ribosomal RNA

(rRNA) or transfer RNA (tRNA), which are inaccessible
We examined the genic regulatory system that actswithout adequate previous treatment (Darzynkiewic,
on erythropoietic cell productian vivoin diploid and tet-  1975; Bauer and Dethlefsen, 1980). Thus, only single-
raploidO. americanu$rogs. A relatively synchronized sys- stranded RNA was detected by our procedure. The RNA
tem obtained by treating the frogs with phenylhydrazine peaks on the 10th and 20th days of recovery from anemia
hydrochloride helped to enhance erythropoiesis. This drugcorresponded to increased amounts of mMRNA, most prob-
has been used to study erythrocyte maturation in amphibably for globin synthesis.
ians and fishes (Cianciaruli al., 1989, 1999; Spadacci The mitochondrial content reflects the state of en-
Morenaet al, 1991; Cianciarullo and Meirelles, 1994).  ergy metabolism in these cells. During erythropoiesis, the
A follow-up of thein vivoerythropoiesis in diploid  tetraploids showed more intense energy metabolism than
and tetraploid frogs by flow cytometry showed higher diploid cells at all time points analyzed. Nevertheless, dip-
DNA, RNA and mitochondrial contents during this pro- loid cells also had an increased mitochondrial content, in-
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Figure 2 - Variations detected in the DNAJ, RNA (B), and mitochondrial@) content during erythropoiesis @dontophrynus
americanusmeasured as fluorescence intensity and days after anemia induction. Arbitrary units; SD - standard deviation (l).
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dicating that mitochondria may play an important role in
the maturation of erythroid cells in these amphibians.
The DNA/RNA/hemoglobin ratio between diploid and
tetraploid O. americanusvas approximately 1:2/1:1.3/
1:1.3, suggesting that gene expression was being regulated
at the DNA transcriptional level. Apart from the diploid-
tetraploidO. americanusanother example of anuran cryp-
tic species is found in the family Hylidae: the diplbida
chrysoscelisand the tetraploitflyla versicolortree frogs
~ 28S (Bogart and Wassermann, 1972). Measurements of several
cytological characters in theblyla species did not show
1:2 ratios as expected, further suggesting that the cytologi-
< 183 cal factors analyzed were being regulated at the diploid level
(Bachmann and Bogart, 1975).
The erythrocyte measurements summarized by
Glomskiet al.(1997) revealed ratios of 1:1.2 (length) and
1:1.1 (width) in diploid:tetraploidHyla species, respec-
tively. Our corresponding measurements were 1:1.1 (length)
and 1:1.3 (width), respectively, for the diploid:tetraploid
<~ 58S americanugCianciarulloet al, 2000), showing that eryth-
rocyte size is not correlated with ploidy. The other hemato-
logical parameters could not be compared here because they
1 2 were not described for théyla species. In some param-
Figure 3 - Total RNA fromBufo ictericusblood cells. Blood samples were eters, the tetraplo@' amerlcanuhad_smllar hemato.loglc
obtained from a non-treated animal used as control (lane 1) and an animal /@lues to the diploi@ufo paracnemitoad, such as in the
the 10th day after hemolytic anemia induced by phenylhydrazine (lane 2). MCHC, which was 32.8% in toads (Naoetral, 1986).
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Figure 4 - Cytoplasmic inclusiond in maturing erythroid cells from diploid) and tetraploidi) Odontophrynus
americanusNuclear structures<) similar to those found in the cytoplasm (b). Barspmil

Diploid O. americanusiad almost three times more morphometric analyses performed by transmission elec-
erythroid cells than the tetraploids, but only 50% more tron microscopy (Cianciarullet al, 2000), which showed
total hemoglobin content. This fact appears to be due tahat tetraploid erythroid cells produce only 25-30% more
the higher DNA content of the tetraploid cells. It also sug- ribosomes than diploid cells. These data also support the
gests a regulatory mechanism for maintaining the hemo-hypothesis that a regulatory system acts at the transcrip-
globin levels in the blood via a balance between the in-tional level. Ruiz and Brison (1989) showed that methyla-
creased production of erythroid cells in diploid animals tion of ribosomal genes was increased in tetraploid ge-
and lower levels of DNA transcription in tetraploid frogs. nomes of adul©. americanuslf only 30% more ribo-

The hematological data showed that MCHC was only somes and 30% more hemoglobin are synthesized by the
30% higher in the tetraploid cells. These data agree withtetraploid genome, DNA methylation levels could be the
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Table I - Hematological values fdddontophrynus americanwishe showed differences at the physiological and molecular lev-
hematological determinations were made for blood samples els. These data support the idea that speciation is in course
from animals collected during autumn. . . . . . .
in this population. The complexity of the mechanisms which
Diploid Tetraploid coordinate the metabolic functions responsible for the sur-
(N=4) (N=4) vival of these tetraploids should be examined further, par-
Hematocrit (%) 29.0 (27.0-31.0)" 15.0 (13.017.0 ticularly in view of the similarity between amphibian and
RBC (/mn) 1,900 000 700,000 mammalian erythropoiesis (Cianciarudioal, 1989).
(1,600,000-2,100,000)  (540,000-870,00D)
Hemoglobin (g/dl) 7.3(6.2-8.5) 4.8(3.6-6.1) ACKNOWLEDGMENTS
MCV (fl or pr?) 155.0 (143.0-167.0) 225.0(203.0-247/0)
MCH (pg) 38.0(34.7-40.9) 69.0 (65.8-71.6) _ _ )
MCHC (wt/vol%) 25.0(23.0-27.2) 32.3(29.6-34.9) The authors thank Miss Marta A. Santiago for operational
assistance with the flow cytometer and Conselho Nacional de

*All values represent the mean and range (in parentheses) of each pabesenvolvimento Cientifico e Tecnoldgico (CNPq), Fundacao
rameterRBC, Red blood celldj, femtoliterspg, picogramsMCV , mean Oswaldo Cruz (FIOCRUZ) and Fundag&o Butantan for the fi-
cellular volumeMCH , mean cellular hemoglobiMCHC , mean cellular nancial support. Publication supported by FAPESP.

hemoglobin concentration. ’ ’

RESUMO

A eritropoese e a atividade de transcricdo de DNA de

mechanism responsible for this genic regulation system ) | )
P g 9 y hemoglobina foram analisadas @dontophrynus americanus

since the reduction of genic activity in these tetraploid dinlGi o ? .

o - iploides e tetraploide®ados de conteudo celular relativo de
amphlb_lans does not result from the loss of ribosomal DNADNA, RNA e mitocondrias obtidos por citometria de fluxo
(Schmidtkeet al, 1976). Two other regulatory elements ,qqraram uma atividade génica aumentada em ambos os animais
were suggested for ti@. americanusnodel, including  gurante a eritropoesa vivo estimulada por tratamento com
the presence of intergenic spacers (IGSs), i.e., enhancesgnilhidrazina, com valores maiores em eritrécitos tetrapléides
of about 87 bp, and promoters of about 220/390 bpimaturos. No décimo dia de recuperacdo da anemia foram
(Alvareset al, 1998). The role of these sequences in theencontradas grandes quantidades de RNA mensageiro em am-
regulation of rDNA activity needs to be confirmed. bos espécimens. Com base no contetdo mitocondrial, as células

The cytoplasmic inclusions detected here at the ul-tétrapléides apresentaram um metabolismo energético mais
trastructural level, which are similar to the cytoplasmic ntensoO. americanuslipléides apresentaram trés vezes mais
inclusions associated with RNA or RNP and rich in the C€lulas eritrdides que os animais tetrapldides, caracterizando um
element phosphorus detected in the tetraploid cells in pre[necanlsmo regulador da producéo de células eritréides. Deter-

. - tsd ibed in detail by Ci iarull dminaqées hematoldgicas mostraram que as células tetraploides
Vious experiments described in aetail by Lianciarulio and e yiam 3096 mais hemoglobina que as células dipléides. Uma

Meirelles (1994), have not been observed in other anuraRe; que 25-30% mais ribossomos estéo presentes nas células
species analyzed so far, or in other vertebrate classes URetraplcides, parece que um mecanismo regulador da sintese de
der the same experimental conditions. In addition, nucleahemoglobina esteja relacionado ao nivel transcricional. Como as
structures similar to the cytoplasmic inclusions were inclus@es citoplasmaticas semelhantes a corpos de Heinz, porém
equally intensely labeled by RNase-gold complexes andassociadas com RNA ou RNP, s&o encontradas em ambos 0s
phosphorus detection. Rifkind and Danon (1965) describedespécimens, € possivel que outro mecanismo regulador esteja
Heinz bodies (denatured hemoglobin) in rabbit erythroid Presente, similar ao das “hidden breaks” descritas em peixes
cells, induced by phenylhydrazine treatment. It is possiblepo'('jplo,'sesé aC”Z‘,]‘j'a”do rRNA ,traps,fgr}tcl),em excessl,o el nao
that pheny/hycrazine hydrochioride, he drug used to n-{201240 Estasdfeencas o ivets sologoos o molecaes,
duce hemolytic anemia, interferes with the erythroid cells _; . op ’ camg 19

. . . . . nivel de especiagao estdo em curso entr®.oamericanus
of these anurans, inducing the formation of Heinz bOd'esdipléides e tetrapléides
associated with RNA or RNP, as recently observed by '
Moenneret al.(1998) in h_uman.erythrocytes. On the other REFERENCES
hand, the cytoplasmic inclusions should also represent
excess r|b0§0m3| RNA (rRNA) synthe5|_zed In both dip- Awares, L.E., Brison, 0.andRuiz, I.R.G. (1998). Identification of en-
loid/tetraploid erythroid cells under physiological stress.  hancer-like elements in the ribosomal intergenic spacedduin-
This response may represent a regulatory system for the tophrynus americanun and 4n (Amphibia, Anurafzenetica 104

i . : _ 4144,

pI‘O.dUCtI-On of hem_ogl_obln. Such reg.UIatlon has been de Bachmann, K.andBogart, J.P.(1975). Comparative cytochemical mea-
SC”beq in polyploid fishes, Where hidden breaks are re-" s ;ements in the diploid-tetraploid species pair of hylid fidgk
sponsible for the accumulation of nontranslated rRNA  chrysosceli@ndH. versicolor Cytogenet. Cell Genet. 1586-194.
transcribed in excess (Le|p0|dt and EngeL 1983) FurtheBauer, K.D. andDethlefsen, L.A.(1980). Total cellular RNA content: cor-

studies are necessaryv to elucidate these events relation between flow cytometry and ultraviolet spectroscapisto-
y : chem. Cytochem. 2893-498.

We descril_aed erﬁhmpOith‘ ViYO in diploid and Becak, W. (1968). Poliploidia, polimorfismo genético e evolucdo nos
tetraploid cryptic species @. americanudrogs, and vertebradosCiénc. Cult. 20202 (Abstract).
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