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ANTECEDENTES GENERALES

Trypanosoma cruzi es un protozoario flagelado capaz Jde
parasitar al hombre y causar en el la enfermedad de Chagas.-

Esta Gltima, tambié&n conocida como tripanosomiasis americana, es

un padecimiento crénico y debilitante gue afecta en Centro y

Suramérica a unos 20 millones de personas |1]| . En la Repfiblica

Mexicana se ha encontrado al insecto vector (género Triatoma)

infectado, en casi todos los estados del territorio nacional ]2[-

H

lo gue hace suponer gque la zona end&mica sea muy amplia. En

relacibfn al nimero de personas parasitadas, cabe mencionar gue

en algunas localidades de Chiapas se encontrd un 20% de indivi-

duos escogidos aleatoriamente con serologfia positiva a T. cruzi |3]

El padecimiento se transmite por la presencia del par8si-

to en la sangre de un individuo infectado. En medios urbanos, es

frecuente gue la infeccidfn se lleve a cabo por transfusiones con

sangre contaminada. En condiciones rurales, por otro lado, parti-

cipan insectos hematSfagos de los géneros Triatoma, Rhodnius &6

Pastrongilus.

Formas del parisito y ciclo de vida

Al igual gue otros protozoarios parfsitos, T. cruzi cursa

tanto en el hombre como en el insecto vector por un <¢iclo de vida



complejo gue incluye diferenciaci6n celular con transformacién

a estadios identificables morfologicamente. Dichas formas, inclu-~ -

vyen c&lulas redondeadas (amastigotes), c&lulas ovoides (epimasti-

gotes)y formas alargadas llamadas tripomastigotes |4]. Inicial-

mente se consider$ gue los amastigotes eran formas aflageladas,

sin embargo, estudios posteriores de ultraestructura indicaron

la existencia de un flagelo incipiente. Los epimastigotes presentan

un flagelo visible en microscopfa Sptica, y al igual gue en las

formas amastigotas, la emergencia de &ste se localiza posterior

al nficleo. Los tripomastigotes, por otro lado, fueron descritos

‘inicialmente como formas del parf8sito con una membrana ondulante.

Sin embargo, estudios de microscopfia electrbnica, mostraron gue

la emergencia del flagelo a diferencia de las formas anteriores se

localiza hacia la punta de la c&lula por delante del nficleo, y al

regresar por fuera del cuerpo, adosado a la membrana citoplasmiti-—

ca da la imSgen de una membrana ondulante.

Existe una fntima correlacifn entre la posicifn de emergen-—

cia del flagelo relativa al nfcleo, y la ubicacifin de una estructu-

ra refringente llamada cinetoplasto. Esta estructura esta constitufda
por una red concatenada de DNA, y su ubicacifn dentro de la c&lula

se limita al espacio interxior de la mitocondria finica del par&sito.

El cinetoplasto, adem&s del flagelo, es caracterfstico del orden

cinetoplistida, y su nombre deriva inicialmente de la idea gue po-

drfa ser un pl&stido involucrado en la regulacifn del movimiento

flagear.



Después de haber descrito las caracterfisticas mis genera-
les de morfologfa gue identifican a los amastigotes, epimastigotes
Y a los tripomastigotes; quisiera referirme a algunos aspectos

generales de su ciclo de vida gue reflejan 'su fisiolaogfia diferente.

Los tripomastigotes en el hospedero mamifero, representan:
la forma sanguinea y extracelular del par8sito, y constitﬁyen
el Gnico estadio de diferenciacifin en gue T. cruzi es capaz de
invadir c€&lulas. Estas formas tripomastigotas no se dividen, y

en este sentido son terminales, a menos de gue infecten alguna

c&lula del hospedero. En esta direcci6n, después de alcanzar el
espacio intracelular, los tripomastigotes se transforman en las
formas amastigotas y se dividen por fisidn binaria cientos de

veces .En algGn momento y afin dentro de la cé&lula, los amastigotes

se diferencfan a nuevos tripomastigotes, lisan a la c&lula (posi-

blemente por ruptura mec8nica), y se liberan al torrente circula-—

torio donde pueden reiniciar los ciclos de invasién, desdiferen-—

ciacifn con replicaci6n y 1fsis celular. Aungue se han descrito

eventos de autoinmunidad }|5]|, .es generalmente aceptado que la 1lfsis

tisular es la responsable de la fisiopatologfa del padecimiento.

Asfi se tiene gue al destrufr tejido nervioso gue inerva los 6rganos
huecos del aparato digestivo, se pierde la tonicidad de los mismos
dando lugar al llamado sindrome de mega es&6fago, mega estSmago y
mega colon. Por otro lado, si el Srgano blanco es el corazén, la

patologfa gque se presenta es la contraccifn arritmica del mismo.



En el vector, el ciclo de vida se inicia cuando el insecto
ingiere sangre de un individuo parasitado. Las formas sangufineas
tripomastigotas, ahora en el vector, adguieren a lo largo de la luz
intestinal del insecto y aparentemente sin infectar cé&lulas, formas
replicativas de epimastigotes. En forma anf8loga a lo descrito con
anterioridad, los epimastigotes se diferencfian a tripomastigotes
en la porcidn distal del intestino del insecto infectado. Estos
tripomastigotes Gltimos, se les denomina metacfclicos por haber

completado un ciclo de diferenciacién distinto al del hospedero

mamffero.

El vector transmite el padecimiento cuando a consecuencia
de una nueva ingestifn sangufinea el insecto infectado defeca in situ
tripomastigotes metacfclicos. Si por alguna razfn estas formas
alcanzan conjuntivas, mucosas o el torrente sangufineo, los ciclos
de invasibtn y lisis celular se llevar&n a cabo con el consecuente

establecimiento de la parasitosis.

El hecho de gue T. cruzi se repligue intracelularmente en
el hospedero mamIlfero, constituye guiz& el mecanismo mas importante
de evasibn de la respuesta inmunolSgica, pues si bien el hué&sped
es capaz de montar una respuesta inmune tanto celular como humoral
|6I que elimina del torrente circulatorio a la mayorfa de tripomas-
tigotes durante la fase crbnica de la enfermedad, el aparato in-

munolSgico no alcanza los seudoguistes intracelulares de amastigo-

tes replicantes.



Por otro lado, es interesante que a pesar de gue el parfsito

es morfolSgicamente similar, las caracterfsticas del padecimiento,

en lo que se refiere a la intensidad y tipo de tejido afectado, varfan

dependiendo de la localjzacifn geogrifica donde &ste es aislado W,7] .
Asf se tiene gue mientras en Brazil las parasitosis se presentan

con problemas digestivos y cardiacos, en Venezuela predominan los

cuadros clinicos con alteraciones cardiacas |7| . Estas manifestacio-

nes diferentes de la enfermedad de Chagas pueden deberse a diferen-—

cias en los enfermos y/o a diferencias en el parsito. Consideran-—
do la posibilidad, cabe mencionar gue existen cepas de ratones gue

son diferencialmente sensibles al tripanosomatfdeo Leishmania donovani

¥ gue esta sensibilidad esta determinada geneticamente |8| . En

lo referente a la posibilidad de diferencias entre los par&sitos,

mencionaré& que a trav&s de analizar el patrén electrofor&tico de

algunas isoenzimas de T. cruzi, fue posible la clasificaci&n de

€ste en grupos o zimodemas. Resulta interesante gue dichos =zimode-

mas se encuentren diferencialmente distribupidos en Venezuela
y en Brazil |7]|..

T. cxruzi ha sido estudiado con diferentes enfogues: Existen

revisiones sobre su fisiologfa |9|, aspectos de estructura celu-

lar |10]|. y sobre biologfa molecular |11l|. De igual manera existe

literatura abundante sobre la respuesta inmune del hospedexo |6].



Organizacifn del genoma

En el contexto de la orxrganizacifn genfmica, el DNA ‘mas es-—
tudiado es el DNA del cinetoplasto; que dependiendo de la especie
puede representar entre el 10 y el 20% del DNA total celular |11}.
En T. cruzi el trabajo inicial mas importante sobre este DNA,
fue realizado por el grupo de G. Riou |12], guién demostr6 su
arreglo supramolecular como una red concatenada de 30,000 a 50,000
mol&culas circulares, compuestas individualmente de aproximadamen-
te 1400 parxes de bases (minicfrculos). Los patrones generxados
por digestiones enzim&ticas con endonucleasas de restriccibn, indi-
can gue dichos minicfrculos de DNA, estin representados por secuen-—
cias heterogé&neas. Sin embargo, se ha descrito repetitividad in-

trfnseca de moleculas individuales.

La posible transcripcién del DNA de los minieirculos ha
sido motivo de controversias, y tradicionalmente se ha pensado
gque dicho DNA no se transcribe. E1 RNA mitocondrial, como RNA ri-
bosomal y mRNA de enzimas respiratorias, proviene: en el cineto-
plasto de mol&culas de DNA tambié&n circulares, pero de mayor lon-
gitud (20— 30kb) |13, 14|. Estas corresponden a solo un 5% del DNA
presente en el cinetoplasto |11l]. Sin embargo, regresando al
problema gue representa la transcripcifn del DNA de los minicfrcu-
los, se ha descrito recientemente la existencia de molé&culas peguefias
de RNA mitocondrial (75 y 200b) gue hibridan con DNA de los mini-

circulos |]15] . El1 papel biolSgico de estos transcritos es aGn



desconocido, pero se péstula que puedan funcionar como "primeros”
en la replicacién del DNA de los minicfrculos. En forma élterna-
tiva y por datos de secuencia, los autores postulan gque dichos
transcritos codificarfian, en el caso.de ser traducidos, para
proteinas bSsicas capaces de asociarse al DNA con una funcibn
estructural.

A diferencia de los tripanosomas africanos, donde se han
estudiado extensamente la organizacifn y la expresién de genes nu-—
cleares gque codifican tanto para los antigenos variables de su-
perficie [16|, como para proteinas estructurales (tubulina) 117
© regulatorias (calmodulina) |18|, el estudio molecular de genes
nucleares en T. cruzi, es aGn incipiente. Por datos de velocidad
de renaturalizacidn, C. Castro y col han estimado gue el genoma
nuclear de T. cruzi contiene alrededor de 11,000 genes|19|. Dadas
las caracterxristicas biolSgicas ya mencionadas, el estudio mole-

cular de genes nucleares de T. cruzi merece una atencitn particular.

Eleccibfn del sistema g&€nico de estudio

En la eleccifn de un sistema génico nuclear accesible e
interesante, consideramos gue el RNA ribosomal (RNAr) citopl&smico

ofrecfia las siguientes caracterfsticas:

1. Tanto la abundancia cdelular del RNAr, como la repetitividad gé&-
nica encontrada en diversas especies celulares |20|, lo convier-

ten en un sistema de flcil acceso.



2. ﬁebido, poxr un lado, a que la transcripcifin del RNAr se
encuentra asociada con crecimiento celular |21, 22|, Yy
pPOr otro a que el par&sito cursa durante su ciclo de vida
por estadios replicativos y no replicativos; pensamos
gue muy probablemente la sintesis de RNAr se encuentra
regulada diferencialmente en dichos estadios. De ser asf,
este sistema g&nico ofrece la posibilidad de estudiar se-
cuencias nucleotidicas involucradas en la regulacibn de su

expresidn.

3. La funcitn del RNArXr es muy antigua en la evolucidn y ha sido
mantenida en todos los tipos celulares. Por estos motivos
los estudios comparativos de secuencias nucleotidicas de
RNAr en distintos organismos, han resultado tan informati-
vos en la construccidn de relaciones taxonSmicas y filogené&-

ticas |23].



ANTECEDENTES PARTICULARES

Para presentar las consideraciones particulares gque
antecedieron al presente trabajo de Tesis, me permito incluir

en este capfitulo las comunicaciones: "Small—-size ribosomal RNA

species in Trypanosoma cruzi®,

Yy "An endonuclease restriction

analysis of the ribosomal RNA genes of Trypanosoma cruzi”,

pPro
ducte de mi trabajo de Maestria.
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SMALL-SIZE RIBOSOMAL RNA SPECIES IN TRYPANOSOMA CRUZ/

ROBERTO HERNANDEZ. GABRIEL NAVA and MARIO CASTANEDA®

Depariment of Developmental Binlogy. Instiiuto de Invesugaciones Biomédicas, Universidad Nacional Aurc-
noma dc AMcévuca. Apariade Posial 20228, 04510 AMcvico. DF.. Acosicn

(Recened & December 1982, accepicd | February 198)

Trapanaromo crust nbosomal RNA wacanalyzed by elcctrophoresis On agarose gels. where both large-
and small-size spedics drc grossly fractitonable. 1t sevcaled two bands in the small-size repion. These were
similar 10 s1zc 10 the Mmammalian $.8 S and 5 S species Inctcased resolunion. houeser. showed these two
band« 10 be composiie The psevudo 5.6 S band contained three. and the pscudoe £ S 1wo. discretely sized
molecules. The riboromal binding of four of these five nove) species i apparcnily dependent On large
ribosomal subunit proteins. Onc species s hydropen bonded to the Bapecies of 24 S nbosomal RNA. The
five specics were esuimated 10 be 261, 217, 197, 141 and 110 nuclcoudes long

Ker words. Trapanosoma cruse. tRNA: Pacudo 58 S and 5 S RN A: Small-aize sRNA species

INTRODUCTION

Mature cytoplasmic ribosomal RNA (rRNA) of most higher eukaryotes is compo-
sed of two large- and two small-size species: the 23-28Sand 18S.and the5.8Sand 58S
molecules. respectively. Some organisms deviate from this pattern. We have reported
[1) that Trypanosoma cruzi contains. not 1wo. but three larpe-size species: tw o (specics
a and B of approximately 1700 and 2000 nucleotides, respectively) relcased upon
denaturation of the 28 S rRN A (about 4000 nucleotides), and one species in the 1§ S
rRNA (about 2500 nucleotides). The daia indicated also.that the @ and B species most
probably are due to late processing of the original! rRNA transcript. rather than to
nonspecific ribonuclease (RN Aasc)activity onthe 2a STRNA. These large-size species
have also been reported in other trypanosomatids such as Crirthidia luciliae [2].
Leishmania donovani [3). C. oncopelti, C. fasciculata and Trypanosoma brucei [4.5): as
well as in the protozoa Acanthamocba casrellani |6) and Terrahymena pyriformis [7.8).
in several protostomia [9]). and in Drosophila melunogaster [10].

Information concerning small-size rRNA species is now emerging. In our previous
work [1]. we estimated that the a and B species together contained some 300 nucleo-

* To whom all correspondence should be addressed.

0166-6851/B1/7503.00 ¢ 1982 Elscvier Science Publishers B.V.
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tides fewer than did 24 S rRNA. This difference was partially accounted for by the
probablc relcase. upondenaturation. of a naturally occurring small-size rRNA such as
the knoun $.8 S species which contasins some 160 nucicotides. We have extended the
work on TRNA and here we report that, in contrast to higher eukaryotes., 7. cruzi has
five small-size rRNA specics. These results are similarto those recently reporied for 7.
brucei [11) and C. fasciculara [12).

MATERIALS AND METHODS

Cell culture. 7. cruzi isolated in La Cruz, Jalisco, Mcxico (Dr. J. Tay. School of
Medicine, UNAM) was grown in liquid medium containing liver infusion-tryptose
supplemented with 107 hecat-inactivated fetal calf serum, as described elsewhere [1].

Preparation of ribosomes and rRNA. Ceils were collecied in mid-log phase of growth
(ca. 99 cpimastigote forms) by centrifugation at 8000 X g for 15 minat 4°C and were
then washed twice with 30 mM Tris-HC) (pH 7.0). 100 mM KCL. 5 mM MgCl,, 3 mM
CaCl;containing an RN Aasc-inhibiting mixturc of dicthylpyrocarbonate (10 upgmi™?),
heparin (4 mg ml ). This mixture was used in all solutions thereafier and for rinsing all
glassware. Also. solutions and glasswarc were previously autoclaved. and gloves were
worn during this and the following procecdures. 1 g of wet and packed cclls was
resuspended in 10 ml of the washing solution and lysed by the addition of Nonidet
P-40 10 a final concentration of 0.3¢¢. Under these conditions most of the nuclei
remained intact (as determined by absence of viscosity in the lysate and by phase
microscopy). The lysate was sequentially centrifuged at 10000, 20000 and 100000 X g
for 10. 10 and 120 min. respectively. The last pellet was used as a source of ribosomes.
To extract rRNA | this pellet (or ribosomes fractionated by sucrose-gradient centrifu-
gation. see below) was resuspended in 20 mM Tris-HCI (pH 7.0), 20 M LiCl, 4.0 M
urea and allowed to stand a1t 4°C for 24 h. This suspension was centrifuged at 20000 X<
g for 30 min. and the pecllet was rinsed with, and resuspended in water. The TRNA
preparations showed absorption ratios A4aees10 aNA Aye-210 €¢qual to or higher than 2.0
and 2.4, respectively. The matcerial was sensitive to 1 min-boiled pancreatic RNAase
and to 0.] M NaOH a1 37°C. Paper clectrophoresis of these digests showed uridine but
not thymidine (unpublished experiments done in collaboration with Ms. R. Sanchez).
The yicld of rfRNA has been around 1 mg g™' of wet cells. Other TRN A isolation
procedures [ 1] werc also used and gave similar resultsinrespect to thesmall sizerRNA
species. Mouse (Swiss albino mice) liver rRNA_ used as a size marker, was obtained by
the usual phenol extraction and ethanol! precipitation method. T. cruzi rRNA was
either directly electrophoresed or firstly resolved on sucrose gradients.

Sucrose gradienrs. Samples with ribosomal matcerial or extracted rRNA were fractio-
nated on nondenaturing isokinetic sucrose gradients in the absence [1], or in the
presence of high K* concentrations to obtain ribosomal subunits [12].

LZMOMTRIN L INRANAAIE PR MBI IONY
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Gel clcctrophoresis. The IRNA samples were analyzed on two types of siab gels: (a)
nondenaturing gels. and (b) denaturing gels. (2) 1.5% agarosc gels (4 mm thickness: 30
cm length)in 10.8 g Tris (pH &.3). 5.49 gboricacid.0.93 gEDTA perl,wererunat 6V
cm”' for 2 h at 4°C. (b) 3.5C; acrylamidc, 0.15% bisacrylamidc gels (1.5 mm thickness;
12 cm length) in the samesolution as above, but with 7 M urca. were prerunat2Vem™
overnight: clecirophoresis was at 4 V cm™ for 8 h at ambient temperature. The
samples of TRNA were firstly dissolved in the clectrophoresis solution, containing
20%¢ glvcerol and bromophenol bluc as front marker. Slab pels were stained with 3.0
pug ml' of cthidium bromide and photographed under short UV light. In some
eaxperiments. the rRNA bands were cut out and electroeluted in the same clectrophore-
sis solution overnight at 4°C.

RESULTS

When 7. cruzi to1al fRNA. obtained directly from the ribosomal pellet or from
monosomes purified in nondenaturing sucrose gradicnts (scc Mcthods). was analyvzed
under partially nondenaturing conditions (for this rmaterial) on long agarosc gels,
where both Jarge- and small-size species can be fractionated (Fig. 1a), it resolved into
six bands in total: four large-size bands (undenatured 24 S, 18 S, and B and a derived
from denatured 24 S) already characterized [ 1]. and 1wo small-size bands. Fig. 1A also
shows some bands with lower mobility than that of 24 S rRNA. When this material
was electrocluted, denatured and reclectirophoresed on denaturing polyacrylamide
gels (as in Fig. 1c and d: scc below), it was resolvedintothethree large-size 18S, Band
a rRNA specics (not shown). These results indicate that the slower bands represent
rRNA aggregates. The small-size bands might be analogoustothe 5.8 Sand 5Sspecices
commonly found in mammalian cells. Nevertheless, when the sume rRNA prepara-
tions were fractionated in a more discriminating syvstem (on short polyacrylamide
denaturing gels) for the region occupied by the two small-size bands, these two bands
were resolved into five discrete bands without smearing material (Fig. 1b): inaddition
to 2 broader band which migrated in the zone of mousc transfer RNA. This finding
was not observed with mouse liver TRNA which had not been especially protected
from RNAasce activity as described in Mcthods (not shown). Therefore, the initial two
small-size bands, pseudo 5.8 S and pseudo 5 S, actually represent an heterogenecous
assembly of muliiple molecules of definite sizes. .

The small-size rRNA species were found complexed. after RNA extraction and
denaturation. in the large ribosomal subunit which was obtained by fractionation of
ribosomes on isokinctic sucrose gradients with high K~ concentration (not shown).
This large-subunit association has been reported also for C. fasciculata [12). The
small-size species might bind, as a gross approximation, ribosomal protcins orrRNA.
We explored this possibility by the use of deproteinized rRNA or deprotcinized and
denatured rRNA. The deproteinized matcrial of the agarose pscudo bands (Fig. 1A)
was independently electroeluted, heat denatured in the presence of 7 M urea, and
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Fig. 1. Photographs of T. cruzs tRNA separated on gel clectrophoresis. The rRNA preparations were

applied tolong nondenatuning tA)and shory donatuning (B)slab pels (see Materials and Mcthods) Tracksa,
b:1otal rRNA: track ¢. pscudo 5 S, trach d pscudo 5.8 S

reelectirophoresed on denaturing polyvacrylamide gels. The pseudo 5.8 § material
vielded the 1two uppermost bands (Fig. 1d) and the pscudo 5 S. the two lowest bands
{Fig. lc) of the group of five small-size species (thereafter calied and numbered sl 10s5
beginning with the largest). Since the s3 species was not found in the psendo 5.8 Sand 5
S maicrials obtained from deproteinized but nondenaturediotal rRN A the binding of
this species is apparently not dependent on proteins as is the binding of the other
species. It should. then. be primarily hydrogen bonded to rfRNA. We tested this
assumption by two kinds of experiments.

Deprotcinized total rRNA was fractionated on fully nondenaturing sucrose gra-
dients [1]. Fractions of the thrce main peaks in the regions of 0-6 S, 18 Sand 24 S
(comaining the a and f species) were pooled (Fig. 2A, brackets). ethanol precipitated.
and redissolved in the denaturing electrophoresis solution. The to1ality of the material
obtained from cach main pcak was independently heated and layered onto denaturing
gel slabs. The 0-6 region of rRN A contained thesl s2,s4 andsSspecies (Fig. 2a). The
18 S rRNA did not contain any small size species, except a very light and contamina-
ting s3 matcrial barely seen in the photograph (Fig. 2b). Finally. the 24 S rRNA
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Fig. 2. Fracuonauon of T. cruzt rRNA on nondenaturing isokincuc sucrose gradienis {A). and on
denaturing slab gels (B). Allthe matenial from the pooled gradient fractions. shownin brackets, was applicd

todepatuning slab gels. Track a: -6 SrTRNA track b: IRSrRNAtrach ¢: 23S rRNA:track d:totalrfRNA
Yayered onito the sucrose gradient.

revealed. upon denaturation. the missing s3 species (Fig. 2¢). Increased amounts of
loaded material on racks a, b and ¢ did not produce qualitative changes in the gel
patierns.

To determinc if the s3 species is bound to the a or B species, deproteinized toial
rRNA was clectrophoresed on nondenaturing aparose gels (as in Fig. 1A). Material
from the a and B species, and 24 S rRNA was eluted and reclectrophoresed on
denaturing polyacrylamide gels (as in Fig. 1B). The a species did not relecase any
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TABLL ]

Size values of tnpanosomand small-size TRNA species

TRNA Numbcr of nuclcotides
_species
T eruze” 7. bruced® C. fasciculara’

sl 261 2 3 215 238
2 2172 3 190 193
3 197 x 3 IR0 176
4 141 2 2 125 13s
55 1noz 2 115 120
- Figures represent the mean = S E M. from five individuat gels. The values for the size standards

mousc 35S and SES. and 7. cruzi a rRNA specics are 121, 159 [13]. and 1 661 [1] nuclicotides,
respectively. The line representing the least squares it was £ = 2276.7- 1.386* (correlation cocfficient

r = 0.9999).
" Data from Cordingley and Turner [11}
. Data from Gray [12])

matcrial. The B specics. and of course the 24 S rRNA (containing both a and B).
showed the s3 specics (gels not shown).

Molecular sizes of the five small-size rRNA species were calculated in the
polyacrylamide-urea gel system by the least squares analysis of the logarithm of the
number of nucleotides versus the migration distance at band center, using mouse 58
and 5.8 Sand 7. cruzi a TRNA species as size markers. The median size values of 7.
cruzi small-size TRNA species were found 10 be very similar 1o those reporied for 7.
brucei [11}and C. fasciculata]12}. as can be seen in Table 1. When the A4,,, values of the
fractionated large- and small-size rRN A species, obtained from a same total rRNA
preparation. were normalized against their corresponding molecular sizes, the stoi-
chiometry of all cight molecules in relation to each other was about 1 (calculations not
shown). -

DISCUSSION

The mature cytoplasmic TRNA species of trypanosomatids scem to be unique
among both prokaryoies and cukaryotes. To date. this distinction appears at least in
two rRNA characters: the size of the 18 S species and the total number of species.
These differences are important in view of the high conservation of these parameters
along phylogeny. The known molecular masses of the 18 S rRNA of different
biological species can be assembled into two groups of approximately 0.5 and 0.7 X
10® dalions in prokaryotes and eukaryotes, respectively. 7. cruzi 18 S rRNA has a
molecular mass of about 0.84 X 10* daltons: therefore, it falls in a third group. Other
trypanosomatids and protozoa also show this high value for the 18 S rRNA; the



s

validity of these data has alrecady been discussed [ 1]. Furthermorce, 7. crusi and other
organisms present threc large-size species (sce Introduction).

The small-size rRNA molecules in most cukaryoles arc the S.8 S and the § S. Our
previous assumption that the two 7. crusi light bands seen in agarosc gels (Fig. 1A)
corresponded 1o these two small-size species [1] was false. The pseudo 5.8 S maiteriat
aciually contains three species: s1. 52 and, under denaturing conditions. s3; and the
pstudo 5 S contains two species: s4 and 5. That is_ this organism has five small-size
species instecad of two. These five species. most probably are natural and not due to
nonspecific degradation since: (1) they were obtained under conditions of nondetecta-
ble RNAasc activity [1]: (2) the 18 S, and the a and P species (Figs. 1 and 2) did not
show degradation:(3) these multiple species were not found in mammalian ribosomes
(obiention of mouse 5.8 S and 58S for experiments of Table 1); (4) they were presentin
the same number and proportions under different isolation procedures: and (5) they
have been found in two other irypanosomatids [11,12). Leishmania tarentolac also
contains the eight small- and large-size TRNA species: but the ‘extra’ large-size FrRNA
visualized in sucrose gradients and on polyacrylamide gels was interpreted as a
brecakdown product, and three of the small-size species as the commonly known 4S5, 5
S and 5.8 S [14].

The overall association behavior of the trypanosomatid small-size rRNA species is,
nevertheless. similar tothat shown by the 5.8S and 5Sspecies: (1)allare boundtothe

large ribosomal subunit: (2) the s1. s2. s4 and s5 arc probably bound 1o ribosomal

proteins (they are released by low Mpg? concentrations. sodium dodecyl sulfate,
and/or deproteinization) like the 5 S species; and (3) the s3 is hydrogen bonded 1o the
B species of the 24 S rRNA (it is only released by RNA denaturation) like the 5.8 S to
the 28 S species: although s3 is larger than 5.8 S (Table 1).

Initial RNA:DNA hybridization experiments with 7. cruzi material (see following
paper}{ 15])indicatethats 1. s2and s3 are physically linked to the rRN A cistrons. These
three species are thus putative products of the rRNA primary transcript processing.
The hydrogen bonding of 53, equivalent 1o that of 5.8 S whose DN A sequence lies in
the transcribed spacer of the rRNA cistron. further supports this idea. The sl and/or
s2 might be similar to D. melanogaster 2 S which is a maturation product of the
precursor 26 S, Although 2 S, unlike s1 and s2. is only 30 nucleotides long and is
hydrogen bonded to the mature 26 S[16]. 7. cruzi s4 and s5, unlike the C. fasciculara
small-size species [12). do not hybridize in the rRNA cistron: they might, then,
resemble mammalian 5 S which also maps outside the TRN A cistron and appears to
bind ribosomal protcins. The implications of these data are still unknown, but they
might be related 10some fine differences between trypanosomatidian and mammalian
protein synthesis. and to the phylogeny of lower eukaryotes. Actually,the 5SrRNA of
Euglena gracilis is more closely homologous to the corresponding s5 species (in our
nomenclature) of C. fasciculata than it is to the 5 S of plants and green algac [17].
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The locaton of riboiomal RN A genesintotal-nucicar-cnsiched DNA preg of Iryf cruze
was analyzed by usIng restfiction endonucleases and the eight ¢y rib. I RNA sp of this
organnnm. Two contiguouns Ss1l DNA fragments of about 9.88 and 1.7 kilobase pairs contained the three
large-size nbosomal RN A specics. 185, B, and a. and thtec small-size ribosomat RNA species.s ], s2and s3.
The other tno smali-size nbosomal specics. 88 and 35, were located outside the ribosomal RN A cistronand
independenty of cach other. Spacers of a presumed large Iength. abouit 20 kilobasc pairs or more, hampered
the identification of putative adjacent ribosomat RINA cistrons.

Key words Tryp cruzi; Rib. a! RNA penes, Restriction endonuctease mapping.

INTRODUCTION

The number and the structural organization of genes coding for ribosomal RNA
(rRNA) have been studied in widcely different organisms [1]. These genes are present in
a varicd number of repeating units, from a few in prokaryotes [2.3]. in cukaryoticcell
organelles [4]. and in mitronuclei of a ciliated protozoan [5]. 10 up to thousands of
amplified and extrachromosomal genes in oocytes of many metazoa [6,7]). In the 3°-5°
direction of the coding DN A strand, cach genctic unit contains sequence information
for the eukaryvolic 18S.5.8S.and 28 S (common nominal values) TRN A species, which
is followed by a spacer region containing some small stretches of abortive transcrip-
tion [8). In some organisms such as Escherichia coli [2}, Saccharom)yces cerevisiae [9].
Dicryostelium discoideum and probably D. mucoroides and Polysphondylium violaceum
[10]). and Euglena gracilis [11]. the cistron for the 5 S species is linked to the TRNA
cistron. The repeating genetic units of rRNA are clustered in the genome with the

*To whom all correspondence should be addressed.
Abbreviarion: kb, kilobases or kilobasc pairs.

O166-6KS1/83/7803.00 ¢ 1983 Elsevier Science Publishers B.V.
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exception of thosc present in the macronucleus of Oxyrricho fallax |12}. The unitsin
the cluster, arranged in the samc 18 S 10 2K S direction. either are in tandem as in
higher cukaryotes [13,14]) and in somc lower eukaryotes [11,15-17), or arc in palindro-
mic dimers as in other lower cukaryotes, with an axis of symmetry near citherthe 18S
[10.18.19) or 1the 28 S end [20]).

Trypanosormnao cruzi contains some 114 nuclear rRNA genes and this amount agrees
well with those of other organisms in relation 1o their position in phylogeny {21].
However, the number of cyioplasmic rRNA spccies of 7. cruzi differs greatly from
those of other organisms. since 7. cruzi has three Jarge-size species (18 S, aand B)[21]
and five small-size species (s1 10 $5) [22]. The T. cruziaand Bspecics composethe24S
rRNA: similar TRNA spccics arc present also in other trypanosomatids, .in other
protozoa, in protostomia. and in Drosophila melanogasrer, cited in preceding paper
[{22). In D. melanogasier {23) and Leishmania donovani{17] both rRNA species mapin
the nominal 28 S rRNA gene and, therefore, might have a role in the mechanism of
protein syvnthesis similar to that of the 28 S rRNA species in mammals. To date. the
five small-size TRNA specics scem to be general to all trypanosomatids (sce ref. 22),
but restricted to this group of organisms; there is no information regarding their
functional role or their individual arrangement in the rRNA cistron. Here, we report
on an analysis of the organization of the 7. cruzi TfRNA genes, using restriction
endonuclecases and the cight tfRINA species as hybridization probes.

MATERIALS AND METHODS

Growrh of cells. The T. cruziisolate and the procedures for its culture and collection
have been described in the preceding report [22].

Isolarion of 1otal-nuclear-enriched DNA. T. cruzicells were harvested by centrifugation
at 10000 X g for 10 min at 4°C and then were washed twice with 30 mM Tris-HCl (pH
7.8), 100 mM KCL 5 mM MgCl.. 3 mM CaCl,. Cells were resuspended in the same
solution and were lysed by the addition of 1€ Nonidet P-40 (final concentration). The
lysate was centrifuged at 10000 X g for 20 min and the pellet was resuspended in 150
mM NaCl, 10 mM EDTA, 15 mM trisodium citrate. Under these conditions, mosi of
the kinctoplasts remained in the supernatant as determined by phase microscopy. The
resuspended pellet was incubated for 2 h at 37°C in the presence of 1 mg mi™! of
pronase preincubated under the same conditions. After the digestion had been termi-
nated by the addition of 1 M NaClO, (final concentration). the material was emulsi-
fied with 2 volumes of chloroform-isopentanol (24:1). Further treatment of the DNA

with pancreatic ribonuclease and the same solvent system was donec as previously
described [21].

Isolation, fractionarion, and labelling of rRNA. The isolation and fractionation proce-
dures were basically as in the preceding report [22}: the large-size species were
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separated on the agarosc gels and the small-size species on the polyacrylamide gels.
Afier being staincd with ethidium bromide (3pug m1™'), the TRNA bands were cut out
and clectroeluted. The bands corresponding 1o specics 18S, B.s2 and s3 werc further
purificd from contaminating material from adjacent bands by a second clecirophore-
sis. Sincc the other four rRNA species showed good resolution in the first fractionati-
on [22]). this last procedure was unnecessary for them.

The individual rRNA species isolated by elecirophoresis were radioactively labelled
by phosphorylation in vitro with T4 polynucleotide kinase (Bethesda Rescarch Labo-
ratorics. Inc.) and {y->*P]JATP (New England Nuclear). RNA was first pretreated to
increasc the proportion of free S'-hydroxyls: (a) large-size species were partially
hydrolyzed in 0.025 m! of 25 mM Tris-HCl (pH 9.5) at 90°C for 30 min, and (b)
small-size species were dephosphorylated with bacterial alkaline phosphatase (20
units/0.05 ml)in 10 mM Tris-HCH (pH 8.0) at 37°C for 1 h, reextracted with phenol-
chloroform (1:1). and then precipitated with ethanol after prior addition of 0.8 M LiCl
(final concentration). The labelling reaction mixture (0.06 ml total volume) containing
10 mM Tris-HCl (pH 9.5), 10 mM MgCl,. 10 mM sperminc, 10 mM dithiothreitol,
0.5-1.0 pe RN A, 10 units T4 kinasc, 200 uCi[y-**PJATP was incubated at 37°C for 1 h.
The recaction was terminated by the scequential addition of 0.I18ml of 8M LiClL 1 M
ammonium acetate, 2.5 volumes of cthanol. and 500 pup of yecast soluble RNA. The
precipitate was collected by centrifugation and redissolved in 0.6 mlof 100 mM EDTA
(pH 7.8). 20 glvcerol. 19t Sarkosyl. The mixture was applicd to a Sephadex G-25
column (1 X 15 cm) and cluted with 10 mM Tris-HCI1 (pH 7.0), 100 mM NaCl,. 10 mM
EDTA. The fractions containing the labelled rRNA were pooled and the material was

precipitated as described above. The specific activity of the rRNA was 10°~10" cpm
uet.

Resiriction endonuclease digestion and gel elccirophoresis of DNA. All restriction
endonucicases were titrated and used as recommended by the supplier (Bethesda
Research Laboratories, 1nc.). The reaction mixtures (0.02 ml total volume) with T.
cruzi DNA contained a 510 10 fold excess of endonuclease inrelationtophage A DNA
which was used as internal limit digestion control. The reactions were terminated by

the addition of 2 M urca. 0.05¢ bromophenol blue (final concentrations). The

digested DN A was then subjected to electrophoresis on 0.8 agarose slab gels (20ecm

length) as described by Firtel et al. [24]). Phage 2. DNA dipested with Hind111 was used
as size standard [25].

RNA:DNA hybridization on Southern imprints. Restricted DNA was eluted from the
agarose gel slabs onto nitrocellulose sheets according to Southern [26]. Radioactively
labelled TRNA (1-5 X 10° ¢pm) was hybridized to the DNA imprints in 10 ml of
hybridization solution, 120 mM phosphates (pH 7.0), 150 mM NacCl, 15 mM trisodi-
um citrate, 10 mM EDTA, 509 formamide, 0.29% sodium dodecyl sulfate for 24 h at
37°C. In experiments using the Bspecies, due 10 partial contamination, a 20 fold excess
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of both unlabelled 18 S and a specics were used to compete with it. After hybridizati-
on. the nitroccllulose sheets were rinsed with 100 ml of 300 mM NaCl. 30 mM
trisodium citrate. and then washed four times with 25 ml of the hybridization solution
at 37°C for at least 4 heach. with rinsings inbetween. Autoradiographs were prepared
by eaposing the nitrocellulose shects to X-ray films (Kodak X Omat RP) a1 -70°C in
the presence of intensifier screens.

RESULTS AND DISCUSSION

Restriction endonucicase analysis is facilitated in DNA molecules of reduced
scquence compliexity. Although 7. cruzi nuclear DNA does not show density satellites
in neutral CsCl. we tried to obtain enriched preparations of rRNA genes by fractiona-
tion in preparative CsCl-actinomycin D gradients. Radioactively labelled rRNA
hybridized mostly 10 the main peak of DNA which was positioned at about 1.606 g
ml™? and only stightly to a small peak of DNA positioned at about 1.642 g mil™'. The
analyzed range of density was 1.7to 1.5 g mi™! (unpublished experiments). Thercfore,
the restriction analysis was done with the use of total-nuclear-enriched DNA.

We tested 1] restriction endonucleases (BarmH1, EcoR], Haell, Hhal, Hindill, Kpal.
Salfl, Smal. Sst11. Xbal and Xhol). Electrophoresis gels of the resulting digests were
intially visualized by using cthidium bromide and UV light. DNA fragments appcared
as a smear along the tracks with some discrete bands. In all digests, there were two
bands of about 1-1.5 kilobase pairs (kb) which werc probably of kinetoplast origin
[25] and which did not show any rRNA hybridization signal (scc below). Only two of
the above enzymes. Hindlll and Sstl. produced digests containing strong rRNA
hybridization bands that were smallerthan the bulk DNA (ca. 20-25 kb)and thercefore
were amenable for subsequent analysis.

To position the genes for cytoplasmic rRNA on the restriction endonuclease map of
nuclear DNA, the cight 7. cruzi cytoplasmic TRN A species were individually isolated
and radioactively labcelied in vitro. Each species was hybridized to DNA imprints of
fragments generated by Hindlll and/or Ssr1. Fig. 1 shows the hybridization of the
three **P-labelicd large-size species: Figs. 2 and 3. that of the small-size s1 tos3, and s4,
s5 species, respectively. Table I summarizes these data and shows that DNA sequences
containing TRNA complements could be divided into three linkage groups, one for the
majority of the rRNA species and two other groups with one rRNA species cach: (1)
DNA fragments 1 to 6 hybridized to the three large-size species (18 S. a and B)and 10
small-size species sl, s2 and s3; (2) DNA fragments 7 to 10 hybridized to s4; and (3)
DNA fragment 11 (which could be composed of several fragments because of the low
resolution of thesc sizes in the agarose gels) hybridized to s5. This grouping indicates
that six TRNA species are represented in the rRNA cistron and that the other two
species have their corresponding genes outside the rRNA cistron.

Since. as shown in Fig. 1, DNA fragmen1 2 (9.88 kb) disappeared in the double
digestion with a simultaneous production of fragments 3 (5.6 kb) and 4 (3.74 kb) and
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Fig. 1. Habridization of **P-labelled large-size TRNA species 1o restriction endonuclease fragments of 7.
cruzi DNA. Towal-nuclear-enriched DNA preparations (see Methods) were dipesied with restriction end-
onucleases. The DNA fragmenis wcre separated by electrophoresis on 0.8 agarouse slab gels. The
3p-labelled rRNA was hybndized 10 DNA imprints of the fragments, and the resulung hybrids were
detectied by autoradiography. Fragment sizes shown are for 1he hybrid bands. Hindlll digests of . DNA
were used as size standards [25] (A) 1K S rRNA . (B) B rRNA. and (C) a TRNA.

since all three have common hybridizing rRN A species (Table I), these smaller DNA
fragments are contained in fragment 2. The difference in size. about 0.54 kb. between
fragment 2 (9.88 kb) and the sum of fragments 3 and 4 (9.34 kb) may be accounted for
by the existence of silent sequences, since no hybridizing material larger than 0.2 kb
was found in DNA digests resolved on 1.26¢ agarosc and with overexposed transfer
blots (not shown). Or, this difference could simply be an overestimation of the 9.88 kb
value, since migration in agarose gels is not linear for these large-size molecules. Using
similar reasoning, we concluded that DNA fragment 5 (1.7 kb) contains fragment 6
(1.68 kb).

The DNA fragments comprising the first linkage group can thus be arranged intwo
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Fig. 2. Hybridization of *?P-labellcd small-size TRNA species 10 restnction endonucicase frapments of T,
cruzi DNA. (A) s] tfRNA: (B) s2 TRNA: and (C) s3 rRNA. Details as in Fig. 1.

possible lincar relationships (Figs. 4A and 4B). Since the aspecies hybridizedto DNA
fragments 3, 5, and 6 {(5.6. 1.7, and 1.68 kb, respectively).the 18Sspeciestofragment 4
(3.74 kb); and a DNA fragment of about 3.76 kb is not found in the single Hindll1l
digestion, the model in Fig. 4Bis the correct relationship. In addition, fragments 2and
3(9.88and 5.6 kb) contained sequences complementaryto five (their added size, about
6.66 kb) of the common six rRNA species, with the exception of s2. This further
indicates that the genes for these rRNA species are clustered. Although species s2 did
not hybridize with frapments 2 or 3, it did hybridize tofragments Sand 6(1.7 and 1.68
kb) which are adjacent 1o fragment 3 (5.6 kb) (Fig. 4B); therefore, it is also clustered.

The spatial arrangement of the genes for the rRNA species was constructed by
using: (1) the lengths of the cytoplasmic TRNA species (about 2.5, 2.0 and 1.7, and
0.26,0.22,0.20,0.14and 0.11 kbforthe 18S, Band a,ands1 tosS species, respectively)
[21.22): and (2) the relative intensity of hybridization of these cight probes to the
various DNA fragments. Therefore, the positions of the termini of the cytoplasmic
rRINA genes depicted on the restriction endonuclcase map shown in Fig. 5 are only
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Fig. 3. Hybridization of ““P-labelled smali-size TRN A specics 10 restriction endonuclease fragments of 7.
cruzi DNA. (A) 34 tRNA: and (B) s5 rRNA. Details as in Fip. 1,

tentative. Likewise, the position for the s]1 and s3 genes, which have the same
hybridization pattern (Table 1); are only grossly approximated and we Jack daia on
their relative order. The 3°-5° direction has been chosen only by analogy to the known
TRNA cistrons.

The spacer regions outside the rRNA cistron most probably present length or
sequence heterogeneity. This is indicated by the presence of light bands of hybridizati-
on in HindlI1 digests with: (1) the 18 S species at about 10, 8 and 7 kb upsircam of the
Hindlll sitc in the 18 S gene (Figs. 1A and 5),in additionto the strong band atabout 20



‘-
]

TABLE 1

Main restriction lease f nis of total- lear-cnniched DNA from 7. eruzi and thair hybndza.
uon to rRNA.

DNA fragments Cyioplasmic TRNA species

No. kb Restriction enzs mcs 18S B a ) 2 IS} 4 [
] 20.00 HeindN 11 + - -+ - -+ - - -
2 9.RE Ss1 + “+ + + - + -
3 35.60 Hind11, Hind11}: Ssn -+ + -+ “+ - -+ - -
a4 4 Hindl1}. Ssil -+ - - - - - - -
s 170 Ssr¥ - - -+ - + - - -
6 1.68 Hindl1): Ssri - - + - + - - -
7 17.40 Sst - - - - -+ -
B 10.90 Hindlt): Ss11 - - - - - - -+ -
9 6.03 HendM). Ss1). MindIl: Ss1l - - - - - - -+ -
10 3.a0 HindMl: Hind111. Ss11 - - - - - - + -
11 >>20.00 HindN3L, Ssi1l. Hindlll: Ssi - - - - - - - <+

kb: and (2) the a and s2 species at about 10 kb downstream of the Hind111 site in thea
gene (Figs. 1C and 5), in addition to the strong band at about 20 kb. Although the
presence of the large spacers, approximatcly 20 kb to cither side of the rRNA cistron
(same Figs. 1A, 1Cand 5and Tablcl.fragment 1), have precluded us from locating the
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Fig. 4. Two i ar of the b of the first linkage group of 7. crusi restriction
d: DNA 1 Fi values in kb.




at

3 ¥Fs ¥ & T 7
! T W i

Fig 5 Restrcuon map of the 7 crust TRNA cistron The unit 1s comamed on 1wo adjacent 3315 DNA
fragments. 9. KK and 1.7kb Dashed hines indicate probablc infrequent Hindill sites. The 328" direction is
from left to right.

next TRN A cistron. the simplicity of the patierns of hybridization with the six linked
rRN A species indicates that the cistrons are probably contiguous 1o one another.
Nevertheless. the precise lenpth of these spacers is difficult to confirm since we lack
probes and information on additional restriction endonuclease sites along thislength.

The genes for the s4 and sS species, unlike those in Crithidia fasciculata {27).are not
in the rTRN A cistron (Table 1), and are cach in different regions of the genome since
they show different hybridization patterns (Fig. 3). The genes for the s4 species are
located in multiple different sites (Fig. 3A, Table I). Those for the s5 species are
probably also multiple because of the great widith of the hybridization bands (Fig. 3B),
but we do not have data to determinc if they are clustered or interdispersed.

The gross structural features of the 7. cruzirRNA cistron are very similar to those of
L. donovani [17] and other eukaryotes in the mutual arrangement of the large-size
TRNA species, and in that small-size species map between the two common large-size
species: s3 being the biochemical equivalent of 5.8 Sducto its hydrogen bonding to the
B species [22]. Nevertheless. the 7. cruzi rRNA cistronshows some peculiarities: (1) Its
18 S rRNA pene does not present an E£coRI site (data not shown) near the 5" end as
most eukaryotes do in their corresponding genes. Although this restriction site isalso
absent in some other eukaryotes such as Terrahymena pyriformis, cited in [14],
Physarum polycephalum 119). Neurospora crassa [28). Cacnorhabditis elegans [29].
Arremia larvac [30]). and somec cercals [31] (2) 1t contains three small-size TRNA
species (s] 1o s3). The position of s2 near the 3° end of the a rRNA species, which is
located at about the distal half of the equivalent 28 S species, is interesting in view of
the known lack of precursor rRNA processing at this terminus. On the other hand. the
s2 gene may be equivalent 1o a linked 5 S gene: although s4 and s5 are also putative
equivalent 5 S species due to their hybridization outside the rRNA cistron. More
derailed sequence information on these molecules and precursor rRNA will be needed
to resolve this problemn, and to determine more precisely the length of the flanking
spacer regions.
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OBJETIVO

Dada la situacifn de gue los ribosomas citopl&smicos de
T. cruzi presentan mol&éculas adicionales de RNA, y de que
la mayoria de dichas mol&culas hibridan en la unidad funda-
mental de transcripcibn;: los objetivos de esta Tesis son los

siguientes:

1. Ia construccifn de bibliotecas genSmicas de T. cruzi, ¥y

el aislamiento de clonas recombinantes con DNA ribosomal.

La localizacifn de las secuencias de DNA codificadoras
para las mol&culas pequefias de RNA ribosomal, con rxespecto

a la ubicacifn g&€nica de las mol&culas mayores.
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To further analyze the organization of the nuclear fDNA locus in Trypanosoma cruzi, genomic recombinant plasmid clones
were constructed and isolated after hybridization with rRNA molecules as hybridization probes. Approximately 11 kilobase pairs
from the cistron werc cloned in three recombinant plasmids carrying adjacent genomic fragments. Restriction mapping and South-
ern hybridization experiments performced on these clones indicate the following relative arrangement of the mature TRNA coding

sequences: 18S (2.46 kb), §3 (197 b).

4Sa (2.02 kb), S§1 (261 b), 243 (1.66 kb), S2 (217 b) and S6 (90 b). Ncitker S4 (141 b) nor

S5 (110 b) sequences were found within these genomic clones. Nevertheless genomic Southerns suggpest a linkage of S4 1owards

the 3" end of this genctic system.

Key words: Trypanosoma cruzi tDNA: Plasmid molecular cloning: Restriction mapping

Introduction

To date, Trypanosomatids arc the group of or-
ganisms which exhibit the most complex pattern
of mature cytosolic rfRNA molecules [1-3]). The
24S molecular mass species is composed of two
similar sized independcnt molecules a and 8.
which under non-denaturing conditions are hy-
drogen bonded [4]. Our previous size corre-
spondence of 24Sa and 24SB is here changed to
2.02 and 1.66 (kb) kilobase pairs respectively to
unify nomenclature with the equivalent mole-
cules described in Drosophila {5] and Trypano-
soma brucei (6].

Although a hidden break has been described in
organisms from different phyla like Protozoa,
Mollusca, Annclida and Arthropoda [3.4.7]. the
presence in Trypanosomatids of multiple small-

Correspondence address: Dr. R. Hernandez, Department of

evelop al Biology. 1 ituto de Investipaciones Biomé-
dicas, Universidad Nacional Auténoma de México. Apartado
Postal 70228. 04510, Meéxico, D.F. México.

Abbrevations: kb, kilobase or kilobase pairs; (S1-S6), small-
size ribosomal RNAs. .

sized RNAs [1-3] is quite different from any other
phylogenetic group observed to date. Their cy-
tosolic ribosomes contain equimolar amounts of
six small rRNA molecules (§1-S6) {1]). The smali-
est one (S6) has an electrophoretic mobility sim-
ilar to that of mammalian tRNA species [2.3] and
was initially considered a putative tRNA. Se-
quence analysis of S3 and S5 [8-10] demonstrates
their correspondence to the 5.85 and 5S rRNAs
of other eukaryotes.

In Trypanosoma cruzi, most of these small
rRNAs map within the main transcription unit
[11]. and their relative position with respect to the
large molecular mass species has been docu-
mented in African trypanosomes [6.12]. Our pre-
vious map of this locus in 7. cruzi, based on gen-
omic Southern hybridizations [11] is here
extended with the construction. isolation and
partial characterization of genomic plasmid
clones. The analysis reported in the present work
led to the relocation of S1 and the inclusion of S6.
The genomic mapping of S4 was also reconsi-
dered. Our data show an rRNA coding sequence
organization similar to that recently reported for
the Trypanosomatids T. brucei [6) and Crithidia
fasciculara [13].

0166-6851/88'$03.50 © 1988 Elscvier Science Publishers B. V. (Biomedical Division)
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Materials and Mcthods

Cell culture and nucleic acids preparation. Epi-
mastigotes from a Mcexican stock of 7. cruzi (iso-
lated in la Cruz, Jalisco, Mcxico by Dr. J. Tay.
School of Medicine, UNAM). were axenically
cultured as described clsewhere [4]. Isolation of
both nuclecar enriched DNA, and ribosomal RNA
were performed as previously described [3.11).

Cloning and characterization of T. cruzi ribo-
somal DNA. T. cruzi genomic DNA was digested
with restriction enzymes. ligated into plasmid
pUCIS8 [14]). and transformed into Escherichia coli
MC1061 [15] as described by Maniatis [16). Col-
onies were screened as described by Rowekamp
and Firtel {17] using kinase end-labelled TRNAs
{11]). Plasmids were purified on CsCly/ethidium
bromide gradients by standard procedures [16].
Partial endonuclease digestions for restriction site
mapping were performed as described by Smith
and Birnsteil [18] using end-labeled DNA mole-
cules prepared as described elsewhere [19].
Southern blot experiments of digested clones of
genomic DNA were performed by standard tech-

niquces [20). RNA blots were obtained by two dif-
ferent procedures: (a) large molecules (18S, 24Sa,
and 24SB) wcre Northern transferred from 6%
formaldchydc/1%: agarose gels [21] to Gence
Screen membranes (New England Nuclecar) ac-
cording to the manufacturer’s directions: (b) small
size rRNA molecules (S1-S6) were first individ-
ually clectrocluted [11). denatured and vacuum
filiecred onto nitrocellulose sheets using a Bio-Rad
dot blot apparatus. After being air dried all filter
membranes were vacuum baked at 65°C for 90
min.

Prchybridization and hybridization conditions
for DNA:DNA renaturation were 50% formam-
ide/300 mM NaCi/30 mM trisodium citrate/120
mM phosphates (pH 7.0)/4 x Denhardt’s solu-
tion {22}/2 mM EDTA (pH 7.2)/0.2% sodium do-
decyl sulfate at 37°C for 2 and 24 h, respectively.
DNA:RNA hybridization conditions were iden-
tical to the above, except that half of NaCl and of
trisodium citrate were used. Washing conditions
for both kinds of hybridizations were: 15 mM
NaCl/l.5 mM trisodium citrate/0.2%z sodium do-
decyl sulfate for 2 h at 37°C. Filiers were exposed
to X-ray films with intensifier screens at —70°C.
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Fig.1. Map of the ribosomal RNA cistron in 7. cruzi. Genomic DNA restriction fragments (upper line) were inserted into the
Ps11 and’or Ssi sites of pUCIB. Open bars indicate cloned genomic inserts, whereas flanking lines are vector sequences. To show

the polarity of the insert in the vector. the EcoRI site within the pUCI1S polylinker is indicated as

®. The restriction cleavage sites

mapped in the cloned inserts, besides those indicated in the genomic DNA are: § Hincll, [Sau3A and T Hinfl. The latter sites

have not been analysed in clone pRTC20. Restriction sites in clone pRTCB1 arc not drawn. but correspond 1o those indicated in

the overlapping region of clone pRTC32. The Jocation of the mature rRNA specics (closed bars) is shown below those restriction

fragments that exhibited hybridization signal in autoradiographs of Southern blots. The exact position of the 5 and 3" ends cannot

be determined from this kind of data. S4 sequences were not cloned. Its genomic hybridization patiern (Fig. 3) suggests the
linkage here shown.



Results and Discussion

Cloning strategy, screening and classification of
cloncs. Our previous TRNA genomic map based
upon Hindlll and Ssil restriction sites [11] was
extended by the location of three Ps:l sites (Fig.
1 upper line). We decided to clone T. cruzi gen-
omic DNA fragments using the Psrl and Ssrl
cloning sites of the plasmid vector pUCIR [14] (scc
Material and Mcthods). Ribosomal DNA recom-
binant bacterial clones were isolated from thesc
genomic libraries by screening the cells with a ra-
dioactive mixture of rRNA molecules. About 20

A r RNAs

pur -8
134  —2455

—— s .
PROBE PRTC20 pRTC A2 PRTC 32

pRTCHB1

Fig. 2. Hybridization patterns of the recombinant clones.
Large TrRNA molecules were resolved on  aga-
rose/formaldehyde gel electrophoresis [21] and transferred to
Gene Screen membranes (A). Small rRNAs were individually
clectroeluted from polyacrylamidc/urca gels and dot blotied
unto nitrocelulose sheets (B). Both membranes (A and B)
were hybridized with nick-translated clones pRTC20, pRTCAa2,
PRTC32 and pRTCS1. Positions of 185, 245a and 24SB rRNA
molecules (A) were identified after methylene blue staining
of the filter strips [16].

277

positive clones were identified and further class-
ificd in 4 groups according to the following cri-
tcria: (a) restriction site(s) ligated in the con-
struction. (b) DNA inscrt size cloned, and (c)
hybridization to the different large and small
rRNA spccies. The recombinant plasmid clones
PRTC20, pRTC42, pRTC32 and pRTCR81 repre-
sent the 4 different types of ribosomal DNA frag-
ments cloned (Fig. 1). The different rRNA cod-
ing sequences present within these clones were
determined by hybridization to the 3 large rRNA
species (185, 24Sa and 24SB) separated on aga-
rose/formaldehyde gels (Fig. 2A). and to the 6
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e MOt
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Fig. 3. Hybridization of small size fRNA species to restrice
tion fragments of 7. crusi genomic DNA. Both hybridizations
shown were carried out from the same slab gel. Fragment sizes
arc approximate and were estimated using A HindlIl digests
as size markers (A). For the recognition of S2 and $3 hybrid-
umg fragment within the map (B). seec Fig. 1. S4 finc location
is unknown, but the above data shows that it may be down-
stream the last Ssel site cloned (dark line). Discontinuous line
md:cales an apparently heterogencous region which contains
sS4 The Itiple Ss71 sites within this re-
gion are not drawn. Finally. the weak hybridization signal of
the 5.60 kb Hindlll fragment seen with $4 as a probe may be
due to a cross hybridization as described clsewhere [12].




27K

small sizc TRNA molccules (S1-S6) electrocluted
from gels and individually dot-blotted onto nitro-
cellulose sheets (Fig. 2B).

Nonce of the clones hybridized to S4 or to S5;
nevcrtheless genomic mapping experiments arc
consistent with a linkage of S4 scquences within
large Hindlll fragments, downstream the last 37
Ss1l site cloned in pRTCS81 (Fig. 3). This DNA
region appears 10 be heterogencous in length
and/or sequence, and the putative linkage of S3
will be confirmed through chromosome walking
cloning experiments. Mapping of $4 towards the
3’ end of the rRNA cistron has been documented
in 7. brucei |6} and in C. fasciculata [13]).

Restriction site mapping and Southern hybridiza-
tions. In order to map the coding regions of the
small TRNAs with respect to those of the large
molecular-mass species, inserts from the genomic
clones were further characterized by restriction
site mapping. The cut sites for some cndonu-
cleases were located in the cloned inserts using
partially digested end-labelled molecules (Fig. 1).
Southern experiments were then carried out on
complete digested clones or inserts probed with
the individual TRNA species (data not shown).
The location of the different hybridizing rRNA
sequences within the restriction map is shown in
Fig. 1.

In 7. brucei, the small rRNAs S1-S84 and S6 are
mature products from the main transcription unit
[6]. In addition. sequence data from this orga-
nism indicate that S2, S4 and S6 arc analogous to
domain VII of other eukaryotic 285 rRNA [6]. In
C. fasciculara, Spencer et al. have sequenced the
rest of the large subunit rRNA gene [13] and have
demonstrated that the coding sequence for the
small rRNA molecules $1-584 and $6 (in our no-
menclature) are separated by internal DNA
spacers.

In reference to the cleavage site recognition in
the processing of this genetic system, Campbell
et al. [23) have shown that in T. brucei the cleav-
age events that give rise to S3 and to S1 generally
occur near the junction of base-paired and single
stranded regions without an apparent consensus
sequence.

It is likely that the above information related
to T. brucei and C. fasciculata reflects structural

similaritics in 7. cruzi rRNA gene.

The atypic ribosomal DNA scquence organi-
zation of 7. cruczi, togcther with other unusual but
shared genetic situations described in Trypano-
somatids {2:4-26]}, rcinforce the molecular phylo-
genctic observation of Sogin et al. [27] that try-
panosomes represent an eukaryotic group of
organisms with a dcep and independent line of
cvolution. Sequence data from the TRNA locus
in different members of the Trypanosomatidae
family will be extremely valuable for the estab-
lishment of taxonomic classifications within this
group. as well as for estimation of the speciation
time.
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DATOS WO MOSTRADOS EN EL MANUSCRITO

La identificaciéfn de colonias portadoras de plasmidos re~
combinantes con DNAX se llevS a cabo mediante su hibridacién
in situ con RNA aislado de precipitados ribosomales de 150 000 g.

La figura 4 muestra el prerfil electroforético (agarosa/formaldehido)

del RNA usado como sonda molecularxr (Fig. 4A), asi como el tipo

de sehal de hibridacifn observada en los autoradiogramas (Fig. 4B) .

Las xegiones de las cajas originales (5 x 103 colonias/caja) gue
mostraron sefial de hibridaci6tn fueron resembradas a menor densi-

dad hasta el aislamiento de colonias independientes positivas a

la sonda de RNArx.

La corroboracifn de cue los plasmidos aislados de las colo-

nias vositivas fueran recombinantes con DIIAr, fue realizada con

DA plasmidiano aislado de cultivos pecuehos (lml); La figura

5 muestra tanto el‘patrén electrofor&tico de insertos clonados en

los sitios PstI 6 SstI del vehiculo pUCl8, como su hibridacidn

tipo Southern con RNAr total.

Como se menciona en Materiales y lé&todos, los mapas de res-—

triccibn de las clonas agui presentadas (serie pRTC) se construye—

ron por digestiones parciales en mol&culas marcadas en un extremo.

La Figura 6 ejemplifica con la clona pRTC20 el tipo de resultados

obtenidos en estos experimentos.
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Figura 4. A- Perfil electroforético en agaxosa/ formaldehido
ce RNAT total. Este material fue fosforilado in vitro

mediante la encima cinasa del fago T4 Yy 32P— YATP,
para ser utilizado como sonda molecular en los expe-—

rimentos de hibridacifn.

B: Autorradiografia de la hibridacifn in situ sobre las
colonias de la biblioteca gé&nica. La sonda radioacti-

va utilizada fue RNAr total fosforilado (>?P) in vitro.



Figura 5. Perfil electrofético (agarosa/bromuro de etidio) e hibri-—

dacibn tipo Southern de pladsmidos aislados de colonias
positivas a la hibridacifn in situ con RNAr total.
Se muestran las construcciones ligadas en el sitio de

PstI ¥ las correspondientes en el sitio de SstI de

pUC1IB. Como marcadores de tamaho se utilizd el vehi-

culo linearizado (carril 6) y el DNA del fago A digerido

con HindIII (carrxril 1l4) . Aquellos pl&smidos portadores

de insertos de tamano esperado (mapa genfmico previo,

Fig.l) fueron seleccionados para su caracterizaci6n

posterior (serie pRTC) .
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Autorradiografié de los productos de digestién par-
cial generados por Sau3AdA y por HincII sobre la clona
PRTC20 (marcada radicactivamente en un extremo) -

Como se indica en la parte inferior de los carrxiles,
las digestiones se llevaron a cabo durante 0, 1, 5,
15 yv 30 minutos; y la electroforesis fue realizada

en un gel de agarosa al 1l%. El1 tamalio de los fragmen
tos fue calculado con los productos de digestidn con
HindXIIJX sobre el DNA del fago A, observados

con

bromuro de etidio del gel original.

Ubicaci6n gr&fica de los sitios de corte para Saul3A.
ﬁa posicifén ordenada de los sitios resulta de la lec—
tura progreéiva en tamafio de fragmentos radioactivos,
tomando como punto de referxrencia la posici&n de 1la

marca radiocactiva en el inserto de pRTC20.
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Finalmente, la asignacifn, en los fragmentos clonados, de

las diferentes regiones codificadoras de las especies maduras de

RNAYXr, se llevb a cabo medijiante experimentos tipo Southern hibrida-—

dos en forma independiente con las diferentes mol&culas de RNAr.

»
La figura 7 ilustra uno de estos experimentos, realizado sobre la

clona pRTC32, digerida con EincII o con EinfI e hibridada inde-—

pendientemente con las esrecies de RNAxr: 24Sa, S2 y S6. La auto-

rradiograffa presentada no muestra hibridacifn con fragmentos me-—

nores de 300b generados por HinfI, sin embargo fragmentos hasta

de 200b son observados tenuemente en autorradiogramas expuestos

unas 10 veces mas. Este comportamiento es habitual poxr las limi-—

taciones del mé&todo.
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Figura 7. A: Hibridaci6bn tipo Southern sobre los productos de di-

gestidn de HinflI y EincII en la clona pRTC32.
El tamafio de los fragmentos de hibridaci6tn fue es-

timado utilizando los productos de digestifn HindIIX
sobre el DNA del fago A.

Ubicacib6n de las regiones codificadoras para las
especies de RNAr: 2488, S2 y S6; sobrxe el mapa de
restriccibn. La localizacifn de la regifn gue
codifica para S2 fue acotada con sitios de Sau3Aa
‘Fig. 1). Por el tipo de experimentos realizados,
la posicién de las especies de RNAr sobre el mapa,

es solo aproximada.
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DISCUSION

En la introducecisfn de los artfculos inclufdos como "Antéce—
dentes Particulares"™, se sehalan las caracterfsticas generales de
organizacifn molecular del DNArxr y los productos del procesamiento
del RNAr precursor en una variedad de sistemas eucariontes.

Con intenciones de sefialar los elementos "tfipicos” gue presentan

los diferxrentes sistemas, me permito mencionar los siguientes pun-—

tos, y comentar en cada uno de ellos la situaci&bn observada

en T. cruzi.

1. Los genes de RNAr constituyen una familia de elementos mediana-
mente repetidos (50- 500 copias por genoma haploide) |20].

T. cruzi contiene alrededor de 110 genes por nficleo |[24].

2. Las unidades de transcripcifn de RNAr se encuentran agrupadas.

Desconocemos la ubicacifn del cistrSn de RNAr en T. cruzi,

pero el hecho de haber encontrado un patrfn relativamente sen-

cillo de bandas genSmicas de hibridacifn, sugiere gue las uni-

dades de transcripcifn se encuentran en un contexto homog&neo -~ -

de secuencias. Cabe mencionar gque en las especies africanas
(T. brucei) , los genes para RNAr se encontraron agrupados en
3 o 4 locus de cromosomas diferentes; a su vez separados de
los genes codificadores de RNA 58S ]25'.

3. Las unidades de transcripcifn de RNAr se encuentran separadas
por regiones de DNA no transcritas. Tal es el caso en T. cruzi,
¥ los espaciadores no transcritos resultan ser de por lo menos

20kb, y heterogé&neos en secuencia y/0 en longitud ( rig. 3)
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4. Las unidades de transcripcifn contienen espaciadores trans-—
critos en el RNAr precursor, y al ser eliminados durante el
procesamiento del mismo se generan las mol&culas maduras de
RNAr: 18S, 5.88 y 28S (como valores nominales). La organi-
zacifn intracistrSnica del DNAr en T. cruzi es el objeto
fundamental de esta Té&sis, por lo que me permito desglozarxr
las consideraciones correspondientes en los p&rrafos si-—

guientes.

Los datos de organizacifn presentados, indican gue las
mol&culas nSveles de RNAr de T. cruzi, se encuentran codificadas
en un arreglo atipico al resto de eucariotes (Fig. 8) y virtual-

mente id&ntico al reportado recientemente en los Tripanosomatideos

T. brucei |26| y Crithidia fasciculata |27| . Por datos de se-
cuencia nucleotidica en estos dos Gltimos organismos seé demostrd
la correspondencia de las mol&culas peguenias de RNAr (excepto S5)
con regionés del RNA de la subunidad mayor ribosomal. La apoSrta-—
cibn del presente trabajo reafirma -el--concepto  de un modelo g&-
nico de organizacifn compleja y particular al grupo filogen&ti-—
co de Tripanosomatideos. Dicho modelo se caracteriza fundamental-
mente por la presencia de DNA espaciador en sitios no descritos

anteriormente gque estructura un gene discontfnuo. Esta organiza-—

cifn desusual tiene tanto implicaciones estructurales como evolutivas.

A -
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Implicaciones estructurales

La correspondencia, por un lado, de la especie de RNA 5.8S
de ribosomas citopl&smicos, y por otreo, de la mol&cula 4.5S de
ribosomas de cloroplastos, con las regiones 5' y 3*' del RNArXr
23S de E. coli respectivamente |28]|; indica gue no se regquiere
colinearidad estricta y covalente a lo largo de la mol&cula de

RNAYX para el funcionamiento de la subunidad ribosomal mayor.

En algunos organismos protozoarios |29- 32| , y algunos
metazoarios del tipo protostomados |33- 34| existe la disconti-
nuidad interna y aproximadamente central en la mencionada espe-—
cie de RNAr mayor, gue separa a la mol&cula en dos entidades
( @y B ). AGn mas, en Drosophila se presenta un procesamiento
extraordinario de la mol&cula 5.8S gue da origen a una mol&cula
2S adicional |35|. En todos estos casos, sin embargo, el comple-
jo molecular de RNAr {(aungue discontinuoc) permanece unido por

enlaces de puente de hidrSgeno afin en ausencia de proteinas.

En T. cxruzi, y por trabajo realizado en nuestro laborato-
rio sabemos gue las interacciones intermoleculares de RNAr esta-
bilizadas por puents de hidrSgeno se presentan entre las dos mo-—
lé€culas mayores (a y BY, y entre S3 y la mol&cula a. El resto de
las mol&culas peqguefias se liberan de la subunidad ribosomal ma-
yor en ausencia de proteinas (Antecedentes Particulares, [36] ).

La asociacibfn de la mayorfa de las moleculas de RNAr peqguefias
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a los ribosomas, depende entonces de la estabilizacibtin dada por

proteinas.

El tener dominios funcionales segmentados de la especie
de RNAX tipo 28s, asociados por protefinas a la subunidad riboso-
mal mayor no tiene precedentes en ribosomas citoplSsmicos de
eucariontes. Esta situacibn, refleja posiblemente una estructu-
ra éNA—proteIna diferente en estos organismos, gue consideramos

de importancia estudiar.

Consideraciones evolutivas

Para jlustrar el significado de la organizacifn en el DNAX
y sus productos de procesamiento en Tripanosomas, en comparacid&n
a otro tipo de genomas, me permito utilizar la revisibn ilustra-
da en [26], donde incluyo el arreglo construldo en el presente
trabajo (Fig. 8B). Tanto el procesamiento de S1 dado en el espa-
ciador trasncrito entre a y B, como el procesamiento de S2, S6, ¥y
S4 en el extremo 3' del c¢istrBn, son ejemplos no usuales de or-
ganizacifn en genomas eucariontes. Por otro lado, procesamientos
desusuales se encuentran en el RNAr de mitocondrias y pliastidos
de protozoarios y de plantas. Los cloroplastos de estas filtimas,
pPresentan incluso un producto de procesamiento hacia el extremo 3'.

Sin embargo, ningGn organismo descrito a la fecha, presenta una



Figura B. Esqguema tomado de White, T.

4

C. y cols. |26| donde se

muestran diferentes sistemas biolSgicos de procesamiento

de RNAr. Tanto las especies de RNA presentes en la

subunidad mayor, como aguellas presentes en la subunidad

menor ribosomal son mostradas en las diferentes columnas.

IL.as especies peqguefias de RNA se esguematizan como cajas

negras y aquellas de mayor
En la parte inferjor de 1la
génico encontrado para T.
Las referencias originales

se encuentran en la fuente

tamafio como cajas vacias.
figura se insert6 el arreglo
cruzi por el presente trabajo.
de los datos agui presentados

vya mencionada 26|.

w
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complejidad comparable a la descrita en los tres miembros es-—

tudiados de la familia de Tripanosomatideos.

La presencia sin precedente de 8 mol&culas de RNAr cito-
pl&smico, organizado en forma similar en dos especies de tripano-
somas y en un organismo del g&nero Crithidia, sugiere gue la fa-
milia de Tripanosomatideos evoluciont de forma independiente (an-
tigua) al resto de eucariontes. Para aumentar la complejidad del
cuadro general, la organizacifn g&nica de las mol&culas de RNAXr
(9SS y 12S) mitocondrial en los maxicirculos de estos cinetoplas-—
tidos wviolan la regla general de polaridad 5'-3' [37]|; pues a
la inversa de cualgQuier otro genoma a la fecha descrito (proca-
rionte, mitocondrial, pl&stido © nuclear), las especies de RNArxr

mencionadas se encuentran codificadas en la polaridad opuesta:

5' ——12s —9S— 3

Como ya fue mencionado en la Introduccidn, la secuencia
de RNAr ofrece informacidn con la gque se pueden construir Srxrbo-
les filogené&ticos |23]|. Sogin y cols. |38| han construido &rboles
filogen&ticos comparando la secuencia del RNAr de la subunidad
menor (RNAr tipo 18S); y entre los organismos analizados inclu-
yeron a T. brucei |38]| y a C. fasciculata |39] . Las concliusio-
nes que sus estudios arrojaron fueron gue los dos Tripanosomatideos
analizados, evolucionaron relacionados entre si, y de manera in-

dependiente no s6l1lo al resto de eucariontes, sino tambi&n a otros
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protozoarios considerados "cercanos" bajo otros criterios 4.
E)l Gnco protista (a la fecha conocido) relacionado con la linea
evolutiva de los Tripanosomatideos, est& representado por Euglena
|38~ 40| . Aparentemente (datos no publicados pero mencionados),
organismos Eugl&nidos presentan tambi&n productos adicionales

de procesamiento en regiones similares a las de Tripanosomatideos

1271 .

En cuanto al orfgen de estos productos nuevos de procesa-—
miento y a su relacifn con el RNAX tipo 23- 28S, existen dos
posibilidades:

(a) El1 genoma nuclear progenitor tuvo una secuencia codificadora
continua para la mol&écula de RNAr de la subunidad mayox, pero en
la direccidn evolutiva de los Tripanosomatideos, y por eventos
de insercifn de DNA espaciador, se separaron las regiones codi-

ficadoras de las distintas mol&culas maduras de RNAr.

(b) El gene para la mol&cula mayor de RNAr en el genoma eucarion-—
te primigenio fue ciertamente discontinuo, y los espaciadores
fueroneliminados diferencialmente en las lineas evolutivas pos-—
teriores. Bajo &sta hipbStesis, los Tripanosomatideos, al haber
evolucionado en una linea antigua g dirferente al resto de euca-

riontes, pudieron haber conservado los espaciadores ahora descritos.
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El hecho de gue el gene de la subunidad grande ribosomal
de los microscorideos, gque a su vez representan a la fecha la
linea evolutiva independiente mas antigua de eucariontes resulte
continuo |[40]|, ain sin procesamiento de la mol&cula 5.8S, harIa
pensar gue la primera posibilidad (progenitor continuo) como

factible.
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