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Gene conversion in Streptococcus pneumoniae

A, Michel Sicard
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118 route de Narbonne - 31062 Toulouse France.

{Received December 10, 1986)

Summary

In pneumococens, correction of mutations by the repair of mismatched bases results
in gene conversion, i.e. transfer of penetic information from one strand of DNA to the other.
Three different correction systems act upon a variety of mutations: 1) A long-patch
process (a tew Kb) is efficient in the elimination of transitions, mostly £ 1 base-pair
mutations and less efficient in eliminating some transversions without affecting fairly
leng deletions. Neighboring sequences may interfere with this process. It is directed by at
least two genes. 2) A localized conversion system acts on a six base-pair heteroduplex
structure such as SATTAAT/I’'TAAGTA by specifically converting the mutated A
base to the wild type C base. Modifications of this configuration by site-directed
mutagenesis lead to reduced conversion. 3) Fairly long deletions are eliminated during
recombination by events that extend several scores of bases around the heterologus
region. Although only the first conversion system has been shown to participate
efficiently in protecting Streptococcus pneumoniae against spontaneous mutation, the
two other processes may also eliminate mutations of different natures.

Key-words: Transformation, recombination, mutation-repair, site-directed muta-
genesis.

Resumen

En neumococo la reparacion de bases mal apareadas creadas por el emparejamiento
de un mutante ¥ un alelo de tipo salvaje ¢s la causa de la conversidn génica, esto es la
transferencia de informacién genética de una cadena a 1a otra, Tres sistemas correctores
pueden actuar sobre varios tipos de mutaciones:

1) Un proceso de reparacion largo (algunas Kb) es capaz de eliminar eficientemente
transiciones, la mayoria de las mutaciones + 1 par de bases y menos eficientemente,
algunas transversiones, sin afectar a las deleciones bastante largas del DNA. Las
secuencias vecinas pueden interferir con este proceso. Esta controlado al menos por dos
genes.



2} Un sistema de conversién localizada, que actua sobre una estructura hetero-
duplex de seis pares de bases, tal como S’ATTAAT/3I’TAAGTA convirtiendo especi-
ficamente la base mutada A en la base de tipo salvaje C. Modificaciones de esta
configuracion por mutagénesis dirigida conducen a una conversién reducida.

3} Las deleciones medianamente largas son eliminadas durante la recombinacion
mediante procesos que cubren varias decenas de bases alrededor de las zonas heterd-
logas. Aunque solo el primer sistema de conversion se ha demostrade que participa
eficientemente contra las mutaciones espontaneas, los otros dos procesos pueden
eliminar también mutaciones de diferente naturaleza.

Pneumococcus, officially known today as Streptococcus preumoniae is not especia-
Iy remarkable among bacteria. However, it has preoccupied bacteriologists since at the
turn of the century when pneumonia, due to this bacteria, was the leading cause of death.
A major advance in attempts to protect individuals from infection by using antiserum was
the discovery, in Pneumococcus in the early twenties by Heidelberger and Avery that the
specific antigenic material within the bacterial capsule was not a protein but a
polysaccharide (22). The discovery in the early forties by the Rockefeller bacteriolo-
gists, Avery, Mac Leod and McCarty working on Pneumococcus that DNA was the
biological substance which transmits genetic information opened the modern field of
molecular genetics (1). Almost twenty years later, in the same organism, it was first found
that mutations can be eliminated by a process of correction at the heteroduplex stage.
More recently, additional correction systems were described in this organism, We will
review here all these processes that imply transfer of information from one strand of
DNA to another one i.e. gene conversion in Streptococcus pneunmoniae, An extended
review of one of these correction processes, long-patch conversion, has recently been
published (4).

Long-patch conversion of mismatched bases

The most extensively studied process of gene conversion is the long-patch conversion
of mismatched bases. An efficient way to cteate misrnatched bases is by the bacterial
transformation system, Pneumococcus is especially suited to experimental study since all
cells are able to incorporate fragments of transforming DNA efficiently. Using cloned
DNA, up te 80 % of a population can be transformed for a given marker (6). One strand
at random penetrates the cell and pairs with the homologous region of the recipient DNA,
If the transforming DNA carries a mutation, the sequences will be mismatched along the
non-complementary heteroduplex. It was first observed independently by several authors
(19, 23, 32, 36), that the nature of the mutation will affect the transformation frequency.
In this regard it was found that point mutations fall into four distinct classes with respect
to their efficiency of transformation, defined by the ease with which they can be
recombined into or out of a chromosome (16, 26). The differences can be as much as ten-
fold between Hiph Efficiency (HE) and Low Efficiency (LE) classes while a few mutants
belong to an Intermediate Efficiency (IE) and a Very High Efficiency (VHE) class.



H. Ephrussi-Taylor and T.C. Gray postulated that the poorly transforming hetero-
dupiexes (LE) are recognized specifically and that this process eliminates the genetic
material originating from the denor DNA (15). Although donor genetic material is
destroyed preferentially, in about one tenth of the events the recipient genetic material is
destroyed instead. A repair would then reestablish a double-stranded structure, copying
from the remaining single strand. This excision-repair would transfer genetic information
from one strand to the other, thus being a gene conversion, '

On the contrary, VHE markers are not excised at all and they are integrated. They
can replicate, becoming homoduplex after one cell division. This type of transformation
does not involve gene conversion, For HE markers, only one of the two heteroduplexes is
excised and converted. Several predictions from this model have been fulfilled, 1) LE
markers are destroyed by excision-repair (46), 2) LE markers are transmitted to all
daughter cells about one cell division earlier than HE markers (14, 54), 3) Phenotypic
expression of LE markers is faster than for HE or VHE markers (14, 11) because for LE
markers both strands contain the genetic information, 4) the frequency of mixed and pure
clones after transformation by LE or HE markers is consistent with a fast transmission of
LE information to both strands (39), 5) the frequency of double unlinked LE-LE trans-
formants is as expected for a fast transmission of information to both strands (40).

The length over which this conversion occurs has been estimated by genetic analysis
of revertants at a locus that confers resistance to amethopterin (aniA). Some amiA
revertants resuft from a substitution to a base different from that of the original wild-type.
When used as a recipient in transformation these revertants reduce the recombination
frequency of HE markers in proportion to the map distance separating the revertant site
and the marker. It has been found that the conversion event concerns an average of at
least 2000 to 3000 base-pairs (45, 47). Similar results were obtained by Lacks using
double HE-LE mutants at the mal M locus (26), and by Gray and Ephrussi-Taylor at the
amiA locus (18). Biochemical evidence for excision of a long sequence (several kb) of
DNA triggered by a LE mismatch was recently obtained by Mejean and Claverys (42)
using a cloned fragment of the amiA gene and re-extraction of the integrated fragment
from the chromosome.

Support for an enzymatic process to excise and repair LE mismatched bases has
come from the isolation of hex mutants, in which all single-site markers are transformed
at the highest efficiency (27). At least two genes (hexA and hexB) control this system
(10, 41). They have been cloned (3, 41, 44) and the purification of the gene products is in
progress. An interesting property of ex genes is their anti-mutator effect. G. Tiraby and
coworkers demonstrated that the mutation rate of kex strains is higher than hex* strains
(50, 53). The increase of spontaneous reversions of mutations corresponding to transition
(LE) can be as high as a hundred-fold (28). Therefore it is likely that an enzymatic
complex highly specific for some mismatched heteroduplexes is able to correct DNA by
excising several thousand nucleotides around the recognized mismatch which serves as a
signal.

The mechanism of preferential elimination of donor information by the Hex system is
still obscure. Guild and Shoemaker (20) proposed that, once triggered by a mismatched
base-pair, the Hex-dependent complex would search for nicks and would degrade the
donor DNA. Another model implying a double-strand break resulting from the conver-
sion process (51) has been excluded (20, 30).



Tdentification of the mismatched bases which are recognized and converted by the
Hex system has been achieved by cloning and sequencing several mutants, wild type or
revertants first at the amiA locus (7, 8, 9) and then at the mal/ M locus (28). Taken
together, efficiency of transformation can be correlated to ail possible mismatches.
Among single base changes, all transition mutations belong to the LE class, both
mismatches A/C and G/T being equally poorly efficient due to excision and repair.
Transversion mutations never belong to the LE class because one or both mismatches are
not well eliminated by the Hex system. When efficiency of individual strands could be
measured (9), it was found that A/A and T/T mismatches are both partially excised. The
majority of A/G and C/C mismatches are not at all excised, while some T/C and all G/G
are excised (HE class). However the neighbouring sequences may modulate the
efficiency of some transversion mutations. For example two VHE markers and one IE
marker resulted from the transversion G/C — T/A, whereas the same transversion at
four other sites yielded, five HE configurations (9, 28, Gasc, A M., Claverys, J.P, and
Sicard A M., unpublished results).

The transforming ability of heterologies due to deletions depends on their length:
small deletions, i.e. 93 base-pairs at the mal M locus (28), 34 base-pairs at the amiA
locus {7), 6 base-pairs at the sz/-d locus (37), or 5 base-pairs at the amiA locus (Garcia, P.,
Gasc, A.M. and Sicard, A.M., unpublished results), are transformed at the highest
frequency (VHE), Four and 3 base-pair deletions have an intermediate efficiency
(Garcia, P., Gasc, A.M. and Sicard A.M., unpublished results). Five mutants obtained
by quinacrine mutagenesis resulting from a & 1 base-pair change (17) or a 2 base-pair
insertion (9) belong to the LE class. Again neighboring sequences may modulate the
efficiency of = 1 base-pair mutants because a spontaneous deletion of C/C gave an
intermediate efficiency (28) and the same deletion at the gutolysine locus belongs to
theVHE class (38). No simple rules such as G/C content or Z-DNA can explain the
neighbor effect.

Localized conversion

We have studied an aberrant marker, aniA 36 that enhances recombination frequen-
cy when crossed with any other allele of the amiA gene. This effect is especially apparent
for distances as short as 27 base-pairs where we cbserved 20 % wild-type recombinants
instead of the expected 1 % (31). The mutation results from a C/G to A/T transversion
in the sequence 5’.. ATTCAT — 5°..ATTAAT. This hyper-recombination is due to a
conversion of amiA36 to wild-type. This has been demonstrated in three-point crosses
where it was found that the frequency of recombinants between outside markers is not
increased when amiA36 is in one of the molecules (48). Since conversion can occur
even for 27 base-pairs, the observed hyper-recombination suggests that there is no co-
conversion of these closely linked alleles (48). To estimate the length over which this
event occurs we have isolated two mutants located 5 bases away on either side and one
mutant 17 bases away from amiA36. Hyper-recombination almost completely disap-
pears for the 5 base markers and is maintained at half the usual value for the marker
located 17 bases away from amiA36. This shows that the converting system acts upon
very few base-pairs (between 17 and 27 base-pairs).



Localized conversion does not require the action of either hex A or hexB active genes
(31). In an hex* recipient, when a nearby LE marker is crossed to amiA36, localized
conversion is drastically depressed (31), This further suggests that localized conversion
oceurs at the heteroduplex stage since the long-patch process also acts at this level.

If localized conversion indeed occurs at the heteroduplex stage of recombination, we
can ask the following question: are the two possible heteroduplexes equally able to induce
conversion? Using separated and cross-reannealed DNA strands, artificial heteroduple-
xes were constructed. It was found that only one heteroduplex is preferentially conver-
ted. The localized conversion acts upon 5°...A../3"...G... changing A to C (48). The
reciprocal event, i.e. wild-type 5°...C to mutant 5°... A does not cccur (Mostachfi, P. and
Sicard, A.M., Mol. Gen. Genet.; in. press).

To determine the sequence required to trigger this conversion, site-specific mutage-
nesis has been used to create the same S’ATTAAT mutation on another part of the amiA
gene. Two-point crosses with nearby markers also show a high level of conversion
(Garcia, P. and Sicard, M., unpublished results). Thus this 6-base pair configuration is a
sufficient signal for localized conversion. Changing individual bases within this segment
results in decreased conmversion frequencies to levels that depend on the mutations.
Therefore localized conversion is not restricted to the original 6-base pair configuration,
but can be induced by related sequences although at variable frequencies.

Nothing is known about the molecular process leading to localized conversion, Tt
could be the result of excision of a few bases close to the mutation. This model would be
similar to the short-patch repair system of pyrimidine dimers after U.V, irradiation of
DNA. However, the UV, repair system does not convert amiA36 mutations since
pneumococcal strains deficient in this process are still fully competent for conversion
(Kyriakidis, X., and Sicard, A.M., unpublished results), An alternative hypothesis is that
conversion results from the replacement of the mutant strand by the wild type strand of
the same polarity (48).

Elimination of deletions

Deletions are neither recognized by the Hex system (26) nor by the localized
conversion process, Is there another way to eliminate them during recombination? An
answer to this question comes from the following observation: when fairly long deletions
{more than a few hundred bases long) are carried on donor DNA to transform a recipient
containing a linked point mutation, wild type recombinants occur in large excess (5). The
frequency of these recombinants is the sum of recombinants expected from the distance
between markers, plus a 20 % value. Such hyper-recombination disappears when a
mismatched base in the cross induces the Hex —directed long-patch conversion process.
This suggests that long heterologies resulting from deletions are processed during the
pairing steps (29). As it has been found that co-conversion occurs when markers are very
close to the deletion, it appears that the elimination event extends several scores of bases
on both sides of the heterology (29). One can propose that potential spontaneous
deletions may often be eliminated by a similar process. It seems thai very short deletions
(less than 34 base-pairs} escape this repair process.
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Significance of conversions

The long-patch conversion system directed by sex genes acts in all natural pneumno-
coccal isolates tested (52) and in Haemophilus influenzae (2). Studies based on
transfection assays with phage heteroduplexes first on Bacillus subtilis (49) and then on
Escherichia coli (43, 56, 57) show that an analogous process to the pneumococcal conversion is
acting in those strains. Although the E. coli system requires the recognition of methylated
sequences, it shares many similarities with the Hex system since the base specificity is
nearly the same (13, 24). The mismatch specificity in two yeasts is also similar to the
poeumococcal Hex system (235, 55). Therefore, longpatch conversion is widespread. It is
likely that it has been created and preserved during evolution to eliminate spontaneous
point mutations such as £ 1 base mutations and transitions because pneumococcal and
H. influenzae hex mutants behave as mutator alleles (2, 50, 53) as do the homologous. E.
coli genes mut L, mut S and mut H (12). The discarded mutations are precisely the same
ones that are converted to wild type during recombination,

The localized conversion process described in pneumococcus has been found in
several independent strains (Garcia, P. and Sicard, A M., unpublished results). Moreover
there is an analogous system in bacteriophage lambda recombination (33, 34). Although
the signal sequence is quite different, most of the other properties are shared by the two
systems, suggesting that these more recently discovered systems may be widespread. The
ability of localized conversion to specifically convert mutant to wild type in families of
related sequences may indicate a role in preventing these mutations. Likewise conversion
of fairly long heterologies is not restricted to pneumococcus since it has been observed in
fungi (21) and may explain stimulation of recombination in lambda-phage crosses (35).
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Summary

The chemical composition of fractions extracted from the mycelial walls of Agaricus
bisporus was studied. Attempts were made to locate these materials «in situ» by
comparing electron micrographs of shadowed and sectioned cell walls. There are at least
two chemically distinct species of carbohydrate polymers: one vielding mainly glucose
with lower amounts of mannose, galactose and xylose and amino acids, and the other
vielding chiefly N-acetylglucosamine with some glucose and amino acids. It was shown that
none of these polymers constituted a completely physically distinct layer, but there do seem to
be two regions at the outer and inner surfaces with apparently different properties.
Materials which react with MnO,K to produce an electron-dense material are located
throughout the wall, but tend to be concentrated in the outer and inner regions. It was
shown that fibers constitute one important fraction of the original wall material.

Key words: Agaricus bisporus, cell wall, polysaccharides.

Resumen

Se ha efectuado el estudio de la composicion quimica de las fracciones extraidas de
las paredes celulares de micelio de Agaricus bisporus. Se ha intentado localizar estos
materiales «in situ», comparando las fotografias al microscopio electronico de las
paredes celulares sombreadas o seccionadas. Hay por lo menos dos clases quimicamente
distintas de polimeros de carbohidratos, una compuesta principalmente por glucosa con
menores cantidades de manosa, galactosa y xilosa y aminoacidos y la otra formada
mayoritariamente por N-acetilglucosamina con algo de glucosa y aminoacidos. Se ha
podido comprobar que ninguno de estos polisacaridos constituye una capa fisica comple-
tamente distinta pero parecen existir dos regiones en la superficie externa e interna con
propiedades aparentemente diferentes.

I.os materiales que reaccionan con MnQO,K para producir zonas densas a los elec-
trones se localizan en toda la pared pero parecen estar concentrados en las regiones
externa e interna. Se ha podido comprobar que las fibras constituyen una fraccion
importante del material original de la pared.

* Corresponding author.
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Introduction

The cell wall of fungi is a complex multilayered structure composed of at least two
major polysaccharides and lesser quantities of proteins and lipids (6). The location of
these compounds within the wall been studied by different techniques and resear-
chers (15, 19) and striking correlations have been established between this composition
and taxonomy, differentiation and morphogenesis.

The composition and structure of mycelial walls of several Basidiomycetes are now
known (4,9, 12, 20, 21, 26, 27, 28, 29, 30, 32) but little work has been carried out on the
common mushroom Agaricus bisporus (13, 22, 25). We present here a chemical and
structural study of the hyphal wall of vegetative mycelium of this fungus in order to relate
it to the existing information in the Basidiomycetes.

Materials and methods

Organism and growth conditions

Agaricus bisporus CECT 2009 (ATCC 38258) was grown as described by Hanseler
et al. (14).

Cell wall preparation and fractionation

The harvested mycelinm at a concentration of 0.5 g wet weight/ml was disintegrated
in an Omni-mixer homogenizer Ivan Sorvall (Mod. 17106, Newtown, Conn. USA) for
10 min at full speed, which has shown to preserve the loosely bound polysaccharide
mucilage of the wall (3). After this treatment practically all the hyphae were disrupted as
determined by phase contrast microscope examination. The hyphal wall fragments were
further purified by repeated centrifugations and washes with distifled water until the wall
material was completely clean as determined by phase contrast microscopic examination
and no protein was detected in the supernatants.

Cell wall polysaccharides other than chitin were fractlonated as follows: the celf walls
(approximately 600 mg) were extracted with 300 ml distilled water at 60° C for 40 h and
the residual walls washed twice with cold water. The supernatant and washes were
concentrated in a vacuum to one-tenth of their original volume and dialyzed for 24 h against
distilled water constituting the fraction 1.

The residual walls were then extracted with 300 ml of N KOH at 200° C for 30 min
and after centrifugation the walls were washed twice with N KOH, combining extract and
washes. The solubilized material was acidified with acetic acid until pH 5 and left at 4° C
overnight. The precipitate obtained was washed once with 0.5 N acetic acid and then
washed with distilled water to remove acid (fraction II) and the supematant obtained
after acidification precipited again with two volumes of 96 % ethanol at 4° C overnight.
This precipitate was washed with the mixture ethanol: distilled water (2:1 v/v) {fraction
III).

The residue from the previous treatment was extracted with 300 ml of N KOH at
60° C for 30 min, washed twice with N KOH and the collected supernatants precipitated
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after neutralization with 96 % ethanol {2 v/v) at 4° C overnight. This precipitate was
washed with the same mixture ethanol: distilled water (fraction IV),

The residual walls were extracted again with 300 ml N KOH at 60° C for 48 h and
washed with alkaline solution. Extracts and washes were precipitated with alcohol as
described above (fraction V) leaving an appreciable residue (fraction VI).

Chemical estimations of individual components of cell walls and fractions

Total hexose content of walls and fractions was determined by the anthrone method
(11) using glucose as a standard. Total protein was measured by the method of Lowry et al,
(18} using bovine serum albumin as a standard on hot alkaline extracts (N NaOH, 2 h at
100° C) of walls and on solubilized fractions. The aminosugar content was evaluated by
the method of Chen & Johnson (10) on hydrolysates (6 N HCl at 105° C for 6 hin sealed
evacuated ampoules) after removal the neutral sugars and amino acids according to
Novaes-Ledien & Garcia Mendoza (24) and also by a Biotronik amino acid analyzer LC
7000. Total lipids of walls were estimated gravimetrically after successive solvent
extractions (7).

Analysis of the fractions

For identification of monosaccharides in the fractions the samples were hydrolysed
(H,8Q, at different concentrations and times at 105° C in sealed evacuated ampoules
and neutralized with barium hydroxide). After centrifugation reducing sugars were
determined with a copper reagent (31) and the arsenomolibdate chromogen of Nelson
(23) the optimal hydrolysis conditions being selected. The sugars converted into the
corresponding alditol acetates (17) were identified by gas liquid chromatography on 3 %
SP-2340 on 100/200 Supelcoport, 2 m X 2 mm glass column at 200° C to 230% at 10°/min
with 3 min initial hold and 6 min final temp., flow rate 30 ml/min N,, flame-ionization ‘
detector, sensitivity 10-'°, sample size 4 u in a Perkin-Elmer-Sigma 3 Gas Chromatograph.
Peak assignments were made on the basis of sample coincidence with the relative
retention times of standards.

Periodate oxidation was performed according to Aspinall & Ferrier (2). Smith
degradation was carried out as reported by Sietsma & Wessels (28) and hydrolyzed in the
optimal conditions selected previously. The resuliing hydrolysate was again reduced with
sodium borohydride, converted into the corresponding alditol acetates (17) and identified
by GLC as described for neutral sugars.

Infrared (IR) spectra were obtained by the KBr technique on a Perkin Elmer 457
infrared spectrophotometer.

Electron microscopy

Purified whole and succesive residual walls were fixed in 2 % potasium permangana-
te for 2.5 h at room temperature. The samples were then washed with water several times
to eliminate the residual fixative. Dehydration was done in graded series of acetone,
contrasted with 2 % uranil acetate and embedded in araldite (Fluka,Switzerland). Thin
sections of samples were cut with a glass knife in a Reichert Omu 2 Ultramicrotome and
the specimens stained with lead citrate and examined in a Philips EM 300.
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For shadowing the samples were placed into carbon-coated forward grids, shadowed
with Au-Pd and examined in the same electron microscope.

Results

Chemical composition of mycelial walls of Agaricus bisporus

As a result of the chemical analysis of the whole walls it was found that neutral sugars
were the main components (65-68 %) followed by aminosugars (11-13 %) and low
quantities of proteins and lipids (7-9 and 6-9 %) respectively (Table 1),

TARBRLE 1

CHEMICAL COMPOSITION OF MYCELIAL WALLS OF AGARICUS BISPORUS.

Components % dry weight cell wall
Neutral carbohydrates { Chung & Nickerson, 1954) 65-68
Hexosamines {Chen & Johnson, 1983) 11-13
Proteins (Lowry et al, 1951) 7- 9
Lipids (Bartnicki-Garcia & Nickerson, 1962} 6 9

Glucosamine values obtained colorimetrically after hydrolisis have been corrected for their respective acetyl
content,

Chemical composition and characterization of fractions

Extraction with distilled water at 60° C for 40 h removed a polysaccharidic fraction
(14.1 % w/w) consisting of 50.2 % neutral sugars, 38.7 % protein and a small
amount of glucosamine (3.2 %). Identification of monosaccharides in fraction ! by gas-
liquid chromatography is shown in Table 2. Glucose was the most abundant monomer,
but mannose, galactose and xylose were also present. The gas chromatograms of the
alditol acetates obtained after periodate oxidation and Smith degradation are presented in
Table 3. About 50 % of alditol acetates corresponded to erythritol indicating that
glucose is mainly linked in 1-4, together with some linkages in [-3 and 1-6. Galactose and
mannose were preferently 1-4 and 1-6 linked, whereas xylose was mainly in 1-3. The
infrared spectrum of this fraction showed an absorption band at 890 ¢! characteristic of §-
linked polysaccharides (5) (Fig. 1).

TABLE 2

MOLAR RATIOQ OF THE SUGARS DETECTED AS ALDITOL ACETATES BY GLC OF
A BISPORUS WALL FRACTION,

umol
Alditol acetates FI FlI FIII FIV F¥
Xylitol 3.16 24.40 10.09 11.67 4.15
Mannitol 8.57 13.59 1.44 2.30 0.98
Galactitol 11.14 i} 4.01 272 311

Glueitol 71.13 62.01 84.46 83.31 91.76
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The cold alkali-soluble material precipitated by acidification corresponded to the
fraction II which represented 8.9 % (w/w)} and amounted to 82.3 % neutral carbohy-
drate, 5.8 % protein and traces of glucosamine. The composition of this fraction
determined by gas liquid chromatography is shown in Table 2, showing glucose as the
main sugar with considerable amounts of xylose and mannose. Gas liquid chromatogra-
phy after Smith degradation revealed the major presence of glucitol together with
mannitol, xylitol and glycerol (Table 3) which indicated the }-3 as main type of linkage
for glucose and mannose together with some 1-4 belonging to xylose. The spectrum of
this fraction shows an absorption band at 850 cm—! characteristic of polysaccharides having
the a configuration (5} (Fig. 1).

TRANSMISSION

5800 (-1 L1800 00 | 100 1 400 1300 1000 Ll

WAVE NUMBER cm-!

Fig. 1. Infrared spectra of the different fractions obtained from A. bfsporus mycelial walls,

The cold alkali-soluble material precipited with ethano! or fraction III (12.1 % w/w)
accounted for 80.5 % neutral sugars, 7.9 % protein and traces of glucosamine. Gas
liquid chromatography after hydrolysis showed that this fraction was mainly formed by
glucose with some xylose and amall amounts of galactose and mannose (Table 2). The
molar ratio of the alditol acetates after periodate oxidation and Smith degradation are
presented in Table 3. The main peak of this fraction was glucitol followed by glycerol and
variable amounts of mannitol, galactitol, xylitol, erythritol thus indicating that glucose is
mainly linked in 1-3 and 1-6 with some linkages in 1-4; galactose and mannose, little
represented, are linked in the same way as glucose, and xylose is linked preferently in
1-3, The infrared spectrum of this fraction is characteristic of a §-glucan with absorption
band at 890 em~1, lacking the 850 cm—! band characteristic of a-linked polysacchari-
des (5) (Fig. 1),
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The hot alkali-soluble material (30 min) precipiied with ethanol corresponding to the
fraction IV (6.8 % w/w) was composed of 78.5 % neutral carbohydrates, 9.9 % protein
and traces of glucosamine. The detailed analysis of this fraction appears in Table 2,
showing that glucose was the major component with a substantial amount of xylose and
small proportions of galactose and mannose. Smith degradation and gas chromatography
revealed the major presence of glycerol and glucitol besides xylitol, erythritol, threitol,
mannitol and palactitol revealing that this fraction is linked similarly to the previous
one, The infrared spectrum also resembiles that obtained in fraction I and is characteristic of
f-linked polysaccharides (5) (Fig. I).

IN KOH at 60° C for 48 h followed by ethanol precipitation extracted the fraction V
(18.1 % w/w) which amounted to 61.5 % neutral sugars, 5.2 % protein and 22.0 %
glucosamine. Gas liquid chromatography of the hydrolysates of this fraction revealed
once more that glucose was the most abundant sugar monomer, and in addition small
quantities of mannose, galactose and xylose were detected ( Table 2). The gas chromato-
grams of the alditol acetates obtained after periodate oxidation and $Smith degradation are
shown in Table 3. The presence of the same alditol acetates encountered before but in
different proportions, showed that this fraction is mainly linked in (1-3), although also
present are some 1-4 and 1-6 linkages. The infrared spectrum of this fraction is characteris-
tic of a glucan having the S-configuration, absorption band at 890 cm™ and lack of the
850 cm™ (5) (Fig. 1).

TABLE 3

MOLAR RATIO OF THE SUGARS DETECTED AS ALDITOL ACETATES BY GLC AFTER SMITH
DEGRADATION OF 4. BISPORUS WALL FRACTIONS

pmol

Alditel acelates FI FII FII1 F1V Fv

Glycerol 20,51 21.35 35.20 39.40 12.64
Erythritol 51.96 0 11.61 6.40 2.64
Threitol 368 0 4.36 2.54 1.53
Kylitol 203 5 9.65 12.37 291
Mannitol 1.47 13.04 0.9 1.60 0.98
Galactitol 3.80 0 Q.52 1.18 1.55
Glucitof 16.55 60.60 37175 36.51 75.53

The residual wall after the extractions described above represents 15.1 % of the
initial wall and is formed by 19.8 9% total neutral carbohydrates, 61.2 % glucosamine
with traces of palactosamine and 2.8 9% protein. A more detailed analysis of neutral
sugars in this fraction has not been.carried out because of its enrichment in chitinous
material. The spectrum of this fraction showed absorption bands at 1550 and 1650 ¢m™!
characteristic of the-CO-NH-linkage of the chitin. It can be concluded that this cell wall
fraction consists of a complex of a residual glucan plus chitin (Fig. 1).
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Fig 2. Fine structure of 4. bisporus mycelial walls {a x 3030) and residues from successive extractions: after
hot distilled water (b x 10460); after cold and hot (30 min) KOH (c x 8560); after hot (48 hy KOH {d x 9630).

Electron microscopy

Sections of whole cell walls fixed with potassium permanganate show the presence of
at least three different regions in the cell wall (Fig. 2b and ¢), an outer electron-dense
region and an inner electron-dense region separated by a relatively less electron dense
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region. The dimensions of these regions can vary from cell to cell but the overall thickness
of the wall varies little from 80-100 nm. The external surface of the wall appears covered
by a smooth layer (Fig. 2a).

Treatment of the walls with distilled water at 60° C for 40 h removes the water-
soluble mucilaginous glucan whose chemical composition was determined as described
above. Sections of walls after this treatment show that the loosely bound outermost layer
practically disappeared (Fig. 2b).

When the pretreated walls were extracted for a short time with 1N KOH at 20° C and
at 60° C some disturbance through the wall seems to occur, varying with the width of the
regions (Fig. 2¢). The material extracted corresponds mainly to & and § cementing
glucans located from the surface towards the middle wall region.

Treatment of the residual walls with 1¥ KOH at 60° C for 48 h removes most of the
material which was characterized as f glucan, leaving a residual wall with small dots
covering all the preparation resembling fibers (Fig. 2d).

Shadow-cast preparations of the surface of control walls present a somewhat
granular, amorphous appearance (fig. 3a). When mucilage is removed by hot water,
shadow-cast preparations of walls presented clear microfibrilar architecture (Fig, 3b).
When a short cold and hot alkali treatment is employed some irregularly roughened
appearance could be distinguished on the surface of the walls having lost the
previous fibrilar structure (Fig. 3¢). A long hot alkali treatment resulted in the practical
disappearance of the cementing material, remaining the chitin fibrilar network more
tightly packed and damaged at the edges (Fig. 3d).

Discussion

Chemical analysis of mycelial cell walls of Agaricus bisporus showed that neutral
sugars were the main components (65-68 %), followed by amino sugars (11-13 %),
proteins (7-9 %), and lipids (6-9 %) on the basis of dry weight. These results resemble in
some way those reported for commercial A. bisporus mycelial wall (22), Agaricus
bisporus fruiting' body walis (25) and are in good agreement with the basic pattern
described for Schizophyilum commune (15, 28, 32).

Ultrastructurat studies on the mycelial A. bisporus cell wall parallel to the chemical
characterization of the isolated fractions can be related to the location of the different
polysaccharides in the hyphal wall. The fraction I or mucilage appears to be loosely
bound to the wall and can be removed easily from it during the isolation procedure. This
polysaccharide has been isolated by means of a soft homogenization procedure (3) and
characterized mainly as 8 (1-4) (1-3) (1-6) glucan on the basis of acid hydrolysis and
periodate oxidation plus Smith degradation followed by liquid gas chromatography and
infrared spectrophotometry. Similar results have been reported in Schizophylium
commune by Wessels et al. (32) and Sietsma & Wessels (28).

The cold alkali-soluble glucan is located at the cutside of the hyphal wall and from the
chemical studies carried out it can be suggested that two different components are
associated in fraction II: an & (1-3) glucan and a xylomannan. The presence of a-glucan
has been demostrated in several fungal walls (4, 26, 32) showing a rodlet structure and
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Fig 3. Shadowed electrom micrographs of A, bisporus mycelial walls {a x 7550) and residues from successive
extractions; after hot distilled water {b x 9730; after cold and hot {30 min) KOH (¢ x 1040%; after hot (48 h) KOH

(d x 6680).

located at the surface of the wall. Xylomannan has been described as a component of the
alkali-soluble cell wall fraction of Poliporus tumulosus (1), Armillaria mellea (8) and
Coprinus cinereus (16). Another cold alkali-soluble glucan of hyphal walls of Agaricus



22

bisporus (fraction ITI) has been isolated in close association with the two polysaccharides
described above and characterized as g (1-3) (1-6) (1-4) linked glucan.

The alkali soluble polysaccharide extracted at 60° C for a short time (fraction IV)
is shown to be located from the surface towards the middle wall region and has been
characterized also as § (1-3) (1-6) (1-4) linked glucan, whereas the alkali-scluble glucan
extracted at the same temperature but for a long time (48 h; fraction V) is mainly £ (1-3)
and also (1-6) linked. The presence of # (1-3) (1-6) linked glucan is almost ubiquitous in
the cell wall of fungi, only differing in the degree of branching. The residual material
{fraction VI) corresponds to microfibrils of chitin embedded in a residual glucan matrix
substance, probably with the same type of linkage § (1-3) (1-6).

The results of our work show quite clearly that changes in the procedure for
extraction of cell walls with alkali can lead to considerable variations in the proportions
of the various components which are extracied. It seems likely that different treatments
with alkali promote varying degrees of hydrolysis of polysaccharide constituents and also
that more than one chemically distinct entity is involved.

Cold KOH treatment has shown to reduce the thickness of the isolated walls and it
appears to act on the outer surface of the wall fragments leaving it invariably rough while
the inner surface remains smooth. Ouly a long KOH at 60° C-treatment removes the
major part of the glucan matrix in the fibrilar chitinous layer which on one side forms the
compact inner surface of the wall but is looser and uneven on the outer wall side,
probably interdigitating with the overlying outer KOH-soluble layer. The presence of
sugar components other than glucose e-(especially mannose and xylose) may provide an
extra wall resistance.

All these findings indicate that the Agaricus bisporus mycelial wall is structurally
very similar to that of S. commune and other described Basidiomycetes and can be
considered as the pattern in the higher fungi.
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Summary

In previous papers different aspects of one strain of Naegleria lovaniensis (Aq/9/1/45D)
and two strains of N. gruberi (1518/le and 1518/1f) have been studied. From the
results obtained it can be concluded that each strain behaves differently; no more
similarities have been found between both M. gruberi strains, than between each of these
and N. lovaniensis. Such an event has prompted us to characterize their antigenic
relationships by means of an immunoprecipitation assay (double diffusion in plate). Each
antiserum was tested against the different antigenic extracts. For N, lovaniensis, besides
the whole extract, two fractions (particulate and soluble) and their respective antisera
were assayed separately. No reaction ocurred between any of the anti-N. lovaniensis
sera and either of the two N. gruberi extracts. The antiserum to N. gruberi 1518/1f
reacted only with its homologue and with N. lovaniensis antigens. Both V. lovaniensis
fractions share some antigenic components being more complex the antigenic structure
of the soluble fraction. Therefore no more similarities occur between both N. gruberi
strains than between each one and N, lovaniensis, rather N. gruberi 1518/le exhibits
more antigenic relationships with N. lovaniensis than with 1518/if strains. In view of
such results the species N, gruberi should be taxonomically reconsidered, criterium
shared by other authors.

Key words: Naegleria lovaniensis, N, gruberi, antigenic relationships.

Resumen

En trabajos anteriores hemos abordado el estudio de una estirpe de Naegleria
lovaniensis (Aq/9/1/45D) y dos estirpes de N. gruberi (1518/le y 1518/1f) bajo
diferentes aspectos. De los resultados obtenidos se deduce que cada una de las tres
estirpes se comporta de manera diferente, no habiendo encontrado mas analogia entre
ambas estirpes de N. gruberi, que entre éstas y N. lovaniensis. Esto nos ha inducido a

* A quien se dirigira la correspondencia.
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caracterizar sus relaciones antigénicas mediante ensayos de inmunoprecipitacion (doble
difusion en placa), enfrentando cada uno de los antisueros con los diferentes extractos
antigénicos. En ¢l caso de N, lovaniensis, ademas del extracto completo se han ensayado
separadamente una fraccion particulada v otra soluble y sus comrespondientes anti-
sueros. Los sueros anti-N. lovaniensis aparentemente no reconocen a ningun compo-
nente antigénico de las dos estirpes de N. gruberi. El suero anti-N. gruberi 1518/1f
reacciont con todos los antigenos ensayados, v el suero anti-N. gruberi 1518/le solo
reacciond con su antigeno homologo y con los de N, lovaniensis. Las dos fracciones de
N. lovaniensis poseen componentes antigénicos comunes aunque su identidad no es total,
siendo mas compleja la estructura antigénica de la fraccion soluble, En resumen, no se ha
encontrado una relacion serologica mas estrecha entre las dos estirpes de N, gruberi, que
entre éstas y V. lovaniensis, sino que N. gruberi 1518/le parece estar mas relacionada
antigénicamente con N, lovaniensis que con la estirpe 1518/1f. A la vista de estos resul-
tados la especie N. gruberi deberia ser reconsiderada taxondmicamente, criterio
compartido por otros autores,

Introduccién

Al comprobar que determinadas estirpes de amebas pertenecientes a los géneros
Naegleria y Acanthamoeba eran causantes de meningoencefalitis fatales para el ser
humano, se han intensificado los estudios sobre este tipo de pequefias amebas de vida
libre. No solamente se han investigado las estirpes patogenas sino también otras no
patdgenas estrechamente emparentadas con ellas. Prueba del interés que ha despertado
este tema, son los numerosos trabajos que se han publicado en las dltimas décadas,
muchos de ellos recogidos en diversas revisiones (2, 3, 7, 8, 9, 12).

Desde hace varios afios venimos trabajando con tres estirpes no patogenas de
Naegleria (N. lovaniensis y N. gruberi 1518/1f y 1518/1e) habiendo abordado su estudio
bajo diferentes aspectos: cardcter citopatico v mecanismo de accidén (16), intentos de
estimular su posible patogenicidad (15), comportamiento frente a lectinas (17), ¥
capacidad fagecitica en presencia de eritrocitos de diferentes tipos (1). De todos los
resultados anteriores puede concluirse que no hay mas similitud entre las dos estirpes de
N. gruberi que entre éstas y N. lovaniensis.

En un estudio reciente sobre los aminoacidos libres de estas tres estirpes ha podido
comprobarse, sin embargo, que parecen estar mas relacionadas ambas estirpes de M.
gruberi entre si (Alonso, P. y Zubiaur, E. 1986, Res. XXV Coll. GPLF. p. 2).

A la vista de lo anteriormente indicado hemos considerado interesante estudiar en
este trabajo el parentesco antigénico existente entre estas estirpes de Naegleria, para lo
cual se ha utilizado la técnica de inmunodifusion en placa.

Materiales y métodos
Microorganismos
Se han utilizado dos estirpes de Naegleria gruberi (CCAP 1518/le y 1518/1f) y una

de N. lovaniensis (Aq/9/1/45D)) amablemente suministradas por el Dr. De Jonckheere.
Estas tres estirpes han sido cultivadas a 30° C en medio axénico SCGYEM (15).
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Preparacion de antigenos

Las amebas se cultivaron en frascos Falcon que contenian 50 ml de medio. A las
96 h de cultivo, las amebas se recogieron por centrifugacion a 1.500 g durante 15 min a
4° C y se lavaron tres veces con una solucién de CINa (0,14 M. Una vez efectuado el
recuento del nimero de células y ajustado a 8 X 10 células por mililitro, se obtuvieron
los extractos celulares mediante ruptura por congelaciones v descongelaciones sucesivas.
Los extractos antigénicos completos de cada estirpe asi obtenidos se mantuvieron a
—70° C hasta su uso.

En el caso de N. lovaniensis, ademgs del exiracto completo se obtuvieron, mediante
centrifugacion del homogenado a 41.000 g durante 1 h a 4° C, dos fracciones antigénicas:
una soluble ¥ otra particulada correspondientes al sobrenadante y al precipitado.

Preparacion de antisueros

Para 1a obtencion del suero especifico de cada una de las tres estirpes de Naegleria,
se utilizaron conejos albinos de 2-2,5 kg de peso.

Los sueros anti-Naegleria correspondientes a los extractos antigénicos completos, se
obtuvieron inyectando a los conejos por via intramuscular 0,5 ml de antigeno emulsiona-
dos con el mismo volumen de coadyuvante completo de Freund, En las sucesivas
inoculaciones se inyecto el extracto antigénico emulsionadoe con ¢l coadyuvante incom-
pleto de Freund por la misma via a intervalos semanales.

Los antisueros correspondientes a las fracciones soluble y particulada de N,
lovaniensis se obtuvieron segun el protocolo expuesto en la Tabla 1,

A partir de la 3.2 semana y hasta un periodo de dos meses y medio, se efectuaron en
todos los conejos sangrias en la vena marginal de la oreja para determinar ¢l nivel de
anticuerpos alcanzado durante la inmunizacién.

TABLA [

PROTOCOLO PARA LA OBTENCION DE LOS ANTISUEROS CORRESPONDIENTES
A LASFRACCIONES 8§ Y P DE N, LOVANIENSIS

Primera inoculacion Sucesivas inoculaciones
Fraccion
antigénica Daosis Via de Dasis Via de
administrada inoculacion administrada inoculacion
0.5 ml Ag )
0.5 ml ecF* Subcutinea
Soluble 0.5 ml Ag Intramuscular
(8) 0.5 ml ciF**
0.5 ml Ag Almohadillas
0.5 ml ecF plantares
1 mlAg Intravencsa
Particulada 1 mlAg I mlAg
(P) 1 el coF Intramuscular L mlciF Intramuscular

*ocF. Coadyuvante completo de Freund
*oiF, Coadyuvante incompleto de Freund
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Ensayo de inmunodifusion doble

Se utilizo el método desarrollado por Quchterlony (10). Se prepararon portaobjetos
cubiertos con una capa fina de agarosa al | % en regulador de veronal a pH 8.4, en los
cuales se excavaron pocillos segin la pauta mostrada en las Figs. I ¥ 2. En cada uno de
los pocillos centrales se coloco un antisuero y en los periféricos, los diferentes antigenos.
Tanto antigenos como antisueros se ufilizaron sin diluir. Los portaobjetos se incubaron a
37° C durante 24-48 h en cdmara humeda.

Resnltados

Con el fin de determinar el parentesco inmunologico entre las tres estirpes de
Naegleria estudiadas se han realizado ensayos de inmunodifusion doble enfrentando
cada uno de los antisueros con los diferentes extractos antigénicos. En la Fig. 1 se
muestran los resultados obtenidos al utilizar los extractos completos de cada estirpe ¥ en
la Fig. 2 se exponen los obtenidos al emplear una fraccién soluble (8} y otra particulada
(P) de N. lovaniensis en lugar del extracto completo.

Suero anti-N. lovaniensis

La reaccién entre este antisuero vy su antigeno homdlogo completo dio como
resultado Ia formacion de tres bandas de precipitacion anchas y bien marcadas sobre todo
las dos mds cercanas al pocillo del antisuero., En cambio frente a los antigenos
heterélogos de ambas estirpes de N. gruberi no se aprecié ninguna reaccion (Fig. 1).

Cuando en vez del extracto completo de V. fovaniensis se utilizaron las fracciones S
y P, y se ensayaron frente a los antisueros homologos y heterdlogos (Fig. 2) pudo
comprobarse que el suero anti-S§ de N. lovaniensis mostraba mayor nimero de bandas
con su antigeno homélogo S que con el P. Por ¢l contrario en la reaccién reciproca el
suero anti-P daba un numero mayor de bandas frente al antigeno S que frente al P. En

Fig. |. Reacciones de inmunoprecipitacion entre los extractos completos de las tres estirpes de Naegleria (letras
mayusculas) y sus correspondientes antisueros (letras minusculas). Ly I: N lovaniensis; Fy £ N. gruberi 1518/1f,
E ye: N gruberi 1518/le.
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Fig. 2, Reacciones de inmunoprecipitacidn. El extracte de N. lovaniensis esté separado en una fraceidn soluble {8}
y otra particulda (P). sus corespondientes antisueros estin representados por (s) ¥ (p). El resto como en Fig. 1.

ambos casos una de las bandas era continua lo cual indica identidad antigénica entre
algiin componente de ambas fracciones.

Con los antisueros S y P anti-N. Jovaniensis tampoco se obtuvo reaccion cruzada
frente a los antigenos de las dos estirpes de N. gruberi (Fig. 2).

Suero anti-N. gruberi 1518/1f

Cuando se utilizaron los extractos antigénicos completos de las tres estirpes pudo
observarse claramente (Fig. 1)} que este antisuero reaccioné tanto con su antigeno
homologo como frente a los dos heterologos de modo equiparable, aungue Ia distribu-
cién de bandas era diferente en cada caso. En cambio cuando este antisuero se enfrentd a
cada una de las dos fracciones antigénicas de N. lovaniensis (Fig. 2) la respuesta fue muy
diferente; frente a la fraccion S se pusieron de manifiesto cuatro bandas de precipitinas y
frente a la particulada, solamente una.

TABLA 2

NUMERQ MINIMO DE SISTEMAS ANTIGENO-ANTICUERPO ENTRE LAS TRES
ESTIRPES DE NAEGLERIA (EXTRACTOS COMPLETOS)

Antigenos
N. lavaniensis N. gruberi/If N. gruberi/le

Antisueros

N. lovaniensis 3
N. gruberi/If 4 4 3
N. gruberi/le 3 - 3
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Suero anti-N, gruberi 1518/1¢

Este antisuero reaccioné frente a su antigeno homologo v al antigeno completo de N,
lovaniensis de modo similar, aunque la distribucion de bandas de precipitacion era
diferente en uno y otro caso (Fig. 1). En cambio cuando se utilizaron las dos fracciones
antigénicas de N. lovaniensis (Fig. 2) el suero anti-N. gruberi 1518/le reaccioné de
distinta manera: frente a la fraccion S mostré dos bandas de precipitinas, continuando una
de ellas con una de las bandas obtenidas en la reaccion homologa, mientras que frente a
la fraccion P solamente se reveld una banda. Por el contrario no se observé ninguna
reaccion frente al antigeno de N. gruberi 1518/1f,

El resumen de todas estas reacciones se muestra en las tablas 2 y 3, donde se indica
el numero minimo de sistemas antigeno-anticuerpo que puede establecerse entre las tres
estirpes de Naegleria contabilizando el nitmero de bandas de precipitacion observadas.

TABLA 3

NUMERQ MINIMO DE SISTEMAS ANTIGENO-ANTICUERPO ENTRE LAS TRES ESTIRPES
DE NAEGLERIA (EL EXTRACTO DE N. LOVANIENSIS ESTA SEPARADO EN UNA FRACCION
SOLUSBLE Y OTRA PARTICULADA)

Antigenos
N. lovaniensis N. gruberi/If N. gruberi/le

Antisueros fs. fp.

.. fs. 4 ] - -
N. lovaniensis fp. 3 2 _ _
N. gruberi/\f 4 1 4 3
N. gruberifle 2 1 — 3

Diiscusion

Los resultados obtenidos anteriormente con estas tres estirpes de Naegleria (1, 16,
17) y la dificultad para distinguirlas morfologicamente (15) nos ha llevado a analizarlas
inmunoquimicamente y poder caracterizar asi cada una de ellas y determinar su
parentesco, Existen escasos datos sobre el particular, y 1a mayoria de ellos se refieren
solamente a reacciones inmunoldgicas entre alguna de estas estirpes y las estirpes
patogenas (6, 13, 14).

La observacion de los resultados obtenidos en este analisis serologico nos permite
concluir que los antisueros anti-V. lovaniensis, tanto el correspondiente al extracto
complete como a las fracciones S y P, al parecer ne reconocen a ninglin componente
antigénico de las dos estirpes de V. gruberi; si existiera alguna reaccion seria a un nivel
muy bajo, no detectable con la técnica utilizada. Ambas fracciones de M. lovaniensis
poseen algin componente antigénico comun aunque su identidad no es total. Al parecer
es mas compleja [a fraccion S, puesto que enfrentada a los diferentes antisueros siempre
revela mayor nimero de bandas de precipitacion que la fraccion P.

El suero anti-N. gruberi 1518/If reconoce a componentes antigénicos de las tres
estirpes de Naegleria ensayadas, y por altimo el suero anti-N. gruberi 1518/le solo
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reconoce a su antigeno homologo y a los de N. lovaniensis. Por tanto las estructuras
antigénicas de las dos estirpes de N. gruberi no parece que estén mas estrechamente
relacionadas entre si que con la de N. lovaniensis, En realidad M. gruberi 1518/le
comparte, al parecer, mayor niimero de determinantes antigénicos con N, lovaniensis
que con N. gruberi 1518/1f.

Es pertinente indicar aqui que en un estudio anterior sobre el comportamiento de
estas tres estirpes de Naegleria frente a diferentes lectinas {17) habia mas similitud entre
N. lovaniensis y N. gruberi 1518/le que entre las dos estirpes de N. gruberi.

A la vista de estos resultados, la especie N. grubert deberia ser reconsiderada
taxonomicamente, criterio compartido por otros autores (4, 5, 11) utilizando otro tipo de
ensayos.

Nota: Recientemente ha sido publicado un trabajo de Winiecka {Acta Protozool., 25, 55, 1986) er el que
se muestra el parentesco antigénico existente entre varias estirpes de N. fowleri y la estitpe EG de N. gruberi,
perc no hace referencia a ninguna de las estirpes estudiadas por nosotras.

Bibliografia

1. Alenso, P. and Zubiaur, E. (1985). Phagocytic activity of three Nagegleria strains in the presence of
erythrocyies of various types. J. Protozool. 32, 661-664.

2, Carter, S. A. {1978). Primary amoebic meningoencephalitis: (a “new” disease associated with water
polluticn}. Int. J. Environ, Stud. 12, 199-205.

3. Culbertson, C. G. (1981 ). Amebic meningoencephalitis. Antibiot. Chemother. 30, 28-53.

4, Daggett, P. M. and Nerad, T. A. (1983}, The biochemical identification of vahtkampflid amoebae. J.
Protozoel. 30, 126-128. -

5. De Jonckheere, J. F. {1982). Isoenzyme patterns of pathogenic and non-pathogenic Naegleria spp. using
agarose isoelectric focusing. Ann. Microbiol. 133 A, 319-342.

6. De Jonckheere, I. F.. Pernin, P., Scaglia, M. and Michel, R. (1984}. A comparative study of 14 strains of
Naegleria austrafiensis demonstrate the existence of & highly virulent subspecies: N. australiensis italica n.
spp. J. Protozool. 31, 324-331.

7. Fulton, C. (1970). Amoeboflagellates as research partners: the laboratory biology of Maegleria and
Tetramitus. Tn: D. M. Prescott (ed.) Methods in cell Physiology. 4, 341-476. Academic Press. New York.

8. Jadin, 1. B. (1973). De la méningo-encéphalite amibienne et du pouvoir pathogéne des amibes «limax», Ann.
Biol. 12, 305-342. :

9. John, D.T. (1982). Primary amebic meningoencephalitis and the biology of Naegleria fowferi, Annu. Rev,
Microbiol. 36, 10]-123.

10. Quchterlony, Q. (1967). Immunodiffusion and immunocelectrophoresis. In: D. M. Weir (ed.) Handbook of
Experimental Immunclogy. Blackwell Scientific Publication, Oxford and Edinburgh.

L1. Pernin, B., Cariou, M. L. and Jacquier, A. (1985). Biochemical identification and phylogenetic relationships
in free-living amoebas of the genus Maegleria. 1. Protozool. 32, 592-603.

12. Schuster, F. L. (1979). Small amebas and amebo-flagellates. En: M. Levandowsky and S. H. Hutner (eds.)
Biochemistry and Physiology of Protozoa. 1, 216-276. Academic Press.

13. Stevens, A. R., De Jonckheere, J. F. and Willaert, E. (1980}. Naegleria lovaniensis sp. n.: isolation and
identification of six thermophilic strains of a new species found in association with Naegleria fowleri. Int. 1.
Parasitol. 10, 51-64,

[4. Willaert, E., Jadin, I. B. ¢t L& Ray, D. (1972). Structures imunochimiques comparées d’amibes du genre
Naegleria, Protistologica 8, 497-504.

15. Zubiaur, E. y Alonso, P. (1983a). Estudio comparativo de tres estirpes de Naegleria. Microbiol. Espan. 36,
103-114.

16. Zubiaur, E. and Alonse. P. (1983b). Cytopathogenicity of three Naeglerfa strains. Protistologica 19, 495-
502,

17. Zubiaur, E. and Alonso, P. (1985). Behaviour of Naegleria lovaniensis and V. gruberi {1518/1e and 151 8/1f)
against different lectines. Protistologica 21, 267-272.



Microbiologia SEM 3 (1987), 33-44

Aislamiento de un mutante de Trichoderma
pseudokoningii hiperproductor de celulasas

Mercedes Zaldivar*, Jeannette Steiner, Mercedes Musalem e Inés Conireras

Departamento de Bioguimica y Biologia Molecular.
Facultad de Ciencias Quimicas y Farmacéuticas,
Universidad de Chile. Casilla 233, Sanfiago

(Recibide Octubre 8, 1986/Enero 16, 1987)

Summary

The present study describes the production of cellulases by a native strain of Tricko-
derma psendokoningti in the presence and absence of a catabolic repressor. We report a
plate assay for selecting fungal mutants capable of synthesizing the cellulase enzymes
under conditions of catabolite repression. This method was used for the selection of
catabolite repression-resistant mutants. One mutant, B-1, secreted 3.3 times the extrace-
llular protein and 3 times the endoglucanase and filter paper activity in submerged
cuitures when compared with the wild type strain. The cellobiase activity remained at
similar levels in both strains. Although this mutant was isolated as i cellulase producer in
the presence of 500 mM glycerol on agar plates, in liquid medium containing the
repressor B-1 it exhibits only partial derepression of the cellulase complex.

Key words: cellulases, mutants, Trichoderma.

Resumen

En este trabajo se estudié la produccion de celulasas por una especie nativa de
Trichoderma pseudokoningii en presencia y ausencia de un represor catabodlico. Se
desarrolld un medio de cultivo sélido que permitio aislar un gran ntimero de colonias en
forma simultanea y observar la produccion de celulasas extracelulares en condiciones
reprimidas y desreprimidas. Este medio fue utilizado para Ia seleccién de mutantes
resistentes a la represién catabdlica. Se aislé un mutante, B-1, que secreta 3,3 veces mas
proteina extracelular y produce actividades de endoglucanasa y degradativa del papel de
filtro 3 veces superiores a la cepa silvestre en cultivos sumergidos con cefulosa como
unica fuente de carbono. La actividad de celobiasa muestra niveles similares para ambas
cepas. Aunque este mutante fue seleccionado por su capacidad de producir celulasas en
medio solido con glicerol 500 mM, en medio liquido en presencia del represor muestra
una desrepresion solo parcial del complejo celulasa.

* A quien se dirigird la correspondencia.
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Introduccion

La bioconversion de los residuos celuldsicos presenta un gran potencial en la pro-
duccion de azucares solubles, utilizables para la obtencién de proteina unicelular,
productos quimicos y etanol (8, 13). La sacarificacion enzimatica de la celulosase llevaa
efecto por la accidon del complejo celulasa, formado por las actividades de endoglu-
canasa, exoglucanasa y celobiasa, que actian en conjunto en forma sinérgica en la
hidrolisis de la celulosa (6).

La disposibilidad de celulasas con alta actividad es esencial para obtener una
adecuada sacarificacion de la celulosa. Aunque se ha aislado una gran variedad de
bacterias y hongos capaces de utilizarla, no tedos pueden producir altos niveles de
enzimas extracelulares que permitan degradar «in vitro» la celulosa insoluble a azicares
fermentables (10, 24). Por este motivo, es de gran interés seleccionar nuevas especies de
microorganismos celuloliticos, y mejorar su produccion de celulasas, ya sea por
optimizacion de las condiciones de cultivo o por mutacion.

Las celulasas fungicas son enzimas inducibles que se producen cuando el medio de
cultivo contiene celulosa o celobiosa. Por otra parte, estas enzimas son sensibles a la
represion catabolica ejercida por glucosa o sus catabolitos y estan sujetas a inhibicion por
los productos finales de hidrolisis (19). La complejidad de los mecanismos que controlan
la sintesis y 1a actividad del complejo celulasa permite abordar la cbtencion de mutantes
reguladores que produzcan mayores niveles de estas enzimas (3, 14, 17). Sin embargo, se
han planteado problemas en la seleccion de estos mutantes debido a la resistencia de la
celulosa cristalina a la hidrélisis y al rapido crecimiento de los hongos en medio solido.

En este trabajo se describe la utilizacion de un medio sélido para la seleccion de
mutantes capaces de sintetizar las enzimas del complejo celulasa en condiciones de
represion catabodlica. Este método permitid el aislamiento de un mutante de Trichoderman
pseudokoningii hiperproductor y parcialmente resistente a la represion catabdlica.

Materiales y métodos

Microorganismo

Se usd una cepa de Trichoderma pseudokoningii aislada de una muestra de
suelo del Sur de Chile. Esta especie fue seleccionada por su capacidad de cre-
cer en un medio solido que contenia celulosa microcristalina como unica fuente de
carbono (20). La cepa se conservd por siembras periddicas en estrias de agar patata
dextrosa {Difco) y se mantuvo a 4 oC,

Deteccion de la produccion de celulasas en medio solido

Con ¢l objeto de visualizar la hidrélisis de la celulosa en medio sélido se
agregd al medio de Mandels (12) 17,5 g/l de agar y 5 g/l de celulosa pretra-
tada con icido fosforico sepin el método de Tansey (25). Con el fin de res-
tringir el desarrollo micelial y obtener colonias aisladas se usd una modifica-
cién del método de Schimenti et al. (23) que consiste en adicionar al medio 1 g/l
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de desoxicolato de sodio (Difco) y 0,4 g/ de acido N-dimetil aminosuccinamico, B-Nine
(Carolina), ajustando el pH a 6,5 después de esterilizar, Las placas se sembraron con una
suspension de esporas preparada segun ¢l método de la AOAC (1) y se incubaron a
28 oC hasta la aparicion de estructuras fructificantes, Luego se dejaron a 50 oC durante
18 horas para acelerar la accion de las celulosas y obtener rapidamente zonas de
aclaramiento de la celulosa alrededor de las colonias,

Mutagénesis v seleccion de mutantes resistentes a la represion catabdélica

La mutagénesis se efectud incubando una suspension de esporas con 200 pg/ml de
N-metil- N"-nitro-N-nitrosoguanidina (NG, Sigma) a 37° C. Se determiné la cinética de muerte
tratando 5 X 10* esporas por ml con NG a distintos tiempos y sembrando Ios sobrevi-
vientes en placas de agar desoxicolato (Difco). Para los experimentos de mutagénesis se
eligié aquel tiempo de incubacion que producia un 90 % de mortalidad. Las esporas
mutagenizadas se sembraron en placas de agar desoxicolato y se incubaron a 28° C
durante 5 dias. Las colonias desarrolladas fueron replicadas a placas de agar con
celulosa, desoxicolato sédico y B-Nime con y sin la adicion de glicerol 500 mM como
represor catabolico. Se seleccionaron aquellas colonias que presentaban halos de mayor
diametro en las placas de celulosa y que ademas formaban hales en las placas de celulosa
y glicerol. Estas se cultivaron en medio liquido de Mandels ¢con celulosa microcristalina
para cuantificar su produccion de celulasas extracelulares.

Produccion de celulasas en medio liquido.

Con el objeto de cuantificar la produccion de celulasas por las cepas silvestre y
mutantes, éstas se cultivaron en medio liquido de Mandels con 7.5 g/l de celulosa
microcristalina (Sigmacell type 50). Matraces con 200 ml de medio se inocularon con
8 X 10" esporas y se incubaron a 28° C con agitacion orbital durante 10 dias. Cada 2
dias se tomaron muestras, se centrifugaron para eliminar solidos y en los sobrenadantes
se determinaron las actividades celuloliticas vy proteina soluble. Con ¢l fin de estudiar la
produccion de enzimas en presencia de un represor catabélico se cultivaron los hongos en
el mismo medio de cultivo suplementado con concentraciones crecientes de glicerol,

Determinacion de actividades enzimdticas vy proteinas

La actividad de endoglucanasa (carboximetilcelulasa) se ensayé por el método propuesto
por Novo Industry (Novo Analytical method report AF 149/5-G-B, 1978). La actividad de
celobiasa se midié incubando una alicuota del sobrenadante con celobiosa al 0,5 % en tampon
acetato 0,05 M pH 5,0 a 50° C durante 10 minutos. La glucosa liberada se determiné por el
método de glucosa oxidasa peroxidasa (Sigma). La actividad degradativa sobre papel de
filtro (FPA) se ensayo segun una modificacion del método de Mandels (13), que consiste
en incubar 0,5 m! de una dilucién del sobrenadante con 50 mg de papel filtro en tampon
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acetato 0,04 M pH 5,0 a 50° C por 60 minutos. Los aziicares reductores liberados se
determinaron por el método de Somogyi-Nelson (21). Paralelamente a cada determina-
cién enzimatica se midid la concentracion de azucares reductores o glucosa presentes en
los sobrenadantes (blancos muestra). Las actividades enzimaticas se expresaron en
unidades internacionales por mi (U/ml) definidas como micromoles de azicares reduc-
tores expresados como glucosa liberados por minuto. Se midio ademas proteina soluble
por ¢l método de Lowry (%) después de precipitar con 4cido tricloroacético al 12 %
usando seroalblimina bovina como estdndar.

Resultados

Deteccion de la produccion de celulasas en medio sélido.

Con objeto de abordar la obtencién de mutantes desreprimidos, se utilizo un medio
que contenia celulosa pretratada con acido fosforico, la cual es degradada facilmente por
los microorganismos que atacan la celulosa nativa (10). Para restringir el tamafo de las
colonias, se agregd a las placas desoxicolato de sodio y B-Nine. Este medio limito
efectivamente el crecimiento fingico, desarrollandose colonias pequefias rodeadas de
halos de hidrolisis de la celulosa. 8in embargo, los halos fueron parcialmente enmasca-
rados por la aparicion de un precipitado después de incubar las placas a 50° C (Fig. 1-
A). Este problema fue solucionado al aumentar el pH del medio a 6,5. Como se observa
en la Figura 1-B, se obtuvieron colonias pequehas, de diametros de alrededor de 6 mm,
de bordes bien delimitados, rodeadas de halos de hidrélisis nitidos de 2 mm. Cabe senalar
que el pH 6,5, aunque superior al éptimo de las actividades del complejo celulasa (5,5),
no afecta la deteccion de las celulasas extracelulares y contribuye a limitar el desarrollo
micelial del hongo.

Al agregar glicerol (500 mM) a las placas de agar celulosa-desoxicolato-B-Nine se
desarrollaron colonias de similar tamaiio, pero no se observaron halos alrededor de las
colonias. Estos resultados indican que el glicerol reprime la produccion de celulasas en
medio solido. Por lo tanto, este medio de cultivo fue utilizado posteriormente para la
seleccién de mutantes resistentes a la represion catabdlica, ya que permiti aislar un gran
numero de colonias en forma simultdnea y detectar su produccion de celulasas extracelu-
lares en condiciones reprimidas y desreprimidas.

Mutagénesis v seleccién de mutantes resistentes a la represion catabolica.

En la Figura 2 se muestra un ejemplo de la seleccion de mutantes resistentes a la
represion catabolica. En la placa de réplica de celulosa en ausencia de glicerol (Fig. 2-A)
se observan zonas de hidrolisis alrededor de todas las colonias, una de las cuales presenta
un hale de mayor diametro. En la placa que contiene glicerol (Fig. 2-B) esta colonia es la
unica capaz de hidrolizar la celulosa en condiciones reprimidas.

De un total de 1.500 colonias replicadas se seleccionaron 12 con estas caracteristi-
cas que se cultivaron en medio liquido con celulosa microcristalina para cuantificar su
produccion de celulasas, De entre estos mutantes se eligié uno que presentd un aumento
de 1,6 veces en la actividad de endoglucanasa y de 1,7 veces en la FPA respecto ala cepa
parental, Esta cepa se sometio a una nueva mutagénesis en las mismas condiciones
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Fig. {. Desarrollo de T° psendokoningii en medio sélide con celulosa pretratada {5 g/1) suplementado con
desoxicolato de sedio (1 g/1) ¥ B-Nine (0,4 g/1). 1-A: pH 5,5; 1-B: pH 6,5.

Fig. 2. Seleccion de mutantes de 7. pseudokoningii resistentes a la represion catabélica, 2-A: Agar celulosa-
desoxicolato de sodio B-Nine: 2-B: Agar celulosa-desoxicolato de sodio B-Nine + glicerol 500 mM.
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anteriores. Los conidios sobrevivientes se sembraron en placas de agar celulosa-
desoxicolato-B-Nine suplementadas con glicerol 500 mM. Se seleccionaron aquellas
colonias que mostraron mayores halos de hidrolisis después de incubacion a 50° C para
medir su produccion de celulasas en cultivos liguidos.

Las actividades enzimaticas de una de estas cepas, B-1, v de la cepa silvestre
obtenidas en condiciones desreprimidas al cabo de 10 dias de fermentacion se muestran
en la Tabla 1. El mutante B-1 presenta un aumento de 3 veces en la actividad de
endoglucanasa y de 3,1 veces en la FPA respecto a la cepa silvestre. La produccion de
celobiasa muestra niveles solo levemente superiores (1,5 veces). Ademas se observa que
el mutante B-1 libera 3,3 veces mas proteina extracelular que la cepa silvestre.

TABLA 1
ACTIVIDADES CELULOLITICAS PRODUCIDAS POR T. PSEUDOKONINGI.

Endoglucanasa Celobiasa FPA Proteina

U/ml U/mg U/ml Uimg U/ml U/mg mg/ml
Cepa silvestre 5.3 230 0.13 0.56 14 061 0.23
Mutante B-f 15.9 206 0,20 0.26 0.44 0.57 037

a: las actividades enzimaticas fueron ensayadas en scbrenadantes obtenidos al cabo de 10 dias de cultivo
en medic liquido de Mandels con 7.5 g/! de celulosa microcristalina. Los resultados representan el
promedio de tres experimentos.

FPA: actividad degradativa sobre papel filtro.

-Cinética de la produccion de celulasas en condiciones reprimidas y desreprimidas.

Se estudié el efecto de glicerol como represor catabélico sobre la cinética de
produccion de celulasas por 1a cepa silvestre v ¢l mutante B-1. Para ello ambas cepas se
cultivaron en medio liquido con concentraciones crecientes de glicerol y se midieron las
actividades enzimaticas en los sobrenadantes del cultivo a intervalos de 2 dias.

L.os resultados de la produccion de endoglucanasa se muestran en la Figura 3. Se
puede observar que en la cepa silvestre (Fig. 3-A) la actividad enzimatica se eleva entre
el cuarto y sexto dia de fermentacion alcanzando un valor final de 5 U/ml. En presencia
de glicerol 25 mM el nivel maximo llega a sélo 2,1 U/ml. Concentraciones superiores de
glicerol reprimen completamente la actividad de endoglucanasa. En ausencia del
represor, el mutante B-1 (Fig. 3-B) produce 18,2 U/ml a los 10 dias de incubacion,
Como se observa en la figura ya al segundo dia se alcanzan niveles enzimaticos iguales a
los maximos obtenidos para la capa silvestre. La adicion de glicerol 25 y 50 mM reduce
levemente la producciéon de enzima, lograndose un 83 % de la actividad obtenida en
condiciones desreprimidas. Solo al aumentar la concentracion de glicerol a 100 mM se
aprecia una disminucion significativa de la actividad de endoglucanasa, ilegando a un
27 % del control. Concentraciones de glicerol 200 mM y superiores reprimen completa-
mente la produccion de esta enzima.

La Figura 4 muestra los resultados de la actividad de celobiasa. En la cepa silvestre
(Fig 4-A) ésta alcanza un valor de 0,13 U/ml al décimo dia de fermentacion en
condiciones desreprimidas. La presencia de glicerol 25 mM reprime la preduccion de
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Fig. 3. Cinética de produccién de endoglucanasa por T. pseudokoningii cultivado en medio liquido con celulosa
microcristalina {7.5 g/1) en presencia o ausencia de glicerol. 3-A: cepa silvestre; 3-B: mutante B-1; s—a : control
sin glicerol; x—x : glicerol 28 mM: »— & : glicerol 50 mM; o—o : glicerol 100 mM.

celobiasa llegando a un maximo de 0,03 U/ml Concentraciones de 50 mM y supericres
suprimen completamente la produccion de esta enzima. El mutante B-1 alcanza un nivel
maximo de 0,22 U/ml de celobiasa entre el octavo y décimo dia de cultivo en medio con
celulosa como Unica fuente de carbono. A diferencia de ko ocurrido con Ia actividad de
endoglucanasa, la adicion de glicerol 25 mM produce una disminucion notable en los
niveles de celobiasa que alcanza un vator de 0,08 U/ml al octavo dia de fermentacion y
luego desciende a 0,06 U/ml al décimo dia. Resultados similares se obtienen con glicerol
50 mM.

Los resultados de la FPA se muestran en la Figura 5. En la cepa silvestre (Fig. 5-A)
la cinética de produccion de enzimas se asemeja a la obtenida para la endoglucanasa en
que la actividad enzimatica se eleva entre ¢l cuarto y sexto dia de fermentacion, llegando
a un nivel maximo de 0,15 U/ml. La adicién de glicerol 25 mM retarda el inicio de la
produccion de enzima; sin embargo, al décimo dia de cultivo se alcanza una actividad
semejante a la del control. Concentraciones superiores a 25 mM de glicerol reprimen
completamente la FPA. En el caso del mutante B-1 (Fig. 5-B) el nivel maximo alcanzado
es significativamente mas alto que el de la cepa silvestre llegando a 0,37 U/ml. La
adicion de glicerol 25 y 50 mM produce un gran aumento en la produccion inicial de
enzimas llegando a valores finales semejantes a los del control. Nuevamente solo a
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Fig. 4. Cinética de produccion de celobiasa por T. pseudokoningii cultivado en medio liquido con celulosa
microcristaling (7.5 g/1) en presencia o ausencia de glicerol. 4-A: cepa silvestre; 4-B: mutante B-1: # — & ; control
sin plicerol; x—x ; glicerol 25 mM: a——=x : glicerel 50 mM; .— : glicerol 100 mM.

concentraciones de glicerol 100 mM se logra una disminucién significativa de la activi-
dad enzimatica llegando ésta a un valor de 0,18 U/mi a los 10 dias. Concentraciones
superiores a 100 mM de glicerol reprimen completamente la FPA,

La adicion de glicerol 100 mM no sélo reprime 1a produccion de celulasas sino que
también disminuye significativamente la cantidad de proteina extracelular sintetizada.
En estas condiciones el mutante B-1 libera menos de la mitad de la proteina extracelular
que en condiciones desreprimidas {datos no presentados).

Driscusion

La celulosa es el compuesto organico mas abundante en la naturaleza y constituye el
componente principal de desechos y residuos del procesamiento de alimentos vy de la
agroindustria, Por este motivo, la utilizacién de microorganismos celuloliticos y de sus
enzimas en la hidrélisis de materiales celulosicos con objeto de producir azicares
fermentables, ha adquirido gran importancia en los iltimos afios (4, 8, 11).

En una comunicacion previa (20} describimos el aislamiento y caracterizacion de 23
especies de hongos celuloliticos obtenidos a partir de muestras de maderas y suelos del
Sur de Chile. En este trabajo se escogié una de estas especies, T. pseudokoningii, que
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Fig. 5. Cinética de produccién de actividad degradativa sobre papel de filtro por T pseudokoningif cultivado en
medio liquido con celulosa microcristalina (7.5 g/1) en presencia o ausencia de glicerol. 5-A: cepa silvestre; 5-B:
mustante B-[: @—w#: control sin glicerol; x— x glicerol 25 mM: » — 4 pglicercl 50 mM: ~—~ : plicerol
100 mM.

produce todas las actividades del complejo celulasa, con la finalidad de aumentar su
produccion de enzimas mediante la obtencién de mutantes reguladores, especificamente
mutantes resistentes a la represion catabdlica ejercida por glicerol.

Para la seleccion de mutantes desreprimidas, se utilizé un medio solido que contenia
celulosa pretratada con acido fosférico, la cual es degradada rapidamente por los
microorganismos que atacan la celulosa nativa, observandose zonas de hidrélisis al cabo
de 3 a 4 dias de cultivo. En cambio, al utilizar celulosa sin pretratamiento, este tiempo se
extiende a varias semanas de incubacion. Con el objeto de restringir el tamafio de las
colonias, se apregd al medio desoxicolato sddico, el cual fue superior a otros
inhibidores ensayados en un trabajo anterior (20), como rosa de bengala, bilis de buey y
saponina. Se agregd ademas B-Nine, un compuesto utilizado para limitar el crecimiento
de plantas (7). que aumento la nitidez de los halos de hidrolisis de la celulosa. El efecto
bioquimico del B-Nine sobre la produccion o liberacion de celulasas por T. pseudoko-
ningii no ha sido ain estudiado.

Este medio de cultivo permitid aislar un gran numero de colonias de reducido
tamafio, rodeadas de halos claros de hidrélisis del sustrato (Fig. 1-B). La adicion de
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glicerol (500 mM) reprimié la produccion de celulasas en medio sdlido por la cepa
silvestre, lo que se evidencid por la ausencia de zonas de hidrolisis alrededor de las
colonias. De acuerdo a estos resultados, este medio de cultive fue utilizado para el
aisfamiento de mutantes resistentes a la represion catabolica, seleccionando aquellas
colonias capaces de producir zonas de aclaramiento por hidrolisis de la celulosa en
presencia de glicerol (Fig. 2-B).

De esta manera se obtuvo un mutante que mostro un aumento de casi 2 veces en las
actividades de endoglucanasa y FPA respecto a la cepa parental. Sin embargo, este
mutante era inestable ya que en corto tiempo revirtié a una forma en que su produccion
enzimdtica era solo levemente superior a la del tipo silvestre. Por lo tanto se decidio
continuar mutagenizando esta cepa con objeto de aumentar su estabilidad sin sacrificar
su alto nivel de produccidn de enzimas celuloliticas.

En una segunda mutagénesis se aisléd la cepa B-1 que presentd actividades mas altas
que su cepa parental y que resultd tener mayor estabilidad. Como se observa en la Tabla
1 este mutante mostroé un aumento de 3 veces en la actividad de endoglucanasa y FPA
respecto a la cepa silvestre, mientras que la produccion de celobiasa se mantuvo en
niveles similares para ambas cepas. Este efecto diferencial podria sugerir que las enzimas
del complejo celulasa no se encuentran hajo control coordinado en este hongo. Qtros
autores han descrito efectos semejantes para hongos del género Trickoderma (16) v
Neurospora (5).

El mutante B-1 liberd 3,3 veces mas proteina extracelular que la cepa silvestre, Este
resultado implica que ¢l aumento en las actividades de endoglucanasa y FPA obser-
vando se deberiz a una mayor secrecion de enzimas por la cepa mutante, y no a un
aumento de sus actividades especificas como se aprecia en la Tabla 1.

La resistencia a la represion catabolica, aparentemente completa, observada en
medio sélido con glicerol 500 mM, no muestra una correlacion similar en cultivos
sumergidos. Esta concentracion de glicerol suprimid completamente Ia produccion de
enzimas por el mutante al cultivarlo en medio liquido. Sin embargo, como se muestra en
las Figuras 3 ¥ 5, concentraciones de 25 y 50 mM de glicerol no afectan la produccion de
las enzimas endoglucanasa y FPA, observandose que el rango en que se produce la
transicion entre desrepresion y represion ocurre entre 100 y 200 mM. En la cepa
silvestre, en cambio, esta transicién ocurre en un rango entre 25 y 50 mM de glicerol.

Respecto a la actividad de celobiasa, ésta parece ser mds sensible a la represion por
glicerol, ya que concentraciones bajas (25 mM) de este compuesto afectan notablemente
la produccidn de esta enzima por el mutante B-1, que alcanza valores de solo 1/3 de los
obtenidos en condiciones desreprimidas. Estos resultados también sugieren la existencia
de un control diferencial de las enzimas del complejo celulasa en 7. pseudokoningii.

Otro compuesto que también ha sido wsado como represor catabolico del complejo
celulasa es la 2-desoxiglucosa (17), un andlogo no metabolizable de la glucosa. Datos
preliminares indican que el mutante B-1 es también parcialmente resistente a la represioén
ejercida por 2-desoxi-glucosa a concentraciones que suprimen completamente la pro-
duccién de celulasas por la cepa silvestre,

Cabe mencionar que la bioquimica y genética de la represion catabolica de carbo-
hidrasas en eucariontes no ha sido investigada en detalle. Se han aistado mutantes
resistentes a la represion catabolica en levaduras (18, 22) y hongos (2, 16) algunas de las
cuales muestran desrepresion sélo parcial de la produccion de enzimas (16, 18).
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Los resultados presentados indican que se logré aislar un mutante hiperproductor de

celulasas y parcialmente resistente a la represion catabélica. Mediante el uso de nuevos
agentes mutagénicos esperamos obtener un mutante que produzca niveles aiin mas altos
de las enzimas del complejo celulasa, que permitan la bioconversion eficiente de los
residuos celulosicos.
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Summary

The acridine-like compound ICR-191 is an effective mutagenic agent in Azotobacter
vinelandii. Selectable mutants, such as those resistant to chlorate, can be isolated
without post-mutagenic segregation, Non selectable mutants, such as those unable to
metabolize different sugars, can be easily isolated after twelve generations of post-
mutagenic segregation.

Key words: Azotobacter, mutagenesis, ICR-191.

Resnmen

El tratamiento con ¢l derivado de acridina ICR-191 es un método muy eficaz de
mutagénesis en Azotebacter vinelandii, Mutantes seleccionables, como los resistentes a
clorato, se pueden aislar sin segregacion posmutagénica. Por otra parte, mutantes no
seleccionables, como los incapaces de metabolizar diferentes azicares, se pueden aislar
facilmente tras doce generaciones de segregacion posmutagénica.

Among heterotrophic bacteria, Azotobacter vinelandii has the special property of
fixing dinitrogen under aerobic conditions. Metabolic mutants of Azetobacter were first
isclated almost forty years ago (3, 11), but the loss or instability of the mutant character,
coupled with reports of failure to mutagenize succesfully (4), have contributed to a shift in
emphasis in nitrogen fixation research from Azotobacter to more readily manipulated
Kiebsiella. A few purine and pyrimidine auxotrophs exist, but no aminoacid auxotrophs
have beeen isolated even after a concerted effort aimed towards this goal. Howewer, it is
relatively easy to isolate antibiotic or antimetabolite resistant mutants and mutants,

* To whom correspondence should be sent.
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named. Nif~, tacking nitrogenase activity (5, 8, 9). It has been argued that A, vinelandii
contains a minimum of forty chromosomes per cell and that, therefore, failure to isolate
mutants probably results from difficulties in segregation rather than in mutagenesis.

In this paper we describe an easy and effective method for mutagenesis in A.
vinelandii using the acridine-like compound known as ICR-191. The ICR compounds
are similar to proflavin as they are planar heterocyclic molecules but, in addition, the carry
a polyamine side chain. The most highly mutagenic ICR compounds have an alkylating
side chain that is probably responsible for the covalent linking of the acridine moiety to
DNA. Several types of evidence suggest that these compounds cause frameshift
mutations (6},

In our hands, ICR-191 has proved to be a very efficient mutagen in A. vinelandir,
which allows us to obtain a variety of stable mutants by the following method: The UWrif®
strain was grown at 30° C under aerastion in nitrogen-free Burk’s medium (1) with
sucrose (0.5 % w/v} as carbon source. The final concentration of EDTA and iron was
0.1 mM. When the exponential phase was reached, bacteria were diluted to appro-
ximately five hundred cells per plate and added to mixtures of soft agar { Difco Bactoagar,
0.6 % w/v) and different concentrations of ICR-191. The mixtures were immediately
poured over plates with minimal solid medium (Difco Bactoagar, 2 % w/v) supplemented
with Difco Bactotryptone (2 g/1) and Difco yeast extract (1 g/1) and incubated in the dark
at 30° C for six days. After this period, plates were exposed to fluorescent light for
twenty-four hours to inactivate the mutagen. In the absence of ICR-191 the frequency of
colonies harboring mutant cells is nil. It should be noted that, due to the method
employed, many different mutant cells from the same survival colony may be due to the
same initial mutation, so that a high frequency of colonies harboring mutant cells does not
imply an equivalent high rate of mutation.

To determine whether mutagenesis with ICR-191 is an appropriate method for
isolating selectable mutants we screened for chlorateresistant mutants by streaking with
sterilized toothpicks a hundred single colonies from each concentration of ICR-191 on
minimal plates supplemented with chlorate {100 mM). This experiment is based on the
fact that the dissimilatory forms of the enzyme nitrate reductase are known to reduce non
toxic chlorate to toxic chlorite; consequently, strains that cannot reduce nitrate can be
selected in medium supplemented with chlorate. Dose-effect curve for ¢colony forming
ability of A. vinelandii and the frequency of colonies harboring chlorate resistant mutants
induced with different concentrations of ICR-191 are shown in Figure 1. There is a decay
of viability with the increase of mutagen concentration and a rapid increase in the
frequency of appearance of mutants that reaches a maximum between four and eight
Mg/ml. The chlorate resistant mutants were further classified into three phenotypic groups
according to their growth ability in nitrogen free media supplemented with a variety of
nitrogen sources.

Chlorate resistance is obviously a selectable trait; to determine whether mutagenesis
with ICR-191 is also an appropriate method for isolating non selectable mutants we
screened for undefined auxotrophs. In these experiments we used a concentration of ICR-
191 of four ug/ml because, as shown in Figure 1, at this point survival is greater than fifty
per cent and the frequency of mutants has reached its maximum value. After inactivating
the mutagen with fluorescent light, five single mutagenized colonies were mixed to
establish a subculture that was grown for eighteen hours to allow cell division and
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Fig. 1. Toxic and mutagenic effect of [CR-191 on 4. vineland/i. The rationale and the method are explained in the
text. Squares are for survival: circles, for the frequency of mutagenized colonies harboring mutant cells resistant to
chlorate. For example, Lhe circle in the 75 % line corresponding to a concentracion of [CR-191 of 2 ug/ml means
that 75 out of 100 muagenized colonies contain some resistant cells, but it does not mean that 75 out of 100 cells
are mutant.

segregation of mutant genomes in liquid medium enriched with Bactotryptone and yeast
extract. Cells were then washed and subjected to an auxotroph enrichment procedure by
incubation in minimal nitrogen-free medium with ampicillin (20 gg/ml} and D-cycloseri-
ne (20 ug/ml). Survival cells were subsequently plated on solid rich medium and a
thousand colonies from the subculture were tested for growth on nitrogen-free medium.
The same experiment was made with five independent subcultures, named A to E. Since
each subculture contains five mutagenized colonies, the cells of a total of twenty five such
colonies were assayed for auxotroph screening. Recall that different mutant cells from the
same mutagenized colony may be the descendants of the same original mutation. The
resufts are given in Table 1. Growth on nitrogen-free medium and the behaviour in the
auxanographic test of Holliday (2), that is, the growth ability on media supplemented
with different combinations of aminoacids, vitamins, purines and pyrimidines, of ten
auxotrophic strains from each subculture were analyzed (Table 1). Tryptone mutants are
defined as mutants that grow on minimal medium supplemented with tryptone, but did not
grow when the minimal medium was supplemented with ammonium acetate, casaminoa-
cids or the molecules described in the Holliday’s test. The phenotype of the Tryptone”
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mutants may be explained by the hypothesis that free amino acids are not transported into
Azotobacter. Howewer, in subculture C, two Met— colonies were identified; to our
knowledge, there are the first amino acid auxotrophs of A. vinelandii cited in the
literature. Qur results confirm previous reports that Nif—- mutants can be isolated.

To obviate the above difficulties in the study of non selectable mutations, we
screened for mutants unable to use either rhamnose, sorbose, rafinose or galactose as sole

TABLE 1

AUXOTROPHIC COLONIES FROM A, VINELANDII MUTAGENESIS PROCEDURE
AND THE PHENOTYPE OF MUTANTS ARE DETAILED IN THE TEXT..

% of auxotrophic Phenotype
Subculture golonies Nif~ Tryptone™ Met™
A 5.6 1 9 0
B 45 10 ] 0
C 4.5 0 8 2
D kil 0 10 \]
E 22 6 4 0

carbon source. Mutagenesis procedure was as for auxotrophs. After mutagenesis, four
subcultures were established to allow the segregation of mutant genomes. Liquid minimal
medium supplemented with the corresponding sugar and the antibiotics cited for
auxotroph obtention was utilized as enrichment medium, Mutanis were isolated from the
four subcultures, but the frequencies were extremely variable: rhamnose, 50 %; sorbose
0.1 %:; rafinose, 0.4 % and galactose, 1.7 %. These fluctuations may be attributable to
differences in the efficiency of the enrichment procedure,

All the mutants isolated are stable, their reversion frequencies being less than 10 in
every case.
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Summary

The APH(3’)-II aminoglycoside-phosphotransferase has been studied by protein
blotting. This technique allowed the detection of the enzyme in the crude extracts from
clinical isolates of Enterobacteriaceae, and the molecular weight determination of the
APH(3'}-1I. The obtained molecular weight of 25000 is coincident with the previously
reported value determined by a different method. These results demonstrate that this
tecnhnique is useful for the study of aminoglycoside-modifying enzymes.

Kev words: Protein blonting, aminoglycoside-phosphotransferase APH{(3')-11, mo-
lecular weight.

Resumen

Se ha realizado un estudio de {a fosfotransferasa APH{3")-II mediante la técnica de
transferencia de proteinas. La aplicacion de esta téenica ha permitido, por una parte,
confirmar la presencia del enzima en los extractos crudos de diferentes enterobacterias de
origen hospitalario, y por otra, determinar el peso molecular de la fosfotransferasa,
obteniéndose un valor de 25000, similar al encontrado con otros métodos. Estos
resultados demuestran la utilidad de esta técnica para la investigacidon de enzimas
modificantes de aminoglicésidos.

* A quien se dirigira la correspondencia.
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El estudio de la resistencia a los antibioticos aminoglicésidos-aminociclitoles reviste
particular importancia en los centros hospitalarios donde el uso de estos antimicrobianos
puede alcanzar valores elevados originando un fenémeno de presion selectiva, res-
ponsable en gran parte de la aparicion, diseminacion y mantenimiento de resistencias. En
el Hospital Clinico Universitario de Zaragoza se viene realizande desde su apertura
(1976) un control sistematico de la resistencia transferible a antibiéticos, ¥ en especial a
los aminoglicésidos, mediante la caracterizacion de plasmidos R y de los enzimas
modificantes de aminoglicosidos que é&stos codifican (4, 5, 7) (Martin, C. 1985. Tesis
Doctoral. Universidad de Zaragoza). Es un hecho universalmente aceptade que la
presencia de enzimas modificantes de aminoglicésidos de origen plasmidico es la causa
mads frecuente de resistencia a dichos antibidticos y que estos enzimas se clasifican segun
el mecanismo (N-acetilacion, O-fosforilacion y O-nucleotidilacién) y segiin el lugar de su
modificacion (3).

Desde su descubrimiento, los enzimas modificanies de aminoglicosidos han sido
objeto de estudio llegandose a diferenciar distintos tipos o subclases, gue si bien catalizan
la modificacién de un mismo grupo de aminogiicosido, presentan diferente perfil de
sustrato y caracteristicas propias, tanto en lo referente a su tamaho molecular como a sus
propiedades cinéticas (2). Con el fin de aportar datos a este estudio se ha planteado en el
presente trabajo la aplicacién de la técnica de transferencia de proteinas y su posterior
deteccion inmunologica («Western blotting») a la investigacion de la fosfotransferasa
APH(3’)-11. Esta fosfotransferasa pertenece al grupo de enzimas APH(3') que catalizan
la fosforilacion y producen resistencia a neomicina, paromomicina, ribostamicina y
kanamicina. Se diferencia de los otros tres tipos de APH(3’) en que, ademas, fosforila y
produce resistencia a butirosina y no a lividomicina.

El enzima APH(3")-1I ha sido purificado parcialmente v a homogeneidad por di-
versos autores mediante la utilizacion de distintos tipos de cromatografia. La electro-
foresis en gel de poliacrilamida del enzima purificado demostro 1a existencia de una tnica
proteina con un peso molecular de 25.000-27.000 (2, 3). En el presente trabajo se
estudia el peso molecular de la fosfotransferasa APH(3’)-I1 a partir del extracto
enzimatico crudo y del antisuero especifico APH(3')-1I. Asimismo se confirma la
existencia del enzima en cepas en las que se habia detectado su presencia mediante el
ensayo radicenzimatico de Haas y Dowding (6).

Las cepas utilizadas, aisladas en productos patologicos de pacientes hospitalizados
en el Hospital Clinico Universiiario, fueron las siguientes: Escherichia coli 15,159
(pUZ62), E. coli 2.513 (pUZ552), E. coli 6.055 (pUZ638) v Salmonella enteritidis
7.277 (pUZ655), Todas ellas presentaban resistencia a aminoglicosidos transferible por
conjugacion a E. cofi K-12 J62 (F~, Nalr, pro+te020, his*t, lac*)(1). El ensayo radioenzimatico
realizado con los extractos crudos, preparados por sonicacion, de las cepas donadoras asi
como de sus transconjugantes demostro la existencia de actividad fosforilante. El perfil
de sustrato indico que en todos los casos esta actividad era debida a la existencia de
APH(3)-1L

La transferencia de proteinas se realizé mediante la téenica de Towbin et o/ (8). Los
extractos crudos y las proteinas patron de peso molecular (lisozima, 14.300; §8-
lactoglobulina, 18.400; albimina de huevo, 45.000 y albiimina bovina, 66.000) (Sigma),
se sometieron a electroforesis en gel laminar de SDS-poliacrilamida al 12,5% y a
continuacion las proteinas fueron transferidas electroforéticamente a laminas de nitro-
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celulosa. La transferencia se realizé a 100 mA durante 3 horas en tampdn T (25 mM
Tris. HCI, pH 8,3, 192 mM glicina, 20 % metanol, 0,1 % SDS). Una de las laminas de
nitrocelulosa fue tefida con negro amido (0,1 % en 45 % metanol-10 % acido acético) y
desteitida con 90 96 metanol-2 % acido acético. Las proteinas transferidas a la otra
lamina fueron incubadas durante 18 horas a 45° C con el antisuero especifico APH{3")-
II (J. Davies. BIOGEN. Geneva) en solucion TBT (10 aM Tris. HCI, pH 7,5, 150 mM
NaCl, 0,77 mM azida sodica, 3 % albumina de suero bovino, 0,1 % Triton X-100).
Después del lavado con solucién TBS-BSA (solucion TBT sin Triton X-100), las
proteinas fueron incubadas de nuevo durante 1 hora con solucién TBT conteniendo
['25I] —proteina A (0,5-2 uCi) (Amersham) que se fija al antisuero unido al enzima
APH(3")}1I previamente inmovilizado en la lamina de nitrocelulosa. Después de otro
lavado con solucion TBS-BSA, la nitrocelulosa fue secada v expuesta con pelicula X-
Ray (Kodak/R54) durante 18 horas a -70° C,

Como puede observarse en la Fig. 1, en todas las muestras, a excepcion de la
correspondiente al extracto crudo de E. coli K-12 J62, se detecta la presencia del enzima
APH(3°}-11, reconocido por el antisuero y este complejo por la proteina A radioactiva.
Este resultado, de una parte, confirma los del ensayo radioenzimatico que indicaban la
existencia del misme enzima en todas las cepas estudiadas y, de otra, constituye un dato
mas sobre la existencia de reaccidn inmunolégica cruzada entre todos los enzimas
APH(3")-1I hasta ahora aislados (3).

- La determinacion del peso molecular del enzima mediante superposicion de las
proteinas tefiidas con negro amido y las reveladas por autorradiografia da un valor de
25.000, que concuerda con el obtenido por electroforesis tras la purificacién del enzima.

Los resultados obtenidos en el presente trabajo indican que la técnica de trans-
ferencia de proteinas y el uso de antisueros especificos puede ser de utilidad en la
investigacion de los enzimas modificantes de aminoglicosidos ¥ en concreto en aspectos
referentes tanto a la identificacion de los distintos tipos como a la comparacién de los
enzimas procedentes de diferentes microorganismos.

1 2 3 4 5 6 7 8

Fig 1. Autorradicgrafia de la transferencia de proteinas. Los extractos crudos de siete cepas productoras de
APH{3)-1 {muestras 2-8) fueron sometidos 2 electroforesis en gel de poliacrilamida. Las proteinas fueron
transferidas a ung lamina de nitrocelulosa e incubadas con antisuere especifico APH{3")-II y posteriormente con

[125]] proteina A. (1) E. coli K-12 J62 (no productora de APH(3")-1). (2} E. cofi 15.159 {pUZ62). (3) £. coli K-

12 (pUZ62). (4) E. coli 2.513 (pUZ552). (5) E. coli K-12 (pUZ552). (6) E. coli 6.055 (pUZ638). (7) E. coli K-

[2 {pUZ638). (8) S. enteritidis 7.277 (pUZE55). La flecha indica el enzima APH(3")-IL
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La Ultracentrifuga de mesa TL-100 es otra primi-
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camente para muestras tan pequeiias, hemos po-
dido reducir también el tiempc de centrifuga-
cién, En trabajos como; aislamiento de pldsmidos
de DNA, separacion de gradientes, estudios de
ligando, determinaciones de pesos moleculares,
ensayo de receptores ¢ separacién de proteinas,
se farda mucho menos flempo.

FACIL UTILIZACION. Todos los rotores de la
TL-100 utilizan tubos Quick-Seal, o tubos sin tapa
de pared gruesa o fina, por lo que ya se ahorra
tiempo al eliminar el tapado de los tubds. Enton-
ces, cuando todo esta preparado para poner en

marcha la maquina, Vd. puede seleccionar su:

programa.de tabajo, presionando una.tecla. Se'.... ...

puede conseguir una separacién optima al: poder;
escoger entre rotores de angulo ﬁJo, basculantes )
o verticales. :

MUY ECONOMICR DE MANTENBR A.-__ pesar'
de que el tamafio se ha reducido, la calidad no:

lo ha side. Se ha asegurade la fiabilidad'de'la® ™~ "

TL-100 en el disefic, incluyendo el sistema de:
giro por induccion, que elimina el delicado sella-

do de vacio y las escobillas. Esta sencillez de ™

disefio evidente en la TL-100 crea una nueva ca-

tegona de maqulna z :
Si quiere obtener mas detalles de asta nueva Ul _'

tracentrifuga, por favor pongase en: contacto con '
Beckman en cualquiera de. sus oflcmas, 0 escri-
ba a

BECKMAN INSTRUMENTS ESPANA, S. A
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