Fig. 3. Reconstruction of a macerated nephron on the renal surface with its vas afferens,
glomerulus, and vas efferens after filling the arterial system and the proximal convolution
with Latex. (Numbers) Number sequence of proximal loops; (letters) sequence of proximal
tubular loops of the whole nephron; and (arrows) flow-direction of tubular fluid flow.

model might be useful in explaining the
mechanism of the glomerular tubular
balance, or, in a more detailed view, the
interaction of glomerular filtration rate
and the intracapillary reabsorptive ca-
pacity for the reabsorbate actively trans-
ported by proximal tubules.
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Plant-Pathogenic Mycoplasma-Like
Organism: Maintenance in vitro
and Transmission to Zea mays L.

Abstract. Mycoplasma-like bodies,
isolated from corn plants that were in-
fected with Rio Grande strain of corn
stunt, were maintained in an artificial
cell-free medium. The agent apparently
multiplied. Leafhopper vectors that were
injected with the pure cultures trans-
mitted the agent to healthy corn plants
and induced the corn stunt disease.

Japanese workers (I) recently pro-
posed that yellow diseases of plants
may be caused by mycoplasma-like or-
ganisms. Their evidence was based on
(i) the presence of mycoplasma-like
bodies in the phloem elements of in-
fected plants and their absence in
healthy plants, (ii) the therapeutic ef-
fect of tetracycline antibiotics on in-
fected plants, and (iii) the disappear-
ance of the mycoplasma-like bodies
from the phloem of plants treated with
tetracyclines. In the past 2 years, myco-
plasma-like organisms have been re-
ported as the probable etiological
agents of at least 24 plant diseases (2,
3).

Corn stunt, a yellows-type disease af-
fecting corn Zea mays L. and teosinte
Euchlaena mexicana L., is transmitted
by several species of leafhoppers (4).
Before 1968 the causal agent of corn
stunt was considered to be a virus (5),
but mycoplasma-like bodies have been
found in both diseased corn plants and
in inoculative insect vectors (2, 6).
Further evidence supporting the myco-
plasma hypothesis of etiology came
from results of chemotherapy of dis-
eased corn plants and from blockage of
vector transmission by the application
of tetracycline antibiotics (7).

Maintenance of the agent in pure
culture must be achieved before the
hypothesis can be fully tested by
Koch’s postulates. Hampton et al. have
reported the purification and growth in
artificial medium of a mycoplasma iso-
lated from infected pea plants Pisum
sativum, but their results did not clearly
state how Koch’s postulates were ful-
filled (8). Evidently, the tests of infec-
tivity were conducted with a purified
preparation from infected plants and
not with the pure mycoplasma cultures.

We now report maintenance in vitro
and evidence of growth in cell-free
medium of a plant pathogenic myco-
plasma-like organism, the corn stunt
agent. Its original isolation, cultivation
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in cell-free medium, injection into leaf-
hopper vectors, transmission to healthy
plants in which disease was induced,
and its reisolation are described.

The Rio Grande strain of corn stunt
(9) and the vector Dalbulus elimatus
(Ball) (4) were used throughout the ex-
periments. The procedure for rearing
insects and maintaining infected corn
plants has been described (9).

Initially we determined the stability
of the corn stunt agent in buffer during

varying lengths of time. Stem tissue
from diseased plants was triturated in
a protective buffer (/0) containing
0.1M glycine, 0.03M MgCl,, and
0.01M Na,SO; at pH 7.3. The extract
was squeezed through two layers of
cheesecloth and centrifuged for 12 min-
utes at 5000g. All work was performed
in a cold room or refrigerated centri-
fuge at 4°C. Samples of the low-speed
supernatants were tested for infectivity
after storage for 0, 4, 24, and 72 hours

at 4° and 25°C. To assay the infectiv-
ity of each sample, 50 to 75 uninfected
adult Dalbulus elimatus were injected.
The insects were then caged in their
respective groups on healthy corn plants
in a controlled environment chamber
(25°C, 16-hour day). Approximately
21 days after injection the surviving in-
sects were caged singly on young corn
seedlings, left to feed 7 days, and then
discarded.

Insects injected with samples main-

Fig. 1. Whole mounts of negatively stained mycoplasma cells maintained in culture prepared from corn (Zea mays L.) plants in-

fected with Rio Grande strain of corn stunt. (A) Filamentous form of mycoplasma cell commonly found in primary cultures. Note
the filaments (arrows) which emerge from the main body. (B) Round (arrow) and elongated (arrow) forms of numerous myco-
plasma cells found in primary cultures. (C) Filamentous mycoplasma cells (arrows) observed in subcultures 43 days old. (D) Fila-
mentous form of a mycoplasma cell observed in primary cultures prepared from diseased corn plants which were inoculated with
mycoplasma cells from primary corn stunt cultures. These cultures (E) also contained round (arrow) and elongated (arrow) forms

of mycoplasma cells.
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tained at 4°C for 0, 4, and 24 hours
transmitted corn stunt to 5 of 50, 2 of
20, and 1 of 16 plants tested, respec-
tively. Fifteen insects injected with the
sample maintained for 72 hours were
not infective. Insects injected with the
samples maintained at 25°C for 4 hours
transmitted corn stunt to 2 of 48 plants
tested. None of the insects injected
with samples maintained for more than
4 hours at 25°C transmitted corn
stunt.

Several kinds of artificial media were
used in attempts to cultivate the myco-
plasma-like agent of corn stunt, but
only one is described here. The medium
was prepared in two stock solutions
(11).

Solution 1 was sterilized by filtration
through a 0.22-pm Millipore filter, solu-
tion 2 by autoclaving for 20 minutes at
121°C. The complete medium (with a
final pH of 6.8) consisted of 10 ml of
solution 1, all of solution 2, 20 ml of
horse serum, and 1 ml of penicillin
G (10,000 units).

The cultures were set up as follows.
A 15- to 20-cm portion of stem, 5 cm
above ground, was removed from a dis-
eased corn plant. The stem pieces were
placed for 1 to 2 minutes in a large
dish that contained 70 percent ethanol.
The pieces were held briefly in a flame
and put immediately into a dish that
contained either 0.1 percent HgCl, or
10 percent Clorox (5.25 percent sodium
hypochlorite) for 15 minutes. After be-
ing washed four or five times in sterile
distilled water, the outer sheath leaves
were removed from the stem and the
stem pieces were placed in a dish of
fresh culture medium. Cubes of atactos-
teles (0.125 cm?3) were taken from the
center of the stem and placed individu-
ally in test tubes that contained 3 ml
of fresh medium. After 24 hours the
tissues were removed from the test
tubes and were discarded.

An alternative culture method was to
put a cube (0.125 cm?) of atactostele
tissue into approximately 0.1 ml of cul-
ture medium in a sterile petri dish. The
tissue was crushed with forceps, and
the plant juice was mixed with the
medium. Approximately 0.1 ml of the
medium plus plant juice was trans-
ferred to a test tube that contained 3
ml of medium. Control cultures were
prepared, in the same manner, from
healthy plants of approximately the
same age. The cultures were maintained
in incubators at 25°C.

To assay for infectivity in the cul-
tures after varying periods of incuba-
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tion, two culture tubes were combined
and centrifuged for 15 minutes at
17,000g. The pellet was resuspended
in 0.2 ml of fresh medium and used as
the inoculum for injecting 50 to 100
healthy, adult D. elimatus leafhoppers.
Samples from the inoculum were also
examined by electron microscopy after
they were stained with 2 percent so-
dium phosphotungstate acid (pH 7.0).

In three of five experiments infectiv-
ity was obtained from cultures which
were 5, 8, and 14 days old (Table 1).
All the infective cultures contained or-
ganisms that morphologically resemble
mycoplasma (Fig. 1, A and B). These
organisms generally had an irregular-
shaped main body approximately 1 to
2 psm in width. Some organisms (Fig.
1A) had several filaments, 50 to 150
nm wide and up to 12 pm in length,

emerging from their surfaces. Other or-
ganisms (Fig. 1B) had round to elon-
gated forms. Some cultures were centri-
fuged for 15 minutes at 17,000g, and
the pellets were fixed and dehydrated
in Epon 812. Ultrathin sections of the
cultivated organisms revealed the pres-
ence of a single-unit membrane sur-
rounding each mycoplasma cell (Fig.
2, A and B). Generally, ribosome-like
particles and the centrally located
strands of network, presumably nucleic
acids, were also observed within the
cells. Thus, the organisms in culture
were morphologically indistinguishable
from those bodies observed in the sec-
tions of diseased plants and insects and
in infective extracts from plants with
corn stunt disease (2), and they were
also similar to those seen in thin sec-
tions and negatively stained prepara-

Fig. 2. (A) Ultrathin section of mycoplasma cells prepared from 43-day-old subcultures
(see Fig. 1C). (B) High magnification of mycoplasma cells prepared from subcultures.
Note the unit membrane (arrows) surrounding each cell and the netlike strands within
the larger bodies; pm, precipitated medium.
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Table 1. Transmission of corn stunt agent by
Dalbulus elimatus injected with mycoplasma
cultures isolated from corn plants infected
with the Rio Grande strain. Twenty non-
injected insects from stock colonies were
tested in each experiment and all were non-
infective. All the infective colonies trans-
mitted to two or more test plants.

No. insect Mycoplasma-

Exp. ?fl:u?: .colon.ies like cel!s
No. (days) infective/ present in
tested inoculum*
1 5 1/5 Yes
2 8 18/21 Yes
3 8 0/12 No
4 14 0/5 No
5 14 11/14 Yes

* Samples of the inoculum were placed on
Formvar-coated grids, stained with 2 percent phos-
photungstate acid, pH 7.0, and examined by
electron microscopy.

tions of various mycoplasma species
that infect man and other higher ani-
mals (I2). The primary cultures con-
taining mycoplasma-like cells occasion-
ally contained some plant debris, but
this material usually disintegrated and
disappeared within 1 to 2 weeks and
only the mycoplasma cells remained in
culture. Organisms resembling fungi,
bacteria, or viruses were never ob-
served in the pure cultures. In experi-
ments 3 and 4, injected insects did not

transmit corn stunt, and mycoplasma--

like cells were not observed in the
inocula by electron microscopy. Control
cultures prepared from healthy plants
never contained organisms that resem-
bled mycoplasma.

The corn stunt agent is not stable in
simple buffer at room temperature for
more than 4 hours, but it can be main-
tained for several weeks in a complex
cell-free artificial medium. Electron
microscopy of negatively stained sam-
ples from 4- to 6-day-old cultures and
from 14-day-old cultures generally re-
vealed a higher number of organisms
in the older cultures, but precise quan-
titative experiments were not con-
ducted. Turbidity in the culture tubes
usually increased slightly during the
experiment; however, it is well known
that viable counts of mycoplasma do

not necessarily parallel turbidity (I3).

Several attempts were made to subcul-
ture the organism. In some, 0.2 to 0.5
ml of the primary culture that con-
tained the mycoplasma organisms was
added to 3 ml of fresh medium. In
one experiment, electron microscopy
of samples from 12 tubes containing
subcultures that were 43 days old re-
vealed the highest concentration of my-
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coplasma-like cells (Figs. 1C and 2,
A and B). Samples of these subcultures
were injected into 50 healthy adult leaf-
hoppers. Three out of 30 surviving in-
sects transmitted corn stunt to corn
seedlings. Forty-five noninjected con-
trol insects were noninfective. The data
suggest that multiplication has occurred
under these culturing conditions.
Diseased plants from experiments 2
and 5 (Table 1) were used for prepar-
ing primary corn stunt cultures. The
cultures prepared from these plants
contained organisms that resembled my-
coplasma (Fig. 1, D and E). The reiso-
lation of an organism that was indis-
tinguishable from the one injected into
the leafhopper vectors from primary
cultures (Fig. 1, A and B) satisfies the
last criterion of Koch’s postulates: (i)
the mycoplasma was consistently asso-
ciated with corn stunt disease and was
consistently isolated from plants in-
fected with corn stunt disease; (ii) the
organism was isolated in pure culture;
(iii) the disease, with characteristic
symptoms, was reproduced in plants
(healthy leafhoppers artificially injected
with pure mycoplasma cultures trans-
mitted the agent to healthy corn plants);
and (iv) the mycoplasma was reisolated
from the inoculated plants and identi-
fied with the one originally isolated.
We believe that the hypothesis of
organismal etiology has been proved
for the corn stunt disease and that this
report demonstrates the pathogenicity
of a mycoplasma to plants. We must
now recognize a new class of organisms
causing diseases in plants. The agent of
corn stunt disease has been shown to
multiply in its insect vector, Dalbulus
maidis (DeLong & Wolc.) (I4), and it
has been demonstrated that the Rio
Grande strain of corn stunt agent is

Differentiation of Populations

Ehrlich and Raven’s provocative
paper (I) never makes clear whether
large-scale, intermittent gene flow is
being relegated to the same never-
never land as the steady, “trickle”
variety., Extreme, unpredictable, and
largely unexplained fluctuations in num-
bers occur widely in natural popula-
tions, even in Euphydryas aurinia (2),
a European butterfly which shares
many biological characteristics with
Ehrlich’s E. editha. The lack of gene
flow during the period of observation

pathogenic to the vector D. elimatus
(15). Accordingly, this report also es-
tablishes a new class of organisms that
infect invertebrates.
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of a given situation implies nothing
about the past or the future. The
Hesperiid butterfly, Euphyes bimacula,
is a well-known colonial species (3) in
which gene exchange among demes
cannot as a rule be observed. Still, it
had a “population explosion” all over
the northeastern United States in 1968
(4) which produced extensive mixing of
populations, at least in upstate New
York. Had the Stanford group been
studying E. bimacula for 10 years
through 1967, they could have stated
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