
ern Hemisphere. It is likely, however, that 
the aqueous-phase photoformation is also 
significant in the Southern Hemisphere. 

The aqueous-phase photoformation of 
another oxidant, the hydroxyl radical 
(.OH), was also observed in authentic 
cloud and fog waters. The measured .OH 
photoformation rates ranged from 0.44 to 
5.3 pM hour-' in the four cloud and fog 
waters that were studied (7, 14). These 
rates are similar to the calculated fluxes of 
.OH to atmospheric water drops from all 
other known sources (2, 3). Aqueous-phase 
photoformation of singlet molecular oxygen 
and unspeciated peroxyl radicals have been 
reported previously (6), but the previous 
work did not demonstrate the formation of 
H,O, or any other peroxide. 

In view of this additional source of H,O, 
and other oxidants to atmospheric water 
drops, tropospheric aqueous-phase oxida- 
tions must exert even more influence than 
has previously been recognized on the at- 
mospheric chemical cycles of peroxides, 
ozone, sulfur, iron, and carbon. These ox- 
idations will also influence the formation of 
H,S04, which affects the magnitude of acid 
deposition and the postcloud aerosol char- 
acteristics and optical properties of the at- 
mosohere. Photoreactions such as those 
repdrted here for clouds and fogs are also 
likely to be important sources of oxidants in 
other atmospheric hydrometeors, such as 
hydrated aerosols, rain, and dew, and also 
on wetted foliage. 
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Genetic Conversion of a Fungal Plant Pathogen to 
a Nonpathogenic, Endophytic Mutualist 

Stanley Freeman and Rusty J. Rodriguez* 
The filamentous fungal ascomycete Colletotrichum magna causes anthracnose in cucurbit 
plants. Isolation of a nonpathogenic mutant of this species (path-1) resulted in maintained 
wild-type levels of in vitro sporulation, spore adhesion, appressorial formation, and infec- 
tion. Path-1 grew throughout host tissues as an endophyte and retained the wild-type host 
range, which indicates that the genetics involved in pathogenicity and host specificity are 
distinct. Prior infection with path-1 protected plants from disease caused by Colletotrichum 
and Fusarium. Genetic analysis of a cross between path-1 and wild-type strains indicated 
mutation of a single locus. 

Filamentous fungal plant pathogens cause 
worldwide losses of billions of dollars and of 
millions of tons of agricultural produce an- 
nually (1). Use of chemical fungicides has 
led to the evolution of fungal resistance and 
to concern over the potential effects of 
these chemicals on other eukarvotes. Defi- 
nition of the genetic and biochemical bases 
of fungal pathogenesis may lead to the 

development of more effective, long-term, 
and ecologically safe fungal control strate- 
gies. 

Fungal pathogenesis of host plants in- 
volves penetration of host tissue, host patho- 
gen compatibility, dissemination through 
host tissue, induction of disease symptoms, 
and amplification of the pathogen by sporu- 
lation (2). The biochemical and genetic 
bases of host tissue penetration (3, 4), host 

Department of Plant Pathology, University of Califor. (5, 6)i and s~orulation (7, ') 
nia, Riverside, CA 92521 of fungal pathogens have been extensively 

*Present address: National Fisheries Research Cen- studied. Here, we analyze a mutation in the 
ter, Building 204, Naval Station, Seattle, WA 981 15. process that allows pathogenic fungi to dis- 
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Fig. 1. Fifty seedlings of the wa- 
termelon cultivar Sugar Baby 
were placed in vials containing 2 80 

x 106 to 3 x 106 conidia per - 60 
milliliter of the path-1 mutant, the - 
same number of conidia per milli- 
liter of wild-type L2.5, or no F! 40 

conidia and assayed for pathoge- ). g 20 
nicity 10 days after inoculation r 

g 0  (13). Plants exposed to both iso- :IL!i!?i 0  2  4 6 8 1 0 1 2  
lates were inoculated with path-1 Day8 a W  lnoculatlon 
for 36 hours and then transferred 
to an L2.5 conidial suspension. Fig. 4. Fifly seedlings of the watermelon cultivar 
Plants exposed only to path-1 or Sugar Baby had their roots removed and were 
to the wild type were incubated in inoculated with either path-1 or the wild-type 
water for 36 hours before inocula- Control wt Path-1 Path-1 + wt L2.5 (Fig. 1). At different times after inoculation 
tion. Each of these plants represents one of five replicates. Although L2.5 induced necrosis in plant With path-', the cuttings were transferred 
stems, no symptoms were observed in roots. vials containing L2.5 conidia and assessed for 

mortality. The open and closed squares repre- 
sent cuttings inoculated with L2.5 alone at iime 

seminate and cause disease in susceptible 
hosts. 

Filamentous fungi from the genus Colk- 
totrichurn collectively infect the majority of 
agricultural crops grown worldwide (9). 
The species within this genus are hemi- 
biotrophic pathogens (10) that begin the 
infection process when one of their spores 
adheres to host tissue and to 
produce a germ tube. The germ tube differ- 
entiates to form an appressorium, which 
produces an infection peg that penetrates 
the first host cell. Host-pathogen compati- 
bility is determined within the first infected 
plant cell. In a compatible interaction, the 
fungus grows through the first cell and 
mycelia disseminate through the host, leav- 
ing a path of necrotic tissue. In an incom- 
patible interaction, the fungus ceases 
growth within the first cell and may elicit a 
hypersensitive response (1 1). 

To analyze the genetics of host specific- 

Fig. 2. Fifty seedlings of the watermelon cul- 
tivar Sugar Baby were inoculated with either 
path-1 or the wild-type L2.5 (Fig. 1). Every 2 
days, five seedlings were surface sterilized 
with 1% NaOCI, sectioned into 3-cm pieces, 
plated on fungal growth medium (13), and 
assessed 3 days after plating. The open cir- 
cles, triangles, and squares represent the 
growth of the wild type from the lower, middle, 
and upper sections, respectively. The closed 
circles, triangles, and squares represent the 
growth of path-1 from the lower, middle, and 
upper sections, respectively. 

ity and fungal pathogenesis, we used a 
mutant of C. m a p  (1 2), path-1 (I 3), that 
was no longer capable of causing disease in 
cucurbit hosts. Watermelon seedlings were 
exposed to either the mutant path-1 or 
wild-type C. m a p  (Fig. 1). All of the 
plants exposed to wild-type C. m a p  ex- 
pressed stem necrosis and died within 7 days 
after inoculation. However, no detrimental 
effects were observed in plants inoculated 
with path-1 that were monitored until flow- 
ering (-3 months). 

To 'determine whether the mutation in 
path-1 had converted a compatible interac- 
tion to an incom~atible one. a modification 
that would have likely involved host recog- 
nition of the pathogen (14), we monitored 
the extent of host colonization by path-1. 
Seedlings were surface-sterilized 14 days 
after inoculation, dissected into 3-cm sec- 
tions, and plated on a fungal growth medi- 
um (1 3). Although the path-1 mutant was 
found throughout the entire seedling stem, 
a difference in the timing of colonization 
indicated that path-1 grew more slowly 
than wild type in host tissue (Fig. 2). In 
addition, path-1 was capable of growing 
past the cotyledon in the plant stem and 
was not isolated from leaf tissue (1 51. . , 

Microscopic analysis confirmed that 
path-1 was able to infect the plants and 

0 or after 24 hours, respectively. The open and 
closed circles represent cuttings inoculated 
with path-1 for either 3 or 24 hours, respective- 
ly, followed by exposure to L2.5. The closed 
triangles represent plants inoculated only with 
path-1 . 

grow systemically within them, between 
the pith cavity and the outer cortex, in a 
way similar to the behavior of the wild-type 
strain. The wild-type and path-1 strains 
produced morphologically and functionally 
identical appressoria on the plant surface 
and within the plant tissue (Fig. 3), al- 
though appressoria have been thought to be 
involved only in penetration of the plant 
surface (1 6 ) .  We followed the svstemic 
growth df both path-1 and wild kpe by 
monitoring the formation of appressoria 
inside the plants. Three days after infec- 
tion, the number of appressoria and mycelia 
produced by path-1 was not significantly 
different from that produced by the wild 
m e  in the 2- to 4-cm zone above the 

a .  

inoculated roots. However, above 4 cm 
there was an inverse relationship between 
the number of appressoria and mycelia pro- 
duced by path-1 and the distance from the 
roots, with fewer than ten appressoria ob- 
served in the 2-cm section above the coty- 
ledon. The wild-type fungus produced the 

Fig. 3. Seedlings of the water- 
melon cultivar Sugar Baby were 
exposed to either path-1 or the 
wild-type L2.5 (Fig. 1) for 4 days. 
Stem sections 3 cm above the 
inoculation point of each seedling 
were surface sterilized, longitudi- 
nally sectioned with a razor blade, 
and stained with cotton blue for 
light microscopic analysis. This 
section, which represents plant 
tissue between the central pith 
and the outer cortex, shows the 
formation of fungal appressoria 
(some are indicated by arrows) : 

by path-1. Magnification bar, 20 
CLm. 
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Table 1. Host range of the C. magna wild-type L2.5 and path-1. Plus signs indicate colonization; 
minus signs indicate no colonization. R, resistant reaction resulting in no mortality; S, susceptible 
reaction resulting in plant mortality; L, M ,  and U, lower, middle, and upper 3-cm sections of 
surface-sterilized seedlings. 

Table 3. Protection of watermelon seedlings 
against Fusarium oxysporum f .  sp. niveum 
(FON) by path-1 

Percent mortality? 
Treatment* 

Sugar Baby Crimson Sweet 
Colonization Disease 

reaction 

L2.5 Path-1 
L2.5 Path-1 

L M U L M U  

Plant cultivar Water 0 c 0 c 
Path-1 0 c 0 c 
WaterIFON 89 a 89 a 
Path-1 /FON 30 b 20 b 
Path-l/FON$ 100 a 89 a 

*Nine seedlings were placed in vials containing 2 x 
l o 6  to 3 x l o 6  conidia per milliliter of path-1 for 7 days 
and then exposed to l o 6  conidia per milliliter of FON 
race 2 for 5 min before the seedlings were planted in 
vermiculite potting medium (22). Seedling mortality 
was assessed 21 days after inoculation, and treat- 
ments were performed in quadruplicate. tValues 
with a common letter were not significantly different (P 
= 0.05). $Path-l was killed by exposure to ultravi- 
olet light. 

Dry beans 
California dark red kidney 
T39 (Black turtle soup) 

Cucurbits 
Pumpkin (Jack-O-Lantern) 
Squash (Burpee Golden Zucchini) 
Cucumber (Burpee Pickler) 
Cucumber (Poinsett 76) 
Cantaloupe (Hale's Best Jumbo) 
Watermelon (Charleston Grey) 
Watermelon (Sugar Baby) 
Watermelon (Crimson Sweet) 
Watermelon (Jubilee) able to protect the watermelon cultivars 

Crimson Sweet and Sugar Baby from dis- 
ease caused by Fusarium oxysporum f. sp. 
niveum. which has a different mechanism same density of appressoria throughout the 

entire seedling before necrosis and death. 
In all plants tested (n = 20), path-1 was 

isolated from surface-sterilized tissue 6 to 10 

The C. mama isolate DXDC that dif- - 
fered from path-1 in pathogenicity, mating 
type, pigmentation, and the presence of a 
resistance marker against chlorate was 
crossed with path- 1 to determine the genet- 
ic complexity of the path-1 mutation (Ta- 
ble 2). The path-1 mutation segregated in a 
1: 1 ratio, which suggests that a single locus 
had been mutated. No linkage was observed 
between the path-1 mutation and either the 
resistance marker or pigmentation. It is 
therefore likely that the difference between 
path-1 and the wild type is the mutation of 
a gene or closely linked genes critical to the 
induction of disease after infection of the 

of infection and dissemination than that 
of Colletotrichum (Table 3). In addition, 
both Fusarium and path-1 emerged from 
the inoculation zones of surface-sterilized 
plants that were protected against path-1, 
which indicates that both species infected. 
Therefore, it is more plausible that plant 
protection induced by path-1 involves the 
host defense svstems. However. it seems 

cm above the inoculation zone 3 months 
after inoculation. However. unlike the 
wild-type fungus, path-1 did not sporulate 
in any of the plants. It has not yet been 
determined if path-1 can grow into fruit or 
if plant cultivars or species differ with regard 
to path-1 persistence. Nevertheless, be- 
cause path-1 was not restricted to the first 
few cells of susceptible plants, it appears 

unlikely that path-1 was continually stim- 
ulating host defenses because there was no - 
evidence of necrosis or detrimental effects 
such as those that are seen when host 
defenses are fully activated (1 7, 18). It is 
possible that path-1 was "priming," or 
activating, only a portion of the host 
defenses, so that when the plants were 
exposed to the wild-type fungus there was 
no delay in the defense response. 

A varietv of uroblems associated with 

that the mutation did not simply convert a 
comuatible interaction to an incomuatible 
one. Thus a phytopathogenic fungus can be 
modified by mutation to grow as a nonpath- 

host. 
Susceutible ulants that were colonized 

with path-1 were protected from the viru- 
lent wt (Figs. 1 and 4). Protection was 
dependent on the extent of path-1 coloni- 
zation before wild-type inoculation with 
exposures of 3, 24, and 36 hours to path-1 
that resulted in 40, 70, and 100% reduc- 
tions in mortality, respectively. 

It is possible that protection of plants 
bv uath-1 resulted from the obstruction of 

ogenic endophy te. 
The wild-type fungus and path-1 were 

identical with regard to host specificity 
(Table 1). Both isolates were capable of 
systemic growth in all of the susceptible 
plants and incapable of colonizing resistant 
plants above the inoculation zone. Howev- 

. . 
biological control strategies (1 9) may be 
avoided with the use of a biocontrol agent 
that can be maintained inside plant tissue. 
It may be possible to induce mutants similar 
to path-1 in various pathogenic fungi with 

er, the disease reaction remained distinct, 
with path-1 producing no visible effects on 
any plants. Thus, the loss of pathogenicity 
had no effect on host specificity. 

theL wild type from adhesion to specific 
infection sites. However, path-1 was also 

either narrow or wide host ranges in order 
to infect and protect specific plant species 
from fungal disease. 

Fungal life-styles can be either sapro- 
phytic, symbiotic, or a combination of the 
two (20). Although symbiotic associations 
can be either parasitic, mutualistic, or com- 
mensalistic, the genetic bases of these differ- 
ent life-styles remain enigmatic. The fact 

Table 2. Segregation analysis of the path-1 mutation 

Traits of parental 
isolates Traits of progeny? Segregation ratio 

of progeny 
DXDC* Path-1 

that a mutation at a single genetic locus can 
change the fundamental biological descrip- 
tion of an isolate from a pathogen to a 
nonpathogenic endophytic mutualist war- 
rants reassessment of certain hypotheses that 
concern fungal ecology and evolution. The 
use of such mutants as biocontrol agents to 

Pathogenicity + - 84 + 74 - 1.15 +/- 
Pigmentation D L 72 D 86 L 0.84 D/L 
Chlorate R S 86 R 72 S 1.19 RIS 
Mating type A B 

'A chlorate-resistant mutant derived by spontaneous mutation of C, magna isolate DXD. Plus sign, pathogenic; 
minus sign, nonpathogenic; D, dark; L, light; R,  resistant; S, sensitive. tProgeny were obtained from three 
perithecia derived from a cross of DXDC and path-1 established as described (21). 
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develop ecologically safe pest management 12. S. F. Jenkins, Jr., and N. N. Winstead, ibid. 54, 
452 (1964). strategies may have a On 13, S, Freeman and R, J, Rodriguez, Plant Dis, 76, 

future agricultural practices. 901 (1992). Path-1 was originally designated 
HU25 and was derived from the wild-tv~e isolate 
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Skn- 1 a and Skn- 1 i: Two Functionally Distinct 
Oct-2-Related Factors Expressed in Epidermis 

Bogi Andersen, Marcus D. Schonemann, Sarah E. Flynn, 
Richard V. Pearse II, Harinder Singh, Michael G. Rosenfeld 

Two forms of a member of the POU domain family of transcriptional regulators, highly 
related to Oct-2, are selectively expressed in terminally differentiating epidermis and hair 
follicles. One form, referred to as Skn-1 i, contains an amino-terminal domain that inhibits 
DNA binding and can inhibit transactivation by Oct-1 . A second form, Skn-1 a, contains an 
alternative amino terminus and serves to activate cytokeratin 10 (K10) gene expression. 
The pattern of expression of the Skn-lab gene products and the effect of the alternative 
products on the expression of other genes suggest that these factors serve regulatory 
functions with respect to epidermal development. 

Although skin is the largest organ in ma- 
ture mammals, epidermal development be- 
gins only on embryonic days (e) 15 to 16 
during rat development (1). Before this 
stage, the primordium of epidermis consists 
of a bilayer of cells, a superficial layer 
referred to as periderm that is later shed, 
and a basal layer (1, 2). On e16, the basal 
cells begin to proliferate, generating a strat- 
ified epithelium in which characteristic sub- 
sets of genes, such as keratins, are differen- 
tially regulated in each layer (1, 3). Most of 

the suprabasal epidermal cells are postmi- 
totic and eventually undergo programmed 
cell death, generating a superficial layer of 
dead cells (cornified epithelium) that ap- 
pears on e18. This pattern of development, 
in which cells migrate to the surface during 
their differentiation only to undergo apop- 
tosis, is continuously repeated in the adult, 
where the orocess is regulated bv retinoic 
acid (4). Several transcription factors of 
wide distribution are expressed at high 
amounts in skin, including AP2, retinoic 
acid receptor y, and retinoid X receptor a 

B. Andersen, M. D. Schonemann, S. E. Flynn, R. V. 
(5). However, cell-specific transcription 

Pearse 11, M. G. Rosenfeld, Eukaryotic Regulatory factors that may be involved in epidermal 
B~oloav Proaram, Howard Huqhes Medical institute, cell maturation remain unknown. 
university ofCalifornia School i f  Medicine, San Diego, 
La Jolla, CA 92093. 

The cloning of Pit-1, Oct-1, Oct-2, and 

H. Singh, Howard Hughes Medical Institute, University unc-B6 led the discovery a gene family 
of Chicago, Chicago, IL 60637. characterized by a bipartite DNA binding 

motif referred to as the POU domain (6- 
14). Unc-86, Pit- I ,  and Oct-2 are believed 
to be important in the terminal differenti- 
ation of neuronal, pituitary, and B lympho- 
cyte cell types, respectively (6, 7, 10, 11). 
Oct-1 is a ubiquitous activator of gene 
programs required for cell proliferation (1 2) 
and may also play cell-specific roles (1 3). 
Subseauentlv. additional POU domain , , 
genes have been described in mammals, 
Drosophila, and Caenorhabditis elegans, most 
of which are transiently or selectively ex- 
pressed in the developing nervous system 
(14). 
\ ,  

Using screening by low stringency and 
oolvmerase chain reaction (PCR) of . , , , 

cDNAs from a number of tissues, we iden- 
tified a cDNA clone distinct from known 
POU domain proteins (15). This cDNA 
clone contains a coding sequence predict- 
ing a 38-kD protein that is highly related to 
Oct-2 (Fig. 1). Whereas this protein differs 
from Oct-2 by only 15 amino acids over the 
POU-specific domain and the POU home- 
odomain, it is distinctly diverged from 
Oct-1 and ,Oct-2 in the linker region but 
contains regions of similarity outside the 
POU domain. To investigate the expres- 
sion of this gene during development, we 
collected mouse embryos from blastocyst 
stage through e16.5, and PCR assays were 
performed by means of specific oligonucle- 
otide primers (1 6) (Fig. 2A). This analysis 
revealed a biohasic oattern of exoression: a 
signal was detected on e7.5, signal was low 
or undetectable between e9.5 and e12.5, 
and signal appeared again on e14.5. In 
addition, intense signal was observed in 
endometrium-placenta. In situ hybridiza- 
tion analyses with 35S-labeled complemen- 
tary RNA (cRNA) probe corresponding to 
the 3' untranslated region of the gene (1 7) 
revealed no hvbridization in rat embrvos 
corresponding to the early phase of expies- 
sion. However, there was intense hybridiza- 
tion at el7 in epidermal structures through- 
out the embryo, with no specific detectable 
hybridization in any other region (Fig. 2B). 
Evaluation at higher resolution revealed a 
dense pattern of silver grains over the epi- 
dermis but not over the dermal structures, 
with the most intense hybridization consis- 
tently observed over the most superficial 
layer of the epidermis (Fig. 2C). In devel- 
oping embryos, a single, superficial layer of 
cells, the periderm, revealed no hybridiza- 
tion, whereas the adjacent, underlying ec- 
toderm revealed intense hybridization. A 
transcriot of 2.3 kb was observed in RNA 
blots of skin from neonatal mice (18). 
Using the more sensitive ribonuclease pro- 
tection assay, we confirmed expression in 
epidermis, but no signal was detected in 
RNAs from the following adult organs from 
mice and rats: skeletal muscle, tongue, 
esophagus, heart, thymus, spleen, liver, 
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