
A major epidemic of coccidioidomyosis occurred between 1991 and 1994 in central California.

Molecular analyses showed (i) extensive genetic diversity, (ii) a lack of linkage disequilibria
and (iii) little phylogenetic structure demonstrating that a newly pathogenic strain was not
responsible for the observed epidemic.

Epidemiological analyses showed that C. immitis morbidity was best explained by two variables,
the length of droughts preceding epidemics and the amounts of rainfall.

This shows that the principle factors governing this epidemic of C. immitis are environmental
and not genetic.

CONCLUSION: Long term environmental factors regulate the population size of C. immitis and
are instrumental in determining sizes of epidemics. This knowledge provides an important tool
for predicting outbreaks of this infectious disease.

ABSTRACT

• Polymorphic Genetic Loci
Single nucleotide polymorphisms were found by amplifying arbitrary loci in a radioactive PCR to reveal
single strand conformational polymorphisms (SSCPs) (9). 13 loci were subsequently scored by restriction
endonuclease assays. All isolates were also typed for two loci containing polymorphic short tandem repeats
(STRs), locus 621r (containing an (AC)n (n = 6 – 18) microsatellite) and locus B34 (containing a (TAA ACA
AAC)n (n = 1 – 6) minisatellite) (10).

• Genetic Analyses
Population genetic analyses.
 The disequilibrium coefficient between alleles of 78 pairs of loci were calculated. The index of
association (IA) measures the degree of association between all loci based on the variation of the genetic
distance between individuals (11,12) and its significance was assessed by comparison with values calculated
from 1000 artificially recombined datasets (9).

Phylogenetic analyses. Maximum parsimony was used to find the shortest tree that fitted the data using PAUP
4.0 and the strength of branches was examined by bootstrapping. In order to test whether the observed dataset
contained more phylogenetic signal than a population undergoing complete recombination, 500 artificially
recombined datasets were created and the lengths of their most parsimonious trees compared to those found
for the observed dataset (The ‘Archie’ test, 13).

• Epidemiological Analyses
C. immitis morbidity data was used for the period 1955 to 1995 in Kern County. To account for changes in the
population size over time, the data was transformed by calculating the relative change in C. immitis morbidity
(RCM) as the numbers of cases in year n divided by the numbers of cases in year n - 1.

Generalized linear models were constructed with RCM as the dependant variable and the following as
independant variables:
(A)   Mean annual rainfall,
(B)   The occurrence of type I El Niño Southern Oscillation (ENSO) events
(C)   The annual Palmer Drought Severity Index (PDSI)
(D)   The length of moderate to extreme droughts preceding any particular year
(E)   Mean annual temperature
(F) Mean annual 10 micron particulate matter concentration (PM10)
(G)   Mean annual total suspended particle concentration (TSP)
(H)   Yearly 1970 – 1996 Kern  County population size.

Type I ENSO events (B), are known to be the principal determinants of above-normal rainfall in California
and are defined as an equatorial Pacific sea surface anomaly of +2.00C (Figure 1). Droughts (D) are defined as
having a PDSI of -1 to -2.9 for nine months or more.

The fit of each linear regression model was assessed by inspection of the regression r values with their
associated residuals, and tested with the F-statistic.
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Genetic Analyses

•  Alleles showed all epidemic-associated isolates to be members of
 the ‘California’ species of C. immitis (Figure 2).

•  Multilocus genotypic diversity was high - 34 unique genotypes
 were observed in the sample of 37 epidemic isolates.
 Only 4/78 pairs of loci showed significant linkage disequilibria.
 The index of association was not significantly greater than that
 expected for a fully recombined population (P = 0.28).

•  The strict consensus of 46, 072 maximum parsimony trees
 (Figure  2) is poorly resolved with few internal branches and
 most isolates falling into a polycotomy of 31 isolates. Comparing
 the observed tree length against those from artificially
 recombined datasets showed  no significant difference.

•  Three pairs of isolates had identical genotypes (Figure 2). One
 pair (isolates 2005 and 2267, genotype S) was unlikely to be
 observed in this dataset (binomial probability; P< 0.001) and
 could be considered a genetically identical clone.

Epidemiological Analyses

•  Multivariate regression found significant correlation between
 RCM and variables (A) mean annual rainfall and (D)
 length of drought  (multiple r = 0.673; P (rainfall) < 0.01, P
 (drought) < 0.001).

•  45% of the variation in the yearly series is predicted by the
 regression equation y = 0.295x1 + 0.001x2 - 0.16 (x1 ='length of
 drought' x2 = 'rainfall') and successfully predicts the 1991-1994
 epidemic (Figure 4).
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Figure 2.
Strict consensus of 46 072 most
parsimonious phylogenetic trees. C.
immitis isolates with identical genotypes
are boxed. 'Outgroup' taxa from the non-
California (NCA) species are shown in
the green box.
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Figure 1
Annual number of cases of coccidioidomycosis reported from Kern County (red
line) and annual rainfall (solid line). El Niño years are marked with an asterisk
(*). Data courtesy of California Department of Health Services, Division of
Communicable Disease Control.
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• The '91-'94 epidemic of coccidioidomycosis is attributable to environmental, and not
genetic, causes.
For unlinked loci, the medium time to genetic equilibrium in a randomly mating population with
a recombination rate (c) of 0.01 is 69 generations and for c = 0.001, about 693 generations (14).
Given that the generation time in C. immitis is at the most 1 - 2 per year we would not expect
genetic equilibrium to be established within the time scale of this epidemic.
This rules out the evolution of a virulent C. immitis clone as a cause of the 1991 - 1994
epidemic.

There is also direct evidence for clonal propagation, and subsequent infection, by C. immitis
within this dataset. Two patients were infected by C. immitis with identical multilocus genotypes,
isolates 2005 and 2267. The patients who contributed these isolates lived and worked in the same
town, but the C. immitis isolates were collected by separate clinicians.
These people had been infected by the local dispersion of asexually produced C. immitis
spores from a single fungal individual.

• This analysis found the first statistical evidence to link rainfall, and its timing, with
numbers of cases of coccidioidomycosis.
Significantly, the drought preceding the 1991 - 1994 epidemic was the most sustained since 1956
implicating it in the development of this epidemic. How the length of droughts may effect the
growth of C. immitis is a matter for conjecture. It is known that C. immitis is a poor competitor
on nutrient media and is easily overgrown by common soil fungi, however is resistant to drought
and high temperatures (15). We can speculate that this particular extended drought suppressed
fungal competitors relative to C. immitis to the extent that constraints on the growth of C. immitis
were released when the 1992 ENSO increased rainfall in California. We conclude that a
fortuitous conjunction of climatic variables appears to have allowed the epidemic to occur.

CONCLUSION

Figure 3

The relative change (RCM) in numbers of cases of coccidioidomycosis for Kern County during the time period 1956 - 1996 (RED LINE).
The BLACK LINE shows the modeled change using the regression equation y = 0.295x1+ 0.001x2 - 0.16 with the variables x1 = length of
drought and x2 = mean annual rainfall. *1 signifies an outlier data point.
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