
ence of thick clouds so that mean vertical 
motions should be less downward. Diabatic 
heating at the bottom of thick tropospheric 
anvils should also give rise to decreased 
downward motion and possibly even up
ward motion. At mid-tropospheric heights 
it is less obvious what to expect during El 
Nino conditions. On the one hand, the 
presence of thick clouds should inhibit dia
batic cooling and mitigate against down
ward motion. On the other hand, precipita
tion from decaying tropospheric anvils 
would cause diabatic cooling due to evapo
ration below the clouds, leading to en
hanced downward motion there. 

Figure 4 shows the mean vertical motions 
observed at Christmas Island during the 
period before the 1986-1987 El Nino and 
during the El Nino. Upward vertical mo
tions above 14 km were observed to be 
systematically lower during the El Nino, 
consistent with the idea of reduced diabatic 
heating. Downward vertical motion is re
duced systematically in the upper tropo
sphere, consistent with the idea of reduced 
cooling to space due to the presence of 
optically thick clouds; enhanced downward 
motions around 6 km are consistent with 
evaporative cooling. 

Although we favor a radiative explanation 
for the vertical motions observed in the 
upper troposphere and lower stratosphere, 
dynamical forcing may also play a significant 
role. In particular, the meridional circulation 
needed to maintain the stratospheric quasi-
biennial oscillation winds in geostrophic 
balance involves vertical motion near the 
equator (#), with a sign that reverses on the 
quasi-biennial time scale. This circulation is 
not expected to penetrate below the 
tropopause, however. 

Tropical networks of wind profilers and 
integrated sounding systems (9) that include 
wind profilers are currently in an advanced 
state of development and should be imple
mented within the next few years. They are 
expected to provide observations of tropical 
circulation systems and equatorial waves 
over a broad range of scales (10). Further
more, profilers by virtue of their ability to 
resolve small-scale internal waves provide a 
means for investigating dynamical coupling 
between the lower, and middle atmosphere. 
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studied by the technique of tetrad analysis. 
The products of meiosis are contained in 
structures (asci) that allow their recovery as 
a set. Genetic crossing begins by the joining 
of a haploid cell from each parent to produce 
a fusion cell containing two nuclei; This cell 
multiplies vegetatively inside a maternally 
produced fruiting body (a perithecium) into 
a cluster of cells. Asci develop when nuclear 
fusion and meiosis occur within some of 
these cells. The four haploid products of 
meiosis (a tetrad) then divide mitotically, 
resulting in eight ascospores per ascus. Each 
tetrad therefore consists of four pairs of 
sister spores, each pair representing one of 
the four products of meiosis. 

Some crosses of N. haematococca produce 
fewer Pda+ progeny than expected from 
conventional models of inheritance (4, 5, 7). 
In a cross (cross 272) between two strains 
that each carried Pda6 as the only active Pda 
gene (7), only asci with 8 Pda+:0 Pda" 
segregation were expected. However, many 
asci from this cross showed 4 Pda+:4 Pda"" 
segregation (Table 1). The Pda~ condition 
was nQt associated with any distinct pheno-
type or growth pattern in culture. No ho
mology to a cloned Pda gene (Pda-T9) (8) 
was detected by hybridization to the DNA 
from these Pda~ progeny (9); thus loss of 

A Fungal Gene for Antibiotic Resistance on a 
Dispensable (CCB55) Chromosome 

V I V I A N P. M I A O , * S A R A H F. C O V E R T , H A N S D . VANEiTENt 

A family of cytochrome P-450 (Pda) genes in the pathogenic fungus Nectria haema
tococca is responsible for the detoxification of the phytoalexin pisatin, an antimicrobial 
compound produced by garden pea (Pisum sativum L.). The Pda6 gene was mapped by 
electrophoretic karyotype analysis to a small meiotically unstable chromosome that is 
dispensable for normal growth. Such traits are typical of B chromosomes. The strains 
of Nectria studied here have no sequences that are homologous to the Pda family other 
than Pda6 and therefore demonstrate that unique, functional genes can be found on B 
chromosomes. Unstable B chromosomes may be one mechanism for generating 
pathogenic variation in fungi. 
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Fig. 1. Karyotypes partially re- P ASCUS 6 P ASCUS 6 P 
solved by pulsed-field gel electro- I I P- + - + - + + - +  + - + - + + - +  
phoresis (at left) (9, 18) of parent 
strains (P) and progeny from ascus 
6 of cross 272. Plus and minus 
symbols indicate that a strain was 
Pda+ or Pda-, respectively. Pda- 
progeny lack the 1.6-Mb chromo- 
some, shown here at right to con- 
tain the Pda6 locus by Southern 
blot hybridization to Pda-79 (19). 
The intensely staining bands imme- 
diately below the wells are unresolved chromosomes 2 4  Mb. Molecular sizes were estimated by 
coelectrophoresis of Saccharomyces cerevisiae strain YPH 149 (20) and Neurospora crma strain 74OR23- 
1A (21). In general, the second spore of a pair that represents the same meiotic product is not shown 
when such pairs were identified by other markers such as mating type; the six progeny portrayed 
represent all the products of meiosis. 

the Pda+ phenotype was due to failure to 
transmit Pda6, rather than to gene inactiva- 
tion. Because asci in one perithecium are 
normally derived from the same initial fu- 
sion cell in fungi such as N. haematococca, the 
presence of asci with only Pda+ progeny, as 
well as asci with both Pda+ and Pda- prog- 
eny in the same perithecium, indicates that 
loss of Pda6 occurred only after crossing. 
Furthermore, the absence of differences be- 
tween sister spore pairs representing the 
same meiotic product suggests that changes 

happened before the first division after mei- 
osis. Therefore, failure to transmit Pda6 
could have occurred during proliferation of 
the fusion cell preceding meiosis, during 
meiosis, or both (10). 

Pda6 mapped to a small chromosome of 
about 1.6 megabases (Mb) when chromo- 
somes of the parent strains in cross 272 were 
resolved by pulsed-field gel electrophoresis 
(11) and probed with the cloned Pda-79 
gene (Fig. 1). In all Pda- progeny exam- 
ined, changes involving the 1.6-Mb chro- 

P Ascus 18 P P Ascus 26 P - - + + + + + + + +  + -  - + + +  

Ascus 6 
I I P  r 1 

P P 
- + - + + - + +  - + - - + + + +  

Ascus 19 

Ascus 1 Ascus ' 
7 

Fig. 2. Karyotypes by pulsed-field 
gel electrophoresis of parents and 
progeny from cross 272 (22). Prog- 
eny in ascus 18 illustrate the expect- 
ed pattern. The 1.6-Mb chromo- 
some in both parents and Pda+ 
progeny of ascus 1 hybridized to 
Pda-79, as shown in the corre- 
sponding Southern blot (at lower 
right). Similar results were also ob- 
tained with the parents and Pda+ 
progeny of asci 6, 18, 19, and 26. 
Nonparental bands in Pda+ proge- 
ny were deduced to be derivatives 
of the 1.6-Mb chromosome be- 
cause they hybridized to Pda-79. In 
Pda- progeny, 0.9- to 1-Mb bands 
that did not hybridize to the probe 
also appear to be derived by dele- 
tion (Fig. 3). Unresolved large mo- 
lecular-mass chromosomes are des- 
ignated by u. 

mosome were apparent by electrophoretic 
karyotype analysis. The changes appear to be 
caused primarily by chromosome loss or 
deletion (Fig. 2). Nondisjunction was also 
observed; two of the Pda+ progeny from 
ascus 19 (Fig. 2) have two copies of the 
Pda6 chromosome, one of which is a trun- 
cated form. Most Pda+ progeny retained the 
parental Pda6 chromosome, but smaller ver- 
sions of the chromosome that hybridized to 
Pda-T9 were also observed (Fig. 2). To 
verify that the apparently lost or deleted 
portions of the 1.6-Mb chromosome had 
not translocated elsewhere in the genome, 
we isolated the 1.6-Mb chromosome from a 
pulsed-field gel and used it to probe isolates 
from cross 272 (Fig. 3). The 1.6-Mb chro- 
mosome hybridized to itself and its deletion 
derivatives of 1.5 and 0.9 Mb but not to 
chromosomes of the Pda- strain that had 
apparently lost the chromosome. 

The novel chromosomes observed in the 
progeny of cross 272 were themselves un- 
stable. A Pda+ strain with a 1.5-Mb deriva- 
tive of the chromosome was crossed (cross 
289) to a Pda- sibling carrying a 1-Mb 
derivative chromosome from which Pda6 
was deleted (Fig. 2, ascus 6). Although the 
Pda phenotype of the progeny from this 
cross segregated as expected by Mendelian 
inheritance (12), tetrads examined 
showed changes in the size of their small 
chromosomes. In some cases. the two Daren- 
tal forms of the Pda6 chromosome appeared 
to have recombined between themselves to 
reconstruct the original 1.6-Mb Pda6 chro- 
mosome (Fig. 4, &ci 1 and 2); a presump- 
tive reciprocal product of 0.9 Mb was also 
generated (Fig. 5). The preponderance of 

Table 1. Inheritance of pisatin-demethylating 
ability among progeny from cross 272 between 
two Pda6 strains of N.  haematococca. Asci from 
the same perithecium and from different 
perithecia were analyzed. Representatives of 
both segregation patterns (8 Pda+:O Pda- is the 
expected pattern, and 4 Pda+:4 Pda- is the 
unexpected pattern) from different perithecia 
segregated normally for a control marker, the 
mating type gene Mat. Crossing, isolation of 
progeny from asci, scoring Mat, and assaying 
pisatin demethylation were as described (4, 5). 

No. of asci Progeny 
Perithecium analyzed by 

pulsed-field 
8:0 4:4 electrophoresis 

A 4 Ascus 1 
B 9 Ascus 6 
C 3 
D 2 1 Asci 18 and 

19 
E 1 
F 3 
G 2 1 Asci 25 and 

26 
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Fig. 3 

cross 272 Parents Ascil8 and 25 Ascus 1 Ascus 26 AscuS6 Ascus19 
Pdaphenolype + + + + +  + + +  + +  + + - - + + - - + + - - 

(righi) with the 1.6-h& chrombsome 
(24). Lane 1, S .  cereuiriae YPH80 (FMC Bio- 
Products); lane 2, Schizosaccharomyces pombe 972 
(FMC BioProducts), lane 3, Pda+ parent from 
which the 1.6-Mb chromosome (arrow) was iso- 
lated; lane 4, Pda+ progeny from ascus 6 (Fig. 2); 
lane 5, Pda- progeny from ascus 6; and lane 6, 
Pda- progeny from ascus 26. In all other pulsed- 
field gels we have run, the 1.6-Mb chromosome of 
S .  cereuisiae migrated the same distance as the 
meiotically unstable chromosome of N. haemato- 
cocca. As a result, we regard the migration of the 
S. cerevisiae chromosomes in this gel as an anom- 
aly. Surprisingly, the 1.6-Mb chromosome hy- 
bridized to specific chromosomes of S .  cerevisiae 
and S .  pombe to a greater extent than it did to the 
N. haematococca strain lacking the dispensable 
chromosome. 

p Ascus 1 P 

+ + + + - - - -  
-7- - v -  V T  T 

Mb 
* r  r * .  1 

P Ascus 2 P P Ascus 2 P 
I I I i -- - - + + + - -  - -  + + + 

Fig. 4. Karyorypes of parents and progeny from 
cross 289. The parent strains are from ascus 6 of 
cross 272 and carry deletion derivatives of the 
Pda6 chromosome. The Pda+ parent has a 1.5-Mb 
derivative, whereas the Pda- parent has a 1.0-Mb 
derivative. Where one progeny in an ascus 
showed a larger (1.6 Mb) than parental chromo- 
some, there is a sibling from the same ascus 
exhibiting a correspondingly smaller (0.9 Mb) 
than parental band. Samples were treated as in 
Fig. 2. 

0. w'$-r'1-.'..7.=1'.1..1[=l..r...- 

No change Deletion Loss Deletion Deletion, bss, 
Qhree types) nondiiunctbn 

Cross 289 Parents Ascus 8 Ascus 5 Asci 2 and3 Ascus 1 
Pdaphenotype+- + + - -  + + -  - + + -  - + + - -  

.............. ................................................. Size 1.6 ......... .......... ..... (Mb) 1.5 .. H ............................................ 

0 . 3 8 . 1 .  Fn-c .-. . I-. 4.1. 

Loss Nondiijundion Translocation Translocation 

Fig. 5. Summary of partial karyotypes from parents and progeny of crosses 272 (Table 1) and 289 (12). 
The karyotypes are represented as a vertical schematic diagram of how the chromosomes would appear 
after separation by pulsed-field gel electrophoresis. Si (in megabases) of each chromosome is indicated 
to the left. Filled rectangles indicate chromosomes that hybridized with Pda-79; open rectangles 
indicate chromosomes that failed to hybridize. Below the karyotypes are suggested cytological events 
that could lead to the observed patterns among the four products of meiosis. 

0.9- to 1-Mb derivatives among the progeny 
of cross 272 and the apparent restoration of 
the Pda6 chromosomi to its original size in 
cross 289 suggest that there may be sites in 
the Pda6 chromosome that are favored for 
breakage and reunion. 

Dispensability, structural plasticity, and 
meiotic instability associated with karyotype 
change suggest that the Pda6 chromosome 
of N. haematococca can be regarded as a B 
chromosome. B chromosomes have been 
extensively documented in plants and ani- 
mals (13) but have only recently been re- 
ported in fungi (14). One major difference 
between the proposed B chromosome in N. 
haematococca and classical B chromosomes is 
the presence of at least one unique function- 
al gene, in this case a representative from the 
physiologically significant Pda family (1). In 
addition, a Mak gene, which detoxifies 
chickpea phytoalexins, was lost concurrently 
with Pda6 (7), suggesting that it is carried 
on the same dispensable chromosome. Un- 
usual meiotic transmission of other Mak 
genes in N. haematococca has also been ob- 
served (7). 

Nectria haematococca causes disease on 
plants other than pea and also exists as a 
saprophyte (15). In environments where pi- 
satin is absent, the Pda+ phenotype would 
not appear to be essential; thus, Pda genes, 
and apparently the chromosomes on which 
they reside, could be dispensable. Pisatin, 
however, may provide selective pressure to 

maintain Pda-containing chromosomes 
when the fungus is functioning as a patho- 
gen on pea. 

The frequency of meiotic loss in N. hae- 
matococca may be rare because the sexual 
cycle is infrequent in nature (16). Neverthe- 
less, this study suggests that fungal genes 
conferring resistance to antibiotics of plant 
origin may be carried on nonessential com- 
ponents of the genome, perhaps in a manner 
analogous to R plasmids in bacteria. It is not 
yet known whether the B chromosomes are 
laterally transmissible, thereby conferring on 
different fungi one attribute for pathogenesis 
on pea (1 7). However, the properties of these 
genetic elements would suggest that they may 
contribute to the genetic variability of patho- 
genic fungi, thus altering the potential of 
fungi to parasitize different plants. 
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Identification and Characterization of Zinc Binding 
Sites in Protein Kinase C 

Metal ion coordination in the regulatory domain of protein kinase C (PKC) is 
suggested by the conservation of six cysteines and two histidines in two homologous 
regions found therein. By monitoring x-ray fluorescence from, a purified sample of rat 
PKC @I overexpressed in insect cells, direct evidence has been obtained that PKC @I 
tightly binds four zinc ions (Zn2+) per molecule. Extended x-ray absorption fine 
structure (EXAFS) data are best fit by an average Zn2+ coordination of one nitrogen 
and three sulfut. atoms. Of the plausible Zn2+ coordination models, only those 
featuring nonbridged Zn2+ sites accommodate the EXAFS data and all of the 
conserved potential ligands. 

P KC IS A CLOSELY RELATED FAMILY 

of phospholipid-dependent serinel 
threonine kinases that play a funda- 

mental role in cellular signal transduction 
(1). Nine different mammalian members of 
the PKC family have been characterized: a, 
PI, PII, y, 6, E, 5 [see (1) for a review], (Z), 
and L (3), and PKC homologs have been 
identified in Saccharomyces cerevisiae (4), 
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Drosophila melanogaster (5, 6), and Cae- 
norhabditis elegans (7). 

The PKC molecule is a single polypeptide 
chain containing an NH2-terminal regulato- 
ry domain and a COOH-terminal catalytic 
domain. The regulatory domain contains 
the interaction sites of the effector molecules 
diacylglycerol (DAG), phosphatidylserine, 
calcium, and tumor-promoting phorbol es- 
ters. Within the regulatory domain are two 
adjacent, highly similar regions of -50 ami- 
no acids containing six conserved cysteines 
(C) and two conserved histidines (H) in the 
pattern H-X12-C-X2-C-Xl,-14-C-X2-C-X4- 
H-X2-C-X,-C (C6-H,), where intervening 
X residues are more variant (Fig. 1). Excep- 
tions to this are the 5 subtype, which con- 
tains only one C6-H2 region (8), and the L 
subtype, which lacks two of the conserved 

cysteines and one of the conserved histidines 
in the second C6-H2 region (3). The conser- 
vation of the six cysteines in these regions 
was noted early on, but the two equally 
conserved histidines have received little at- 
tention. This C6-Hz motif is also found in 
n-chimaerin (9), porcine diacylglycerol ki- 
nase (lo), the unc-13 gene product ( l l ) ,  and 
the raf/mil(12) and vav (13) oncogene prod- 
ucts. A study of PKC regulatory domain 
mutants has shown that the C6-H2 regions 
are essential for the binding of phorbol 
esters and, by implication, DAG (14). 

Because PKC is a cytosolic protein and 
therefore not expected to contain disulfide 
bonds, a likely function served by this num- 
ber of conserved cysteines is metal ion coor- 
dination. In addition, histidines are com- 
mon donors of N ligands in Fe, Cu, and Zn 
ion coordination. The putative ligands, thi- 
olate S and imidazole N atoms, and the 
absence of color of concentrated PKC solu- 
tions suggest zn2+ as a candidate metal ion. 

We measured the x-ray fluorescence 
(XRF) from a purified sample of l l l y  acti- 
vatable rat PKC PI that had been overex- 
pressed in insect cells (15) (Fig. 2A). Syn- 
chrotron x-rays were used for excitation, and 
an energy-discriminating solid-state detector 
monitored XRF emissions (16). We could 
detect simultaneously a variety of metal ions, 
from Ca (atomic number Z = 20) to Ge ( 2  
= 32) by K, emission and from Sn ( 2  = 
50) to Ir ( 2  = 77) by L, emission. 

The XRF data for the PKC PI sample and 
the control sample, a pool of fractions that 
eluted just before PKC PI on the last chro- 
matography column, are shown in Fig. 2B. 
There are three major peaks in common in 
the two spectra, consistent in energy with Cr 
and Cu K, emissions (5.41 and 8.04 keV) 
and the incident beam scatter (1 1.2 keV). 
The Cr and Cu peaks are present in the 
spectrum of an empty sample cell and are 
due to trace amounts of those elements in 
the cell window material. Two peaks are 
unique to the PKC PI spectrum, consistent 
with Zn K, and Kp emissions (8.63 and 
9.57 keV). In the difference spectrum (Fig. 
2B inset), the Zn K, and Kp peaks predom- 
inate. The significance of the small peak at 
Cu K, is unclear. On the basis of a linear 
regression analysis of Zn standard solutions, 
the amount of Zn in the PKC PI sample was 
calculated to be 1.22 r 0.03 mM. The con- 
centration of PKC PI in the sample was 
determined by amino acid composition anal- 
ysis and gel densitometry to be 22.2 + 1.5 
mglrnl (0.29 mM) (17). The calculated ratio 
of Zn2+ to PKC PI is thus 4.2 r 0.3. 

The Zn K-edge absorption spectrum for 
the PKC PI sample is shown in Fig. 3A, and 
the extracted EXAFS oscillations are shown 
in Fig. 3B (1 8). EXAFS can provide infor- 
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