
cytometry (6). Nuclei from somatic tissue 
would be expected to fall into two distinct 
peaks of fluorescence corresponding to a 2C 
complement of DNA in Go and GI phase 
cells, and a 4C complement for G2 and M 
(mitosis) phase cells. However, as many as 

Developmentally Regulated Systemic 
six distinct peaks of fluorescence occurred in 
M. cvystallinum nuclei isolated from single 

~ n d o ~ o l ~ l o i d i  in ~ucculent~ with Small Genomes p~ants- (Fig. 1 ~ ) .  
- 

The average DNA content for each of the " 
classes of nuclei was calculated from fluores- 

E. JAY DE ROCHER,* KRISTI R. HARKINS, DAVID W. GALBRAITH, cence measurements made from six separate 
HANS J. BOHNERT isolations from leaves, each with -2000 

stained nuclei. Chicken red blood cells, with 
Nuclei from Mesembryanthemum crystallinurn (ice plant) exhibit multiple levels of a DNA content (with standard error) of 
ploidy in every tissue as revealed by flow microfluorometric analysis of isolated nuclei 2.33 + 0.22 pg (6), were included in the 
stained with mithramycin. Multiples of the haploid nuclear genome complement (1C) samples as an internal standard. The posi- 
corresponding to 2C, 4C, 8C, 16C, 32C, and 64C were observed. The distribution of tions of peaks relative to the control were 
nuclei among the different ploidy levels is tissue-specific and in leaves is characteristic used to calculate the average DNA content 
of the stage of development. This type of genome organization has been identified in of the nuclei in each peak. Each successive 
eight other succulent CAM (crassulacean acid metabolism) plant species with small class of nuclei has twice the DNA of the 
genomes. Multiploidy may be a common property of this type of plant. preceding class (7). This pattern is not the 

result of aggregation of nuclei, which would 

P ARTIAL ELIMINATION, SELECTIVE AM- ploidy in Mesembvyanthemum cvystallinum (ice result in classes that are related to the small- 
plification, and multiplication of entire plant). We r&r to the simultaneous presence of est class by multiples of two rather than by 
genomes are some of the alterations to a three or more integer multiples of the diploid exponentials of two. 

constant 2C DNA content (where 1C is the DNA complement in all the h u e s  of a plant as Nuclei were isolated from mature anthers 
haploid genome complement) seen in a variety multiploidy. to determine whether the nuclei with the 
of organisms (1). For plants, the most widely Nuclei were isolated from M, crystallinurn, least DNA were 2C. For anthers rich in 
known form of genome variation is generative stained with the fluorescent dye mithramy- haploid pollen cells, a peak was observed 
or gennline polyploidy, in which haploid germ- cin, and analyzed for DNA content by flow corresponding to a DNA content of 0.38 
line cells contain more than a single comple- 
ment of the genome as, for example, in tetra- 
ploid, hexaploid, and octaploid varieties of 3500 

wheat (2). Less widely known are the various 3000 

forms of somatic polyploidy, which are ob- ; ,,,, 
served in plants and which can arise by polyte- nuclei isolated from tis- - 2000 ny, endomitosis, and other mechanisms (3). sues of M. crystallinurn. S 
Most examples of somatic polyploidy have been (A) Plot of numbers of 1 50° 

r-d to  hi^ s p c d w  such as nuclei as a function of 1 l oOO 
fluorescence intensity vascular elements, embryo-associated cells, or (log scale) resulting from 500 

storage cells of cotyledons (4). About 90% of the flow cytometric andy- o 
angiosperms are thought to be polyploid in at sis of nuclei isolated from 0 50 l oo  150 225 250 I C  2C 4C 8C 16C 32C 64C 

Channel number least some of their somatic cells (5) .  However, a mature leaf, FFluOres- 

previous analytical sndia of the DNA content z~ 2~::~ 2%: 50 

ofnuclei have been limited to studies of a single. n m h r .  I ~ ~ ~ ~ :  vertical 
tissue for a given plant, the simple presence or expansion of sixth peak. 
absence of less or more than two genomic (B to F) Percentages of 3 o 

copies of DNA, or the quantitation of relatively ~~l~$&"~~~'~~~ 
small numbers ofnudei. Flow cytometry allows (B) and pet*, 20 

accurate determination of DNA contents of 1 0  1 0  

large numbers of nuclei fiom numerous tiswes ture 
so that a study can be made ofthe propombn of (F) 

I C  2c 4c BC 16C 3zc 64C cells in the different phases of the cell cycle (6) lyzed as descihd (6) 5 
8 or the assodation of polyploidy with h e  type, from under 2 , 

developmental stage, or environmental faaors. greenhouse conditions in 
We now describe a systemic pattern of multiple soil and h~dro~honics. 

Data were collected for at 
least 5000 nuclei for each 30 

E. J. De Rocher, Depamnent of Molecular and Cellular distribution. The relative 
Biolog University of Arizona, Tucson, AZ 85721, abundance of each ploidy 
K. R. arkins and D. W. Galbraith, Department of Plant class was by 

2 0 

Sciences, University of Arizona, Tucson, AZ 85721. 
H. J. Bohnert, Department of Biochemistry, University means of the integration 1 0  

of Arizona, Tucson, AZ 85721. routine provided by the 
Coulter Electronic Andy- 

*To whom correspondence should be addressed. sis System. rc 2c 4c 8c I G C  3zc GJC I C  2c '&' BC 16C 3zc GC 
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pg. On the basis of the DNA content for the plant genome sizes. It is 0.3% of the Fvitillav- 
2C peak, 0.86 + 0.034 pg (7), we calculate a ia assyviaca genome (1  15,974,000 kb) (2) 
genome size of 391,400 ? 13,300 kb. This and is approximately five times as large as 
falls at the low end of the range of known the genome of Avabidopsis thaliana (70,000 

kb) ( 8 ) ,  the smallest known plant genome. 
Because the 0.86-pg peak corresponds to 2C 
nuclei and each successive class is greater 
than the previous one by a factor of 2, the 
nuclei classes are referred to as 2C, 4C, 8C, 
16C, 32C, and 64C. Mesembvyanthemum crys- 
tillinum appears to become endopolyploid 
by repeated rounds of replication of its 
entire genome in the absence of mitosis. 

Nuclei isolated from specific tissues of M .  
cvystallinum were analyzed for multiple ploi- 
dy (Fig. 1, B to F), which was subsequently 
observed in all tissue types examined. The 
most abundant nuclei found belonged to the 
classes greater than 2C. The distributions of 

Table 1. Extent of endopolyploidy determined for 11 succulent species. Nuclei were isolated from 
leaves and analyzed by flow cytometry. The species are grouped according to phylogenetic classification 
(14). The DNA content given is for the smallest nuclei class for each species. The M. cvystalliwum value is 
2C. Pollen was not available for the other species and, therefore, the values given have not been proven 
to be 2C. Since the genome size of Aloe juveana was too large to be on scale with the internal standard 
and thus could not be measured accurately, it is reported as being -42.00 pg. 

- -  

Order Family Species 
Ploidy DNA 
classes 
(no.) (pg) 

Caryophyllidae 
Aizoaceae 
Cactaceae 
Cucurbitaceae 
Passifloraceae 

Rosidae 
Crassulaceae 
Crassulaceae 
Crassulaceae 
Crassulaceae 
Crassulaceae 

Liliidae 
Liliaceae 
Liliaceae 

nuclei &ong the ploidy classes varied, but 
were characteristic of each tissue. For root 
tips and young leaves, the distribution was 
skewed toward 2C, 4C, and 8C nuclei. In 

Mesembryanthemum crystalliwum 
Peveskia grandifolia 
Xevosicyos danguyi 
Adenia sp. 

mature leaves, cotyledons, and flowers (ex- 
cluding the haploid pollen cells) 8C and 
16C nuclei were prevalent. These general 

Cvassula phytevis 
Echevevia vamiletta 
Kalanchoe blosfeldiana 
Kalanchoe jidtshenkoi 
Sedum adolphi wova 

Datterns were observed in at least three 
independent isolations for each tissue type. 

To test the possibility that multiploidy 
Aloe  hyb .  
Aloe juveana 

- .  

was associated with the.overall age of the " 
plant, we isolated nuclei from the stems and 
cotyledons of 3-day-old seedlings, the coty- 
ledons of 1.5-week-old plants, and the leaves 
of plants that were 1.5,4, 5, 6, 7, 8, and 10 
weeks old, covering a large part of the 14- to 
16-week life-s~an of this s~ecies. Multi- 

Table 2. Summary of 11 succulent and 39 nonsucculent (11) plants for which the genome size and 
number of ploidy classes have been determined by flow cytometry. Numbers given under the three 
genome size ranges represent the numbers of species in each range for each of the taxonomic families 
(13) studied. I I 

ploidy was observed in all cases, although 
the exact distribution varied. Ploidy classes 
of 2C, 4C, and 8C were always present. The 

Ploidy Number of species with 

Order Family classes 2C nuclear DNA content (pg) 

(no.) 0.7-3.5 3.5-25.0 >25.0 stems and cotyledons of the 3-day-old seed- 
lings and the cotyledons of the 1.5-week-old 
plants had 2C, 4C, 8C, 16C, and 32C 
nuclei. In leaves, the presence of 16C, 32C, 
and 64C nuclei depended on leaf position. 
While the young, upper leaves had little or 
no 16C and 32C nuclei, the mature, lower 

Succulents 
Caryophyllidae 

Aizoaceae 
Cactaceae 
Cucurbitaceae 
Passifloraceae 

Rosidae 

Liliidae 

Asteridae 

leaves were always found to have 16C and 
32C nuclei in addition to 2C, 4C, and 8C 

Crassulaceae 
. . 

nuclei. 
A developmental gradient is formed by 

the series of leaves from the top to the 
bottom of the plant., T o  test whether 
changes in the relative abundance of each 
ploidy class correlated with leaf develop- 
ment, we determined distributions for nu- 

Liliaceae 
Nonsucculents 

Apocynaceae 
Compositae 
Convulvulaceae 
Gesneriaceae 
Labiatae 
Scrophulariaceae 
Solanaceae 

clei from three developmental series of 
leaves (Fig. 2). The percentage of nuclei that 
is 8C is uniform over the course of leaf Caryophyllidae 

Cornmelinidae 

Dillenidae 

Rosidae 

development. However, the ploidy distribu- 
tion shifts gradually from a bias toward low 
ploidy in the young, upper leaf to a bias 
toward higher ploidy in the mature lower 
leaf. In the youngest leaves, 57 2 3.6% of 
the nuclei were 2C or 4C. This percentage 
declined to 33 + 6.7% of the nuclei from 
the mature leaves. In dicotyledonous~plants, 
most cell divisions are completed early in 
leaf development, and enlargement to the 

Caryophyllaceae 

Gramineae 

Cruciferae 

Euphorbiaceae 
Geraniaceae 
Leguminosae 
Lythraceae 
Rosaceae 
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a b c d 

Young leaf Mature leaf 

Fig. 2. The change in ploidy distribution with leaf 
development. Average ploidy distributions for 
four sets of leaves from three plants are shown 
starting with (a) the topmost leaf pair through the 
(b) second, (c) third, and (d) fourth leaf pair 
down the central axis of the plant. Standard errors 
range from 0.6 to 6.0. 

fully expanded mature leaf is primarily the 
result of cell expansion. The higher propor- 
tion of low ploidy nuclei in young leaves 
may result from the developmental pro- 
gram. The high rate of cell division in early 
leaf development may delay the accumula- 
tion of cells with elevated genome copy 
numbers. 

When M. crystallinurn is subjected to high 
NaCl or drought stress, it undergoes a major 
physiological and metabolic conversion 
from C3 to CAM (crassulacean acid metabo- 
lism) COz fixation (9) as a result of altered 
gene expression (10). This conversion is a 
water conservation strategy. Because differ- 
ences in gene copy number could be one 
aspect of changes in gene expression in 
response to stress, ploidy distributions were 
determined for nuclei from leaves and roots 
of nonstressed and NaC1-stressed plants 
( I  I ) .  No significant differences in ploidy 
distribution in response to salt stress were 
observed in five independent experiments. 
Subtle changes that might be limited to a 
specific cell type within these tissues are not 
ruled out. 

Multiploidy was not observed in 39 plant 
species previously analyzed by slow cytome- 
try (12). Since M. crystalliriurn differs from 
these other plants in that it is a succulent 
CAM plant, we analyzed nuclei from the 
leaves of ten other succulent CAM species 
to test the possibility that multiploidy is 
associated with succulence or CAM. We 
have identified eight species that exhibit 
multiple ploidy at least in their leaves and 
two species that do  not (Table 1). As does 
M .  crystallinurn, the eight multiple ploidy 
species have a small genome size, and 2C 
nuclei make up only a minor part of the total 
nuclei population. Two species of aloe, al- 
though succulent CAM plants, do  not ex- 
hibit multiple classes of ploidy. These aloes 
are distinct from the other succulents in that 

they have very large genomes. This agrees 
with the observation that the tendency for 
somatic polyploidization in plants is inverse- 
ly related to genome size and that somatic 
polyploidization in small genome plants and 
germline polyploidization in large genome 
plants may be two strategies for accomplish- 
ing a similar result (13). Multiple ploidy is 
not exhibited by 16 nonsucculent species 
that have genome s h s  similar to the multi- 
ploid succulents (Table 2). Multiploidy may 
be a general property of succulents that have 
small genomes. The function of multiploidy 
in these ~ lan t s  is unknown. In mature M. 
crystallinurn leaves, the presence of a range of 
ploidy, including 2C, indicates that not all 
cells are destined to become endopolyploid. 
The gradual shift in the bias of ploidy . 
distributions toward higher levels seen dur- 
ing leaf development stops once the leaf is 
fully expanded. A ploidy distribution is then 
maintained that is typical of mature leaves. 
This pattern of differential endopolyploidi- 
zation may be linked to the process of 
cellular differentiation that yields the differ- 
ent types of cells present in the mature leaf. 
Cxlls that could reasonably be expected to 
reach high levels of ploidy are large-volume 
cells such as the water-storing mesophyll 
cells that give the leaves the property of 
succulence~~he capacity for synthesis from a 
small genome may be insufficient for the 
large volume of these cells. For succulents, it 
may be that large genomes and multiploidi- 
zation of small genomes are alternative strat- 
egies for adaptation to arid environments. 

Correlation of ploidy with particular cell 
types would give clues as to the possible role 
of multiploidy in these plants. 

REFERENCES AND NOTES 

1. W. Nagl, Annu. Rev.  Plant Physiol. 27, 39 (1976). 
2. M. D. Bennett and J. D. Smith, Proc. R .  Soc. London 

Ser. B 274,227 (1976). 
3. Y. K.  Bansal and S. Sen, Nucleus (Calcutta) 28, 183 

(1985). 
4. W. Nagl, Z. Pjanzenphysiol.  73, 1 (1974); S. S. 

Dhillon and J .  P. Miksche, A m .  J. Bot. 69, 219 
(1982); M. F. Le Gal, F. M. Lecocq, J. N. Halet, 
Protoplasma 130, 128 (1986). 

5. F. D'Amato, C R C  Crit.  Rev.  Plant Sci. 3, 73 (1986). 
6. D. W. Galbraith et a / . ,  Science 220, 1049 (1983). 
7. The DNA contents (picograms) and standard errors 

(N = 6) for 2C, 4C, 8C, 16C, and 32C nuclei were, 
respectively, 0.86 + 0.034, 1.77 + 0.047, 3.47 2 
0.087,6.72*0.216,and 13.0620.893. 

8. L. S. Leutwiler, B. R. Hough-Evans, E. M. 
Meyerowin, Mol.  C e n .  Genet. 194, 15 (1984). 

9. K. Winter and D. J. von WiUert, Z. Pjanzenphysiol.  
67, 166 (1972). 

10. J. C. Cushman, G. Meyer, C. B. Michalowski, J. M. 
Schmitt, H. J.  Bohnert, Plant Ce l l .  1, 715 (1989). 

11. Data not shown. Plants ( M .  crystallinum) were salt- 
stressed by the addition of NaCl to nutrient solution 
in a concentration of 500 mM. Plants were stressed 
5, 10, and 28 days. 

12. K. Harkins, personal communication. 
13. W. Nagl, Nature 261, 614 (1976). 
14. V. H. Heywood, Ed., Flowering Plants of the World 

(Mayflower Books, New York, 1978). 
15. We thank J. Van't Hof, V. Walbot, and J. Cushman 

for critical reading of the manuscript, and B & B 
Cactus Farm of Tucson, Arizona, for supplying 
several species of succulents. Supported by Arizona 
Agricultural Experimental Station (174452) and 
USDA-CRGP-89-37264-4711 (E.J.D. and H.J.B.) 
and by NSF DIR-8709697 (K.R.H. and D.W.G.). 
Cell sorter ourchased bv Aeridturd Research Lab- 
oratory ~ibtechnolog; P;ogram and DOE DE- 
FG05-88ER75457. 

28 February 1990; accepted 11 July 1990 

Photoacoustic "Signatures" of Particulate Matter: 
Optical Production of Acoustic Monopole Radiation 

Absorption of pulsed laser radiation by a single particle generates a photoacoustic wave 
whose time profile can be measured with a wideband pressure transducer. Solution of 
the wave equation for pressure in one, two, and three dimensions shows that the 
photoacoustic wave is determined by the geometry and dimensions of the particle, and 
by its sound speed and density relative to the fluid that surrounds it. Photoacoustic 
waves, referred to here as signatures, are reported in experiments in which fluid 
droplets, cylinders, and layers are irradiated with 10-nanosecond laser pulses. 

T HE ABSORPTION OF OPTICAL RADIA- 

tion by matter causes heating and, in 
general, subsequent expansion of the 

irradiated body, thereby launching an acous- 
tic wave. Owing to its high sensitivity and 

Department of Chemistr)., Brown University, Provi- 
dence. RI 02912. 

"Present address: Depamnent of Chemisuy, University 
of Illinois at Chicago. Chicago, IL 60680. 

its response to evolved heat, this process, 
known as the photoacoustic effect, has 
found application in a number of fields 
including spectroscopy, nondestructive test- 
ing, photochemistry, microscopy, semicon- 
ductor physics, and trace detection (1). We 
report here a study of a facet of the photo- 
acoustic effect that has heretofore received 
only scant attention: the temporal profile of 
acoustic waves generated by particulate mat- 
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