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The  relative a m o u n t  of nuclear  D N A  in recent ly  different ia ted t racheary e lements  of cu l tured  
pea root cortical cells was de termined .  Cells conta in ing  2c, 4c, 8c, and  16c a m o u n t s  of DNA were 
observed,  and  the  d is t r ibut ion of the  DNA classes was s imi lar  to tha t  of the  undifferen-  
t i a ted  cell popula t ion.  

I N T R O D U C T I O N  

The formation of tracheary elements in 
tissue culture has been regarded for some 
time as a model system for the study of 
differentiation in plants (Torrey et al., 
1971). Tracheary elements are differenti- 
ated cells of the xylem characterized by 
dist inctively pat terned secondary cell 
walls. In the final cell maturation, the cell 
contents autolyze and the cell wall re- 
mains, forming the water-conducting 
channels within the plant. When pea root 
cortical explants are transferred to a nutri- 
ent medium containing auxin and cytoki- 
nin, DNA synthesis, cell division, and cell 
differentiation following according to a de- 
finite and predictable time course (Phillips 
and Torrey, 1973). Consequently, this sys- 
tem offers opportunity for the analysis of 
cellular events preceding cytodifferentia- 
tion. 

Previous studies on this and similar 
systems have shown that all tracheary 
elements derive from cortical cells that 
have divided at least once, and that the 
cells destined to differentiate synthesize 
DNA within the 5-6 days before sculptured 
secondary walls are evident (Torrey and 
Fosket, 1970). While the cortical cells are 
initially diploid (Libbenga and Torrey, 
1973), the first mitoses observed are largely 
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tetraploid with a subsequently increasing 
proportion of octaploids (Phillips and Tor- 
rey, 1973). These results suggest a develop- 
mental  sequence involving hormone- 
stimulated endoreduplication of DNA fol- 
lowed by polyploid mitosis and terminal 
cell differentiation. 

The involvement of endoreduplication in 
various kinds of differentiating plant tis- 
sues was discussed by D'Amato (1964a,b). 
Avanzi and co-workers recently concluded 
that the developmental sequence in meta- 
xylem formation in Al l ium roots involved 
not only an early phase of endoreduplica- 
tion, but also a subsequent period during 
which amplification of ribosomal cistrons 
associated with the nucleolar organizer 
took place (Innocenti and Avanzi, 1971; 
Avanzi et al., 1973). In cultured tissues of 
Cymbid ium Nagl and co-authors have re- 
ported both endoreduplication of DNA and 
replication of heterochromatic DNA pre- 
ceding differentiation of hair cells and 
specialized storage cells (Nagl, 1972; Nagl 
and Rficker, 1972; Nagl et al., 1972). A 
relationship between DNA replication and 
the differentiated state under hormonal 
control was suggested. 

The objective of the present study was to 
determine the DNA content of nuclei in 
early differentiating tracheary elements 
whose identity could be established by the 
characteristic secondary wall pattern, but  
whose nuclei had not yet autolyzed in the 
final and terminal stage of differentiation. 
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MATERIALS AND METHODS 

Seeds of the garden pea, Pisum sativum 
cv. Little Marvel, were surface sterilized 
and germinated aseptically. Segments 1 
mm thick were cut at 10-11 mm from the 
root tip and the central cylinders removed 
using the tissue punch described by Lib- 
benga and Torrey (1973). The cortical 
explants were transferred aseptically to 
petri dishes containing S2M medium sup- 
plemented with 1.0 mg/liter kinetin and 
solidified with 0.8% agar and were main- 
tained in darkness at 25~ 

After 6 days (when sampling first showed 
differentiated elements) the explants were 
fixed overnight in absolute ethyl alcohol: 

glacial acetic acid (3 : 1), hydrolyzed for 45 
min with 5 N HC1 at 20~ stained with 
Schiffs reagent for 60 min (Bosshard, 
1964) and then squashed onto microscope 
slides coated with Haupt 's adhesive. The 
cover slip was removed after freezing with 
dry ice, and the preparation was rinsed in 
alcohol and mounted in Euparal. 

The relative amounts of DNA in nuclei 
of tracheary elements were determined 
using a Vickers M85 scanning microdensio 
tometer. Only those elements containing a 
single, entire nucleus were included (Fig. 
1). That the nuclei were actually within the 
elements was checked by focussing on the 
sculptured wall above and below each 

FIG. 1. Feulgen-stained squash preparation showing a single nucleated tracheary element and several 
undifferentiated cells. The photograph was taken in polarized light, showing the birefringence of the secondary 
cell wall. 
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nucleus. Elements containing fragments or 
obviously damaged nuclei were ignored, as 
were overlapping elements in the denser 
parts of the squash. 

R E S U L T S  AND D I S C U S S I O N  

The DNA values observed fell into four 
major and distinct classes, corresponding 
to the 2c, 4c, 8c, and 16c levels of DNA 
(Fig. 2), with the 4c and 8c values predomi- 
nating. The distribution of DNA classes 
among the undifferentiated population of 
the same tissue squashes is shown in Table 
1, together with that of the tracheary 
elements. With the exception of the small 
population of 2c nuclei among tracheary 
elements, these data correspond closely to 
those reported by Libbenga and Torrey 
(1973) for 7-day-old explants on the same 
medium determined by quite different 
methods. The data indicate that differenti- 
ation occurs in cells at several different 
DNA levels rather than being associated 
with any particular level of DNA as, for 
example, is the case in Hydrocharis tricho- 
blasts (Cutter and Feldman, 1970). Differ- 
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FIG. 2. Nuclear  D N A  conten t s  of 881 differentiat-  
ing t racheary  e lements  from squash  prepara t ions  of 
pea root cortical explants .  T he  microdens i tomete r  
readings  were ca l ibra ted  in t e rms  of DNA content  by 
m e a s u r e m e n t  of  prophase  nuclei  from the  s ame  
squashes ,  and  were checked  aga ins t  p rophase  nuclei  
f rom pea root t ips  which were known to be 4c. The  
D N A  values  ob ta ined  expressed in arbi t rary  uni t s  
were: 2c = 25; 4c = 48; 8c = 94; 16c = 185. 

T A B L E  1 

DISTRIBUTION OF D N A  CLASSES IN THE 
UNDIFFERENTIATED CELL AND TRACHEARY ELEMENT 

POPULATIONS OF CORTICAL EXPLANTS CULTURED FOR 6 

DAYS ON S2M + 1 MG/LITER KINETIN ~ 

Cell type D N A  values  (% of total} 

2c 4c 8c 16c 

Undi f fe ren t ia ted  6 50 38 6 
Trachea ry  e lement  3 57 39 1 

" Microdens i tomete r  m e a s u r e m e n t s  were m a d e  of 
424 nondiv id ing  Feulgen-s ta ined  nuclei  from undif-  
ferent ia ted  cells, and  881 nuclei  from dif ferent ia t ing 
t racheary  e lements .  

entiating elements with nuclei at different 
levels of DNA occur in frequencies roughly 
in the same proportion as those of the cell 
population at large. 

The tracheary elements containing the 
2c amount of DNA must represent diploid 
cells in G1, and it seems unlikely that 
endoreduplication could be involved in the 
history of these ceils. However, they would 
have come from cortical cells which had 
undergone DNA synthesis and cell division 
in culture before differentiating. The 4c, 
8c, and 16c classes cannot be interpreted 
unequivocally at present, since 4c nuclei 
may be diploids in G2 or tetraploids in G1, 
and similar considerations apply to the 8c 
and 16c classes. However, it is known that 
tracheary elements arise only from recently 
divided cortical cells (Torrey and Fosket, 
1970), and that the majority (>60%) of 
mitoses are tetraploid, i.e., 8c at meta- 
phase. Consequently, it seems to us most 
likely that tracheary elements containing 
the 4c amount of DNA derive from the 
daughter cells of these tetraploid mitoses 
which have differentiated without another 
intervening period of DNA synthesis. By 
extension of this argument it seems likely 
that 8c tracheary elements derive from the 
daughter cells of octaploid (16c) mitoses, 
and that the 16c elements result from rare 
16-ploid divisions. The validity of this 
argument may be checked experimentally; 
if it is correct, then the differentiating cells 
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dl wil l  b e  in G~, no m a t t e r  w h a t  t h e  D N A  
evel .  

A l t h o u g h  D N A  d o u b l i n g  by  e n d o r e d u -  
~l ica t ion  a p p e a r s  to  be  a u sua l  c o n c o m i -  
tant  in t h e  d i f f e r e n t i a t i o n  of  t h e  v a s t  m a -  
iori ty (97%) of  t h e  t r a c h e a r y  e l e m e n t s  in 
:he p e a  root  c o r t i c a l  e x p l a n t  s y s t e m ,  t h e r e  

is no d i r e c t  or  i n d i r e c t  e v i d e n c e  o b t a i n e d  to  
: la te  for t h e  o c c u r r e n c e  of  D N A  a m p l i f i c a -  
Lion in t h e s e  cel ls  such  as  t h a t  r e p o r t e d  to  
3ccur  in o t h e r  s y s t e m s  ( A v a n z i  et al., 1973; 
Nagl  et al., 1972). T h e  d i s t i n c t  f e a t u r e s  in 
the  d i f f e r e n t i a t i o n  of t r a c h e a r y  e l e m e n t s  in 
the  p e a  e x p l a n t s  a re  t h e  fo l lowing:  hor -  
m o n e - i n d u c e d  D N A  s y n t h e s i s ,  t y p i c a l l y  b y  
e n d o r e d u p l i c a t i o n ,  m i to s i s ,  a n d  cell  d iv i -  
s ion fo l lowed  in t h e  i m m e d i a t e l y  s u c c e e d -  
ing G~ p e r i o d  b y  spec i f ic  c y t o d i f f e r e n t i a -  
t ion .  T h i s  s e q u e n c e  a p p a r e n t l y  can  occur  
in ce l l s  w i t h  d i f f e r en t  n u c l e a r  D N A  con-  
t e n t s  a n d  m u s t  be  p r e s u m e d  to occur  
i n d e p e n d e n t  of t h e  D N A  level  pe r  se. 

REFERENCES 

AVANZI, S., MAGGINI, F., and INNOCENTI, A. M. (1973). 
Amplification of ribosomal cistrons during the mat- 
uration of metaxylem in the root of AUium cepa. 
Protoplasma 76, 197-210. 

BOSSHARD, U. (1964). Fluoreszenzmikroscopische 
Messung des DNS-Gehaltes von Zellkernen. Z. 
wiss. Mikrosk. 65, 391-408. 

CtrrrEa, E. G., and FELDMAN, L. S. (1970). Tricho- 
blasts in Hydrocharis. II. Nucleic acids, proteins 

and a consideration of cell growth in relation to 
endopolyploidy. Amer. J. Bot. 57,202 211. 

D'AMATO, F. (1964a). Endopolyploidy as a factor in 
plant tissue development. Ca~olog, ia 17, 41 52. 

D'AMATO, F. (1964b). Nuclear changes and their 
relationship to histological differentiation. Caryo- 
logia 17, 317-325. 

INNOCENZl, A. M., and AVANZI, S. (1971). Some 
cytological aspects of the differentiation of meta- 
xylem in the root of AUium cepa. Caryologia 24, 
283-292. 

LmBENaA, K. R., and TORREY, J. G. (1973). Hormone 
induced endoreduplication prior to mitosis in cul- 
tured pea root cortex cells. Amer. J. Bot. 60, 
293-299. 

NAGL, W. (1972). Evidence of DNA amplification in 
the orchid Cymbidium in vitro. Cytobios 5, 
145-154. 

NAGL, W., and RI)CKER, W. (1972). Beziehungen 
zwischen morphogenese und nuklearem DNS- 
Gehalt bei aseptischen kulturen yon Cymbidium 
nach Wuchstoffbehandlung. Z. Pflanzenphysiol. 
67, 120-134. 

NAGL, W., HENDON, J., and RUCKER, W. (1972). DNA 
amplification in Cymbidium protocorms in vitro, as 
it relates to cytodifferentiation and hormone treat- 
ment. Cell Differentiation 1,229-237. 

PHILLIPS, R., and TORREY, J. G. (1973). DNA synthe- 
sis, cell division and specific cytodifferentiation in 
cultured pea root cortical explants. Develop. Biol. 
31,336-347. 

TORREY, J. G., and FOSKET, D. E. (1970). Cell division 
in relation to cytodifferentiation in cultured pea 
root segments. Amer. J. Bot. 57, 1072-1080. 

TORREY, J. G., FOSKET, D. E., and HEPLER, P. K. 
(1971). Xylem formation: a paradigm of cytodif- 
ferentiation in higher plants. Amer. Sci. 59, 
338-352. 


