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Quantitative changes in cytokinins were examined in developing root nodules on the lateral 
roots of seedlings of the garden pea P i s i i ~ , ~  sot i~>ii~, l  cv.  Little Marvel infected with RhizoBili~~z 
legii1,1i11ostirir,,1 strain 128 C53. 

Cytokinin activity was highest in 2- and 3-week-old nodules, when the growth rate was high. 
and decreased in older nodules. The cytokinin activities of 3-week-old nodules of various sizes 
were positively correlated with mitotic indices. In 3- and 4-week-old nodules most of the 
cytokinins wer-e present in the white meristematic tip and not in the infected nitrogen-fixing or  
senescent cells. Since high cytokinin levels were associated with nodules having high mitotic 
rates or with the meristematic cells, it is proposed that cytokinins influence nodule mor- 

. . . . . . .  
. . 

. . . . . . . .  . . 
. . . .  . . ,  . . . . .  phogenesis by regulating the mitotic activity of the nodule meristem. 

. . . . . . . . . . .  

SYONO. K. ,  W. NEWCOMB et J .  G.  TORREY. 1976. Cytokinin production in relation to the 
development of pea root nodules. Can. J. Bot. 54: 2155-2162. 

Les auteurs ont examine les changements quantitatifs des cy tokinines des n o d ~ ~ l e s  racinaires se 
diveloppant sur  des racines late~xles des plantules du pois d e  jardin, Pisii/,l snt i~>ii~, l  cv. Little 
Mawel. inoculi par le Rhizobiii/?l l eg i i , ,~ i~~osar~im lignee 128 C53. 

L'acrivite des ines fut i son plus eleve niveau dans les nodules lges de 2 $ 3  semaines, lorsque le 
taux de croissance fut Clevee. et I'activite decrut dans les nodules plus 5ges. L'activitk des 
cytokinines dans les nodules d e  diverses dimensions Bges de 3 semaines fut positivement associie 
avec leurs indices mitotiques. Dans les nodules ages d e  3 h 4 semaines. la plupart des cytokinines 
furent presentes dans la partie blanche du sommet meristematique er non dans les cellules 
infectkes fixatrices d'azote ou dans celles senscentes. Puisque d e  hauts n i v e a ~ ~ x  des cytokinines 
sont associls avec des nodules ayant des raux eleves d'activite mitotique ou avec des cellules 
meristlmatiques, il est propose que les cytokinines influencent la molphogenese nodulaire en 
regularisant I'activitk mitotique des meristemes nodulaires. 

Introduction cell wall and forming an infection thread which 

The development of legume root nodules re- 
flects the genetic, structural, and physiological 
complexities of an intimate syn~biotic relation- 
ship between prokaryotic bacteria and the 
eukaryotic angiosperm partner. In the garden 
pea, Piswlz srrtiuwn L., the bacteria invade a root 
hair by causing an invagination of the soot hair 

subsequently grows -between and into cortical 
cells (Bond 1945; Libbenga and Harkes 1973). 
Nuclei of the cortical cells ~~ndergo  endore- 
d~~plication and mitosis; event~~ally a polyploicl 
nodule meristem is formed (Dart 1975). Tlle 
meristem, which is itself not infected with 
rhizobia, gives rise by continued cell division to 
most of the cells of the nodule. Cells immediately 
proximal to and sometimes within the nodule 

NOTE: The French translation of the abstract was pro- 
vided by Jean Blisson. meristem are invaded by infectio~l threads and 

'Portions of this paper were presented at  the North- bacteria are released from the infection threads 
eastern Sectional Meeting of the American Society of into the pea cell cytoplasm. Cells containing the 
Plant Physiologists held at  Brown University, Providence, free bacteria elllar,oc manyfold alld differentiate 
RhOde Island, 9-10? 1975, and a t  the into bacteroid-contailling- ce l l s  capable of . : . .I :: . . . . . . . . . . .  . , . . . . . . . . .  . ,  . . . . . . . . . . .  . . . . . . . . . . . . . . . .  mology-Phytopathology Joint Meeting at  the University 

. . . .  . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . .  A . . _ . . _ .  ; . . .  _ I  . . . . . . . . . .  of Saskatchewan, Saskatoon, August 18-22, 1975. atmospheric nitrogen (Newcomb 1976). 
. . . . . . . . . . .  . . . . . . . . . . . .  

ZPresent Address: Department of Pure and Applied Recently the occurrence of cytokinins, pri- 
Sciences, University of Tokyo, 3-8-1 Kornaba, Meguro- marily zeatin and its riboside, was demonstrated 
ku, Tokyo 153, Japan. 

3Present Address: Department of Botany and  Genet- 
withi; pea nodules (Syono 'and Torrey 1976). 

its, University of Guelph, Guelph, Ont., Canada Other cytokinins were present in minor amounts. 

N I G  2W1. The presence of isopentenyladenine (2iP) was re- 
4Request reprints from this author. ported in nodules of Phaseol~rs vulgaris L. 
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(PLIPPO ct (11. 1974) while high levels of zeatln 
and its riboside were found in nodules of Vicbi(l 

. f i11)~ L. (Henson and  Whceler 1976). I n  unin- 
fected seedling pea roots, cytokinins occur  both 
in the free form and in transfer ribonucleic acid 
( R N A )  in the tcrminal ~neris tematic  millimetre 
( S l ~ o r t  and Torrey 197217). T h e  experiments re- 
ported in this paper were designed t o  elucidate 
thc role 01' cytokinins in nodule development. 
S t r i~c tura l  aspects of pea nodule morphogenesis 
a re  described briefly in this paper;  a detailed 
account of  the morphology and ultrastructure of  
pea nodules harvested from the same plants as 
nodules studied in  this paper may be found in 
a c o m p a n i o ~ ~  paper (Newcomb 1976). 

Materials and Methods 

E . Y / ~ I I I ~ I / ~ O I I  o/ CJ,/O/<~II; I I  COI?/CII/.Y 
Nodules which formed on  the lateral roots of pea secd- 

lings grown in aeroponic ci~lturc tanks (Zobel e/ 01. 1976) 
ant1 inoci~latetl with a PLISC C L I ~ ~ L I S C  of R ~ I ~ Z O / ) ~ I I I I I  /O:~III I~II-  
~ .~ ( I I . I I I I I  strain 128 C53 wcrc i~sctl as  esperime~ital matcr- 
ial. Tliccytokinins of tlic nodules werc extracted with 8Ox 
ctlianol. Aftcr rcmoval of thc ethanol, the ~.csidual water 
laycr was extracted scq~~cntial ly with mcthyletie cliloridc 
ant1 I-butanol. The conccntratcd butanol fraction was 
applied to silica gcl GF25, platcs for thin-layer chronia- 
togral~hy and dcvcloped with chloroform-mcthanol (4: 1, 
v/v). Z O I ~ C S  W C ~ C  re~iiovcd fro111 thc platcs and cytokinin 
activity was dctectcd by thc soybean callus bioassay. 
Furthcr details regartling thc c ~ ~ l t i ~ r e  mcthods and con- 
ditions for thc pen plants, rnctliotls of infcction with 
R ~ I ~ : O ~ I ~ I I I I I ,  ancl the techniq~~cs  of cytokinin extraction, 
fractionation, chromatography, and bioassay may be 
found in a n  carlicr paper (Syolio and Torrey 1976). 

C ~ , l l  ~ ' I I I I I ~ ~ I .  L I I I ~ ~  iWiro/ic Acril:i/.~' 
Ccll nilrnbct. determinations wcre made by macerating 

tlic nodule tissue in 5% chromium trioxide in 57; hydro- 
chloric acid (Foskct and Torrcy 1969). Cclls illfectetl with 
large rii~mbers of rhizobia t i~rned  brown d u r ~ n g  this 
trcatmerit and werc vcry distinct from the othcr cells o f  
the nodule. Mitotic divisions were counted in tissucs fixed 
in acetic alcohol (glacial acetic acid - absolute alcohol 
1 :3, v/v), sqi~ashetl, and stained by the Fei~lgen techniclile 
(Fosket antl Torrey 1969). For each devclopmcntal stage 
at lcast 2000 n ~ ~ c l e i  wcrc counted in scven o r  more 
nodulcs: these data wcre expressed as mitotic indices, i.e., 
the percentage of n ~ ~ c l e i  ~ ~ ~ i d e r g o i n g  mitosis. 

CI.OI I . I~ I  n / l~~o.s l~rc ,~~re~f is  
The average fresh weight of shoots and roots was dc- 

termined  i sing 10 plants for each developmental stagc. 
Similarly, the average fruit antl flower Icngth reprcselits 
the averagc length of thcse organs from 10 plants. A 
minimum of 100 nodules for each stage was measi~red 
using a dissecting niicroscope to dctcrminc the average 
nodule tlianieter and l ieigh~ (distance from junction with 
lateral root o r  apical tip of nodule). At least 5000 ~ioduies 
were ~ ~ s e d  for the estimation of avcragc fresh wcight for 
each stage of the nodule. 

i l ' i l~.o,:e~~ F i s n / i o / ~  A c / i i ; i l j ~  
Acetylene reduction to ethylene was used to measure 

nitrogen fixation activity. About 100 nig frcsh weight of 
freshly harvestctl nodules was incubated in I"j, acetylene 
and 1 0 x  air in argon in a 5-ml vial at room temperature. 
Aftcr an incubation pcriod of about 1 h, a 0.5-1111 sample 
was withdrawn for gas chroniatogmphy with a Varian 
aerograph, scrics 1400, with a stainless-stcel column A in. 
inside d i a m e ~ e r  by 6 ft long, packed with Poropak 
NC(800/100 mesh). C o l u n ~ n  temperatures werc kept a t  
32 "C. H e l i ~ ~ m  gas was ~lsed as the carricr at a llow rate of 
30 ml/min at 40 Ibjin.' pressilre. Undcr these conditions, 
the retention time of acctylcnc and ethylene were 7.6 and 
3.8 min respectively. Ethylene generated from the reduc- 
tion of acetylene by nodules was estimated by a coni- 
parison with known concentrations of ethylene. 

Results 

Mo1pl1oge17esis 

T h e  first macroscopically visible nodules 
appeared o n  lateral roots on the 8th day  after 
inoculation; a t  this stage the nodules were white 
and spherical in shape. A11 increase in nodule 
diameter coincided with the development of a 
pink-coloured zone proximal t o  the white tissue 
already present. T h e  pink tissue, which consisted 
of cells infected with rhizobia and  containing t h e  
red pigment leghemoglobin, was located in the 
central portion of  the nodule. T h e  pink tissue was 
enveloped by white tissue which consisted of the 
nodule meristem located a t  the apical t ip  of the 
nodule and  the nodule cortex, the outer  layer o f  
tissues (Fig. 1). Just  before fill1 blossom, 17 days 
after inoculation with Rhizo/~iunl ,  the pink, in- 
fected tissues increased in volume. Three weeks 
after inoci~lat ion a green area consisting of  
senescent cells in which the leghemoglobin was 
degraded began t o  develop a t  the base of the  
nodule near the junction of  the lateral root.  T h e  
senescent tissue increased in volume until a t  5 
weeks it comprised milch of  the nodule, which at 
this stage lacked a nodule meristem (Fig. 2). T h e  
senescence of the nodule tissue coincided with a 
sharp increase in shoot  fresh weight d u e  largely 
t o  growth of the fruits, which accounted f o r  
about  35-50"; of  the total shoot  fresh weight 
(Fig. 3, bottom). 

Nitrogel? Fisntio17 ill Rc I (~ t io l~  to N o r l r ~ l a t i o ~ ~  For- 

1l7ntio17 

Nitrogen fixation activity, determined by the 
acetylene reduction assay, was detectable i n  
2-week-old nodules, was highest in 3-week-old 
nodules, declined slial-ply in older nodules, and 
became negligible in 5-week-old nodules (Fig. 
3). T h e  rate of  nitrogen fixation followed a pat- 
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FIG. 1. Light micrograph montage of a 2-week-old pea nodule fixed in glutaraldehyde, postfixed in osmium tetroxide, embedded in Araldite, sectioned longi- 
tudinally at 1 micron (B), and stained with toluidine blue 0. Further details are provided on this method in the con~panion paper (Newcomb 1976). Shown are 
the nodule cortex, nodule lneristem (NM), the region of thread invasion and subsequent release of bacteria (TI), infected cells in the early phase of symbiotic 
growth (ES), infected cells in the late phase of syn~biotic growth (LS), uninfected cells (UI), vascular tissue (V), and the adjacent lateral tissue. The numbers with 
encircled areas refer to micrographs of higher magnification of the same areas in the companion paper. x 120. 
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Development of Effective Nodules Distribution in Nodule Sues . 
d!vldedlnto vhlte dlvlded into whtle,p~nk 

wh pmk ond p ~ n k  pits ond green p a r t s  green 

Days after Inoculation 

FIG. 3.  The relationship between nodule and host plant 
development and nitrogen-fixing activity at various times 
after inoculation with R. legc~n~it~osar~rm. The diagram 
illustrates nodule color, size, and shape at various Sam- 
pling times after inoculation. In the upper graph the re- 
lationship between the average number of nodules per 
plant ( x )  and nitrogen fixation activity (pl ethylene 
produced per gram fresh weight of nodules) ( a )  is pre- 
sented. Shoot fresh weight (O), root fresh weight (O), 
flower length (B), and fruit length ( a )  are compared at 
various times in the lower graph. incr., increase; prt., 
part; prts., parts. 

5) rather than age. Many nodules formed two or 
more meristematic areas in their later develop- 
ment (Fig. 5) but were scored simply by height. 
Some nodules in stages I and I1 developed and 
then were arrested in their development, per- 
sisting at that size for most of the life of the plant. 
Most passed through a regular developmental 
pattern (Fig. 3). 

Nodule Development 
Nodule growth involves a complex sequence of 

events including cell division of the meristematic 
cells, infection of many of the new derivatives of 
the meristem, and the subsequent enlargement 
and differentiation of the bacteria-containing 
cells which become capable of fixing molecular 
nitrogen. Average nodule volume (Fig. 6) in- 
creased a t  a fairly constant rate from the 10th 
day until the 30th day and then leveled off. By 

2 
a 20 17 Days 
9 

5 8 0 
20 

0 

10 2'0 30 4 0  8:0 
Diameter (mm) 

~ n m n n r n m m r r ~ ~  x 
w : . : ; :  , 

z 
1 

Nodule Stage 

FIG. 4. Graph of the distribution or percentage of 
nodules according to nodule diameter (stage) between 10 
and 28 days after inoculation. 

the 5th week nodule enlargement had almost 
ceased. Nodule fresh weight increased rapidly 
between 10 and 21 days after inoculation but 
increased only slightly in older nodules (Fig. 6). 
This growth in fresh weight occurred during the 
most active period of increase of the pink, infec- 
ted tissues while smaller increases occurred after 
senescence had begun. 

The mitotic indices of 3-week-old nodules of 
various sizes were determined and compared with 
total nodule cell number of infected cells (Fig. 
7). The highest mitotic indices were observed in 
small (or young, possibly initiated later than the 
larger ones) stage I and stage I1 nodules, which 
coincided with the period of rapid increase in the 
total number of nodule cells. The number of in- 
fected (bacteroidal) cells increased at a lower rate 
than total cell number and only very slowly after 
stage V. Meristematic cells differentiate into 
nodule cortex, uninfected parenchymatous cells, 
and vascular tissues in addition to  infected cells. 
Jnfected cells arise only from the continuous in- 
vasion by bacterial infection threads at the base 
of the nodule meristem. The infected cells once 
invaded d o  not undergo mitosis, which occurs 
only within the nodule meristem. 
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S Y ~ N O  ET AL. 

Shapes and Average Height in Different Sizes 

of Nodules at Various Ages 

~ n m  m n m m mrr 
Nodule Stage 

$ 

2 

'average Nodule Number/Plont 

- 14 Days (532 )  

Ian0 0 f7- 
- 17 Days 

P;annn an= 

FIG. 5. Diagram of the relationships between nodule 
height, diameter (stage), and shape between 10 and 25 
days after inoculation. Numbers in parentheses indicate 

": . 21 Doys (5923 

- a A  

the average number of nodules per plant. 

Cytokinin Formation in Relation to Noclule De- 
velopment 

Data for concentrations of total extractable 
cytokinins at different stages of nodule develop- 
ment are given in Fig. 6 and Fig. 7. In Fig. 6, 
cytokinin content shows an inverse relationship 
to changing nodule size measured either by 
volume or  by fresh weight. Fourteen-day-old 
nodules showed the highest cytokinin content; 
nodules sampled at 35 days showed almost no 
extractable cytokinin. 

Relotionsh~p between Nodule Growth and Cytokinin Content 

Nodule Age (days) 

FIG. 6. Graph illustrating the relationships between 
nodule growth (volunle ( 0 )  and fresh weight ( 0 ) )  and 
cytokinin contents (pg per 100 g fresh weight of nodules) 
( x )  between 10 and  35 days after inoculation. 

21-day-old Nodules 

o Total Cell Number 

Bacteroidal Cell Number s 
Ic 

Average Volume(mm3) 

FIG. 7. Upper graph shows the relationship between 
total cell number ( 0 )  and infected o r  bacteroidal cell 
number ( 0 )  at  various times after inoculation. The  lower 
graph compares the mitotic index (percentage of cells in 
mitosis) ( 0 )  with cytokinin contents (pg zeatin per 100 g 
fresh weight of nodules) ( 0 )  at various times after 
inoculation. Because of the necessity to  extract sizeable 
amounts of nodule tissue, nodules of different ages were 
pooled. See text for further details. eq., equivalent, 
F.Wt., fresh weight. 

Cytokinin levels were measured in 3-week-old 
nodules that were separated on the basis of their 
diameters into three groups; stages I and 11, 
stages 111 and IV, and stages V to VII (Fig. 7). 
The cytokinins of each group were extracted and 
estimated by means of the soybean callus bio- 
assay. Highest cytokinin content was present in 
nodules of stages 111 and IV which exhibited a 
high mitotic index. A lower level of cytokinins 
was extracted from nodules of stages 111 to VII. 
The cytokinin content of nodules in stages I and 
I1 was low despite the high mitotic index of stage 
I1 nodules. This result may be due to dilution by 
the less mitotically active nodules of stage I and 
the presence of cortical tissues of the lateral root; 
it is technically difficult to separate the very small 
young nodules completely from the lateral root 
tissues. 

Morphological Distribution of Cytokinins 
Three-week-old nodules 1.5-2.0 mm in dia- 
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Distribution of Mitotic Cells and Cytokinins in the Pea Nodule 

Nodule oge Size o f  nodules used Color of nodule Mitot ic Index Cytokinln content 
(weeks) for exper~ment(mm) ports (%) (pg/lOO g FWI.)  

g white + p ~ n k  
0 .43  4.18 

3 pink 0 00 1 7 8  

hl p ~ n k  or pole green 0 . 0 0  1.29 
1 5-20 

white 
h 

0 5 8  2 3 6 ( / l f  

4 9 p ~ n k  000 0 2 6  (0 .33)~ 

6 green 0.00 
hl 

- ( 0 2 3 7  

1 5-25 

Calculated from crude n-BuOH extract 

Fic. 8. Table showing distribution o f  cytokinins and mitotic cells in white, pink, and green tissues 
o f  3- and 4-week-old nodules. 

meter and 2.0-3.0 mm in height and 4-week-old 
nodules 1.5-2.5 mm in diameter and 2.5-3.5 nlnl 
in height were separated into white, pinlc, and 
green tissues. Mitotic figures were observed in 
the tip regions in nodules of both ages but not in 
the proximal tissues. In 3-week-old nodules the 
highest levels of cytokinins were found in the 
white meristematic tissues (Fig. 8); moderately 
high cytokinin activities were also present in the 
pink and green tissues. There was 42 and 3 1 x  
of the activity present in the tip portion present 
in the pink and green tissues respectively in 3- 
week-old nodules. In 4-week-old nodules thc 
highest cytokinin activity was found in the white 
tip tissues while o~lly & of tlle activity was 
present in the pink and green tissues. 

Inhibition St~idies 

The observed decrease in extractable cytokinin 
activity in older ~lodules as detected by the soy- 
bean callus bioassay (Fig. 6) could be due either 
to a real decrease in cytokinin levels or to the 
presence of an inhibitor or conceivably a com- 
bination of both. T o  test for the presence of 
inhibitors, 4- and 5-week-old nodules and 1-cm 
segments of lateral roots adjacent to the nodules 
were extracted with 1-butanol. All three butanol 
fractions were tested without further purification 
in the soybean callus bioassay in the presence or 
in the absence of 0.2 pgllitre zeatin. Extracts 
from 4-week-old nodules showed cytokinin 
activity, but none was detected in extracts from 
5-week-old nodules or from lateral roots. No  
inhibitory activity was detectable in any of the 
extracts in the presence of added zeatin (Fig. 9). 

Material Z e a l i n  Cytokinln Acl iv i ly (mg f reshwt of collus/flork) 

1 - 1 1  ' 

1 Latera l  r oo t  I - 1 I 

FIG. 9. Graph o f  the growth responses o f  soybean 
callus tissue t o  extracts o f  4- and 5-week-old nodules and 
adjacent lateral roots in the presence and absence o f  
exogenous zeatin in a test for the presencc o f  inhibitors 
in these pea tissues. 

These results demonstrate that tlle decrease in 
the cytokinin activity of extracts from 4- and 
5-week-old nodules is due to reduced cytokinin 
concentrations and not to  the presence of inhi- 
bitory substances. The lack of cytokinin activity 
in the tissues of the lateral root segments points 
out the contrast between young developing 
nodules (4 weeks old) as sites of cytokinins and 
mature root tissues. 

Discussion 

Numerous studies have demonstrated the re- 
quirement of exogenous cytokinins for cell 
proliferation in tissues cultured in vitro (Miller 
1961). The dependence of tobacco pith paren- 
chyma cells upon a proper balance and concen- 
tration of auxin and cytokinin is well known 
(Das et 01. 1956). Exogenous cytokinins promote 
the formation of polyploid cells (Torrey 1961) 
and in fact are required for the mitotic activity of 
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these cells in cultured pea root segments (Mat- 
thysse and Torrey 1967). This fact is especially 
relevant to  the morphogenesis of pea root 
nodules because the infected cells are polyploid 
(Mitchell 1965) and diplochromosomes are fre- 
quently observed in division figures in tlie cells of 
nodule primordia (Torrey and Barrios 1969). 
The hormonal stimulation of cortical cells lead- 
ing to  nodule formation was discussed in detail 
recently by Libbenga and Harkes (1973). 

Several studies have shown a correlation be- 
tween growth and cytokinin content in various 
tissues of Pislim satiulim and P. nruense. In grow- 
ing seeds of P. nrueilse tlie three peaks of cyto- 
kinin activity are reported to  coincide with the 
maximum volume of tlie endosperm and with 
two maxima in growth rates of tlie embryo and 
whole seed (Burrows and Carr 1970). In cultured 
root callus tissue of P .  satiuirn7 cytokinin produc- 
tion was highest when the frequency of mitosis 
was higli and dropped when fewer cells were 
undergoing mitosis (Sliort and Torrey 19720). I11 
root tips of P .  sntiulim the greater amount of 
cytokinin was found in the terminal millimetre, 
whicli also contained most of the dividing meri- 
stematic cells (Sliort and Torrey 1972b). Tlie 
cytokinins of pea root tips were identified as 
zeatin and its riboside and ribotide. Kinetin, tlie 
synthetic analog of zeatin, was effective in pro- 
ducing polyploid cell divisions and tracheid 
differentiation in cultured pea root segments 
(Torrey and Foskat 1970). Tlie finding of the 
present study that the higliest concentrations of 

cytokinins in the nodule occur when and where 
tlie mitotic index is higli agrees with earlier re- 
sults with other tissues of pea. The correlation 
of cytokinin level with the ~iiitotic rate in pea 
root nodules may be due in part to  the vigorous 
infection thread growth and subsequent infec- 
tion of cells being derived from the nodule 
rneristem during this period, as well as the mito- 
tic activity of the nodule lneristem itself. Tlie site 
of mitotic activity in the nodule meristem is 
immediately contiguous with the site of progres- 
sive bacterial thread invasion into cells formed 
by the meristem (Newcomb 1976). Cytokinin 
formation by meristematic cells could be sup- 
plemented by cytokinin release from invasive 
bacterial threads as argued by Phillips and Tor- 
rey (1970, 1972) for nodule initiation. 

The source of the cytokinins in pea root 
nodules is particularly interesting because R. 
leg~inzinosrrrurn in culture produces different 

cytokinins from those found in pea root nodules 
and uninfected pea root tips. Uninfected pea root 
meristems contain zeatin and its riboside and 
ribotide (Sliort and Torrey 1972b) while pea 
root nodules contain small amounts of isopen- 
tenyladenine (2iP) and its derivatives in addition 
to the zeatin compounds (Syano and Torrey 
1976). Because of the close relationship of zeatin 
and 2iP it has been suggested tliat 2iP may be a 
precursor of zeatin and its derivatives (Miura 
and Miller 1969). Cultured R. leg~m7ii7os(ir~ii~7 
produce 2iP, isopentenyladeliosine (IPA), as well 
as two unknown cytokinins (Giannattasis and 
Coppola 1969; Phillips and Torrey 1970, 1972). 

The high concentration of cytokinins in the 
meristematic regions of pea root nodules, their 
lower concentrations in other nodule tissues, and 
their apparent absence in 5-week-old pea root 
nodules tliat lack a nodule nieristem suggest tliat 
the nodule meristeni is the source of zeatin and 
its derivatives while the bacteria produce 2iP 
and its derivatives. Presumably both cytokinins 
could function in the stimulation of deoxyribo- 
nucleic acid (DNA) synthesis and mitosis in the 
host pea cells. However, two other possibilities 
as suggested earlier (Sydno and Torrey 1976) 
must also be considered. The pea nodule cells 
may convert the bacterial-produced 2iP to  zeatin 
and its derivatives, whicli then function in 
nodule development. Alternatively, tlie bacterial 
cytokinin 2iP may initiate nodule development, 
which is subsequently controlled by zeatin pro- 
duced bv the host cells. Ineffective Dea nodules 
produced by another strain of R. Ieg~iminosar~iin 
contain another unidentified cytokinin (unpub- 
lished observations). This is added support that 
the bacterial cytokinin differs from that pro- 
duced by the host. Clearly more work remains t o  
be done on the origin of the cytokinins in the 
nodule. The intimate symbiotic interrelations of 
nodule development may also involve the syn- 
thesis of different hormones from the endophyte 
and angiosperm host; this would represent 
another example of the complex control by two 
genomes of nodule morphogenesis. 

The decline in levels of cytokinin in pea 
liodules is interesting and of some significance 
to  the development of the nodule. It is well 
known that cytokinins are produced in roots and 
transported to  the shoot  (Kende and Sitton 
1967). However, in the case of pea i t  is not 
known if cytokinins are exported out of the 
nodule or  degraded within them. If the former 
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alternative were the case, it could provide an 
explanation for the presence of cytokinins in the 
pink and green tissues of 3-week-old nodules and 
the lack of cytokinins in the same tissues of 4- 
week-old nodules. While it is conceivable that 
cytokinin export could occur faster than cyto- 
kinin synthesis, it seems an unlikely explanation 
for the decreased concentrations in older 
nodules. Breakdown of cytokinins and the export 
of the breakdown products seems more reason- 
able. It is suggested that the decreased cytokinin 
levels are responsible for the lower mitotic 
indices. The decreased rate of mitotic activity in  
the nodule meristem enables the infection pro- 
cess to proceed faster than the formation of deri- 
vatives from the meristem. As a result the meri- 
stematic cells become invaded by infection 
threads and differentiate into infected cells 
capable of fixing molecular nitrogen. Since these 
cells have a short life span, the whole nodule be- 
comes senescent and nitrogen fixation soon 
ceases. Thus, it would seem advantageous to 
prolong the period of nitrogen fixation. One way 
might be by prolonging the meristematic activity 
of the nodule meristem. Since there is a correla- 
tion between cytokinin levels and meristematic 
activity, chemical modification of the plant or 
genetic selection might produce plants having a 
longer period of meristematic activity and hence 
a longer time of molecular nitrogen fixation. 
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