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Summary. The carbon to nitrogen balance theory was 
examined for a legume, Lotus  corniculatus L., which allo- 
cates carbon to nitrogen fixation. N-fixation can influ- 
ence the ratio of carbon to nitrogen in legumes by pro- 
viding nitrogen in nutrient-poor habitats, and by con- 
suming carbon for support of symbiotic N-fixation. L. 
corniculatus clones (genotypes) were grown under two 
levels of nitrogen fertilization: a treatment which sup- 
pressed nodulation with fertilization and a treatment 
which received no additional fertilization. These plants 
relied solely on symbiotic N-fixation. Plants which sup- 
ported symbionts had lower biomass and lower tannin 
concentrations than fertilized plants; this appears to be 
a result of the large carbon demand on N-fixation. 
Plants supporting symbionts often had relatively lower 
protein concentrations than fertilized plants. Cyanide 
concentration was influenced by plant genotype but not 
by nitrogen source. Although symbiotic N-fixing plants 
were smaller, they had three times the reproductive out- 
put of fertilized plants. 
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The nutrient availability theory proposed by Bryant 
et al. (1983) predicts that the relationship between car- 
bon and nitrogen will influence allocation patterns to 
growth and chemical defenses. The theory predicts that 
plants whose growth is not limited by nitrogen should 
invest most of their available carbon into growth and 
have little excess carbon. Likewise, growth of plants in 
a nitrogen-poor habitat should be nitrogen limited and 
plants should have have been an excess of carbon which 
is then available for production of carbon-based defenses 
such as tannins. 

* Current address and address for offprint requests: Boyce Thomp- 
son Institute, Cornell University, Ithaca, NY 14853, USA 

It is likely that many other factors may influence 
the carbon to nitrogen balance within a plant. For exam- 
ple, the carbon to nitrogen balance may be affected by 
factors such as respiration, which may not always be 
correlated with biomass (Ryle 1984), the interdepen- 
dency of nitrogen availability and photosynthesis, and 
the possibility that photosynthesis may actually be inhib- 
ited before growth when nitrogen becomes limiting (Wil- 
son 1975; Bethlenfalvay et al. 1978). 

The carbon to nutrient balance may also be in- 
fluenced by symbionts, such as found in the legume/ 
nitrogen-fixing Rhizobiurn system. Nitrogen fixation by 
symbionts requires a major carbon investment from the 
host plant (Minchin and Pate 1977; Finke et al. 1982). 
Minchin and Pate (1977) found that approximately one 
third of all shoot carbohydrates were translocated to 
the roots of a plant supporting actively fixing nodules. 
Of the supplied carbohydrates, one third were respired, 
one fifth used for nodule growth and the remainder was 
returned to the shoot with fixed nitrogen. These findings 
suggest that N-fixation requires approximately 18% of 
the plant's total carbon budget. 

To examine possible changes in allocation patterns 
associated with N-fixation and the concomitant decrease 
in carbon availability, I chose Lotus  corniculatus L.  
(birdsfoot trefoil), a perennial legume known for its pro- 
duction of both condensed tannins (Jones et al. 1973) 
and cyanogenic glycosides (Jones 1968, 1970). N-fixation 
is associated with reduced shoot growth of L. cornicula- 
tus (Barta 1979), and therefore may also affect plant 
reproduction patterns. Stephenson (1984) has shown 
that resource availability affects the number of fruits 
and seeds matured by L. corniculatus; plants with 
smaller leaf area matured relatively fewer fruits. Sup- 
porting actively fixed nodules may also affect allocation 
to defense chemicals. The large carbon sink associated 
with symbiont N-fixation may decrease the available car- 
bon for carbon-based defenses such as tannins. If N- 
fixation supplies relatively more nitrogen than a non- 
fixing plant absorbs from the soil, plants supporting 
symbionts may have higher cyanide and protein concen- 
trations than non-fixing plants. 
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Materials and methods 

Plants and treatments 

Birdsfoot trefoil, a European native, is a perennial herb found 
in meadows and disturbed areas throughout much of the United 
States and Canada (Gleason and Cronquist 1963). In Pennsylvania, 
L. corniculatus typically flowers from late May until mid-Sep- 
tember. Flowering is indeterminate; inflorescences, which consist 
of from one to nine flowers, are produced sequentially. Fruits re- 
quire three to four weeks to mature after flowers wilt (Morse 1958). 

Experimental L. corniculatus (Vikin var.) genotypes were ob- 
tained from a stock population started from seed in May 1985. 
Seeds were germinated, inoculated with Rhizobium, transplanted 
to 5 cm peat pots which contained soil-less mixture lacking nitro- 
gen but complete for all other nutrients and micronutrients (peat 
moss, perlite, vermiculite, triple phosphate, dolomite limestone and 
micronutrients) and watered daily. In late October, pots were cov- 
ered with peat moss and overwintered outdoors. 

In May, 1968, 4 shoot cuttings (replicates) approximately 13- 
15 cm long were taken from each of 125 stock plants (genotypes). 
Cuttings were treated with rooting hormone and placed in sand 
under a misting system. When roots had formed, plants were inocu- 
lated with Rhizobium, and transplanted to 4.41 plastic pots contain- 
ing soil-less mixture lacking nitrogen. Pots were placed in a fenced 
enclosure (chicken wire) in an open field in University Park, PA. 
After 3 weeks (7 June), two replicates of 125 genotypes were placed 
in each of two fertilization treatments (a total of 500 plants). Each 
plant in the high nitrogen (HIGH N) treatment received 0.13 g 
ammonium nitrate 5 days a week while plants in the unfertilized 
treatment (ZERO N) received no additional nitrogen fertilization. 
Treatments continued for 15 weeks, from 28 June until 4 October. 
All plants were watered daily throughout the experiment; while 
herbivores were infrequent, plants were examined daily, and any 
insects or slugs were removed. 

In both treatments, one replicate from each of the 125 geno- 
types was maintained throughout the experiment to monitor sea- 
son-long reproductive patterns. The remaining replicates (1 per 
treatment) were randomly assigned to one of five harvests (25 geno- 
tyes per harvest) which occurred at three week intervals, beginning 
on 12 July. Although a total of 50 plants were collected at each 
harvest, several plants were lost and early in the season plants 
were often too small for total chemical analyses. Therefore, in 
week 3, 19 genotypes (38 plants) were analyzed; 18 of these geno- 
types for cyanide, 15 for protein and 14 for tannins. In week 6, 
23 genotypes were analyzed; 20 for cyanide, 18 for protein and 
19 for tannins. In the remaining weeks, plants were large enough 
for complete chemical analyses. In week 9, n = 23; in week 12, n = 
24; and in week 15, n=25. 

Reproductive measures 

Each plant's total number of new flowers was recorded twice each 
week. In addition, mature fruits were removed from plants prior 
to dehiscence. Mature fruits were dried, weighed, and the seed 
number recorded. Because fruit mass was found to be a significant 
predictor of seed number (P = 0.001, r2= 0.95, N = 500 fruits), only 
flower number, fruit number and fruit biomass will be reported 
here. To avoid any influence of reproductive structures on foliar 
analyses, all flowers and immature fruits were removed prior to 
harvest; immature fruits were dried and weighed. 

Growth and chemical measures 

At harvest, plants were clipped at the root-shoot junction. Shoots 
(stems and leaves) were flash frozen in liquid nitrogen, freeze-dried 
and weighed. Cyanide gas was not detected (Feigl and Anger 1966) 
from intact freeze-dried leaves, but cyanide gas was detected as 
soon as dried material was ground. A subsample of intact dried 

leaves (100 rag) was removed for cyanide quantification (Lambert 
et al. 1975; Goldstein and Spencer 1985). In this procedure, cyanide 
gas is measured colorimetrically through conversion to cyanogen 
chloride followed by treatment with barbituric acid-pyridine to 
form a blue dye (580 nm). Leaves were ground with a mortar and 
pestle in liquid nitrogen and poured into the outer well of a center- 
well flask. Sodium hydroxide (400 gl, 1.0 M) was added to the 
center well. A saturated caffeine solution (1 ml) was added to the 
ground leaves to precipitate tannins (Goldstein and Spencer 1985), 
followed by linamarase (2 ml, see below) to release cyanide gas: 
The flask was covered with parafilm and allowed to sit at room 
temperature for 18 hours. 

For preparation of linamarase, flax plants (Linum usitatissimum 
L.) were macerated in acetone (100 g/500 ml) and filtered. Solid 
material was freeze-dried, resuspended in phosphate buffer 
(pH 6.8, 0.02 M, 500 ml/100 g), stirred for one hour in an ice bath 
and filtered. The filtrate was dialyzed against phosphate buffer 
for 12 h at 10~ and stored at --30~ until used as enzyme. 
Cyanide was not detected (Lambert et al. 1975) in the enzyme. 

The remaining L. corniculatus shoot material was ground and 
a subsample was analyzed for protein concentration (Compton 
and Jones 1985). A separate subsample of ground material was 
extracted in 70% acetone, and the acetone removed via rotary 
evaporation. The extract was analyzed for leucoanthocyanidins 
(LA, vanillin assay), total phenolics (Folin-Denis assay) and astr- 
ingency (hemoglobin binding assay); four genotypes from weeks 12 
and 15 were also analyzed for proanthocyanidins (PA, n-butanol/ 
HC1 assay; see Schultz et al. 1981; Schultz and Baldwin 1982 and 
references therein). Because L. corniculatus produces condensed, 
but not hydrolyzable, tannins (Briggs, unpublished data), only LA 
and PA data will be reported. 

At each harvest, roots from several plants were rinsed free 
of soil-less mixture, freeze-dried, weighed and examined for nod- 
ules. At no time did the roots appear pot-bound. All roots exam- 
ined in weeks 3 and 6 had nodules present, but nodules were not 
counted or weighed. In harvest weeks 9, 12 and 15, nodules were 
collected from several lateral root pieces totalling 31 cm in length. 
The following criteria were used for selection of root pieces: 1) 
no less than four sections per plant; 2) sections were taken from 
different lateral roots; and 3) no pieces less than 2.5 cm were used. 
Nodules were removed from the root, counted and weighed. 

Statistical analyses 

Each harvest week was analyzed separately because General Linear 
Models (GLM, SAS, 1982) determined that treatment by week 
interactions were probable for measures of plant weight (P-- 0.003), 
protein concentration (P<0.001) and tannin concentration (P= 
0.02) after the main effects of harvest week and fertilization treat- 
ment were removed. Within a week, GLM was used to determine 
if shoot biomass, reproduction, and protein, tannin and cyanide 
concentrations were significantly different between nitrogen treat- 
ments and among plant genotypes. Pearson product moment corre- 
lation coefficients (CORR, SAS) were obtained between LA and 
PA concentrations. 

Results 

Plant growth and reproduction 

The relatively few and  small  nodules  found  on H I G H  
N roots  after week 9 indicates tha t  p lants  in this treat- 
m e n t  p robab ly  expended little energy for N-f ixa t ion  as 
compared  with Z E R O  N plants  (Table 1). A l though  
nodules  were present  on  all roots  examined  in weeks 3 
and  6, the presence of nodules  does no t  necessarily indi-  
cate active N-f ixat ion.  Nodules  present  on  H I G H  N 



Table 1. Influence of nitrogen supply on the number and biomass 
of L. corniculatus root nodules 

Week Treatment No. nodules per* Nodule biomass(mg)* 
31 cm of root per 31 cm of root 

9 ZERO N 26.38 (4.04)" 17.55 (2.28)" 
HIGH N 0.00 (0.00) b 0.10 (0.10) b 

12 ZERO N 27.29 (1.75) ~ 30.96 (5.51)" 
HIGH N 0.00 (0.00) b 0.00 (0.00) b 

15 ZERO N 31.67 (5.00)" 22.90 (5.00)" 
HIGH N 1.57 (1.02) b 0.13 (0.10) b 

* Means with the same letter are not significantly different within 
a week (P<0.05, GLM) 
Number in parentheses represents the standard error 

Table 2. Influence of nitrogen supply on total root biomass (g 
plant- ~), including nodules 

Week Treatment N Biomass 

3 ZERO N 15 0.27 (0.02) a 
HIGH N 15 0.21 (0.03) a 

6 ZERO N 19 0.54 (0.07)" 
HIGH N 19 0.30 (0.03) b 

9 ZERO N 12 1.40 (0.33) a 
HIGH N 20 1.77 (0.22)" 

12 ZERO N 14 6.18 (0.49) a 
HIGH N 7 5.12 (0.42) a 

15 ZERO N 6 8.97 (0.95)" 
HIGH N 7 8.78 (1.09) a 

* Means with the same letter are not significantly different within 
a week (P<0.05, GLM) 
Number in parentheses represents the standard error 

roo t s  ear ly  in the season were p r o b a b l y  no t  active since 
N- f i xa t i on  is k n o w n  to cease minu tes  af ter  p lan ts  are  
fer t i l ized with  n i t rogen  ( C o p e l a n d  a n d  Pate  1970; Pa te  
1976; W o n g  1980). Inac t ive  nodules  of ten a b o r t  or  sen- 
esce (Car ro l l  and  G r e s s h o f f  1983; Su t ton  1983). 

R o o t s  ( inc luding  nodules )  o f  Z E R O  N p lan t s  
we ighed  m o r e  than  H I G H  N roo t s  in week 6, while in 
the o the r  ha rves t  weeks  t r ea tmen t s  d id  n o t  differ  in r o o t  
b iomass  (Table 2). This  re la t ive ly  grea te r  r o o t  b ioma ss  
in Z E R O  N p lan t s  is p r o b a b l y  due  to  the  presence o f  
nodules .  

Z E R O  N shoots  weighed  less than  H I G H  N shoots  
in all ha rves t  weeks  (Fig.  1). L o w e r  b iomass  in Z E R O  
N shoots  cou ld  represen t  e i ther  a t r ade -o f f  be tween  
g rowth  a n d  N- f ixa t i on  due  to the  large  c a r b o n  d e m a n d  
o f  N- f i xa t i on  a n d  nodu le  ma in tenance ,  o r  a l imi ta t ion  
o f  g rowth  due  to  n i t rogen  l imi ta t ion .  

F l o w e r  p r o d u c t i o n  ceased immed ia t e ly  p r i o r  to the 
week 12 harves t  (Sept.  13); all f rui ts  m a t u r e d  be tween  
weeks  12 and  15. In  week  15 there  was a cons is ten t  ra t io  
o f  3 f lowers :  1 f rui t  in b o t h  t r ea tments ,  a ra t io  s imi lar  
to  tha t  r e p o r t e d  by  S tephenson  (1984). Surpr is ingly ,  
Z E R O  N p lan t s  in i t i a ted  m o r e  f lowers,  and  m a t u r e d  
m o r e  and  heav ie r  f rui ts  t han  H I G H  N p lan t s  (Fig.  2). 
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Fig. 1. The influence of nitrogen source on shoot dry weight (g 
plant-1) of L. cornieulatus plants harvested after 3, 6, 9, 12 and 
15 weeks. Mean plus standard error 
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Fig. 2. The influence of nitrogen source on reproductive output 
(fruit number plant-1, fruit dry weight (rag plant-1) and flower 
number plant-1) for plants harvested after 15 weeks of treatment. 
Mean plus standard error 
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Fig. 3. The influence of nitrogen source on tannin concentration 
(leucoanthocyanidins, % wattle tannin equivalents), protein con- 
centration (% bovine serum albumin equivalents) and cyanide con- 
centration (gmoles/mg dry leaf) for plants harvested after 3, 6, 
9, 12 and 15 weeks of treatment. Mean plus standard error 

Plant chemistry 

I examined  a l loca t ion  in te rms o f  concen t r a t ion ,  ins tead  
o f  chemica l  content ,  because  c onc e n t r a t i on  represents  
p r o p o r t i o n a l  inves tment .  As  expected ,  t ann in  concen t ra -  
t ions were  lower  in Z E R O  N shoots  than  in H I G H  N 
shoots  in weeks  3, 6, 9 and  12 (Fig.  3). The  t ann in  de- 
cline obse rved  in all  p l an t s  ha rves t ed  in week 15 was 
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Table 3. The influence of time and nitrogen source on leucoantho- 
cyanidin (LA, % wattle tannin equivalents or %WTE) and proan- 
thocyanidin (PA, %WTE) concentrations of four genotypes (per 
harvest), and correlation coefficients (r) and P values (CORR, SAS) 
between LA and PA measures 

Week Treatment N LA PA r P 

12 ZERO N 4 17.60 18.35 0.99 0.07 
HIGH N 4 17.55 19.45 0.98 0.02 

15 ZERO N 4 6.15 16.41 --0.62 0.38 
HIGH N 4 9.23 17.03 0.33 0.67 

Table 4. Probability values (GLM, SAS) that plant genotype and 
nitrogen treatment do not influence plant weight (PLW), leucoan- 
thocyanidin concentration (LA), protein concentration (PRO) and 
cyanide concentration (CYAN) in 1986 experimental plants 

Week Factor PLW LA PROT CYAN 

3 genotype 0.01 0.22 0.22 0.36 
N source 0.001 0.03 0.001 0.09 

6 genotype 0.001 0.01 0.11 0.001 
N source 0.001 0.001 0.48 0.66 

9 genotype 0.09 0.003 0.20 0.001 
N source 0.001 0.001 0.001 0.75 

12 genotype 0.004 0.01 0.20 0.002 
N source 0.001 0.001 0.94 0.69 

15 genotype 0.02 0.23 0.001 0.001 
N source 0.001 0.98 0.01 0.49 

most likely a result of  extensive crosslinking of  con- 
densed tannin polymers. A subsample (4 genotypes) was 
analyzed for both LA and PA (the vanillin assay for 
LA depends on hydroxyl groups while the n-butanol 
assay for PA breaks down tannins and quantifies the 
building blocks; see Mole and Waterman 1987), both 
measures were highly and positively correlated with each 
other in week 12, but  not in week 15 (Table 3). This cor- 
responds with a relative decline in LA between the 12th 
and 15th weeks, while PA remained farily constant. 

While protein concentrations of  H I G H  N shoots 
were often greater than those found in ZERO N shoots 
(weeks 3, 9 and 15, Fig. 3), cyanide concentrations were 
not  influenced by nitrogen source (Fig. 3). Rather, plant 
genotype was the best predictor of  cyanide concentration 
(Table 4). 

Discussion 

Plant chemistry and growth 

My findings indicate that carbon availability can alter 
allocation patterns of  defenses in L. corniculatus. When 
L. corniculatus was grown in a nitrogen-poor environ- 
ment, it produced relatively low concentrations of  tan- 
nins (Fig. 3). Lower tannin levels in ZERO N plants 
may have been at least partly due to the presence of  
N-fixing symbionts which require a major  carbon invest- 

ment from the host plant, and leave less excess carbon 
for tannin production. This increase in carbon-based de- 
fenses in N-fertilized plants may explain why some le- 
gumes become more pest resistant after they are ferti- 
lized (Hargrove et al. 1984). 

It is possible that factors other than symbiont sup- 
port  may add to the depression of  tannins seen in ZERO 
N plants. For example, a separate study has shown that 
larger L. corniculatus plants typically contain higher tan- 
nin concentrations (Briggs and Schultz 1990). Lower 
tannin concentrations in ZERO N plants harvested in 
weeks 12 and 15 may also reflect a large carbon alloca- 
tion to reproduction. However, while smaller shoot  size 
and reproduction may be factors which decrease avail- 
able carbon, they do not  appear to fully explain the 
large differences in tannin concentrations seen between 
H I G H  N and ZERO N plants harvested in week 3. At 
that time, H I G H  N and ZERO N plants were, relative 
to other weeks, fairly similar in size, while there was 
little reproductive output. 

There are several possible mechanisms which would 
cause H I G H  N shoots to have relatively higher protein 
concentrations (Fig. 3). It is feasible that H I G H  N plants 
absorbed greater levels of  nitrogen than could be fixed 
by ZERO N plants, thereby leading to higher protein 
concentrations. It is also possible that ZERO N plants 
had an equal or greater nitrogen availability than H I G H  
N plants, but  allocated that nitogen to reproduction, 
and not leaf proteins. Because I did not measure total 
N, it is impossible to discriminate between these two 
possibilities. 

While protein concentration, shoot biomass and LA 
are influenced (to varying degrees) by both plant geno- 
type and nitrogen source (Table 4), cyanide was in- 
fluenced by plant genotype (Table 4) but  not  by nitrogen 
source (Fig. 3). This suggests that production of  cyanide 
and protein respond differently to variations in nitrogen 
availability. The strict genetic control of  cyanide produc- 
tion has interesting ecological implications. As a defense 
chemical of  L. corniculatus, cyanide may act as a con- 
stant defense which could deter herbivores such as slugs 
(Jones 1962) regardless of environmental influence on 
o ther  possible defenses. 

Plant reproduction 

I expected that the smaller ZERO N shoots would have 
lower reproductive outputs than the larger H I G H  N 
shoots (Stephenson 1984). Unexpectedly, ZERO N 
shoots produced three times the reproductive output  of  
H I G H  N plants (Fig. 2), which suggests that reproduc- 
tive allocation may not  be solely related to resource 
availability or carbon demand. Despite differences in 
the number of  flowers initiated by plants grown under 
the two treatments, the Consistent 3 flowers: 1 fruit ratio 
indicates that reproductive output  was not  further modi- 
fied by changes in abortion rate. 

It is important  to note that the 1986 study looks 
at a single growing season of  a perennial plant. Indeed, 
in a similar experiment using cuttings taken from older 
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s tock  p lan t s  (Briggs,  unpub l i shed) ,  all p l an t s  p r o d u c e d  
a p p r o x i m a t e l y  ten t imes m o r e  f lowers,  f rui ts  and  seeds 
than  p lan t s  in this  exper iment .  M o r e  i m p o r t a n t l y ,  H I G H  
N p lan t s  h a d  grea te r  r ep roduc t ive  ou tpu t s  than  Z E R O  
N plants .  This  impl ies  tha t  as r ep roduc t ive  a l loca t ion  
increases,  the  c a r b o n  d ra in  assoc ia ted  with  N- f i xa t i on  
m a y  l imit  r ep roduc t i on .  L o n g  range  s tudies  a re  needed  
to de te rmine  if  and  h o w  these differences in r ep roduc t ive  
o u t p u t  inf luence p l a n t  fitness. 

The  resul ts  o f  this  s tudy  s u p p o r t  the the  bas ic  pre-  
mise o f  the  c a r b o n  to nu t r i en t  ba lance  t heo ry ;  the car-  
b o n  s ink assoc ia ted  wi th  N- f i xa t i on  decreased  the car-  
bon  a l loca ted  to g rowth  a n d  t ann in  p r o d u c t i o n .  The  
grea te r  r ep roduc t i ve  ou tpu t s  o f  N-f ix ing  p lan t s  suggests  
t ha t  N- f i xa t i on  m a y  somet imes  a l ter  r ep roduc t ive  a l loca-  
t ion  in a way  no t  d i rec t ly  l inked to c a r b o n  avai labi l i ty .  
Whi l e  these results  s u p p o r t  the theory ,  they also indica te  
tha t  p red ic t ions  a b o u t  defense p r o d u c t i o n  mus t  include 
h o w  m a j o r  sinks,  such as  s y m b i o n t  s u p p o r t  a n d  r ep ro -  
duc t ion ,  inf luence c a r b o n / n u t r i e n t  ba lance ,  the relat ive 
s t rength  o f  those  sinks and  how those  sinks change  with  
p l a n t  d e v e l o p m e n t  (Lor io  1986). 
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