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Summary-Carbon flows to vesicular-arbuscular mycorrhizal fungi and rhizobial symbionts of 4- to 
5-week-old faba beans, Mciafaba L., were measured by determining the distribution of “C02-C fixed 
by above-ground plant parts. Mycorrhizal fungi of both nodulated and non-nodulated hosts utilized ca. 
4% of the C fixed by their hosts. Nodules utilized 6% of the C fixed by non-mycorrhizal hosts and 12% 
of the C fixed by mycorrhizal hosts. Measured rates of CO2 fixation for symbiotic beans were higher 
than for non-symbiotic beans. Nodulated root systems of mycorrhizal beans fixed more 15Nz than 
nodulated root systems of non-mycorrhizal plants. An increase in nodule biomass for plants infected 
with both rhizobia and mycorrhizal fungi was concluded to be the major factor increasing N2 fixation 
rates. 

INTRODUCTlON 

Most plant species can benefit from symbiotic associ- 
ations with various types of mycorrhizal fungi. 
Legumes are also able to benefit from symbiotic as- 
sociations with N,-fixing bacteria. The benefits de- 
rived by the host from rhizobial infections, and the 
energy cost of this symbiosis have been quantified by 
several authors (Minchin and Pate, 1973; Mahon, 
1977; Atkins et al., 1978; Haystead et aI., 1979; Ryle 
et al., 1979a). 

Energy cost estimates for mycorrhizal symbioses 
have been more limited. Ectomycorrhizae of temper- 
ate trees have been calculated to consume as much 
as 33% of the total gross yearly production of forests 
(Newman, 1978). Harley (1971) cites a study claiming 
that two-thirds of the photosynthate of Pinus cerebra 
may be translocated to ectomycorrhizae. Studies on 
the C requirements of vesicular-arbuscular mycorrhi- 
zal fungi have been limited. Ho and Trappe (1973) 
established that C does move from hosts to fungal 
symbionts and Pang and Paul (1980) found the 
mycorrhizal root systems evolved more CO2 than 
non-mycorrhizal root systems. To date, however, the 
actual quantities of C involved in maintaining a 
mycorrhizal symbiosis have not been determined. 

The question of carbon cost of vesicular--arbuscular 
mycorrhizal fungi is important to an overall under- 
standing of the mycorrhizal symbioses. The literature 
has many reports of increased plant growth due to 
mycorrhizal infection, but also contains reports of 
negative growth responses. Many of the negative re- 
sponses are coupled with increased plant concen- 
trations of P, K, Ca, Fe, Zn, Cu, and S (Gerdemann, 
1964; Rhodes and Gerdemann 1978; Lambert et al., 
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1979). Stribley et a[. (1980) originally attempted to 
explain the higher concentrations of elements in the 
host tissues as a result of carbon utilization of 
mycorrhizal fungi. However, they have found that no 
simple relation between mycorrhizal infection and 
carbon drain could explain the elevated elemental con- 
centrations (D. P. Stribley and P. B. Tinker, personal 
communication, 1981). Estimates of mycorrhi~l fun- 
gal biomass of up to 17% of the host root mass have 
been reported (Hepper, 1977). The large biomass of 
fungus plus the concentrations of lipid within the fun- 
gal structures suggest that the quantities of C translo- 
cated to the fungus could be substantial (Cooper and 
L&eI, 1978). 

The interaction of legume hosts and VA mycorrhi- 
zal fungi is further complicated by the presence of a 
second symbiont, the N2 fixing rhizobia. Previous 
studies (Smith and Daft, 1977; Daft and El Giahmi, 
1974; Crush, 1974) have shown that, while the total 
nitrogenase activity of a mycorrhizal nodulated root 
increases, the nitrogenase activity per unit weight of 
root does not. These studies measured Nz fixation by 
acetylene reduction. “N2 tracer techniques have the 
advantage of more accurate quantification of Nz fixa- 
tion under more normal conditions. 

We have assessed the C flow to mycorrhizal sym- 
bionts and nodules of faba beans, Vicia faba L., using 
mycorrhizal biomass measurements and 14C labelling 
techniques. Fixation studies with 15N2 were also per- 
formed on mycorrhizal and non-mycorrhizal nodu- 
lated faba beans. 

MATERIALS AND METHODS 

Surface-sterilized seeds of Vicia $&a cv. Diana, 
were planted in 32OOg of 1: 1 (v/v) autoclaved 
sand:sterilized soil (15% ethylene oxide for 48 h) in 4-l 
plastic pots. The soil (Ap of an Oxbow loam, Black 
Chemozemic) was obtained from a summerfallow 
field previously planted to wheat. The final sand-soil 
mixture contained 16 pg NO,-N and 4pg 
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NaHC03-extractable P g- ’ soil. Mycorrhizal fungal 
inoculum, consisting of dried roots and adhering soil 
from faba beans previously infected with Glornus mm- 

SPW, was placed in a layer 5 cm below the seed. Dried 
roots and adhering soil from non-mycorrhizal plants 
were added to pots of non-mycorrhizal plants. In ad- 
dition, 10 log g- 1 P as KH,P04 was added to non- 
mycorrllizal pots to produce plants of equal size to 
mycorrhizat plants. A commercial rhizobium inocu- 
lum (R. iequminoscrrztm. Legume Aid Co.. Agricultural 
Laboratohes, Columbus. Ohio), where used. was 
sprinkled over the seed at the time of planting. Rhizo- 
bially inoculated plants received 2O/cgg,’ N as Ca 
(NO,), while uninoculated plants received 100 pg g- ’ 
N. Faba beans were grown under light conditions of 
19 klx with 16 h light and 8 h dark with correspond- 
ing temperatures of 24 and 20 C. Soils were watered 
up to 90”;; of field capacity on the basis of daily gravi- 
metric measurements. For most experiments, the 
plants were 4-5 weeks old but. in a separate experi- 
mentl they were 5-6 weeks old. Piants were trans- 
ferred to the labelling chamber 48 h before the onset 
of the IahelIing period. 

Mycorrhizal fungal biomass was estimated by mic- 
roscopically measuring fungal structures associated 
with the root systems of mycorrhizal faba beans 
grown under the same conditions as plants used for 
carbon flow experiments. Six soil cores (2.5 cm dia) 
were removed from intact pots and gently washed to 
remove soil particles. Cores contained an average of 
20cm of root. Three of the cores were used to deter- 
mine external hyphal weights, vesicle weights, and 
percent infection. External mycorrhizal hyphae were 
picked from the root segments, blended in lOOmi of 
H,O and aliquots mounted onto glass slides. The 
mounted pieces of hyphae were measured microscopi- 
cally. Root segments were then cleared in lo”;, KOH 
and stained with acid fuschin in lactophenol. Percent 
infection was determined by a tine intercept method 
(Ambler and Young. t977). Internal vesicles in the 
stained root segments were measured microscopically. 
Roots in the remaining three cores were cleaned of 
external hyphae, cleared in IO’:, KOH. dried, blended 
and an aliquot filtered onto a millipore filter (0.4 ktm). 
The material on the filter was stained with acid 
fuschin in lactophenol. Internal hyphal segments were 
measured. The biovolume measurements were con- 
verted to biomass using a factor of 0.35 g cm- ’ (Van 
Veen and Paul, 1979). The relation between external 
hyphal biomass and total mycorrh~zal biomass was 
found to be significant (r2 = 0.98). This relation was 
used to convert external hyphal weights to total 
mycorrhizal fungal weights in the C Row experiments. 

Carbon flow measurements were obtained from 
plants exposed to “C0, in a closed chamber similar 
to that used by Pang and Paul (1980) with below- and 
above-ground atmospheres kept separate. “CO, was 
added to the above-ground atmosphere and main- 
tained at levels between 0.03 and 0.05”‘. during the 
labelling period. Below-ground air was scrubbed 
clean of atmospheric CO, before passage through the 
below-ground compartment. Respired ‘%X12 from 
the root systems was collected in 0.2 N NaOH bubble 
traps that were replaced and sampled at timed inter- 
vals. Total CO, evolution from the root systems was 
determined by titration of the excess NaOH with 

0.1 ti HCI (phenolphthaline indicator) following pre- 
cipitation of CO: _ with BaCI,. 

C flow was calculated from data obtained from 
plants labelled with 14C0, for 48 h of continuous 
light, then grown in “CO2 for an additional 96 h of 
continuous light. At the end of the experiments, 
2.5-cm cores were removed from the soil for fungal 
biomass 14C determination. The remaining roots were 
washed from the soil, the nodules were picked from 
the roots. and the plant material and soil were dried, 
weighed, and ground. For comparison, a similar ex- 
periment was performed using 5- to 6-week-old plants 
that were labelled for 8 h. then grown for 116 h of 
continuous light. 

CO2 fixation rates of symbiotic and non-symbiotic 
faba beans were determined using plants labelled for 
8 h. and maintained for an additional 16 h of continu- 
ous light in “CO,. Plants were harvested and 14C in 
biomass and respired 14C added to determine total 
14C fixed. CO, fixation rates were calculated by 
dividing the &al 14C fixed during the labelling 
period by the tota) shoot weight at the end of the 
experiment. N, fixation rates were determined after 
circulating “N2 (atom “, abund. = 0.701 - 0.820) in 
the below-ground atmosphere of plants for two 16-h- 
light: 8-h-dark periods. Below-ground systems in this 
case were modified so that the atmosphere was circu- 
fated in a closed system. Below-ground O2 concen- 
trations were monitored and maintained at 20% 0, 
(v/v) by additions of OZ. 

C contents and specific activities of C in plant 
material and soil were determined after combustion in 
a Lindeburgh dry combustion furnace. 14C liberated 
by sample combustion was collected in NaOH and 
measured by liquid scintillation. Fungal 14C contents 
were determined by dissolving the external VA 
mycorrhizal hyphae, picked from the soil cores, in 
4 ml of Biosolve tissue solubilizer (72 h, 30°C) and 
counting the samples by liquid scintillation. The 14C 
content of the external hyphae was multiplied by the 
ratio of VA biomass:external VA biomass previously 
determined to calculate the 14C contained in the 
mycorrhizal fungal biomass. 

Shoot N contents were determined after semi- 
micro-Kjeldahl digestion (Bremner, 1965). 15N was 
measured using an Atlas GD 150 mass spectrometer 
with a double-collector system. 

C llow to symbionts was calculated as the sum of 
the j4C incorporated into symbiont biomass and the 
“%Z02 respired by the symbionts. 14C in symbiont 
biomass was measured directly. Respired 14C was cal- 
culated by assuming that any increase in 14C02 evo- 
lution from root systems was due to symbiont metab- 
olism. Mahon’s (1977) respiration equation for a 
legume root system was modified to include terms for 
mycorrhizal fungi (equation I): 

R = i-z,P + R,(dP/dr) + R,M + R,(dM/dt) 

+ R,N + R,(dN/dt) + F -+ E (I) 

where R = total root respiration; P = plant root bio- 
mass; N = nodule biomass; M = mycorrhi~l fungai 
biomass; R, = maintenance respiration for each bio- 
mass component; R, = growth respiration for each 



Carbon flow in mycorrhizal and nodulated faba beans 409 

e-+ ~y~rrhizol (Allif 

A---l Rhizoblol (!?I) 

a--Cl Mycorrhizal -rhisoblol 
(RMI) 

B 
? 0.4- 

: 

0 
i 

P 0.2- 
” 

P 
cm 

I 
b 1 I b 1 ’ \ I 1 1 ’ I 1 I 

0 24 49 72 96 120 

Time, h 

Fig. 1. Evolution of 14C02 from roots of beans (4- to Sweek-old) foilowing a 48-h exposure of shoots to 
above-ground ‘%Z02. 

biomass component; dP/dt, dNJdt, dM/dt = change 
in biomass component with time; F = respiration as- 
sociated with nitrogen fixation; and E = respiration 
from root exudates. 

The plant root component, R,P + R,(dP/dt) and 
the E values were the same for all treatments, there- 
fore differences in respiration between treatments 
were assumed to be due to the symbionts presence. 

Fungal and rhizobial portions of the C flow in 
doubly infected hosts were determined by assuming 
that the symbionts of doubly infected plants incorpor- 
ated 14C into their biomass in the same proportion as 
the symbionts of singly infected plants. 

RESULTS 

~~rbon~o~~ to sy~iot~c orgun~~~s 

The distribution of 14C fixed by beans was used to 
determine C flow to symbionts. Summation of the 

label in shoots, roots, soil, symbiotic material, and 
respired COZ after 120 h of continuous light yielded 
95% recovery of the added label. Curves of below- 
ground 14C evolution showed that, at the time of har- 
vest, 14C was no longer being respired (Fig. 1). This 
indicated that the balance of the 14C label, was incor- 
porated in compounds that were not likely to be 
metabolized further in the near future. 

The distributions of 14C (Table 1) in the control 
and singly infected treatments were very similar. ca. 
66% of the label in 4- and 5-week-old beans was re- 
covered as plant and symbiont biomass (46% as shoot 
biomass, 20% as root biomass). The other 34% was 
respired, mainly from the root. Shoot respiration 
accounted for very little of the total because of con- 
tinual light conditions, i.e. no dark respiration. Sub- 
sequent labelling experiments using 16 h light and 8 h 
dark showed that while 14C loss by shoot respiration 
increased, the C flow to the roots was not affected. A 

Table 1. 14C distribution in 4- and 5-week-old (48 h) and 5- to 6-week old (8 h) symbiotic and non-symbiotic beans 

4- to 5-week-old (48 h) 5- to 6-week old (8 h) 

Mycorr. Rhiz. Mycorr.-Rhiz. Mycorr. Rhiz Mycorr.-Rhiz. 
Control (MI) (RI) (RMU Control (MI) (RI) (RMf) 

CO* fixation rate* 
Shoot weight (g) 
Root weight (g) 
Nodule weight (g) 
Mycorrhizal 

infection (%) 

Shoot biomass 
Shoot respiration 
Root biomass 
Root respiration 
Mycorrhizal biomass 
Mycorrhizal 

respiration 
Nodule biomass 
Nodule respiration 

7.02 c 7.60 h 
2.04 a 2.47 a 
1.45a 1.73a 

_ 52.8 

42.5 47.4 
2.5 2.0 

22.1 19.5 
32.6 27.3 

0.75 

- 47.2 - 

14C ~~st~ibu~~on t%) 
44.9 41.7 54.6 

1.7 2.3 1.7 
18.3 15.0 20.7 
28.9 22.1t 23.0$ 

- 0.88 

2.75 - 3.32 - 
- 1.28 2.41 
- 4.55 9.13 

Rant data 
7.92 h 8.23 a 6.79 c 
1.98 a 1.84a 4.31 a 
1.32 a 1.18a 2.03 a 
0.10 0.10 

6.96 b 7.32b 9.24 a 
4.40 a 3.64 a 3.59 a 
1.65 a 1.75a 1.64a 
- 0.11 0.15 

58.6 - 54.8 

52.0 
1.0 

20.2 
26.8$ 

ND 

ND 

46.8 
2.0 

25.0 
24.61 

- ND 
1.61 2.24 
ND ND 

42.0 
1.1 

16.8 
37.9t 

ND 

* (mg C g-’ shoot C h-‘) calculated using shoot weights as measured at the end of the experiment. 
?3.2% of 14C unaccounted for. 
fRoot f symbiont respiration. 
a-c Means followed by the same letter do not differ (P <: 0.5). 
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by mycorrhizal (RMI) and non-mycorrhizal 
lated beans (4- to Sweek-old) 

(RI) IlOdll- 

Nodule wt,’ I)(, N 
root wt 
(mgg-.‘j In shoot 

N fixed 
N per crmt 

fixed nodule wt 
(mg) imgg‘“‘) 

Rhizobial 87.7 3.81 0.78 16.2 
Mycorrhizal-rhizobial 104.0** 4.34* 1.@3* 15.8 

* Si~~~~cant~y different fP < O.l?;) from rhizobial treatment. 
** ~j~nific~ntl~ different (P x O.Ol?,;,) from rhizabial treatment. 

smaller proportion of the label was recovered as root 
respiration from control and singly infected S- to 
&week-old plants (Table 1). 14C0, evolution from 
doubly infected root systems tended to increase 
slightly between 4- to 5- and 5- to 6-weeks. Most of 
the growth of the faba beans during the experimental 
period occurred in the shoot as evidenced by the in- 
crease in shoot:root ratio. 

CO, fixation rates were higher for each symbiotic 
treatment than for non-symbiotic plants (Table 1). 
Values calculated are lower than actual COz fixation 
rates because of plant growth after the labelling 
period. In a subsequent experiment, CO2 fixation 
rates were calculated for plants harvested soon after 
the end of the labeiiing period. Non-symbiotic plants 
had CO, fixation rates of 17.4 mg C g- ’ shoot C h- ’ 
and doubly infected plants fixed 20.2 mg C g-’ shoot 
Ch-‘. 

The host root tissue of non-symbiotic plants incor- 
porated the translocated j4C with an efficiency of 
0.4mg C incorporated in root biomass per mg C 
translocated to the root. Doubly infected plants main- 
tained less 14C in their root biomass and respired a 
higher proportion from the root system (efficiency = 
0.3 mg mg-’ C). Singly infected treatments were inter- 
mediate in in~rporation efficiency. The symbionts in 
ail cases contained l-27$ of the added label. 

Mycorrhizai fungi of both singly (MI) and doubly 
infected (RMI) 4- to 5-week-old plants respired or 
incorporated CLI. 4’1/;, of the C fixed by their hosts. The 
fungal symbionts incorporated this C into fungal bio- 
mass with an efficiency of 0.21 mg C incorporated 
mg-’ C supplied. 

Nodufes of 4- to 5-week-old faba beans utilized 63, 
of the C fixed by singly infected (RI) plants and 12::; 
of the C fixed by doubly infected (RMI) plants (Table 
1). The supplied C was incorporated into nodule bio- 
mass with an efficiency of 0.22 mg C incorporated 
mg- * C supplied. 

Since calculation of C flop to nodules of RMI 
plants showed that they utilized more C than nodules 
of RI plants, a study was performed to determine if 
the increased C use affected symbiotic N2 fixation. Nz 
fixation rates were higher for RMI hosts, but this 
appeared to be a function of a larger mass of nodules 
per unit weight of root, not increased efficiency 
(Table 2). 

DISCUSSION 

Carbon flow to mycorrhizai and rhizobial sym- 
bionts was calculated as the sum of respired carbon 
and carbon incorporated into symbiont biomass. The 

CO,-C evolved by the symbionts had to be math- 
ematically separated from the C02-C evolved by the 
host. The CO, evolved by the symbionts was calcu- 
lated by comparison of the respiration values for the 
different treatments, i.e. symbiont respiration equals 
the difference in root respiration between symbiotic 
and control treatments. Two assumptions were made 
in this calculation: first, that the respiration rate of 
the host root tissue was not changed by the presence 
of the symbiont and, secondly, that each symbiont of 
a doubly infected host incorporated C into its bio- 
mass with the same efFiciency as when it was present 
as the sole symbiont. Symbiotic respiration as caicu- 
fated for RMI plants did not account for ail of the 
14CG2 respired from the below-ground system. One 
or both of the symbionts of RMI hosts may have 
respired a higher proportion of the C supplied to it, 
thereby decreasing the value for efficiency of C incor- 
poration into biomass for that symbiont. Since the 
root systems of RMI plants fixed more N2 when 
exposed to 15Nz than the root systems of RI plants, it 
is likely that the nodules are responsible for the ad- 
ditional 14C respiration in this experiment. However, 
this cannot be stated unequivocally. 

Another possibility is that host tissue of symbiotic 
roots increased its CO, evolution. Pate et a?. (19’79) 
found that host tissue subtending nodules had higher 
rates of CO1 evolution than host root tissue not as- 
sociated with nodules. As well, ceils containing arbus- 
cuies have been found to contain 22 times more cyto- 
plasm than neighboring ceils lacking fungai structures 
(Cox and Tinker, 1976). Thus, not all the increase in 
CO, evolution may be due to metabolism of mi- 
crobial symbionts. Nonetheless, the increased respir- 
ation is still associated with symbiotic systems and, 
therefore, can be considered part of the carbon cost. 

Summation of symbiont respired plus biomass “C 
yielded a value for the C flow to the symbionts, This 
C can be considered to be lost to the host and so 
would lead to reduced host growth were it not for the 
plants’ ability to increase, in part, its CO1 fixation 
rate to compensate for the symbiont C use. The 
mycorrhizal fungi of 4- to 5-week-old plants used 
3..5”,; of the C fixed by MI hosts and 4.2% of the C 
fixed by RMI hosts. Compared to the control plants, 
CO, fixation rates were ST/, higher in MI plants and 
17”; higher in KM1 plants. Nodule tissue used 60/: of 
the C fixed by RI plants and l?O/, of the C fixed by 
RMI plants while the hosts increased their COZ fixa- 
tion rates by 13 and 17’?& The C Row calculations did 
not consider the C returned by the symbiont to the 
host as C used by the symbiont. Because of increased 
CO2 fixation rates by symbiotic hosts, these plants 
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can essentially receive the benefits of the symbioses 
without major losses of C needed for their own 
tissues. Shoot weight comparisons for all of the plants 
used for 14C labelling experiments indicated that, in 
some cases, RMI hosts tended to produce less dry 
matter than RI or MI or uninfected plants, but the 
differences were not significant at the 95% level. 

The basis of increased CO, fixation is not under- 
stood. Levy and Krikun (1980) found that mycorrhi- 
zal lemon seedlings recovered from water stress more 
quickly than non-mycorrhizal seedlings, and therefore 
had higher photosynthetic rates. This, they assumed, 
was due to mycorrhizal effects on water balance of the 
plant. C. R. Johnson, J. A. Menge and S. Schwab 
(personal communication, 1981) also found elevated 
COZ fixation rates for mycorrhizal orange seedlings 
over non-infected controls and concluded that in- 
creased P levels in the leaf tissue was responsible for 
the increase. In the present study, P was added to 
non-mycorrhizal plants, however, increased uptake of 
P, or some other nutrient, by mycorrhizal roots may 
still explain the increased levels of CO2 fixation. 
Geiger (1976) has also suggested that increases and 
decreases in COZ fixation rates are probably due to 
indirect mechanisms, possibly involving hormonal 
control, rather than direct mechanisms of feedback 
control by product inhibition. His hypothesis may 
explain why growth of infected hosts has been in- 
creased in some studies, but not in others. Perhaps 
symbioses that do not result in increased growth are 
influenced by some incompatibility of host and 
fungus. 

Legumes growing in poor soils show increased 
growth in response to mycorrhizal or rhizobial inocu- 
lation. Plants infected with both symbionts often 
show growth responses larger than those expected if 
the individual symbiotic effects were added. The same 
result often can be obtained by using fertilizer P 
instead of mycorrhizal inoculum. Thus, it appears 
that VA mycorrhizae assist in plant uptake of P, but 
do not interact directly with the nodules (Carling et 
al., 1978). This theory is supported by Smith and Daft 
(1977) who found that on a dry weight basis, the P 
percentage and nitrogenase activity of hosts did not 
increase, even though overall growth was greater for 
dually infected plants. 

Formation of larger and more numerous nodules 
on dually infected root systems has the effect of 
increasing the total nitrogenase activity of a root even 
though the activity per unit weight does not change 
(Daft and El Giahmi, 1974; Crush, 1974; Smith and 
Daft, 1977). Mosse et al. (1976) found that non- 
mycorrhizal roots of three legumes (clover, Stylo- 
santhes and Centrosema) did not nodulate in a P defi- 
cient soil whereas mycorrhizal plants of the same spe- 
cies did. In this case, the control plants were too P 
deficient to support nodules. 

Our “N, fixation studies support the findings of 
previous studies using acetylene reduction techniques. 
C flow calculations also show that more assimilate is 
supplied to nodules of RMI plants. Whether the host 
supplies more C because it has more C to spare due 
to increased CO2 fixation, or whether the nodules 
create a large C sink, so that the plant increases CO2 
fixation to supply the necessary C is not known. The 
increased N, fixation by RMI plants may also be due 

to differences in the host nutritional balance. P was 
added to control and RI plants in the 14C labelling 
experiments at levels to compensate for the lack of 
fungus. However, since RMI plants still had higher 
Nz fixation rates, some other factor, possibly a mic- 
roelement that aids bacterial Nz fixation may be sup- 
plied by the fungus. Since no direct contact between 
fungus and bacteria has been reported, it appears that 
the necessary factor would have to be supplied to the 
bacteria through the host cells. 

Other authors working with nodulated legumes 
have reported C consumption values for nodules 
ranging from 3 to 25% of the C fixed by the host 
(Atkins et al., 1978; Haystead et al., 1979; Ryle et al., 
1979b). These measurements were performed on 
plants of unknown mycorrhizal state. In this study, 
mycorrhizal infection appeared to stimulate N2 fixa- 
tion by the modules. The calculated values for C flow 
to nodules of RI hosts are lower than most values 
reported in the literature; however, the values for C 
flow to the nodules of RMI plants are comparable to 
those reported by Atkins et al. (1978) for plants in a 
reproductive state. 

Minchin and Pate (1973) and Ryle et al. (1979a) 
report values of 0.14-0.18 mg N fixed mg-’ C re- 
spired by nodulated roots. When the total N in the 
plant is considered, comparable values of 
0.15-0.17 mg N fixed mg-’ C respired from the root 
systems of faba beans are obtained. Mycorrhizal 
infection did not affect this ratio since N, fixation was 
higher in the presence of mycorrhizal fungi. 

Quantitative measurements of C flow to mycorrhi- 
zal symbionts are presented. The fungi constituted 
less than 2% of the plant mass (5% of the root mass) 
and utilized ca. 4 of the C fixed by the host. From an 
energy point of view, the plant was supporting an 
expensive symbiont. Since the host compensated for 
the C used by the symbiont to some extent, the cost of 
the symbioses was not great. 
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