
Chapter 12

Carbon Metabolism and Costs of Arbuscular

Mycorrhizal Associations to Host Roots

Alex J. Valentine, Peter E. Mortimer, Aleysia Kleinert, Yun Kang,

and Vagner A. Benedito

12.1 Introduction

The symbiotic relationship of plants with mycorrhizal fungi is cited as being a

driving force behind the shift of plants to land, with the hyphal network enabling

improved uptake by poorly developed roots in nutrient-poor conditions. This

470-million-year-old collaboration is a widespread phenomenon with 70–90 % of

terrestrial plant species colonized by arbuscular mycorrhizal fungi. The evolution-

ary history of this relationship is supported by both fossil records and the fungal

recognition mechanism that are conserved among plants. The premise of the

symbiosis is the reliance of the fungi on photosynthetically derived carbohydrates

supplied by the plant in exchange for improved nutrient (predominantly phosphate)

and water uptake mediated by the extensive hyphal network. Recent studies have

shown that the flow of carbon to the fungus can be downregulated under sufficient

nutrient regimes and that the fungus is also able to control the transfer of nutrients to
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less than beneficial hosts (Selosse and Rousset 2011; Maillet et al. 2011; Kiers

et al. 2011). This points to a biological “market” with reciprocal rewards to stabilize

mycorrhizal symbiosis.

12.2 The C Cost of Arbuscular Mycorrhizae

AM fungi are dependent on the host plant as a C source and therefore act as a C

sink. Once established, the fungal metabolic activities and growth can promote

carbon sink stimulation of photosynthesis from the host plant (Fig. 12.1). It has

been estimated that the fungus receives between 10 and 23 % of the plant’s

photosynthetically fixed carbon (Snellgrove et al. 1982; Kucey and Paul 1982;

Koch and Johnson 1984; Harris et al. 1985; Jakobsen and Rosendahl 1990). Black

et al. (2000) showed that mycorrhizal plants have a higher photosynthetic rate than

non-mycorrhizal plants. This may be because of either an increased level of

phosphate in the leaves due to the mycorrhizae (Azcon et al. 1992; Black

et al. 2000) or because the AM fungus acts as a carbon sink (Snellgrove

Fig. 12.1 The carbon costs of the arbuscular mycorrhizal root system, expressed as C inputs and

losses above and below ground. Aboveground C inputs are via photosynthetic CO2 assimilation

and the losses are via respiratory CO2 release. Belowground costs include CO2 losses from host

root and fungal symbiont respiration, due to tissue growth and nutrient acquisition. The refixation

of CO2 from the rhizosphere may replenish some of the respiratory CO2 losses. Additionally, the

increased translocation of organic C from the aboveground to belowground tissues may also incur

a C cost (Figure provided by Dr. Yun Kang)
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et al. 1982; Kucey and Paul 1982; Koch and Johnson 1984; Jakobsen and Rosendahl

1990). Both explanations have been found to be true but under different conditions

and for different plants. Therefore it may result from a combination of both,

depending on the growing conditions and the developmental stage of both the

fungus and the plant.

In particular, the developmental stage of the symbiosis may warrant further

exploration in order to gain a more accurate account of the C costs involved.

Although the percentage AM colonization may be used as a means of estimating

the potential mycorrhizal sink, there is conflicting evidence as to whether or not the

percentage colonization of the root by AM fungi is related to the soluble carbohy-

drate content of the root. Pearson and Schweiger (1993) found that colonization was

negatively correlated with the soluble carbohydrate content of the root, while

Thompson et al. (1990) found a positive correlation. This may be because the

conflicting experiments were carried out during different developmental stages of

colonization. The three stages of colonization are the lag phase, the phase of rapid

development, and the plateau phase (Smith and Read 1997). Pearson and Schweiger

(1993) carried out their experimental work towards the end of the phase of rapid

development, when the colonization period starts to decline and therefore is a

subsequent decline in the demand for C by the fungus. Thompson et al. (1990)

experimented during the end of the lag phase and the start of the phase of rapid

development, when the demand for C is high. It appears that the process of

colonization does depend on carbohydrates from the root during the initial phases

and then reaches equilibrium as the process of colonization comes to an end and a

stable symbiotic relationship develops. The carbon that is taken up by the fungus is

incorporated into the growth and development of new fungal structures and spores.

More than 90 % of the root can be colonized by an AM fungus (Motosugi

et al. 2002) and can constitute up to 20 % of the root dry mass (Harris and Paul

1987).

Respiration of colonized roots was found to be between 6.6 and 16.5 %

(depending on fungal species) higher than non-colonized roots in cucumber plants

(Pearson and Jakobsen 1993). The increased respiration rate contributes to the sink

effect of the fungus and indicates that colonized roots have a higher metabolic

activity than non-colonized roots. This may in part be due to the losses incurred by

the symbiont itself. There are three main ways that organic C is lost from the host

via the fungus (Fig. 12.1): firstly via the loss of sloughed off fungal material,

secondly through the release of fungal spores into the soil, or thirdly via the

exudation of organic acids and phosphatase enzymes by the fungus. Fungal mycelia

are constantly being replaced because of older material either breaking off as the

root pushes through the soil or dying and being released into the soil. Bethlenfalvay

et al. (1982a, b) found that as much as 88 % of the fungal biomass was external of

the root for soybean; similarly Olsson and Johansen (2000) found that 70 % of the

fungal biomass was external mycelium on cucumber roots. This will account for a

large portion of C lost into the soil considering that at some stage the external

hyphae will be released into the soil. The release of spores from the external

mycelium accounts for a high percentage of lost organic C. In a study done by
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Sieverding (1989), it was estimated that 919 kg ha�1 of plant C went into the

production of spores, which are subsequently released into the soil by the fungus.

Furlan and Fortin (1977) found spore production was influenced by the amount of C

that is available to the fungus. The third means of organic C loss is through the

exudation of organic acids and phosphatase enzymes by the fungal hyphae in order

to aid in the uptake of nutrients such as phosphate. However, the main body of

evidence supporting this has been found in ectomycorrhizae (Bolan et al. 1987).

Although the release of organic acids is not thought to be the primary means of P

uptake (Bolan 1991), it does constitute a loss of organic C derived from the host.

12.3 Arbuscular Mycorrhizal Efficiency and C-Flux

Estimation

The transfer of fixed C from the host to the symbiont has a direct effect on the host

plant and thus it is important to quantify this process. Koide and Elliott (1989)

described this relationship mathematically using various models to describe both

the gross benefit of the mycorrhizal colonization and the net benefit of colonization.

Gross benefit was defined as the difference between the quantity of gross C

assimilation (mole C) in mycorrhizal and non-mycorrhizal plants over a given

period of time (Koide and Elliott 1989):

ΔAg
m � ΔAg

nm

where ΔAg
m and ΔAg

nm are the gross C assimilation of the mycorrhizal and

non-mycorrhizal plants during that time interval, respectively.

The net benefit of colonization for the same time period was described as the

difference between mycorrhizal and non-mycorrhizal C accumulation (moles C) in

the whole plant over the given time period (Koide and Elliott 1989):

ΔCw
m � ΔCw

nm

where ΔCw
m and ΔCw

nm represent the amount of C accumulated in the mycorrhizal

and non-mycorrhizal plants over the given time period.

Koide and Elliott (1989) also described the efficiency of the relationship in terms

of P acquisition, P utilization, and belowground C utilization. The efficiency of the

P acquisition was defined as

ΔPw

ΔCb

where ΔPw is the total P that has accumulated in the plant during the given time

interval and ΔCb is the total belowground C expenditure over the same time period
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(Koide and Elliott 1989). This describes the efficiency of the relationship in terms

of the amount of P taken up compared to the amount of C used for the uptake of

P. Cb can be calculated as follows (Koide and Elliott 1989):

Cb ¼ Cr þ Co þ Cn

where Cr is the C that is allocated to the root tissue, Co is the C lost via root

belowground respiration, and Cn is the nonrespiratory, belowground C loss.

The efficiency of P utilization was defined by the following equation (Koide and

Elliott 1989):

ΔCw

ΔPw

where ΔCw is the total amount of C accumulated, in the whole plant, over the same

period (Koide and Elliott 1989). This efficiency can be applied to any of the

respective plant components. The final model proposed by Koide and Elliott

(1989) was used to define the efficiency of belowground C utilization and was

expressed as the ratio ΔCw:ΔCb. This ratio is the product of the previous two

models:

ΔCw

ΔCb
¼ ΔCw

ΔPw
� ΔPw

ΔCb

Koide and Elliott (1989) defined Cb (see above) as the total belowground C

expenditure, which included all the C in the living tissue of the root system and the

C lost from the root, via exudation, leaching, respiration, cell death, and direct

transport to the fungus. Jones et al. (1991) went one step further and formulated two

models that defined Cb in terms of the factors influencing the changes in Cb.

(a) The first model expressed Cb as a function of the C fixed via photosynthesis:

CbðPnÞ ¼ Pn
%CBG

100�%CSR

t

where Cb(Pn) is the amount of photosynthetically fixed C that is allocated below

ground in a given period of time. Pn is the net photosynthetic rate as mmol C s�1 for

the whole shoot system; %CBG is the percentage of the total fixed C which is

allocated below ground, over a given period of time; %CSR is the percentage of the

fixed C which was released via respiration in the shoot; and t is the length of the

daily light period, measured in seconds. The term 100�%CSR represents the total

amount of C left after respiration.

(b) Their second model expressed Cb as a function of the change in shoot mass,

which will give an indication of C fluxes within the shoot:
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ΔCbðWtÞ ¼ ΔWs

%CBG

%CST

where ΔWs is the mean increase in shoot weight over a given time period and %CST

and %CBG are the mean percentages of the C fixed and allocated to the shoot tissue

and to the belowground components, respectively.

The work of Koide and Elliott (1989) forms the backbone of mycorrhizal

efficiency modeling, but they never tested their models experimentally. Therefore

they have not defined the influencing factors that affected each of the parameters

involved in the different models. The models proposed by Jones et al. (1991)

elaborated on those of Koide and Elliott (1989) by defining Cb as a function of its

influencing factors, not just its components.

However, the expression of Cb in terms of photosynthetically fixed C can

be misleading. It assumes that photosynthetic C is the only source of C available to

the plant. It does not include structural and nonstructural C that is already stored in the

plant, which may be used and transported below ground or anywhere else in the plant

for that matter. Similarly the expression of Cb in terms of the changes shoot mass

assumes that the shoots are the only structures that will have an influence on

belowground C, again ignoring other preexisting sources of C within the plant.

This also neglects to take into account that AM and non-AM plants may allocate

photosynthetic C in different proportions to different organs (Smith 1980; Koide

1985). Furthermore, these models do not include the stimulation of photosynthesis by

mycorrhizal symbioses and, for this reason, may result in a misrepresented estimation

of the carbon costs of mycorrhizal colonization.

12.4 Tissue Construction Cost and Belowground

Respiration

Williams et al. (1987) proposed a model that can be used to determine the

construction cost of various tissues within a plant. They defined construction cost

as the amount of glucose required to provide C skeletons, reductant, and ATP for

synthesizing the organic compounds in a tissue via standard biochemical pathways.

They calculated tissue construction cost as

Cw ¼ ð0:06968 � ΔHc � 0:065Þð1� AÞ þ kN

14:0067
� 180:15

24

� �
1

Eg

where Cw is the construction cost of the tissue (g glucose g DW�1) and ΔHc is the

ash-free heat of combustion of the sample (kJ g�1). A is the ash content of the

sample (g ash g DW�1); k is the reduction state of the N substrate (NO3 was used,

therefore k is +5) and Eg is the deviation of growth efficiency from 100 %. Eg

represents the fraction of the construction cost that provides reductant that is not
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incorporated into biomass. Williams et al. (1987) determined the value of Eg to be

0.89.

Peng et al. (1993) slightly modified this equation and converted the g glucose

into mmol C:

Cw ¼ ð0:06968 � ΔHc � 0:065Þð1� AÞ þ kN

14:0067
� 180:15

24

� �
1

0:89
� 6; 000

180

The units of construction cost are now mmol C g DW�1. However, the tissue

construction cost equation was further modified by Mortimer et al. (2005):

Cw ¼ ½Cþ kN=14� 180=24� ð1=0:89Þð6; 000=180Þ

where Cw is the construction cost of the tissue (mmol C g DW�1), C is the carbon

concentration (mmol C g�1), k is the reduction state of the N substrate, and N is the

organic nitrogen content of the tissue (g/g DW) (Williams et al. 1987). The constant

(1/0.89) represents the fraction of the construction cost which provides reductant

that is not incorporated into biomass (Williams et al. 1987; Peng et al. 1993) and

(6,000/180) converts units of g glucose/g DW to mmol C g DW�1.

Peng et al. (1993) use the construction cost to determine the growth respiration,

which was defined as the respired C associated with the biosynthesis of new tissue:

RGðtÞ ¼ Ct � ΔWc

where RG(t) is the growth respiration (ı̀mol CO2 d
�1); Ct (ı̀mol CO2 d

�1) is the C

required for daily construction of new tissue. Ct was calculated by multiplying the

root growth rate (ΔWw, mg DW d�1) by tissue construction cost (Cw). ΔWc (ı̀mol

d�1) is the change in root C content and was calculated by multiplying the root C

content and the root growth rate (ΔWw, mg DW d�1).

12.5 Arbuscular Mycorrhizal Carbon Costs in

Dual-Symbiotic Roots

Arbuscular mycorrhizal (AM) hosts plants are also able to form dual root symbioses

with AM and nitrogen-fixing symbionts. In particular, the ability of legumes to

form tripartite associations with AM fungi and rhizobia gives them access to

sources of P and N that would normally not be available to the plant. Rhizobia

are able to fix atmospheric N and convert it into an organic form which is

subsequently made available to the host (Lodwig and Poole 2003). The AM are

not only more efficient in the uptake of P from the soil but can also access pockets

of soil P that would ordinarily not be available to the host. This allows for improved

plant growth, especially in nutrient-poor soils. The ability to form these
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associations makes legumes valuable as a crop plant as it provides both the legumes

and the subsequent crops with a renewable source of N and the ability to grow in

low P soils (Frey and Schuepp 1992; Udvardi et al. 2005).

However, these nutrients provided to the host plant come at a cost; in exchange

the host plant supplies the two symbionts with photosynthetically derived sugars

(Vessey and Layzell 1987; Smith and Read 1997; Vance 2002). In spite of the C

costs of maintaining a dual symbiosis, the cumulative benefits of dual inoculation

are greater than those of singular inoculation to both the host plant and to the

respective symbionts (Daft and El-Giahmi 1974; Cluett and Boucher 1983; Kawai

and Yamamoto 1986; Pacovsky et al. 1986; Chaturvedi and Singh 1989). However

the legume is able to balance these costs by increasing its photosynthetic rate, thus

producing more sugars for the growth and maintenance of both itself and the two

symbionts.

12.5.1 Symbiotic P and N Nutrition

One of the main functions of AM is the provision of soil P to the host plant;

therefore, under low soil P conditions, the dependency of the host on the AM fungi

increases (Smith and Read 1997). Fredeen and Terry (1988) found that

AM-colonized legumes growing under low soil P had higher shoot P as well as

greater shoot and nodule dry weights. This indicates the role that AM play in both

the P nutrition and the growth of the host as well as the nodules. The enhancement

of host growth is attributed to an increase in the production of photosynthate by the

host, resulting from of the improved nutrition, obtained from the root symbioses

(Fredeen and Terry 1988; Jia et al. 2004).

Rhizobia, found in the root nodules, play a crucial role in the N nutrition of their

legume hosts. The bacteria are able to provide the host with reduced N, which is

derived from atmospheric N2. Atmospheric N is fixed into ammonia, with the aid of

the enzyme nitrogenase, which is consequently exchanged with the host for C

(Thorneley 1992; Lodwig and Poole 2003). Nodules are strong P sinks and the

process of N fixation is energy intensive, resulting in the nodules requiring more

energy and P than the host roots (Sa and Israel 1991; Al-Niemi et al. 1998; Almeida

et al. 2000). Vadez et al. (1997) reported that nodules had a threefold greater

concentration of P than other plant tissues, which gives an indication of the nodular

sink strength for P. It has also been reported that a deficiency of P can lead to a

reduction in both nodulation and symbiotic N fixation (Othman et al. 1991; Drevon

and Hartwig 1997). Alternatively, P availability has been found to increase the ratio

of nodule to total plant mass; nodule mass appears to be more influenced by the

availability of P than nodule number (Othman et al. 1991; Almeida et al. 2000).

This is confirmed by the work of Olivera et al. (2004), who reported that an increase

in the P supplied to host plants led to a fourfold increase in nodule mass. This

dependency on P by the nodule bacteria will also create a strengthened dependency
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on AM fungi by the host in order to supply the high amounts of P required by the

rhizobia.

Although legumes rely on the N contribution of the rhizobia for growth and

development, the plant can access other sources of N. Numerous studies have

shown that AM play an important role, both directly and indirectly, in the uptake

of N and the subsequent supply of N to the host plant (Marschner and Dell 1994;

Constable et al. 2001; Toussaint et al. 2004; Govindarajulu et al. 2005; Mortimer

et al. 2009). This indirect effect of AM on host N nutrition is apparent in legumes.

Mycorrhizal legumes have been reported to have a greater number of nodules,

increased nodular weight, and improved N fixation rates, thereby enhancing the N

nutrition of the host (Carling et al. 1978; Kawai and Yamamoto 1986; Luis and Lim

1988, Vesjsadova et al. 1993; Goss and de Varennes 2002; Mortimer et al. 2008).

Another indirect means of AM influencing the N nutrition of host legumes can be

seen in the study carried out by Mortimer et al. (2012); this study found that AM can

counter the asparagine-induced inhibition of biologic nitrogen fixation (BNF; under

N nutrition), thus allowing for the continued function nodules when exposed to an

external source of N.

12.5.2 C Costs of the Dual Symbiosis

Root symbionts require C from the host plant in exchange for the nutrients

provided, thus acting as C sinks. Therefore, by default they both compete for the

same source of photosynthate from the host plant (Harris et al. 1985, Mortimer

et al. 2008). This double sink created by the root symbionts can impose a consider-

able drain on host C resources, altering rates of photosynthesis and host growth.

Numerous studies have revealed that the AM fungus receives between 10 and 23 %

of host photosynthate (Snellgrove et al. 1982; Koch and Johnson 1984; Kucey and

Paul 1982; Jakobsen and Rosendahl 1990) and the nodules between 6 and 30 %

(Kucey and Paul 1981, 1982; Harris et al. 1985; Provorov and Tikhonovich 2003).

Nodule number as well as BNF is influenced by the availability of photosynthate;

therefore, any factors which influence the rates of photosynthesis will in turn

influence the BNF process (Bethlenfalvay and Phillips 1977; Murphy 1986; Atkins

et al. 1989; Sussanna and Hartwig 1996; Schortemeyer et al. 1999). As has been

shown in the studies of Fredeen and Terry (1988) and Peng et al. (1993), when soil

P and N are not limiting to plant development, a growth depression in the host plant

and a decrease in nodular dry weight can occur. This is due to the C being used for

symbiont growth in place of host growth (Fredeen and Terry 1988; Peng

et al. 1993).

Despite this C drain imposed by the symbionts, both the rhizobia and the AM

fungi generally result in the improved growth of the host plant; however, these

growth benefits are most noticeable under low nutrient conditions, when the host

plant is most reliant on the respective root symbionts. Numerous studies have

highlighted the fact that the dual inoculation of the host plant by AM fungi and
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nodule bacteria results in enhanced plant growth and symbiont development to a

greater extent than singular inoculation (Daft and El-Giahmi 1974; Cluett and

Boucher 1983; Kawai and Yamamoto 1986; Pacovsky et al. 1986; Chaturvedi

and Singh 1989; Mortimer et al. 2009, 2012). Examples of this synergistic benefit

resulting from dual inoculation are seen in the work of Nwoko and Sanginga

(1999), who reported a 57 % increase in the percentage AM colonization of host

plants, once the host was inoculated with Bradyrhizobium; similarly, the dual

inoculation led to an increase in nodular weight. Furthermore, studies by Toro

et al. (1998) and Jia et al. (2004) have shown that host plants had greater N fixation

rates and that dual inoculation led to increased rates of photosynthesis and

improved plant productivity.

As a means of compensating for the C being used by the two symbionts, the host

plants increase its photosynthetic productivity, which is achieved in a number of

different ways. Generally an increase in leaf P is attributed to the presence of AM;

this can be used to fuel an increase the rate of photosynthesis; additionally, in a

more indirect manner, host plants can increase the specific leaf area and rate of leaf

expansion, further boosting photosynthetic productivity (Harris et al. 1985; Fredeen

and Terry 1988; Jia et al. 2004). Harris et al. (1985) found 47 % increase in CO2

fixation of nodulated soybeans and attributed this to the higher leaf P, improved

mobilization of starch, and an increase in the specific leaf area of the soybeans. In

the same way, Jia et al. (2004) have shown that plants with rhizobia and AM fungi

have higher photosynthetic rates per unit leaf area. An alternative mechanism was

provided by Fredeen and Terry (1988) who found that host plants had greater

photosynthate production due to an increase in the rate of leaf surface expansion

and not as a result of an increase in the rate of photosynthesis or photosynthesis on a

leaf area basis. From the above studies, it is clear that host plants are able to

compensate for the increased demand for photosynthate, resulting from the respec-

tive root symbionts, by a number of different mechanisms. This sink stimulation

may be dependent upon the developmental stage of the root symbionts and their

contributions to nutrient-based growth or uptake efficiencies.

12.5.3 Calculations for Dual Root Symbioses

Carbon and nutrient cost calculations for dual root symbioses in legumes may be

calculated as follows:

(a) Specific P absorption rate (SPAR) (mg P g�1 root dw d�1) or SNAR in the case

of N, is the calculation of the net P absorption rate per unit root dw (Nielson

et al. 2001):

SPAR ¼ M2 �M1ð Þ= t2 � t1ð Þ � logeR2 � logeR1ð Þ= R2 � R1ð Þ
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where M is the P content per plant and R is the root system (to include nodules, if

nodulated) dry weight.

(b) Specific P utilization rate (SPUR) (g dw mg�1P d�1) or SNUR in the case of

N is a measure of the dw gained for the P taken up by the plant (Nielson

et al. 2001):

SPUR ¼ W2 �W1ð Þ= t2 � t1ð Þ � logeM2 � logeM1ð Þ= M2 �M1ð Þ

where M is the P content of the plant and W is the plant dry weight. The specific

nitrogen utilization rate (SNUR) can be adapted from these equations to include N

instead of P, as shown in Mortimer et al. (2008).

The benefits of using SPUR and SPAR for C cost analysis were evident in the

comparison of nutritional benefits in terms of uptake and growth efficiency of

legume hosts with dual symbiotic roots (Mortimer et al. 2008). In their study on

the legume Phaseolus vulgaris, Mortimer et al. (2008) found that in the dual

symbiosis, the AM colonization proceeded more rapidly than the nodulation

when the plants were inoculated at the same time. The AM was the primary

belowground sink of host C resources in the dual symbiosis with root nodules,

which resulted in the delayed onset of nodular growth. This allowed for AM

establishment and the subsequent enhancement of P nutrition, which benefited the

later nodular and host development. AM colonization peaked at 17 days after

inoculation; the decline in percentage colonization following this stage (24 days)

coincided with the increase in nodule mass. It was argued that the increase in nodule

development was delayed due to host C being used to support the high levels of AM

colonization (thus allowing for increased P acquisition), confirmed by the higher

construction costs and growth respiration of these plants. Once AM colonization

reached the plateau phase, more C was available for nodule growth (Harris

et al. 1985). Coupled with this argument is that nodules require relatively high

amounts of P for normal growth and maintenance (Sa and Israel 1991; Al-Niemi

et al. 1998; Almeida et al. 2000); thus under low P conditions, the host and nodules

would rely on AM-derived P during the AM plateau phase. Therefore, initial AM

development up to 17 days took preference over the formation of nodules, so that

the plateau phase of AM was reached and the subsequent benefits of P nutrition

accrued. This was also noticed in previous studies, where P nutrition was enhanced

once the plateau phase of AM development was reached (Mortimer et al. 2005).

This AM-induced response was primarily due to the improved P nutrition of AM

roots, evidenced by the greater specific P absorption (SPAR) and utilization

(SPUR) rates compared to non-mycorrhizal plants. These effects of P on host

growth and nutrition are confirmed by previous studies showing improved P

nutrition and growth of AM plants (Sanders and Tinker 1971; Smith 1982; Bolan

1991; Orcutt and Nilsen 2000). Confirmation for the preference of AM develop-

ment over nodular growth (0–17 days) is apparent in the difference between

colonization levels at low and high P and the fungal effect on the dual symbiotic

belowground sink strength. This sink effect is evidenced by the higher
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photosynthetic rates and root oxygen consumption rates of the double symbiotic

roots at low P than at high P, for the period of 0–17 days. This is consistent with the

work of Valentine and Kleinert (2007) who found that mycorrhizal plants had

increased respiration resulting from the higher levels of root colonization associated

with low P conditions.

Mortimer et al. (2008) also found that there were synergistic effects on

nutritional physiology, owing to the dual symbiotic associations. These were

most pronounced under low P conditions due to the key role of AM in the tripartite

symbiosis. These synergistic effects on nodule development resulted in greater

BNF by the nodules, providing the host with more N than their non-AM

counterparts. This is consistent with previous studies showing enhanced levels of

colonization and nodulation resulting from the synergistic effect of dual inocula-

tion, as well as greater nodular dry weights (Daft and El-Giahmi 1974; Cluett and

Boucher 1983; Kawai and Yamamoto 1986; Pacovsky et al. 1986; Chaturvedi and

Singh 1989; Nwoko and Sanginga 1999). In addition, Catford et al. (2003) found

that the tripartite symbiotic partners may autoregulate the development of the

various symbionts. The nutritional benefits of the double symbiosis that resulted

in greater host growth under low P are in agreement with the work of Gavito

et al. (2000). Gavito et al. (2000) proposed that the improved nutrition of the

mycorrhizal legumes led to enhanced N fixation, thereby resulting in the dual

symbiotic plants having greater growth.

This cumulative sink effect imposes a considerable drain on host C reserves, as

evidenced by the increased oxygen consumption and growth respiration of the dual

symbiotic plants in study by Mortimer et al. (2008). The increased demand for host

C by the two symbionts resulted in the host plants having higher photosynthetic

rates, which concurs with the findings of Jia et al. (2004) for Vicia faba. Although
Jia et al. (2004) attributed the higher photosynthetic rates to improved N and P

nutrition, no evidence was presented for respiratory costs driving belowground sink

stimulation of photosynthesis. In this regard, previous studies have found that

colonization of host roots by AM led to increased levels of belowground respiration

(Peng et al. 1993; Valentine and Kleinert 2007). Therefore, the addition of a further

symbiont, such as nodule-producing N2-fixing bacteria, should lead to an even

greater respiratory demand on the host. From the current study, additional evidence

for the greater C consumption by the dual symbiosis is the higher construction costs

of these plants. This means that the hosts require more C for every gram of tissue

produced, thus further increasing the photosynthetic and respiratory C costs. This is

consistent with the work done by Peng et al. (1993) who found that mycorrhizal

plants had higher construction costs than their non-mycorrhizal counterparts. These

findings indicate a more prominent role for the AM in this tripartite symbiosis,

because of its role in supplying P more effectively to both host and nodules, as well

as contributing to the N economy of the host plant. Physiological and biochemical

methods often involve large experimental procedures to determine the carbon costs

of the root symbioses. The advent of quantitative tools of gene expression analysis

may offer an efficient method to simplify these calculations.
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12.6 Perspectives of Molecular Approach to Carbon Costs

The value of a molecular approach to complement the physiological costs assess-

ment is evident in the study by Kiers et al. (2011), where the C allocation of gene

expression in an AM symbiotic assemblage was traced as 13C allocation in RNA.

Not only is it important to determine the C costs of total gene expression but also to

use transcriptional analyses to assess potential C fluxes during the symbiosis.

As described in the previous sections, the impact of nutritional root symbioses

on the host’s physiology is quite dramatic, not only in the root system but also as

consequences to the functioning of aboveground organs. Higher respiratory demand

of roots and organic C export imposes greater photosynthetic requirements from the

shoots, while increased P (and N) availability to the shoots can lead to greater

growth rates. The impact of this positive developmental-nutritional feedback

between the participating symbionts goes beyond direct sink of primary C and N

pathways in the shoot, such as photosynthesis, TCA cycle, N assimilation, and

metabolite transport systems. Notwithstanding, the vast majority of the studies on

gene expression of root symbioses concentrate on root tissues.

Using transcriptional analysis to quantify a specific cellular phenomenon is often

complex because transcription is only one of many levels of gene expression

regulation, including posttranscriptional and posttranslational levels. In metabolic

pathways, many enzymes are commonly present in excess, so that variation in gene

expression has little impact in the pathway flow, and key enzymes are often

regulated by multiple mechanisms (e.g., mRNA degradation by small RNA

targeting, translational arrest, protein phosphorylation, feedback allosteric regula-

tion) to guarantee a precise metabolic regulation. Ideal genetic markers

representing the carbon costs of the symbiosis from the plant host to the mycorrhi-

zal fungus should present a specific and proportional regulation pattern of gene

transcription. This may reflect the level of root infection and metabolic flow of

organic C export. Furthermore, there is clearly a requirement for model

experiments that correlate plant gene expression and metabolic carbon flow to the

mycorrhizal symbiont. In this regard, a quantitative real-time (qPCR) approach

comparing symbiotic systems with nonsymbiotic systems in both nutritionally

sufficient and limiting conditions could be used in parallel with metabolic analyses

(e.g., labeled carbon flow, adenylate energy charge status). This would immensely

facilitate the assessment of plant energy costs in terms of reduced C flow to the

mycorrhizal fungi. In addition, this would accrue further value if the genes could be

assessed in aerial, photosynthetic organs of the plant.

A recent study on the impact of mycorrhization on gene expression in rice leaves

revealed that this symbiosis increases pathogen resistance in the shoot by systemi-

cally inducing expression of defense-response genes, including diverse transcrip-

tion factors (notably, AP2/EREBP and bHLH family members), calcium signaling

and kinases (MPK6, CBP), and hormone-related genes, such as the jasmonic acid

(JA) biosynthesis (Campos-Soriano et al. 2012). As demonstrated in tomato, JA is

indeed an important plant hormone for mycorrhization and particularly in relation
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to carbon partitioning. Prosystemin, a JA precursor, was shown to act as a positive

effector of endomycorrhizal colonization in studies using genotypes defective or

overexpressing prosystemin (Tejeda-Sartorius et al. 2008). Additionally, other

hormones have been shown to be important for mycorrhizal association, such as

strigolactone (Yoneyama et al. 2008), abscisic acid (Garrido et al. 2010; Rodriguez

et al. 2010), and ethylene (Zsögön et al. 2008). It will be interesting to assess the

impact of mycorrhizal symbiosis in the gene expression of shoots of other species

and correlate the level of infection with transcriptional variations, in order to better

characterize canonical gene expression patterns that are evolutionarily conserved in

the plant kingdom.

Good genetic markers of mycorrhization have been described for

pre-colonization (expansin EXBL1, specific WRKY transcription factors) and

late stages of colonization (DXS-2, chitinase, glutathione S-transferase,

β-1,3-glucanase, and an additional WRKY transcription factor) in several plant

species (Dermatsev et al. 2010; Gallou et al. 2011). Additionally, the expression of

the mycorrhiza-specific phosphate transporter PT4 (Harrison et al. 2002), the H+-

ATPase MTHA1 (Krajinski et al. 2002), and the mycorrhizal high-affinity mono-

saccharide transporter MST2 (Helber et al. 2011) can be used in quantitative

experiments to assess relative mycorrhizal colonization in the root system.

Although the plant model Arabidopsis thaliana does not form mycorrhizal

associations, the cross talk between the C and N pathways is mostly conserved

among plant species, and the results found in Arabidopsismight serve to understand

the physiological relations of C and N metabolism. A recent study identified two E3

ubiquitin ligases (ATL31 and ATL6) and two transcription factors (MYB51 and

WRKY33) involved in both pathogen defense response and C/N metabolism

(Maekawa et al. 2012). If future studies in other plants revealed that functional

homologs of such genes have the same expression pattern, these genes might

become suitable markers of mycorrhizal symbiosis and its impact on C/N

physiology.

A comprehensive transcriptional analysis through microarray comparing gene

expression profile between mycorrhizal roots and nonsymbiotic roots was

performed in the model legume Medicago truncatula. Further confirmation by

laser microdissection of cortical cells containing arbuscules revealed novel genes

expressed specifically in infected cells (Gomez et al. 2009), including several

membrane transporters (Benedito et al. 2010). Further studies confirmed and

expanded this analysis, demonstrating specific plant and fungal genes during

cellular reprogramming of the symbiosis in cortical root cells, including a potential

Cu transporter, a H+-dependent oligopeptide transporter, HAP5 and MYB tran-

scription factors, a protease inhibitor, and a gene of unknown function in infected

root cells, while the fungus showed expression changes in several genes, including

upregulation of two 18S rRNA genes and downregulation of a RHO-protein GDI

gene (Gaude et al. 2012). Importantly, Gomez et al. (2009) found genes specifically

related to energy (ADP-ribosylation factor, ARF) and nitrogen metabolism (gluta-

mine synthetase, arginase, ornithine aminotransferase) to be specifically expressed

in colonized mycorrhizal root cortical cells, not to mention an ammonium
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transporter (most likely involved in uptake of ammonium made available by the

fungi) and, not surprisingly, several genes involved in lipid metabolism.

The arbuscule formation does indeed require a great deal of lipid synthesis by the

plant cells to enable an enormous expansion of the plasma membrane to establish

the symbiosome membrane that interfaces the arbuscule that allows chemical

exchanges between symbionts. Trépanier et al. (2005) found that palmitic acid

synthesis in the symbiotic fungus depends directly on sugar supply from the plant

host and can synthesize 16-C fatty acids exclusively in intraradical hyphae. The

host also needs a massive lipid biosynthesis, especially in the intraradically

colonized cells, and this requirement should be counted as C cost of the symbiosis

to the host.

CO2-enriched atmosphere was shown to increase ectomycorrhizal association in

roots of Pinus (Parrent and Vilgalys 2009). The authors used symbiotic plant genes

to assess C and N flow (monosaccharide transporter and ammonium transporter,

respectively) as well as the expression of fungal 18S rRNA to determine the level of

association. Another approach to be considered in understanding carbon costs of

mycorrhizal associations is genetics by the using of mutants. For example, three

mutants defective in accumulation of starch in root cells of the model legume Lotus
japonicus were used to assess the effect of root starch accumulation on

mycorrhization (Gutjahr et al. 2011). Results pointed out that catabolism of root

starch is an alternate route to feeding the symbiotic fungi; however, the authors

challenge the hypothesis that plants feed the fungi only during the day, when

photosynthetically active, but instead that root starch is used to feed the fungi

with hexose at night. This is in agreement with the fact that an α-amylase gene is

upregulated in mycorrhizal roots of Medicago truncatula (Gomez et al. 2009). It

will be interesting to C costs to determine whether or not starch catabolism-related

gene expression is regulated in a circadian rhythm pattern in mycorrhizal roots.

Another example of use of genetic tools to characterize carbon metabolism in the

mycorrhizal symbiosis was the demonstration of the role of a sucrose synthase gene

(MtSucS1) for arbuscule maturation and maintenance in Medicago truncatula
(Baier et al. 2010). Antisense lines for this gene showed drastic developmental

impairment as well as compromised mycorrhization, pointing out the specific role

of sucrose synthase activity for this symbiosis.

Additionally, use of CO2-enriched environments to compare plants under sym-

biotic and nonsymbiotic conditions using both metabolic and genetic approaches

might lead to a more comprehensive understanding of how mycorrhizal fungi

utilize plant’s resources to grow. The use of mathematical modeling may be a

useful resource to integrate genetic and physiological data in biotrophic mutualistic

symbiosis.
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12.7 Conclusions

The C costs of arbuscular mycorrhizal roots can be assessed using various scales of

investigation, ranging from whole-plant physiological to biochemical to molecular

biological. Moreover, it may be prudent to integrate these scales of investigation, in

order to increase the depth of our understanding of the C costs of the arbuscular

mycorrhizal symbiosis. Functional bookkeeping of C costs at various scales is

obviously highly complex, and although we might develop approaches to calculate

the net costs of this association, one can only appreciate the 400 million years that

this symbiosis has been evolving on Earth for the benefit of both plant and fungus.
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