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Growth Depression in Mycorrhizal Citrus at
High-Phosphorus Supply’

Analysis of Carbon Costs
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Mycorrhizal-induced growth depression of plants in high-P soil
has been reported in many species. The carbon costs of factors
contributing to this growth depression were analyzed in Volkamer
lemon (Citrus volkameriana Tan. & Pasq.) colonized by the mycor-
rhizal (M) fungus Glomus intraradices Schenck and Smith. M and
nonmycorrhizal (NM) plants were each grown at two P-supply
rates, Carbon budgets of M and NM plants were determined by
measuring whole-plant carbon assimilation and respiration rates
using gas-exchange techniques. Biomass, M colonization, tissue-P
concentration, and total fatty acid concentration in the fibrous
roots were determined. Construction costs of the fibrous roots
were estimated from heat of combustion, N, and ash content. Root-
growth respiration was derived from daily root growth and root-
construction cost. M and NM plants grown in high-P soil were
similar in P concentration, daily shoot carbon assimilation, and
daily shoot dark respiration. At 52 d after transplanting (DAT),
however, combined daily root plus soil respiration was 37% higher
for M than for NM plants, resulting in a 20% higher daily specific
carbon gain (mmol CO; [mmol carbon]™" d™') in NM than M plants.
Estimates of specific carbon gain from specific growth rates indi-
cated about a 10% difference between M and NM plants. Absolute
values of specific carbon gain estimated by whole-plant gas ex-
change and by growth analysis were in general agreement. At 52
DAT, M and NM plants at high P had nearly identical whole-plant
growth rates, but M plants had 19% higher root dry weight with
10% higher daily rates of root growth. These allocation differences
at high P accounted for about 51% of the differences in root/soil
respiration between M and NM plants. Significantly higher fatty
acid concentrations in M than NM fibrous roots were correlated
with differences in construction costs of the fibrous roots. Of the
37% difference in daily total root/soil respiration observed be-
tween high-P M and NM plants at 52 DAT, estimated daily growth
respiration accounted for only about 16%, two-thirds of which was
associated with construction of lipid-rich roots, and the remaining
one-third with greater M root growth rates. Thus, of the 37% more
root/soil respiration associated with M colonization of high-P
plants, 10% was directly attributable to building lipid-rich roots,
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51% to greater M root biomass allocation, and the remaining 39%
could have been used for maintenance of the fungal tissue in the
root and growth and maintenance of the extramatrical hyphae.

Growth depression of plants colonized by VAM fungi at a
high level of soil-P availability has been reported in several
studies (Cooper, 1975; Crush, 1976; Buwalda and Goh, 1982;
Hall et al., 1984; Son and Smith, 1988). It has been suggested
that the requirement of host-plant carbohydrates by mycor-
rhizae may cause the depression in plant growth (Cox et al.,
1975). Hepper (1977) estimated that the biomass of the M
fungus within roots can represent up to 17% of the dry
weight of roots. Histological analysis of M roots revealed
abundant lipid in the arbuscules, vesicles, and hyphae (Cox
et al.,, 1975). Furthermore, Nagy and Nordby (1980) found
that citrus roots with VAM contained significantly more
phospholipid and triglycerides than did noninfected roots.
The large biomass of the fungus plus the high concentrations
of lipid within the fungal structures suggest appreciable host-
fungus competition for carbon.

Consistent with these observations, studies commonly in-
dicate higher below-ground respiration for M than for NM
plants (Pang and Paul, 1980; Snellgrove et al., 1982; Harris
et al., 1985). Amounts of carbon required by the M fungus
have been estimated in several studies using whole-plant *C-
labeling techniques; values range from 4 to 17% of fixed
carbon (Pang and Paul, 1980; Kucey and Paul, 1982; Snell-
grove et al., 1982; Koch and Johnson, 1984; Harris et al,,
1985). These studies were conducted at low-P supply for M

Abbreviations: A, net carbon assimilation rate; CER, carbon ex-
change rate; C;, daily root-construction cost; C., root-construction
cost per unit dry weight of new root; DAT, days after transplanting;
M, mycorrhizal; NM, nonmycorrhizal; PVC, polyvinylchloride; Rgy,
daily root-growth respiration; Rgew), growth respiration per unit dry
weight of new root; Rug, daily “maintenance” respiration of root/soil
system; Ry daily “maintenance” respiration per unit root dry
weight; Ry, daily total respiration of the root/soil system; Rrq, daily
total-root/soil respiration per unit root dry weight; SGR, specific
growth rate; TDW, total dry weight; VAM, vesicular-arbuscular my-
corrhiza; AWc, rate of increase in carbon content; AWy, rate of
increase in dry weight.
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plants. Additional P was supplied only for NM plants to
produce plants of approximately similar size and P nutrition.
Another approach for assessing carbon requirements of my-
corrhizae is to grow both M and NM plants at high-P supply,
provided that appreciable M colonization still occurs. Because
P supply is saturated for both M and NM plants, this ap-
proach has the advantage that equivalence between M and
NM plants in P nutrition throughout the growth period is
relatively easy to achieve, greatly simplifying evaluation of
the carbon cost on the M fungus (Eissenstat et al., 1993).

Using gas-exchange techniques, we examined causes for
the differences in daily carbon gain between M and NM
plants at high-P supply. Plants at low-P supply were included
for background information on the costs of mycorrhizae
under conditions where the symbiosis increased P acquisition.
As will be shown, the lower daily carbon gain of M than NM
plants at high-P supply was due to greater below-ground
respiration. Root fatty acid content and root construction
costs were then estimated to assess how mycorrhizae may
have chemically altered the fibrous roots. Using information
from construction costs and total daily below-ground respi-
ration, we then partitioned root/soil respiration into growth
and “maintenance” (i.e. residual not accounted for by growth)
to determine if construction of lipid-rich M roots was the
primary reason for the differences in net carbon gain. In so
doing, we provide the first estimates of the components of
root respiration in M plants.

MATERIALS AND METHODS
Plant Culture and Inoculation

Seed of Volkamer lemon (Citrus volkameriana Tan. & Pasq.)
were germinated in autoclaved Candler fine sandy soil with
3.8 mg kg™ of available P as determined by double-acid
extraction (Mehlich, 1953). One-month-old seedlings grown
in the greenhouse were transplanted into 125-cm® conetainers
filled with autoclaved Candler soil. For the M treatment, a
pad of air-dried sudangrass (Sorghum bicolor [L.] Moench var
sudanense) roots (about 0.1 g) containing 5000 chlamydo-
spores of Glomus intraradices Schenck and Smith was placed
in the middle of the soil profile in the conetainer during
transplanting. The NM control received an extract of inocu-
lum passed through a 38-um sieve to remove the M fungal
propagules but otherwise retained similar microflora. Decom-
position of the root pad should have represented little addi-
tional CO, after 52 DAT because the simple sugars and
starches of the small pad should have decomposed within
the first few weeks, and the structural carbon materials (e.g.
celluloses, hemicelluloses, and lignins) apparently decom-
posed little during the experiment because the root pad was
observed to be largely intact for seedlings harvested at the
end of the experiment (92 DAT).

Seedlings were grown in a growth chamber with PPFD of
450 pmol m™ s7!, photoperiod of 14 h, and day/night
temperatures of 30/24°C. Wind velocity in the chamber
averaged 0.3 m s™' (model HH-30, Omega Engineering, Inc.,
Stamford, CT) at different positions among the plant shoots.
Watering was provided in excess every day, and fertilization
was conducted weekly with standard Hoagland (Hoagland
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and Arnon, 1939) solution (1 mm KH,PO,, 5 mm KNO;, 5
mM Ca[NQO;);, 2 mm MgSO,, and micronutrients; designated
1P) or with standard Hoagland solution modified with 5 mm
KH,PO, (designated 5P) added for both M and NM plants.

Physiological Measurements

Whole-plant gas exchange was measured four times during
the experiment on the same six plants for each treatment
during the period from 2 to 5 h after the beginning of the
light period. A diurnal relationship of whole-plant gas ex-
change was determined 52 DAT on 10 plants for just the two
treatments at high P. Net carbon assimilation (A) and dark
respiration rates of shoots were determined with a portable
photosynthesis system (LI-6200, Li-Cor Inc., Lincoln, NE).
This gas-exchange system was operated as a closed system
to measure A over a 20-s period. A 4-L cuvette was used to
cover the entire shoot. When seedlings were too big to fit
inside the cuvette, net assimilation of the upper and lower
portions of the shoot were measured separately. Within the
measurement cuvette, wind velocity was 3 m s~!, PPFD was
400 pmol m~? s7', leaf temperature was 30 + 2°C, RH was
65 + 5%, and CO, concentration was 350 + 10 pgL L.
Assimilation rates of these growth chamber-grown seedlings
saturated at 400 PPFD (data not shown). The 20-s measure-
ment duration resulted in an air temperature increase of only
1°C inside the cuvette. The boundary layer conductance of
plants in the growth chamber, estimated from wind velocity
and leaf length (Nobel, 1991), was used to correct cuvette
assimilation rates to growth-chamber conditions. Corrections
reduced A 6 to 12%, depending on the relative magnitude of
stomatal conductance. No boundary-layer adjustments were
made for shoot dark respiration measured in the cuvette.
Leaf length and width were measured to estimate leaf area
(r* = 0.99) to express photosynthesis on a leaf-area basis.
After gas-exchange measurements of the shoot, the cone-
tainer was inserted into a PVC chamber 25 cm deep and with
an inside diameter of 4.5 cm, which sealed around the base
of the stem (Eissenstat et al.,, 1993). Air, scrubbed free of
moisture and CO, by passage through silica gel and soda
lime, entered the bottom of the PVC chamber at a flow rate
of 5 cm® s™!. The majority of the air circulated through the
space between the conetainer and PVC chamber, mixed with
the air above the soil surface of the conetainer, and exited
via a port at the top of the PVC chamber. This pattern of air
flow was used to minimize the disturbance of the soil atmos-
phere. To determine the combined root and soil respiration
rate, CO; concentration of outcoming air, which ranged from
50 to 100 uL CO, L™, was measured with an Anarad IRGA
after 1-d equilibration in the growth room.

Plants were harvested 33, 65, and 92 DAT for 5P, and 33,
58, and 92 DAT for 1P. Gas-exchange plants were harvested
at 92 DAT. Six plants were harvested for each treatment on
each date, except at 65 DAT, when 10 M and 10 NM 5P
plants were harvested. Fibrous roots, tap roots, stems, and
leaves were dried at 70°C for 3 d. Length of fibrous roots
was determined by the line-intersect technique (Newman,
1966; Tennant, 1975). Roots were cleared in KOH and stained
with trypan blue for assessing VAM colonization. Twenty
individual 1-em root segments from each sample were
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mounted on slides for examination under a microscope. The
incidence of colonization was determined as the percentage
of the 20 segments (scored individually) that contained ves-
icles or arbuscules as described previously (Graham et al.,
1991).

Tissue P concentration was determined with an inductively
coupled plasma atomic emission spectrometer after the tissue
had been ashed (500°C, 4 h) and resuspended in 1 M HCl.
Fatty acids of fibrous roots were determined with a Hewlett-
Packard 5890 gas-liquid chromatograph after methanol ex-
traction of the roots and fatty acid saponification and deriv-
atization to methyl esters (Sasser, 1990). Concentrations of
individual fatty acids and their total were expressed relative
to the highest value using the integrated areas of the fatty
acid profiles.

The construction cost of fibrous roots, or the amount of
simple carbohydrate (e.g. Glc) required to build all of the
organic molecules in a tissue sample (the inverse of “produc-
tion value”; Penning de Vries et al., 1974) was estimated from
heat of combustion, N content, and ash content:

Cu = [(0.06968 X AH. — 0.065) (1 — ash)

1
+ kN/14 X 180/24] (1/0.89) (6000/180)

where Cy is construction cost of tissue in mmol carbon (g dry
weight)™, AHc is the ash-free heat of combustion in k] g%,
ash is the ash fraction of the sample (g ash [g dry weight]™),
k is the reduction state of the N substrate (+5, nitrate in this
study), and (6000/180) converts units of g Glc (g dry
weight)™ to mmol carbon (g dry weight)™! (Williams et al.,
1987). Heat of combustion was measured using a Phillipson-
type microbomb calorimeter. Organic N content was meas-
ured as Kjeldahl N by a semi-automated microkjeldahl pro-
cedure and an Alpkem RFA/2 continuous flow analyzer. Ash
content was determined by ashing samples in a muffle fur-
nace (500°C, 4 h).

Comparing Gas Exchange with Plant Growth

A main objective of this study was to partition below-
ground respiration of M and NM plants into respiration
associated with growth and that associated with mainte-
nance, which was done at the time of the diurnal gas-
exchange measurements, 52 DAT. One important assumption
in this process was that our gas-exchange measurements, as
indicated by specific carbon gain (net daily carbon gain
[carbon content of the plant]™!, mmol mmol~! d™?) reasonably
reflected our growth measurements as indicated by SGR (g™
g'l d7’; same as relative growth rate). We assumed that soil
respiration was from recent photosynthate and was not
highly buffered by large soil pools of carbon (organic matter
of soil was less than 1%). Previous experiments using *C
under these growth conditions indicated that soil carbon was
not a large sink for current photosynthate, i.e. soil carbon
pools after 72 h represented less than 2% of total carbon
exported below ground (Eissenstat et al., 1993).

Daily carbon gain (mmol plant™ d7') at 52 DAT was
determined by integrating the diurnal estimates of shoot CER
and root plus soil respiration. Specific carbon gain was then
determined from the whole-plant dry weight at 52 DAT

(determined from curve fitting the destructive harvests) and
carbon content of the tissue (MS of similar tissue). To deter-
mine SGR at 52 DAT for each treatment, we fitted a polyno-
mial equation of the natural log of whole-plant dry weight
versus DAT and then determined its first derivative.

Plant growth rates (g d™") from 48 to 92 DAT were also
compared with daily rates of carbon gain. Whole-plant and
root growth rates were determined by fitting a polynomial
equation of dry weight versus time and then calculating the
first derivative. To determine daily rates of carbon gain from
the single-point estimates of shoot A and root plus soil
respiration measured in the morning at 48, 57, 71, and 85
DAT, we assumed that the diurnal patterns at 52 DAT were
consistent across the growing period and P treatment. At 52
DAT, for 1 h beginning 4 h after the beginning of the light
period, shoot A represented 7.55% of total daily carbon
assimilation and root plus soil respiration represented 4.38%
of Ryqy; shoot respiration during the dark period represented
11.42% of total daily carbon assimilation. M and NM plants
differed by less than 1% in these percentages (i.e. [M/NM —
1] X 100).

Partitioning Total Below-Ground Respiration

Using estimates of C, root tissue carbon content, root
growth rates, and total below-ground respiration, we deter-
mined the daily increase in root carbon content and daily
growth and “maintenance” respiration at 52 DAT.

Root carbon content (mmol C [g dry weight]™) was calcu-
lated from heat of combustion and N and ash contents
following the method of Gnaiger and Bitterlich (1984). In
this method, lipid, carbohydrate, and protein fractions of the
tissue were estimated stoichiometrically from the N content
and heat of combustion. Carbon content of the tissue was
obtained by multiplying these fractions by the average carbon
content for each class of compound. (Values of carbon con-
tent calculated in this manner were similar to carbon contents
measured by MS on similar tissue.)

To estimate root biomass at 52 DAT, a polynomial equation
was fitted to the data of total root biomass as a function of
DAT for each treatment using the three destructive harvests.
Root growth rates, AW,, (mg d™"), at 52 DAT were estimated
from the first derivatives of these equations. The change in
root carbon content from 52 to 53 DAT, AW, (umol d7%), was
estimated from the product of root carbon content and AW,,,
assuming that tap roots had the same carbon content as the
fibrous roots.

Re (pmol CO, d77) represents the respired carbon associ-
ated with biosynthesis of new tissue. Growth respiration was
calculated as follows:

RG(() = Ct - AWC (2)

The carbon required for daily construction of new tissue, C,
(umol CO, d7"), was calculated by multiplying the root
growth rate (AW.,, mg dry weight d™") by the tissue construc-
tion cost (C.,, mmol CO; [g dry weight]™"). Growth respiration
was also expressed per unit weight of new root or the growth
respiration coefficient, Rgwy (mmol CO; [g dry weight]™):

Rgwy = Rop/AWw (3)
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Table I. Mycorrhizal incidence (MI), whole-plant P content (Total P}, leaf P concentration (Leaf P), leaf N concentration (Leaf N), fibrous root
length (RL), leaf area (LA), and dry weight (DW) of M and NM plants grown in high- (5) and low- (1) P soil

DAT P VAM Ml Total P Leaf P Leaf N LA RL FibRt DW TapRtDW  Stem DW  Leaf DW  Total DW
% mgplant™  mgg™' mgg™’ cm? m g g g g g
33 1 37 0.24 a* 127 a 18a 1.00a 0.034 a 0.025 a 0.033 a 0.088 a 0.18 a
NM 0 0.13b 0.93a 14a 066b 0.024 a 0.020 b 0.022b 0.064b 0.13b
33 5 35 0.55p 1.82p 27p 133p 0.048 p 0.033 p 0.046p 0.146p 0.27 p
NM 0 043 p 201t p 22p 129p 0.037 p 0.026 q 0.036p 0.112¢g 0.21q
58 T M 54 194 a 2.55a 319b 80a 295a 0.092 a 0.107 a 0.161 a 0.457 a 0.82a
NM 0 0.45b 1.12b 43.0a 40b 1.86b 0.050 b 0.054 b 0.074b 0.226b 0.40 b
65 5 M 63 451 p 215p 207p 120p 5.28p 0.247 p 0.268 p 0.394p 0.883p 1.79p
NM 0 4.14 p 202p 214p 114p 480p 0.209 p 0.232p 0.400p 0.857p 1.70 p
92 1 M 99b 4.18 a 1.24 a 198b 199a 8.24a 0.494 a 0.516 a 0.810 a 1.417 a 3.24a
NM 0 1.22 b 085b 354a 101b 467b 0.177 b 0.239b 0.344b 0.668b 1.43 b
92 5 M 60 9.30p 1.80p 173p 249p 893p 0.472p 0.752 p 1.115 p 1.759 q 410 q
NM 0 9.59 p 1.87p 171p 262p 8.66p 0.480 p 0.684 p 1.271p 2.003p 444 p

? At each P treatment, means followed by the same letter (within a column) are not significantly different at the 0.05 probability level

according to t test.

b Significantly different from 5P 92 DAT at the 0.05 probability level.

Daily “maintenance” respiration, Ry, represented all root/
soil respiration not included in the estimate of growth respi-
ration:

4

where Ry or daily total respiration was calculated from gas
exchange. Specific rates of total (Rrw)) and maintenance
(Rmw)) respiration (mmol CO; [g dry weight]™ d7') also were
determined:

Rump = Rry — Rap

Rr(w) = RT(t)/ w (5)
Ruow = Rme/W (6)
where W is the total root dry weight (g).
RESULTS

Both 1P and 5P plants were infected to a similar extent
60 d after inoculation with G. intraradices, although 1P had
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Figure 1. Diurnal CER of M and NM shoots at 5P determined 52
DAT (n = 10 per treatment). Dotted lines represent anticipated
response based on previous studies in citrus. For three points, M
and NM symbols overlapped.

significantly higher incidence of colonization than 5P at 92
DAT (Table I). The noninoculated control plants remained
free of infection. Mycorrhizae increased whole-plant P con-
tent, leaf P concentration, root length, leaf area, and TDW at
1P but not at 5P. On the contrary, TDW of M plants 92 DAT
was 8% lower than that of NM plants at 5P.

Diurnal gas-exchange measurements conducted 52 DAT at
5P indicated little difference between M and NM shoots in
carbon assimilation and dark respiration (Fig. 1). However,
combined root plus soil respiration was consistently higher
for M than for NM plants (Fig. 2). Daily carbon budget 52
DAT was determined by integrating the CER data in Figures
1 and 2. M plants had only 2% higher shoot carbon gain but
37% higher root and soil respiration over NM plants, which
resulted in an 8% higher daily carbon gain for NM plants
(Table II). M plants were slightly larger than NM plants 52
DAT; consequently, their carbon gain per unit plant carbon
or specific carbon gain (mmol carbon mmol™ d™') was about
20% less than NM plants. The SGR of M plants was about
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Figure 2. Diurnal root and soil respiration rates of M and NM plants
at 5P determined 52 DAT (n = 10).
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10% greater than that of NM plants. No estimates of variation
were made of specific carbon gain because CER and plant
carbon content at 52 DAT were estimated from separate
plants and SGR was determined by solving the differential
equations of the biomass data. Nonetheless, the fairly close
agreement between SGR and specific carbon gain (e.g. 0.0516
versus 0.0561, Table II) provides support that the integrated
estimates of the gas-exchange data reasonably accounted for
plant growth.

During the entire growth period, mycorrhizae enhanced
net carbon assimilation rate per unit leaf area at 1P but not
at 5P (Fig. 3). From 50 to 70 DAT, rates declined in a similar
manner in all four treatments.

On a whole-plant basis, carbon gain was increased sub-
stantially by the M fungus at low-P supply (Fig. 4). At 5P
supply, NM plants initially were smaller than M plants,
presumably because 5P addition was delayed 1 week follow-
ing transplanting. After about 50 DAT, NM plants had higher
daily carbon gain than M plants at 5P supply because my-
corrhizae increased root plus soil respiration but not shoot
carbon assimilation (Table II). There was 15% higher daily
carbon gain of NM than M plants at 5P during late stages of
growth (Fig. 4), which was partially attributable to slightly
less leaf area in M plants (Table I). The enhancement in
carbon gain at 1P and the reduction in carbon gain at 5P by
the M fungus were reflected by the differences in growth
rates between M and NM plants at 1P and 5P, respectively
(Fig. 4, insets).

Two fatty acids, 16:0 and 16:1,.;cis, represented the prin-
cipal fatty acids in the fibrous roots of Volkamer lemon.
Fibrous roots of M plants had more total fatty acids (Fig. 5)
and proportionately more of the fatty acid 16:0 (Table III),
than those of NM plants. The concentration of 16:1 increased
more following infection than that of 16:0 or total fatty acids
(Table III).

Estimated construction costs of fibrous roots were posi-
tively correlated with their total fatty acid concentration (Fig.
5); consequently, fibrous roots of M plants had significantly
higher construction costs than those of NM plants at both P
levels. Within a M or NM treatment, P concentration was
negatively related to construction cost of the fibrous roots. M
colonization affected fatty acid concentrations much more
than construction costs. At 5P, M colonization of the fibrous
roots increased lipid content 227% and construction costs
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Figure 3. A of M and NM plants at 1P and 5P determined 9 to
11 am during the growing period (n = 6).

7.9% (Fig. 5). At 1P, fibrous roots of M plants had a 307%
higher lipid content and an 8.9% higher construction cost
than NM plants.

Using the data from gas exchange, root growth, and root-
construction costs, we estimated how much of the greater
below-ground carbon expenditure in M than NM plants was
due to differences in fibrous-root construction costs (Table
IV). Total respiration, Rr, can be subdivided into that used
for growth of new tissue, R, and that used for maintenance
of existing tissue, Ry (Thornley and Johnson, 1990). In cal-
culating respiration associated with growth of root tissue, we
assumed all N in the roots came from nitrate (the only form
of N in Hoagland solution) and was reduced in the roots,
construction cost of the fibrous roots equaled that of the tap
roots, and energy required to reduce nitrate for incorporation
in shoot tissue was not reflected in respiration (based on
studies that show abundant nitrate reductase activity in the
shoots of citrus; Kato, 1986).

Comparing just 5P plants, higher construction costs, C,, of
the lipid-rich fibrous roots of M than NM plants (Fig. 5) only
partly accounted for differences in daily growth respiration
52 DAT; M plants also had 10% higher root growth rates at
this time (Table IV). Second, growth respiration of the root

Table Il. Daily carbon budgets at 52 DAT of M and NM plants at 5P calculated by gas exchanges and

by SCR (Figs. 2 and 3)

Parameter M NM M/NM
{mmol CO, plant™ d™') % st
Net assimilation (light period only) 3.00 £ 0.06 2.95 £ 0.08 1.02
Dark respiration of shoot 0.34 +£0.02 0.34 £ 0.02 1.00
Carbon gain of shoot 2.66 * 0.05 2.61+0.07 1.02
Root and soil respiration 0.82 +£0.03 0.60 + 0.03 1.37
Carbon gain of whole plant 1.84 + 0.04 2.00 + 0.06 0.92
(A

Specific carbon gain (gas exchange)® 0.0516 0.0644 0.80
SGR 0.0561 0.0624 0.90

# Assumes ash-free biomass at 52 DAT had a carbon content of 48%.
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Figure 4. Daily carbon gain and growth rate, 5
AWy (insets), of M and NM plants at 1P and — o 015 015
5P. Daily carbon gain was calculated based T ! N
) o © 0.10 M 0.10
upon diurnal patterns of gas-exchange meas- 4] o - M
urements of shoot assimilation rate and root N E oos / 0.05
plus soil respiration rate (Figs. 1 and 2). Esti- 'é ; 7 T st
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system 52 DAT represented only about 17 to 20% of the
daily total respiration that evolved from the root/soil system,
regardless of treatment. Proportional differences between M
and NM plants in daily growth respiration were roughly
equivalent to proportional differences in total respiration
(Table IV). As a result, growth respiration per gram of new
root (i.e. growth coefficient) of M plants was 18% higher
than that of NM plants at 5P (Table IV). Daily “maintenance”
respiration per gram dry weight of the total root system,
which would include respiration associated with ion uptake,
maintenance of root and intramatrical fungal tissue, and
growth and maintenance of extramatrical hyphae and soil
microbes, was 16% higher in M than NM plants.

- At 1P soil supply, comparison of M and NM plants includes
both direct M effects and indirect nutritional effects. M roots
at 1P had a 17% higher growth respiration coefficient, R
and a 33% higher specific rate of maintenance respiration,
Rumew). The direct effect of P can be estimated by comparing
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Figure 5. Relationship of construction cost of fibrous roots of M
and NM plants at 1P and 5P to their relative total fatty acid content.

1P and 5P NM plants (Table IV). P deficiency increased Rgw
16% and increased Ruwy 20%. Consequently, if NM plants
at 1P were not more P-deficient than 1P M plants, then
differences in Rgwy and Ruw) associated with M colonization
would be even greater.

At 52 DAT, the difference in total daily root/soil respiration
between M and NM plants at 5P was 220 umol CO, d™’
(Table IV). The relative effects of M and NM differences in
root dry weight, root growth rate, growth respiration coeffi-
cient, and specific rate of maintenance respiration, which are
illustrated in Figure 6, were determined by first estimating
the percentage of total root/soil respiration attributable to
Ry and Ry and then estimating the relative contributions
of AWW and RG(w) to R(;(t) and W and RM(W) to RMQ). M effects
on root biomass allocation, W and AW,,, accounted for 51%
of the differences in root/soil respiration. Growing lipid-rich
M roots (i.e. Rgw) accounted for only 10% of the differences
in respiration measured at this time.

DISCUSSION

In this study, we applied additional P (5P) to both M and
NM plants, which essentially eliminated nutritional differ-
ences between the two treatments and, thus, were able to
assess the influences of VAM per se (rather than nutrition)

Table . Concentration of major fatty acids (relative unit) of fibrous
roots of M and NM plants grown in high- (5) and low- (1) P soil at
final harvest (n = 4)

P VAM 16:0 Percent® 16:1.;Cis Percent
1 M 15.3 a° 25 32.2a 54
NM 4.6b 24 6.7 b 34
5 M 79p 24 123 p 37
NM 3.4q 23 179 12
2 Percentage of total fatty acid concentration of fibrous

roots. b At each P treatment, means followed by different letter
(within a column) are significantly different at the 0.05 probability
level according to an analysis of variance.
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Table IV. Analysis of below-ground respiratory components at 52 DAT in M and NM plants grown in high- (5P) and low- (1P) P soil

1P 5p
M NM M/NM M NM M/NM
Root dry wt, W (mg) 134 78 1.72 273 230 1.19
Root growth (dry wt) AW,, (mg d™) 9.62 3.90 2.46 14.8 13.4 1.10
Daily cost (umol CO, d™")
Construction cost, C; 468 174 2.69 671 563 1.19
Root growth (carbon), AW, ? 356 135 2.63 518 446 1.16
Growth respiration, Req® 114 40 2.85 153 117 1.31
Total respiration, Ryy® 555 234 2.37 820 <, 600 1.37
“Maintenance” respiration, Ry’ 441 194 2.27 667 483 1.38
Cost per unit root dry wt
{mmol CO, (g new root)™']
Construction cost, C., 48.7 44.7 1.09 45.3 42.0 1.08
Growth respiration coefficient, Rgw) 11.8 10.1 1.17 10.3 8.7 1.18
Specific respiration rates
[mmol CO, (g whole-root system)™ d™']
Total respiration, Ry 4.14 3.00 1.38 3.00 2.61 1.15
“Maintenance” respiration, Ruw) 3.33 2.51 1.33 2.44 2.10 1.16
2 Calculated based on ash content, N content, and heat of combustion. bC— AW.. ¢ From Table I1. 4 Ry — R

on host-plant carbon economy and relate these to host-plant
growth depression. M and NM plants at 1P were included to
show general effects of mycorrhizae under low-P conditions.

A major shortcoming of examining the carbon cost of the
mycorrhizae at high-P supply is the direct effect of P on M
colonization. High tissue-P concentrations generally inhibit
M colonization (Menge et al., 1978b), and this is a major
reason that most previous investigators grew M plants at low
P when estimating the carbon cost on M fungus. This greatly
complicates assessment of overall carbon cost, however, be-
cause mycorrhizae under low-P conditions provide a P ben-
efit (Eissenstat et al., 1993). This problem was avoided in this
study by using Volkamer lemon, which, like many species
highly dependent on M colonization when grown in low-P
soil, maintains relatively high rates of M colonization even at
high-P supply (Graham et al., 1991).

The overall cost of M colonization in 5P plants in terms of
diminished SGR or diminished specific carbon gain ranged
from 10 to 20% (Table II). We emphasize that these estimates
are for 52 DAT; the relative costs of M colonization may
change appreciably depending on the growth stage of the
plant or on the stage of M colonization (Eissenstat et al.,
1993). Although our study was different in approach and
theory from previous experiments, our values were in general
agreement with differences in below-ground costs estimated
by '“C-labeling techniques using M plants grown in low-P
soil (Pang and Paul, 1980; Kucey and Paul, 1982; Snellgrove
et al., 1982; Koch and Johnson, 1984; Harris et al., 1985).
Moreover, overall carbon cost of M colonization in 5P plants
likely would be higher if colonization were as high as in the
1P condition, where fatty acid concentration was more than
twice that of the 5P M fibrous roots (Fig. 5).

At 5P supply, SGR of M plants was 10% lower than that
of NM plants 52 DAT (Table II). This growth depression was
in general agreement with the specific carbon gain estimated
by gas exchange. This implies that the bulk of the substrates
for root/soil respiration were likely from fairly recent photo-
synthate, since it is unlikely that the growth and gas-ex-

Daily growth respiration, Rc(t)

Growth respiration
coefficient, Rc(-)

Daily root growth, AW'

(10)

Specific
"maintenance"

[ respiration, R“(_)
(39)

Root dry weight, W
(45)

Daily "maintenance"

respiration, Ru(t)
Figure 6. Differences in total root/soil respiration between 5P M
and NM plants at 52 DAT (220 umol CO, d7) attributable to AW,
Rowi, W, and Ruw). The percentage of total additional M respiration
that was attributable to the construction of lipid-rich M roots is
indicated by Rgw). Data are from Table IV.
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change data would have been in such close agreement over
the duration of the experiment if this were not true (Table 1],
Fig. 4). M plants had lower daily carbon gain because they
expended approximately 37% more carbon to their roots.
Several factors were responsible for the greater below-ground
carbon expenditure in M than in NM plants.

One factor accounting for about 10% of the difference in
root/soil respiration was that the lipid-rich M roots had
greater construction costs than NM fibrous roots (Fig. 5),
which led to higher coefficients of growth respiration, Rew)
(Fig. 6). The M fungus used in this study, G. intraradices,
extensively forms lipid-rich vesicles, which in citrus occurs
even at high-P concentrations. Consequently, at a given P
supply, total fatty acid concentration of M fibrous roots was
more than twice that of NM roots (Fig. 5). Fatty acid, 16:1,
was mainly responsible for the higher total fatty acid of M
fibrous roots (Table III), which agrees with Pacovsky and
Fuller’s (1988) suggestion that 16:1 was probably the princi-
pal storage fatty acid in fungal vesicles.

Another important factor contributing to the greater below-
ground carbon expenditure in M than NM plants at 5P was
the greater root biomass allocation in M plants. Root growth
rate, AW,,, at 52 DAT was 10% higher in M than in NM
plants (Table IV), whereas whole-plant growth rates were
nearly identical (Fig. 4, insets). Root biomass, W, which had
accumulated by 52 DAT, was 19% greater in M than in NM
plants. Together, W and AW,, accounted for about 51% of
the difference in root/soil respiration between M and NM
plants (Fig. 6). Several other studies in citrus have also found
greater root biomass allocation in M than in NM plants under
conditions of equivalent P status (Menge et al., 1978a; Gra-
ham and Syvertsen, 1985; Eissenstat et al., 1993). Other
species, such as the legumes Trifolium subterraneum (Thom-
son et al., 1986) and Glycine max (Fredeen and Terry, 1988),
however, exhibit reduced root biomass allocation following
colonization by M fungi. Whether or not a particular species
of M fungus affects root biomass allocation of a particular
plant species (independent of nutrition) will profoundly in-
fluence the overall carbon cost of the symbiosis.

Construction costs represent the sum of carbon used in
growth respiration and carbon retained in the new root
material. By using daily construction costs and subtracting
out the carbon retained in new root growth (AW.), we esti-
mated that daily growth respiration accounted for about 16%
of the difference in total root/soil respiration between M and
NM plants at 5P (Fig. 6). Approximately one-third of the
difference in growth respiration was attributed to differences
in root growth rate (AW,,); the other two-thirds was attributed
to building more expensive root tissue. The remaining 84%
of the daily total root/soil respiration was considered “main-
tenance” respiration. The higher “maintenance” respiration,
Rumw, in M than in NM plants at 52 DAT, was due to both a
larger root system, W, and to apparently greater specific rates
of “maintenance” respiration, Rmw) (Fig. 6). Because Rumg
represents residual respiration not associated with growth, it
includes respiration associated with ion uptake, microbial
respiration, growth respiration of extramatrical hyphae, as
well as maintenance respiration of the roots and M fungus.

Maintenance and growth respiration have been determined
in most studies by linear regression of root respiration rate as

Peng et al.

Plant Physiol. Vol. 101, 1993

a function of root SGR (e.g. Szaniawski and Kielkiewicz,
1982); growth respiration is the slope of this regression and
maintenance respiration is the y intercept (respiration when
there is no growth). Consequently, using regression tech-
niques, growth respiration includes root respiration associ-
ated with ion uptake and possibly some aspects of shoot
growth (e.g. nitrate reduction) (Johnson, 1983; Poorter et al.,

. 1991). Root growth respiration estimated by these techniques

ranges from 18 to 37 mmol g™ (refs. in Szaniawski and
Kielkiewicz, 1982), which is much higher than our estimates
of 8.7 to 11.8 mmol g~'. Studies more similar to ours, which
used a theoretical construction-cost approach, found that
roots of desert succulents (Nobel et al., 1992) and roots of 24
noncrop species (Poorter et al., 1991; assumed respiratory
quotient of 1.2) had growth respiration coefficients that
ranged from 6.6 to 9.6 mmol CO: g™'. All these plants were
NM and well supplied with nutrients; thus, they were quite
comparable to the 8.7 mmol g™ growth respiration of NM
citrus at 5P (Table IV). M colonization or P stress, however,
can increase the growth coefficient of respiration, Rgw), 16 to
36% (Table IV).

Respiration associated with ion uptake was included in the
“maintenance component” in this study. Estimated costs of
the ion uptake component have ranged from 0.63 to 1.5 mol
CO; (mol N)™ (Veen, 1981; Johnson, 1983; Poorter et al.,
1991). Taking the highest values of 1.5 mol CO: (mol N)™’
and assuming that the rate of N uptake represents about 90%
of total anion uptake (Veen, 1981), we estimated ion-uptake
respiration from the change in whole-plant N content at 52
DAT. Using these assumptions, we estimated daily respira-
tion associated with ion uptake at 52 DAT to be 111, 56, 109,
and 111 pmol CO, d™* for M-1P, NM-1P, M-5P, and NM-
5P plants, respectively. Consequently, respiration associated
with ion uptake accounted for about 14 to 24% of total root/
soil respiration, Ryy (Table IV). M plants at 1P and 5P and
NM plants at 5P had similar rates of respiration associated
with ion uptake because of nearly identical rates of N uptake.
Thus, separating daily total respiration into three compo-
nents, growth, ion uptake, and maintenance, did not affect
relative differences in specific rates of maintenance respira-
tion between M and NM plants at 5P.

Some studies have indicated that higher carbon expendi-
tures below ground following M colonization can be offset
by higher net assimilation rates (Pang and Paul, 1980; Harris
et al,, 1985). We observed higher assimilation rates of M
plants at low P, which might have been attributed to greater
sink strength of the 1P M roots. A more likely explanation,
however, was that N was less limiting to A in the slower-
growing 1P M plants, which at the second harvest had about
52% higher N concentration than the M and NM 5P plants
(Table I).

In conclusion, at high-P supply, mycorrhizae depressed
plant growth of Volkamer lemon. Growth depression in the
M seedlings was attributed to greater carbon expenditure to
M colonized roots than NM roots (per root system). M colo-
nization greatly increased the fatty acid content of the fibrous
roots, and a higher fatty acid content was directly linked to
a higher root construction cost. Therefore, we assessed
whether growth of lipid-rich M roots could account for the
37% higher respiration of the whole-root system of M than
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NM plants. Only 10% of the greater root/soil respiration
could be attributed to growing M roots rich in lipids. Higher
“maintenance” respiration, associated with larger root sys-
tems, higher specific rates of “maintenance” respiration, and,
to a lesser extent, higher root growth rates, accounted for the
majority of the difference in below-ground carbon use by M
than by NM plants.
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