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Mycorrhizal responsiveness of aerobic rice genotypes
is negatively correlated with their zinc uptake when

nonmycorrhizal
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Abstract Plant Zn uptake from low Zn soils can
be increased by Zn-mobilizing chemical rhizo-
sphere processes. We studied whether inoculation
with arbuscular mycorrhizal fungi (AMF) can be
an additional or an alternative strategy. We
determined the effect of AMF inoculation on
growth performance and Zn uptake by rice
genotypes varying in Zn uptake when nonmycor-
rhizal. A pot experiment was conducted with six
aerobic rice genotypes inoculated with Glomus
mosseae or G. etunicatum or without AMF on a
low Zn soil. Plant growth, Zn uptake and mycor-
rhizal responsiveness were determined. AMF-
inoculated plants produced more biomass and
took up more Zn than nonmycorrhizal controls.
Mycorrhizal inoculation, however, significantly
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increased Zn uptake only in genotypes that had
a low Zn uptake in the nonmycorrhizal condition.
We conclude that genotypes that are less efficient
in Zn uptake when nonmycorrhizal are more
responsive to AMF inoculation. We provide
examples from literature allowing generalization
of this conclusion on a trade off between mycor-
rhizal responsiveness and nutrient uptake effi-
ciency.
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Rice - Glomus mosseae - Glomus etunicatum -
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Introduction

Low zinc (Zn) availability is a constraint to plant
production on about one-third of agricultural soils
worldwide. In addition, Zn deficiency affects over
two billion people (Welch and Graham 2002),
mostly in developing countries where diets are
cereal-based and low in meat, fish and vegetables.
Increase of Zn levels in cereal grains through
increase of Zn uptake is therefore needed.

Total Zn in soils with low bioavailable Zn is
generally high enough to support high yields for
many years. Consequently, genotypes with a high
Zn-mobilizing capacity can perform relatively
well (Rengel and Marschner 2005). Thus, plant
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Zn uptake from low Zn soils can, apart from Zn
fertilization (Rengel et al. 1999), be enhanced by
engineering Zn efficiency in plants (Ramesh et al.
2004), selecting genotypes that inherently can
take up Zn efficiently (Hacisalihoglu and Kochian
2003) or by inoculation with arbuscular mycor-
rhizal fungi (AMF). In a previous paper
(Gao et al. 2005) we showed large variation in
Zn uptake among nonmycorrhizal aerobic rice
genotypes. In the current study we investigate
whether inoculation of these genotypes with
AMF could further increase Zn uptake. We
thereby address the question whether efficient
chemical nutrient-mobilizing rhizosphere pro-
cesses can be combined with high mycorrhizal
responsiveness in one genotype.

A beneficial effect of mycorrhizal colonization
on Zn uptake has been shown for maize (Faber
et al. 1990; Liu et al. 2000; Sharma et al. 1992),
pigneonpea (Wellings et al. 1991), wheat (Khare
et al. 1998; Ryan and Angus 2003) and wetland
rice (Purakayastha and Chhonkar 2001). Upon
colonization, the mycelium of the AMF increases
the nutrient absorbing surface area of the symbi-
osis, enhances exploration of a larger soil volume
and thereby increases uptake, specifically of
immobile nutrients such as P and Zn (Smith and
Read 1997).

Variation in responsiveness to inoculation with
AMF among plant genotypes has been often
documented but the genetic basis for this varia-
tion remains poorly understood. Studies in wheat
(Hetrick et al. 1995) and maize (Kaeppler et al.
2000) indicated that there is a genetic basis for
dependency on or responsiveness to AMEF.
Hetrick et al. (1992) suggested that modern
breeding practices have produced cultivars that
are highly dependent on fertilizers and show a
reduced dependency on and responsiveness to the
mycorrhizal symbiosis. It was then implied that
there is considerable potential for redesigning
crops that show an enhanced dependency on and
responsiveness to AMF (Ryan and Graham
2002). Zhu et al. (2001) also highlighted the
importance of including mycorrhizal responsive-
ness in breeding programs for maximizing nutri-
ent uptake efficiency. While this suggestion that
modern breeding practices have limited the
mycorrhizal contribution to nutrient uptake is
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intuitively plausible, it has been challenged,
however, by Kaeppler et al. (2000) who alterna-
tively proposed that selection for environmental
stability may automatically be manifested in a
decreased mycorrhizal response.

Aerobic rice varieties are currently developed
for the new water-saving aerobic cultivation
system (Bouman et al. 2005) by crossing high-
yielding lowland with traditional upland varieties.
So far, breeding has mainly been focused on yield
and drought resistance of aerobic genotypes.
Previously we have shown that there is consider-
able variation in Zn uptake from low Zn soils
among newly bred genotypes (Gao et al. 2005).
We are unaware of previous reports on genotypic
variation in mycorrhizal responsiveness based on
Zn uptake in any plant species. Here we test if
there is variation in mycorrhizal responsiveness
based on growth and Zn uptake among aerobic
rice genotypes, and how this variation is related to
Zn uptake in the nonmycorrhizal condition.

We test the following hypotheses: (i) AMF-
colonized rice plants are more efficient in mobi-
lizing Zn from a low Zn soil than nonmycorrhizal
plants; (ii) significant genotypic variation in
mycorrhizal responsiveness exists among rice
genotypes; (iii) high mycorrhizal responsiveness
based on Zn uptake does not combine with
inherent plant factors involved in efficient Zn
mobilization in the rhizosphere. We discuss pre-
vious papers on other plant species and nutrients
to evaluate if our conclusion on this third
hypothesis can be generalized.

Materials and methods
Experimental design and conditions

A pot experiment was conducted in a greenhouse
of China Agricultural University, Beijing. Treat-
ments included six rice genotypes and three
mycorrhizal treatments in a factorial design with
three replicates.

Six aerobic rice genotypes were selected
because of their previously shown variation in
Zn uptake and Zn efficiency (Gao et al. 2005).
Han 72, Han 44, Han 297 and 91B-8-30-3 are
newly bred varieties in China Agricultural
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University. K 150 is a variety bred by Liaoning
Academy of Agricultural Science, North China.
Hongkelaoshuya is a traditional upland variety
from Yunnan Province, South China. The geno-
types had similar root surface area and similar
root length at low soil Zn levels. Zn uptake,
however, calculated as the difference between
plant Zn content after 28 days of growth and seed
Zn content, ranged from 5.2 pgpot” to
30.4 pg pot™' (Gao et al. 2005).

Mycorrhizal treatments included a nonmycor-
rhizal control (-AMF) and inoculation with the
mycorrhizal fungus Glomus mosseae (BEG167)
or Glomus etunicatum (BEG168). Both were
originally isolated from a high pH soil
(pHy,o 8-2) in North China. The inoculum con-
sisted of colonized root segments and attached
rhizosphere soil from maize grown under P and
Zn deficient conditions in a glasshouse for
2 months.

A clay soil was collected from Shou city, Anhui
province, China. Major characteristics: pHy,q 6.5,
organic matter 1.7%, DTPA-extractable Zn
0.3 mg kg™, and P-Olsen 18.5 mg kg™'. The Zn
status is well below the critical level (0.8 mg kg™)
and the P status is high (>10 mg kg™'; Dobermann
and Fairhurst 2000). In a previous experiment, this
soil induced Zn deficiency symptoms in most of the
genotypes used (Gao et al. 2005). Growth of all
genotypes responded to Zn application. The soil
was sterilized by autoclaving at 120°C for 2 h, and
air-dried. DTPA-extractable Zn was only slightly
increased due to autoclaving but was on average
still 0.3 mg kg .

Eight seeds of one genotype were sown per pot
containing 2 kg soil. At sowing time, each pot
received a basal application of 150 mg kg™' N as
Ca(NO;), and 83 mgkg' K as KCL In
the + AMF treatments, inoculum (200 g) was
mixed uniformly with the soil. In the —AMF
treatment, an equivalent amount of sterilized
inoculum together with the filtrate (<0.25 pm) of
unsterilized soil was added to provide a similar
microflora apart from the mycorrhizal fungus.
The plants were thinned to four seedlings per pot
one week after emergence. The pots were
watered daily with deionized water, maintaining
water content at 15% (w/w). The temperature in

the greenhouse was 30 + 3°C during the day and
23 + 3°C during the night. Plants were grown
under natural day length and light intensity in
July 2005.

Harvest and analyses

Plants were harvested 2 months after germination,
at tillering stage. Shoots were cut off at ground
level and soil was washed from the roots with tap
water. Shoots and roots were rinsed in deionized
water. Roots were cut into 1 cm segments and
mixed thoroughly. A subsample of 0.2 g fresh
weight per pot was taken to determine mycorrhizal
root colonization as described by Phillips and
Haymann (1970). Briefly, 1 cm root samples were
cleared in 10% KOH, acidified in 2% HCI and
stained with 0.05% trypan blue in lactophenol.
Thirty 1 cm root segments were randomly selected
and mounted parallel to each other on a slide. Each
root was observed under a microscope (200—400x)
and rated according to the range of classes
indicated by Trouvelot et al. (1986). The computer
program MYCOCALC (www.dijon.inra.fr/my-
chintec/Mycocalc-prg/download.html) was used
to calculate the percentage of root length colonized
by mycorrhizal fungi.

The shoots and remaining roots were oven-
dried at 70°C for 48 h, and weighed. Dried and
ground plant samples were digested in acid mixture
(HNO; + HClO,) for Zn analysis (Jackson 1973).
Zinc in plant digests was analyzed with an atomic
absorption spectrophotometer (Pye Unicam SP 9
800, Cambridge, UK). Zinc analyses were checked
using the certified Zn values in standard samples
obtained from Wageningen Evaluating Pro-
grammes for Analytical Laboratories (WEPAL,
Wageningen University, the Netherlands). Zn
uptake was calculated as the difference between
plant Zn content and seed Zn content.

Mycorrhizal responsiveness (MR) was calcu-
lated as:

[(Plant dw, s\ — Plant dw_awmr)

MR = x 100

Plant dwaMF]
(Hetrick et al. 1992)
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Mycorrhizal Zn responsiveness (MZnR) was
calculated similarly:

[(Znuptake , ,pr—Znuptake_yp)

MZnR= % 100.

Znuptake_ s yr]

Statistical analysis

All data were tested and met the requirements on
normality (Kolmogorov—Smirnov) and homoge-
neity of variance (Levene’s test). Analysis of
variance was done on data on shoot and root dry
weight, shoot Zn mass fractions and Zn uptake.
Means were compared with Tukey’s Honestly
Significant Differences test at the 5% level of
probability. All analyses were performed with
SAS Release 8.02 (SAS Inc.).

Results
Plant growth and mycorrhizal responsiveness

Inoculation with either G. mosseae or G. etunic-
atum significantly increased shoot dry weight of
aerobic rice (Tables 1, 2). The average mycorrhi-
zal responsiveness based on plant dry weight of
six rice genotypes was 48% for G. mosseae and
27% for G. etunicatum (Table 2). G. mosseae-
colonized plants had significantly higher root dry
weights than G. etunicatum-colonized and non-
mycorrhizal plants.

There was an interaction (P = 0.002) between
genotype and AMF treatment (Table 1). Geno-
types Han 72 and 91B-8-30-3 did not increase

Table 1 P-values of two-way analysis of variance for shoot
and root dry weight, shoot Zn mass fractions and Zn
uptake

Source DF Dry weight Shoot Zn
——————— Zn uptake
Shoot  Root mass
fraction
Mycorrhizas (M) 2 <0.0001 0.003 0.48 <0.0001
Genotypes (G) 5 <0.0001 <0.0001 0.03 <0.0001
Mx G 10 0.002 032 0.02 0.002
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shoot dry weight upon inoculation with either of
the two AMF species (Table 2). Genotypes Han
44 and Hongkelaoshuya responded differently
depending on the AMF species. Shoot dry
weight of genotypes K 150 and Han 297
increased upon inoculation with either of the
two AMF species.

Obvious symptoms of Zn deficiency (chlorotic
leaves with brown necrotic spots on leaves)
showed at the end of the experiment. There was
no difference in the severity of symptoms among
AMF treatments. The genotypes Han 44, 91B-8-
30-3 and Hongkelaoshuya showed less symptoms
than the other three genotypes.

Zn uptake and mycorrhizal Zn responsiveness

Shoot Zn mass fraction of all plants ranged
between 13.2 mg kg™! and 22.7 mg kg™ (Fig. 1).
Neither G. mosseae nor G. etunicatum affected
shoot Zn mass fraction (Table 1; Fig. 1). Zn
uptake was significantly increased by inoculation
with AMF (Tables 1, 3). For G. mosseae and
G. etunicatum mycorrhizal Zn responsiveness was
on average 54% and 23%, respectively.

There was genotypic variation (P < 0.0001) in
Zn uptake among the six rice genotypes
(Tables 1, 3). Also, the interaction between
genotype and AMF treatment was significant
for Zn uptake. Inoculation with G. mosseae
significantly increased Zn uptake of genotypes K
150, Han 72 and Han 297 with 117%, 88% and
112%, respectively. For the other three geno-
types, no significant effect of inoculation on Zn
uptake was found (Table 3). Inoculation with G.
etunicatum significantly increased Zn uptake of
genotype K 150. Mycorrhizal Zn responsiveness
varied between 19% and 117% for G. mosseae
and between —7% and 170% for G. etunicatum
(Table 3). On this Zn deficient soil, the geno-
types with low Zn uptake when nonmycorrhizal
(K 150, Han 72 and Han 297) were more
responsive with respect to Zn uptake than the
three genotypes with higher Zn uptake when
nonmycorrhizal (Han 44, 91B-8-30-3 and Hon-
gkelaoshuya). Plant Zn uptake by nonmycorrhi-
zal plants was negatively correlated with MZnR
(P = 0.006) and MR (P = 0.04) for both mycor-
rhizal fungi (Fig. 2).
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Table 2 Plant dry weight in responsiveness to AMF inoculation and mycorrhizal responsiveness (MR) of six rice genotypes

Rice genotypes  Shoot dry weight (mg pot™) Root dry weight (mg pot™) MR (%)
- + G. + G. - + G. + G. + G. + G.
AMF  mosseae etunicatum AMF mosseae etunicatum mosseae etunicatum
Han 72 201 a 303 a 272 a 36a S3a 47 a 50 35
K 150 193 b 456 a 532 a 36 b 59 ab 73 a 125 164
Han 297 373b 695 a 588 a 108 a 155a 123 a 77 48
Han 44 571 ab 673 a 408 b 9B b 141a 53 a 23 =31
91B-8-30-3 489 a 664 a 637 a 109a 137 a 109 a 34 25
Hongkelaoshuya 507 b 711 a 647 ab 123a 156 a 102 a 38 19
Mean 389 c 584 a 514 b 84b 117 a 85b 48 27

Per row means followed by the same letter are not significantly different (Tukey, P = 0.05)

Mycorrhizal root colonization

No root colonization by AMF was observed in the
uninoculated plants. Variation in root coloniza-
tion was found (P < 0.0001) among the six rice
genotypes. There was no interaction between
genotype and AMF treatment (P = 0.1; Table 4).
Root colonization of AMF-inoculated plants
ranged from 28% to 58% (Table 5). On average,
root colonization by G. mosseae was slightly but
significantly higher than by G. etunicatum. Nei-
ther MR (P = 0.9) nor MZnR (P = 0.6) corre-
lated with root colonization.

Discussion

We demonstrated a beneficial effect of AMF
inoculation on Zn uptake by aerobic rice
(Table 3). The effect in our study was equal to
(G. mosseae) or smaller (G. etunicatum) than
reported for lowland rice (Purakayastha and

Fig. 1 Shoot Zn mass .30 ¢
fraction of six rice "
genotypes for three AMF o 95 |
treatments £
[
S 20 |
3]
g
‘@ 15
© e
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c 10 | %
N %
g %
g5t I
) ¢é
%
0 2

Chhonkar 2001), confirming the potential of
AMF to increase Zn uptake from low Zn soils.
Also in a heavy metal-contaminated soil, two
upland rice varieties inoculated with G. mosseae
took up more Zn than uninoculated plants
(Zhang et al. 2005). This suggests that the
mycorrhizal effect on Zn uptake is independent
on the Zn status of the soil. All studies done so far
were pot studies, in which rooting density is high
compared to a field condition. Verification under
field conditions is necessary.

A beneficial effect of AMF inoculation on
biomass is frequently attributed to increased P
uptake. In our experiment, however, it is highly
unlikely that increased P uptake explains in-
creased biomass production and thus increased
Zn uptake. Firstly, the P status of the soil was
high and the Zn status was low (Dobermann and
Fairhurst 2000). So Zn, and not P, was the
growth-limiting nutrient, which is confirmed by
the appearance of Zn deficiency symptoms. P
deficiency symptoms were not recorded.

oK 150

OHan 72

m Han 297

@ Han 44

o0 91B-8-30-3

O Hongkelaoshuya

-AMF

+ G.mosseae  + G. etunicatum
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Table 3 Zn uptake in responsiveness to AMF inoculation and mycorrhizal responsiveness based on Zn uptake (MZnR) of

aerobic rice genotypes

Genotype Zn uptake (ug pot™) MZnR (%)
-AMF + G. mosseae + G. etunicatum G. mosseae G. etunicatum

Han 72 420 8.0a 6.5 ab 88 54
K 150 48D 10.5 a 13.1 a 117 170
Han 297 9.8 b 20.8 a 13.7b 112 54
Han 44 114 a 159 a 111 a 40 -3
91B-8-30-3 12.1 a 154 a 113 a 27 -7
Hongkelaoshuya 144 a 171 a 15.7 a 19 9
Mean 95¢ 14.6 a 119b 54 23

Per row means followed by the same letter are not significantly different (Tukey, P = 0.05)

Secondly, Zn uptake (Table 3) and biomass
production (Table 2) were significantly correlated
(P < 0.05 for both G. mossae and G. etunicatum).
Thirdly, Zn mass fractions for all samples but
three (Fig. 1) were below the level required for
sufficient growth (20 mg kg™'; Dobermann and
Fairhurst 2000) and similar to those found in a
previous field experiment where a significant
response to Zn application was shown (Gao
et al. 2006). Earlier studies (Baon et al. 1993;
Zhu et al. 2001) showed a negative correlation
between mycorrhizal response and P utilization
efficiency (PUE—the inverse of P mass fraction).
An increase in P mass fraction (and hence a
decrease in PUE) upon mycorrhizal inoculation is
likely to be explained by luxury uptake of P and
differential nutrient limitation by mycorrhizal and
nonmycorrhizal plants. In the present study, Zn
mass fractions were low but hardly differed
between nonmycorrhizal plants and mycorrhizal
plants (Table 1), indicating that plants under both
treatments were Zn-limited. Therefore, no other
nutrients but Zn limited the growth of both
nonmycorrhizal and mycorrhizal plants, indicat-
ing that the growth response of rice plants was
completely explained by the mycorrhizal contri-
bution to Zn uptake.

There was large genotypic variation in MZnR
(Table 3), which was not related to variation in
root colonization. Zinc uptake under nonmycor-
rhizal conditions was significantly negatively
related to MR and MZnR for both mycorrhizal
fungi (Fig. 2). This correlation indicates that
genotypes with high responsiveness to AMF
colonization are inherently less efficient to take
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up Zn from low Zn soils. This confirms our
hypothesis that mycorrhizal Zn responsiveness
correlates negatively with Zn uptake in the
nonmycorrhizal condition.

A negative correlation between mycorrhizal
responsiveness and nutrient uptake in the non-
mycorrhizal condition has been reported repeat-
edly. Koide et al. (1988) showed that cultivated
oats had a lower P uptake and were more

r=-0.74
P =0.006

Zn uptake (ug pot™)
[e<]

-50 0 50 100 150 200

Mycorrhizal Zn response (%)

r=-0.60
o = P=0.04

Zn uptake (ug pot™)

-50 0 50 100 150 200

Mycorrhizal response (%)

Fig. 2 Correlation between Zn uptake when nonmycor-
rhizal and mycorrhizal Zn response (A) or mycorrhizal
response (B) of six rice genotypes for two AMF species (®
G. mosseae; OG. etunicatum)
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Table 4 P-values from two-way analysis of variance for
root colonization. Noninoculated controls were not
included in this analysis

Source DF Root colonization
Mycorrhizas (M) 1 0.02

Genotypes (G) 5 <0.0001

Mx G 10 0.10

Table 5 Main effects of inoculation of rice genotypes with
AMF species on root colonization

Treatments/levels Root colonization
(%)
Genotypes Han 72 57 a
K 150 50 a
Han 297 48 a
Han 44 58 a
91B-8-30-3 55a
Hongkelaoshuya 28 b
AMF G. mosseae 53 A
G. etunicatum 46 B

Within genotypes or AMF treatment, per column means
followed by the same letter are not significantly different
(Tukey, P = 0.05)

responsive to mycorrhizal inoculation than wild
oats. A tomato genotype with a lower P uptake
when nonmycorrhizal was also more responsive
to mycorrhizal colonization than a more efficient
genotype (Bryla and Koide 1998). The authors
concluded that plants that possess mechanisms for
acquiring phosphorus efficiently, may be less
dependent on (and responsive to) mycorrhizal
colonization. For barley, Baon et al. (1993)
observed that the cultivar with the lowest P
uptake when nonmycorrhizal (Shannon) showed
the largest mycorrhizal responsiveness. Wright
et al. (2005), who compared an African landrace
with a European high-yielding variety of maize,
showed that the African landrace combined a
higher nutrient uptake when nonmycorrhizal with
a lower mycorrhizal response. And Kaeppler
et al. (2000) showed that P uptake of maize
inbred lines was negatively correlated with
mycorrhizal responsiveness. These latter authors
pointed out that variation in mycorrhizal respon-
siveness could be due to variation of plants to
efficiently acquire nutrients and grow well under
conditions of low nutrient availability. If there is

substantial variation in that latter character (due
to other mechanisms through which plants could
perform well on nutrient-deficient soils), plants
without these other mechanisms perform poorly
in the nonmycorrhizal condition and hence will
derive more benefit from mycorrhizal inoculation.
Under that interpretation a low responsiveness to
mycorrhizal inoculation is an almost unavoidable
consequence of the possession of other, some-
times more important nutrient acquiring mecha-
nisms of a plant. It would then be important to
determine the relative contribution of plant and
mycorrhizal fungus to nutrient uptake efficiency,
to target those processes that make the larger
contribution to nutrition (Smith et al. 1992). A
dominant focus on mycorrhizal symbiosis and
mycorrhizal responsiveness could then lead to
selection of plants that are less able to cope with
low soil nutrient levels. In the case of aerobic
rice, the variation in rhizosphere mobilization
potential outweighs a mycorrhizal contribution
(Table 3). Even though AMF do contribute to Zn
uptake, selecting and breeding plants on the basis
of maximum mycorrhizal response will likely not
lead to the most efficient cultivars.

Inoculation with AMF did not significantly
increase Zn uptake beyond levels that were found
in genotypes with an inherently high uptake
(Table 3). This indicates that mechanisms other
than mycorrhizal formation were more efficient in
Zn mobilization. Root-induced chemical changes in
rhizosphere could play a major role in Zn uptake.
These rhizosphere effects may involve Fe oxidation
and acidification of the rhizosphere (Kirk and
Bajita 1995) and exudation of Zn chelators such
as phytosiderophores (Tolay et al. 2001) or citrate
(Hoffland et al. 2006). In this case, the mycorrhizal
symbiosis is apparently just one of several nutrient-
acquiring specializations (Pate 1994).
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