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Abstract 

Reason 1: 
Genetic differences in 

mycorrhizal fungi cause 
differences in plant 

growth  

Conclusions 

The effects of mycorrhizal fungi on plant 
growth and phosphate acquisition have been 
known for decades and yet they have never 
lived up to their potential in full-scale 
agriculture. In this poster we show that they 
can indeed be used to increase food 
p roduc t i on and we p resen t th ree 
fundamental reasons why genet ic 
improvement of mycorrhizal fungi, combined 
with new technologies to biotechnologically 
improve the fungi  should lead to greater 
food product ion and why such an 
improvement program is warranted: 
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The green revolution was largely fuelled by 
plant breeding. Genetically different plant 
varieties have different traits. We cross these 
varieties to produce better varieties. A 
fundamental basis for breeding is that 
differential growth of varieties has a genetic 
basis. Here we show that gentically different 
mycorrhizal fungi (all from one small field) 
differentially affect how plants grow (Fig. 1). 
This means that their effect on plant growth 
has a genetic basis. This is a pre-requisit 
for a breeding program to improve 
mycorrhizal fungi. 

Figure 2. Students tend the cassava 
plants in Colombia. 

Figure 5. Mycorrhizal fungi have an 
unusual genetic system where they 
contain genetically different nuclei. 
When the fungus produces new spores 
clonally, the new spores are genetically 
different to the parent fungus and from 
each other.  

For the three reasons presented above, 
there is a strong rationale to undertake a 
genetic improvement program to 
improve cassava production and that of 
other globally important crops. 

length and spore density differed among isolates (F3,109 ¼
17.44, P < 0.0001 and F3,109 ¼ 11.08, P < 0.0001 respec-
tively, Fig. 2b, c). Hyphal length and spore density also
differed greatly in the different sucrose concentrations
(F2,109 ¼ 207.41, P < 0.0001 and F2,109 ¼ 230.73, P <
0.0001 respectively) with growth being much lower at low
sucrose concentrations compared with the M medium.
There was no significant AMF isolate by sucrose
concentration interaction for either variable.

When all isolates were pooled, hyphal length and spore
density were positively correlated in each of the five
treatments of different nutrient availability (P < 0.0001, for
all five treatments). However, there were significant negative
correlations between hyphal and root length on M medium
(r ¼ )0.37, P < 0.05) and between spore density and root
length on M medium (r ¼ )0.34, P < 0.05) and in the S50
treatment (r ¼ )0.32, P < 0.05).

Experiment 3: the effect of different isolates on total dry
weight of two host species

After 10 months of growth in the green house, there was no
significant effect of mycorrhizal inoculation on the total dry
weight of either plant species when comparing AMF
inoculated with NM plants (Fig. 3). However, inoculation
with different AMF isolates significantly altered the total dry
weight of the plants (F5,108 ¼ 4.50, P < 0.0001, Fig. 3). The
total dry weight of B. pinnatum plants was greater than that of
P. vulgaris (F1,108 ¼ 44.82, P < 0.0001) and there was no
significant isolate by host interaction. All plants that received
AMF inoculum were clearly colonized and no AMF

colonization was observed in any of the NM plants. The
P. vulgaris plants inoculated with isolate B1 tended to be
smaller than plants colonized with otherG. intraradices isolates
as well as non-mycorrhizal plants at all three harvests. In
contrast, at all three harvests B. pinnatum plants colonized
with isolate B3 were larger than plants colonized with the
other isolates and NM plants (data not shown). The total dry
weight of the roots was strongly correlated with the total dry
weight of the shoots for both host species (r ¼0.84,
P < 0.0001 and r ¼ 0.82, P < 0.0001 for B. pinnatum and
P. vulgaris respectively).

Figure 2 (a) Mean final length of transformed D. carota roots, (b) mean hyphal length and (c) mean spore density of four Glomus intraradices
isolates. Transformed D. carota roots were each colonized with one of four genetically different arbuscular mycorrhizal fungi (AMF) isolates
of G. intraradices (solid circle A4, black triangle B3, open circle C3, cross D1) or non-mycorrhizal (open squares). The roots were grown on
five different media; standard M medium (M), M medium with phosphate reduced to 50% (P50), phosphate reduced to 25% (P25), sucrose
reduced to 50% (S50) and sucrose reduced to 25% (S25). Although data from phosphorous and sucrose treatments are graphed together, the
black-shaded triangles below each graph indicate that ANOVAs were performed separately for the different phosphate and sucrose
concentrations and both analyses included the standard M medium. Different letters left of symbols of the same medium composition
indicate a significant difference (P < 0.05) according to the Tukey–Kramer honest significant test (HSD, P < 0.05).

Figure 3 Mean total dry weight of plants that were inoculated with
six genetically different Glomus intraradices isolates (A4, B1, B3, C2,
C3 and D1) or left uninoculated [non-mycorrhizal (NM)] after a
growth period of 10 months. Two host species, Brachypodium
pinnatum (black shading) and Prunella vulgaris (unshaded), were used
in the experiment. Error bars represent + 1 SE and different letters
above bars of the same plant species indicate a significant
difference (P < 0.05) according to the Tukey–Kramer honest
significant test (HSD) test.

Functional variability in AMF populations 107

! 2005 Blackwell Publishing Ltd/CNRS

involved in symbiosis. Transcription levels of two house-
keeping genes, encoding polyubiquitin and cyclophilin, were
also measured. Because transcription of the polyubiquitin-en-
coding gene did not differ among plants inoculated with
different AMF lines, this was used to standardize the data.
Transcription levels of the housekeeping gene encoding cyclo-
philin differed significantly among plants inoculated with
different AMF lines, but they were not correlated with the

patterns of the symbiosis-specific gene transcription (see
Figure S1). Thus, although transcription levels of the four
symbiosis-specific genes are correlated with each other,
they are independent of transcription levels of some other
rice genes that are not involved in the symbiosis. Our results
show that segregation in AMF can have large effects not only
on genes involved in plant growth but also on early- and
late-transcribed genes that are specific to the establishment
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Figure 3. Effect of Genetic Exchange and Segregation in Arbuscular Mycorrhizal Fungi on Plant Growth

(A) Mean dry weight of nonmycorrhizal (NM) plants (hatched columns), plants inoculated with parental lines (black columns), and plants inoculated with
crossed lines (white columns). S1, S3, and S5 came from pairing C23 C3, and Sb, Sc2, and Sd came from pairing C33 D1. The overall effect of arbuscular
mycorrhizal fungus (AMF) inoculation was plant species specific: Plantago lanceolata significantly benefited from mycorrhizal symbiosis (F1,90 = 33.73,
p < 0.001), and inoculation significantly reduced growth in Oryza sativa (F1,94 = 9.20, p < 0.01).
(B) Mean dry weight of NM plants (hatched bars), plants inoculated with crossed lines (black bars), and plants inoculated with segregated lines (white bars).
No overall effect of AMF inoculation was found (F1,180 = 2.78, p = 0.1 and F1,180 = 0.24, p = 0.62 for P. lanceolata and O. sativa, respectively) because of the
contrasting effects on plant growth of the AMF lines. Significant differences between NM andmycorrhizal plants were observed forO. sativa inoculated with
Sc2d and Sc2e and for P. lanceolata inoculated with Sc2b, Sc2e, S3f, and S4c according to Dunnett’s test (p < 0.05). Error bars represent +1 standard error,
and different letters above bars indicate a significant difference (p < 0.05) according to the Tukey-Kramer honestly significant difference (HSD) test. See also
Table S4.
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Figure 4. Effect of Segregation in AMF on Plant
Gene Transcription

Real-time RT-PCR-based transcription analysis
of AM1, AM3, AM14, and PT11 genes in rice roots
inoculated with crossed line S4 (black bar) and
segregated lines S4a–S4c (white bars). Transcrip-
tion levels are shown relative to the constitutively
expressed polyubiquitin-encoding gene. Error
bars represent +1 standard error, and different
letters above bars indicate a significant differ-
ence (p < 0.05) according to the Tukey-Kramer
HSD test. See also Table S5 and Figure S1.
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yields were obtained with non-inoculated plants at 0 P fertilization.
Plants that were inoculated with AMF but received no P fertilizer
achieved a yield that was not significantly different that of non-
inoculated plants that received either 50% or 100% P fertilization.

AMF Colonization in Yopal and Santana
Cassava naturally becomes colonized by mycorrhizal fungi.

Therefore, in both AMF inoculated and non-inoculated treat-
ments, we expected plants to be colonized by AMF. In Yopal,
AMF colonization of cassava roots increased over the duration of
the experiment, reaching a peak of colonization by the end of the
experiment (Fig. 3). There was, however, a decline in AMF
colonization in all the treatments at 225 days after planting that
coincided with a particularly dry period. There was no significant
difference in colonization in cassava plants that were inoculated
with AMF or non-inoculated for most of the experiment. At the
final harvest AMF colonization differed in inoculated and non-
inoculated plants but this was not the same effect at each level of P
fertilization (ANOVA for the AMF inoculation x P fertilization
interaction was F ratio = F(2,12) 3.9, P,0.049). At the final harvest,
AMF colonization was higher in non-inoculated plants at 50% and
100% P fertilization than non-inoculated plants. The opposite
effect on colonization occurred at 0 P fertilization (data not
shown).

In Santana, AMF inoculation and P fertilization also had a
combined effect on the colonization of cassava roots by AMF at
harvest (ANOVA for the AMF inoculation x P fertilization
interaction was F ratio = F(2,16) 18.16, P#0.001; Fig. 4). The
highest AMF colonization was observed in inoculated plants with
no added P fertilizer. The lowest colonization values were
obtained with non-inoculated and plants that received no
phosphate fertilizer (Fig. 4).

The methodology used to measure colonization in this
experiment does not allow us to differentiate between colonization
by the local the AMF community and the inoculated AMF.

Economic Analyses
All production costs were used to calculate the return on

investment (ROI) for production of cassava in one year in each of
the six different treatments. The return on investment, represented
as a percentage, is shown in Table 1. With the amount of
inoculum used (which was double the recommended dose), and
using a European inoculum price for the analysis, the highest ROI
was observed in uninoculated treatments. The highest ROI in
Yopal was in the treatment with no AMF inoculation and 50% P
fertilizer for both cassava root fresh weight and dry weight
(Table 1). In Santana, the highest ROI was achieved in the
treatment with no AMF inoculation and 100% P fertilizer
(Table 1). This was the case even though AMF inoculation
significantly increased cassava yield at both sites. Interestingly, at
both sites inoculation with AMF, in the absence of any P fertilizer,
resulted in a higher ROI than when cassava was not inoculated
(Table 1). The traditional practice is for the farmer to apply 100%
P fertilizer but no AMF inoculum even though this is not
necessarily the most profitable practice. Thus, in Yopal, inocula-
tion with AMF and 100% P fertilization gave a higher return with
root fresh weight than the traditional practice.

Because we used an unrealistic inoculum price and double the
recommended dose, we made a simulation to calculate and project
the following:

1. At what price the inoculum should be sold to make inoculation
profitable for the farmers at the dose used in this experiment;

2. Project how profitable AMF inoculation will be in the event of
future increasing P fertilizer prices;

3. Project how profitable AMF inoculation could be for farmers if
the recommended dose would give similar yields.

To do this we used a baseline ROI of the most profitable
treatment which was no inoculation with 100% P fertilizer in
Santana and no inoculation with 50% P fertilizer in Yopal (Fig. 5).
We simulated how the ROI would be affected at both sites when
inoculating with AMF of varying price. We also calculated how
profitable inoculation with the different priced inoculum would be
in the event of rising P fertilizer prices (Fig. 5).

In Yopal, and with the sale of dry cassava roots, inoculation
with AMF would become profitable if the same amount of
inoculum required for one hectare of cassava were sold below 1
million Colombian pesos (COP) (Fig. 5a). Small price increases P
fertilizer would not greatly affect the profitability of inoculating
with AMF. This is also true for the sale of fresh cassava roots
(Fig. 5b). In Santana, a small inoculum price reduction, to below
COP 1200000, makes the use of AMF inoculum economically
viable and any small prices increases in P fertilizer would have a
large effect on the profitability of inoculating plants with AMF
(Fig. 5c).

Because we used double the amount of AMF inoculum than
that recommended by the inoculum producer, we also calculated
the return on investment if the yield remained the same with only
half the dose of inoculum that was used in this experiment (shown
by the vertical dashed line in Fig. 5 representing half the inoculum
cost). In all cases, this would make inoculation with AMF highly
profitable, even at European inoculum prices and at current P
fertilizer prices.

It is important to note that all the economic analyses were made
on yields from one inoculation with AMF and for one crop of

Figure 2. Effects of inoculation with AMF and P fertilization on
cassava root fresh weight or yield (t.ha21) in Santana. Black
shaded bars represent the weight of AMF-inoculated cassava and white
bars represent the weight of non-inoculated cassava. Error bars
represent +1 S.E. Different letters above bars represent significant
differences at P#0.05.
doi:10.1371/journal.pone.0070633.g002
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Figure 1. Two plant species 
inoculated with genetically different 
fungi grow differently. 

Reason 3: 
Manipulating the genetics 

of mycorrhizal fungi 
greatly improves plant 

growth 
Our experiments in the field in Colombia 
show that cassava yields can easily be 
i n c r e a s e d b y a b o u t 2 0 % u s i n g 
biotechnological ly in-v i t ro produced 
mycorrhizal fungi (Ceballos et al. 2013). 

See oral presentation 03-16 on 
Wednesday!!! 

Figure 3. The cassava crop is inoculated 
with mycorrhizal fungus in a sterile gel 
carrier. 

Figure 4. Inoculation with mycorrhizal 
fungi results in a significant yield increase 
at only 50% of the phosphate fertilizer 
normally used by Colombian farmers. 

Reason 2: 
Cassava production is 

significantly increased by 
using in vitro produced 

mycorrhizal fungi 

Figure 5 . When we put those 
genetically different fungi onto rice we 
can increase rice growth by up to 5 
times just by changing the genetics of 
the fungus. This shows that genetically 
improving these fungi by breeding is 
certainly warranted. 

5 times better rice growth 
with genetically improved fungi 


