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Effect of Glomus intraradices
on root morphology, biomass
production and phosphorous
use efficiency of Chinese fir
seedlings under low
phosphorus stress

Yunlong Tian, Jingjing Xu, Xiaogian Lian, Bo Wei,
Xiangging Ma and Pengfei Wu*

College of Forestry, Fujian Agriculture and Forestry University, Fuzhou, China

Introduction: Available phosphorus (P) scarcity in the highly weathered soils of
the subtropical forests in southern China is a serious concern. To ensure
whether inoculation of arbuscular mycorrhizal fungi (AMF) with Chinese fir
(Cunninghamia lanceolata) under low P stress conditions could promote its
growth and P utilization capacity, an indoor pot simulation experiment was
carried out with the different P supply treatments and Chinese fir seedlings as
the tested material.

Methods: The experiment had two P supply treatments, no P supply (PO, O
mmol-L™* KH,PO,) and normal P supply (P1, 1.0 mmol-L™ KH,PO,). The
seedling in each P supply treatment was inoculated with Glomus intraradices
(Gi), a widespread species of AMF in the natural environment, and with no AMF
inoculation as a control treatment (CK). The Gi infection rate in the root system,
root cortex tissue dissolution rate, root morphological indexes and biomass,
whole plant P use efficiency, and root P use efficiency of Chinese fir were
determined under different treatment conditions.

Results and Discussion: The results showed that PO treatment significantly
increased the Gi infection rate (p< 0.05). After inoculating AMF with different P
supply treatments, the root cortex tissue dissolution rate was considerably
enhanced. In contrast, the Chinese fir's root length and surface area were
reduced; however, the root volume did not change significantly. The average
root diameter in the PO treatment and inoculated with AMF was significantly
more prominent than in the uninoculated treatment (p< 0.05). The root
biomass and root-to-shoot ratio at different P supply treatments were
significantly higher in the Gi infection treatment than in the CK group. Under
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different P supply treatments, root inoculation with Gi promoted root P use
efficiency and whole plant P use efficiency. In conclusion, low P stress
condition promoted the colonization of AMF in the root system, increased
the dissolution of root cortex tissue, root volume, and the average diameter,
and promoted root biomass accumulation and P use efficiency.

KEYWORDS

Chinese fir, arbuscular mycorrhizal fungi, root morphology, abiotic stress,
phosphorus utilization strategy

1 Introduction

Arbuscular mycorrhizal fungi (AMF) are widely distributed
in the natural environment, forming a mutually beneficial
symbiosis through soil infestation of most terrestrial plant roots
(Goltapeh et al., 2008). Numerous studies have shown that AMF
colonization facilitates phosphorus (P) uptake for the plant roots
(Smith et al., 2004; Rooney et al., 2011). In return, plants transfer
fixed carbon (C), sugars, and lipids to satisfy the symbiotic fungi
growth (Ferrol et al, 2019). Liu et al. (2014) found that
inoculation with AMF promoted Canada poplar’s (Populus x
canadensis) growth and physiological activity. However, the
positive effect of symbiotic fungi on the hosts varied to different
soil conditions, e.g., the nitrogen (N) forms in the culture
substrate can remarkably adjust the interaction efficiency
between forest trees and fungi (Qin et al., 2017). As one of the
leading nutrient elements for tree growth, P is involved in tree
growth and development in various ways and plays a vital role in
plantation production (Wu et al., 2020). It is crucial to carry out
studies to uncover the effectiveness of AMF on the P use efficiency
of trees. Previous studies showed that low available P in the highly
weathered soil strongly limits the tree’s average growth, especially
to changes in natural conditions, including the soil’s physical and
chemical properties, climate, and topography. Moreover,
inappropriate anthropogenic nurturing practices have
exacerbated the P heterogeneous distribution in the soil,
resulting in more difficulty for the root system to forage the P
nutrient efficiently (Zhang et al., 2013; Zou et al,, 2015; Yang,
2018). The biased investment in roots by forest trees inevitably
leads to nutrient depletion, limiting tree growth and development
(Mou et al,, 2013). Therefore, it has become an urgent problem to
maintain the high productivity of plantations in the long term in a
practical way, combing with the contribution of AMF.

Chinese fir (Cunninghamia lanceolata) is an important
plantation species widely used in southern China (Farooq et al,
2019). Its continuous planting further leads to decreased soil
available P content, which leads to reduced forest productivity. It
was found that under low P stress, some Chinese fir genotypes or
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clones could improve P foraging ability through root elongation
and radial proliferation or through differentiation of fine roots, root
secretion, and root cortical aerenchyma (RCA) (Wu et al,, 2017; Yu
et al, 2017; Wu et al, 2018; Zou et al, 2018). Studies on the
symbiotic relationship between Chinese fir and AMF also showed
that the species of the Glomus was susceptible to symbiosis with
Chinese fir root systems (Li et al., 2019; Lu et al., 2019; Guo et al,,
2022), and AMF colonization can promote the growth of Chinese
fir (Li et al,, 2011). So, does the symbiotic relationship between
Chinese fir and AMF help Chinese fir to resist low P stress? Is there
a significant difference in the symbiotic relationship between
Chinese fir and AMF under different P supply treatments? We
hypothesize that: (1) under low P stress, Chinese fir enhances the
relationship with AMF, and (2) colonization of AMF in Chinese fir
roots is helpful to improve P use efficiency, maintain normal growth
and resist low P stress. The improvement of P use efficiency may be
related to the morphological changes of roots and the formation of
RCA by cortex tissue dissolution.

The present study chose 1.5-year Chinese fir seedlings (clone
No. 41) as the test material. We set up two P supply treatments, no P
supply 0 mmol-L"'KH,PO, (0 ppm) and normal P supply 1.0
mmol-L'KH,PO, (136.09 ppm) in an indoor experiment. The
seedlings in each P supply treatment were inoculated with Glomus
intraradices (Gi) and no AMF inoculation (CK). We measured the
infection rate of Gi in root systems, root morphological indexes,
plant biomass production and allocation, P use efficiency, and root
cortex tissue dissolution rate. This study will provide a theoretical
basis for the in-depth analysis of soil phosphorus utilization by
Chinese fir under symbiotic conditions with AMF mycorrhizae.

2 Materials and methods

2.1 Plant materials and
experimental design

1.5-year-old Chinese fir seedlings (Clone No.41) taken from
the Chinese Fir Engineering Technology Research Center of the
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State Forestry and Grassland Administration were selected as the
test material. The seedlings’ average height and root collar
diameter were 19.1 + 0.5 cm and 3.03 + 0.08 mm, respectively.
Seedlings were cultivated in a nursery for 17 months, then
transplanted and stored in a sand-bed for 1 month, supplying
appropriate watering according to weather conditions at the
College of Forestry, Fujian Agriculture and Forestry University
(Li et al., 2022). Before AMF inoculation treatment, three
Chinese fir seedlings were randomly taken from the
experimental materials, and their roots were examined under
the microscope. It was determined that there was no AMF
colonization in the roots (Figure S1).

A polyethylene pot of 20 cm in length, 16 cm in width, and
20 cm in height were set up in a greenhouse at Fujian Agriculture
and Forestry University. The pots were soaked in 0.1 g-L "' KMnO,
solution for 20 min before use, rinsed with clean water, dried, and
set aside. One Chinese fir seedling was planted in each pot after
being thoroughly disinfected with 0.5% NaClO solution on the
root surface for 5s, then repeatedly rinsed with sterile water to
reduce exogenous fungal infection.

According to the nutrient characteristics of subtropical red
soil in southern China (Chen, 2003), a normal P supply
treatment (1.0 mmol-L"'KH,PO, (136.09 ppm), P1) was set up
to ensure that Chinese fir seedlings in this treatment group to
grow under rich P environment (Wu et al,, 2011; 2018). After P1
addition, the available P content in the mixed matrix was 4.51 +
0.02 mgkg™' (1 mgkg ' = 1 ppm). The second treatment was no
P supply treatment ((0 mmol-L"KH,PO, (0 ppm), P0), with the
available P contained in the mixed matrix 0.29 + 0.02 mgkg ).
Each P supply treatment was inoculated with Glomus
intraradices (Gi) and no inoculation treatment (CK). Seven
replicates were performed for each treatment; there were 28
pots in total.

The cultivation substrate was a mixture of river sand and
perlite 3:1 (L/L). After washing and drying, the river sand was
mixed with perlite by 2 mm mesh sieve. The cultivation substrate
was put into a sterilization bag (high-density polyethylene film)
with a diameter of 25 cm and a length of 40 cm and sterilized in a
vertical-pressure steam sterilizer. The condition of each
sterilization was 121°C (0.1 ~ 0.2 MPa); high-temperature
sterilization was carried out for 30 min and then dried in a
sterile environment for 7 days. Each pot was filled with 5.0 kg of
the mixed substrate with fungal soil and cultivation substrate,
following the volume ratio of 0.6:6 (L/L). The pH values of the
cultivation substrate and the mixed substrate were 6.33 + 0.12
and 6.59 + 0.07, respectively, and the available P concentration
was 0.21 + 0.03 mgkg' and 0.29 + 0.02 mg-kg™". The fungal soil
containing the corresponding matrix, AM fungal spores, and
extraradical hyphae were provided by the Institute of Plant
Nutrition and Resources, Beijing Academy of Agricultural
and Forestry Sciences. The spore density in this fungal soil was
30 spores/10g.
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To satisty the tested seedling requirements for other
nutrients, each pot was supplied with a quarter of the
modified Hoagland nutrient solution formula (Wu et al,
2011). Each time with 60 ml every 7 days. The potassium (K")
concentration of all treatments was adjusted to a similar level by
adding KCl, and 200 ml of pure water was poured every 5 days in
the afternoon. The temperature in the greenhouse was 18-28°C;
the average photoperiod was 10 h day " and relative humidity
was >80%. The tested seedlings were harvested after 90d.

2.2 Data collection and statistical analysis

The root staining procedure was modified from the Trypan
Blue staining method (Phillips and Hayman, 1970). The
decolorized root segments were placed on slides, pressed with
coverslips, and placed under a light microscope with a 10x
optical lens for observation. The root infection rate of G.
intraradices (Gi) (F/%) was calculated using “MYCOCALC”
software with the following formula. As long as mycorrhizal
structures such as hyphae, vesicles, and arbuscular appear in the
root segments, the roots are considered to have been colonized
by Gi (Xie et al., 2014).

F = (number of mycorrhizal infested segments/

number of all root segments) x 100 %

Under low P stress, plants tend to dissolve root cortical cells
to form cavities, which were quickly occupied by air to become
aerenchyma, which was conducive to reducing the respiratory
consumption of old root tissues in stress environment; besides,
the P nutrients and other compounds dissolved in the cortex
could be transported to other parts, which was also beneficial to
plant growth and development (Postma and Lynch, 2011). A
large number of studies have shown that the formation of RCA
could be induced, and previous studies have shown that RCA
may play an important role in reducing the metabolic cost of P-
deficient plants to obtain resources (Wu et al., 2018).

The sections of root segments prepared using the freehand
sectioning method were observed under a microscope (10x) and
then analyzed using Image ] 1.46e software for root cross-
sections, mid-column, and area of cortical dissolution to form
aeration tissue. The root cortical tissue dissolution rate (%) was
calculated as the dissolution area (umz)/the total root cortical
area (Uum?).

The root length, surface area, root volume, and average root
diameter of the root system were quantified and analyzed using
the WinRHizo (version 4.0B) root analysis system software after
harvesting the seedlings. After harvesting, the seedlings were
harvested separately by root and aboveground parts, weighed,
placed in an oven at 105°C for 30 min, and dried at 80°C until
constant weight. The aboveground and root biomass were
measured separately to calculate the root-to-shoot ratio.
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The relative field mycorrhizal dependency (RFMD) index
was used to descript the mycorrhizal dependency of the tested
Chinese fir seedlings under two P-supplying treatments, which
was calculated as follows (Plenchette et al., 1983),

REMD = {(dry mass of the mycorrhizal seedlings —

dry mass of the non — mycorrhizal seedlings)

/dry mass of the mycorrhizal seedling} x 100 %

The dried samples were crushed, sieved and treated, and
then the samples were digested by the H,SO4-HClO, decoction
method, and the P content of each organ was determined by the
molybdenum antimony anti-colorimetric method; the P use
efficiency of each organ was expressed as the ratio of the
biomass of each organ to the P accumulation of each organ.

Two-way ANOVA was used on the experimental data to
analyze whether two factors have significant interaction
performed using SPSS 25.0. Significant comparisons were made
using an independent samples t-test, Duncan’s multiple comparison
method (p = 0.05). All data were expressed as mean + standard error
(SE), and correlation charts were drawn using Origin 2021.

3 Results

3.1 Infection rate of Gi in the root system
of Chinese fir seedlings

The treatment without P supplying (P0) significantly
promoted Gi infestation in the Chinese fir seedling root

10.3389/fpls.2022.1095772

systems (p< 0.05). Gi infection rate was (69.81 + 4.29%) in the
PO treatment, which was 1.47 times higher than that in the P1
treatment (Figure 1A). The different proceeding of infestation of
Gi was observed, including the mycelium (Figure 1C), the
arbuscular morphological structure (Figure 1D), the vesicles
and spore (Figure 1E), compared with non-infected root
tissues (Figure 1B). Furthermore, compared to the P1
treatment, the RFMD in the PO treatment was 6.12%, which
was 2.72 times higher than P1 (Table 1).

3.2 Root morphological plasticity

The root length of Chinese fir was significantly reduced (p<
0.05) after Gi inoculation compared to the non-inoculated
treatment under the PO treatment. However, no significant
difference was observed in the root length between the Gi-
inoculated and non-inoculated treatment under the P1
treatment (p > 0.05) (Figure 2A). Additionally, there was no
significant difference (p > 0.05) observed between the root
surface area (Figure 2B) and root volume (Figure 2C) of
Chinese fir inoculated with Gi and the non-inoculated
treatments under PO and P1 treatments. The average root
diameter reached 1.21 + 0.03 mm after Gi inoculation under
the PO treatment, which was 1.35 times greater than the non-
inoculated treatment (Figure 2D). Compared with the P1
treatment, the average root diameter of Chinese fir inoculated

with Gi under the PO treatment condition was significantly
larger (p< 0.05). Two-way ANOVA results are shown
in (Table 2).

100
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g
'§so- a
3 I
gso- b
g I
g
£
g 20f
e
&
- PO P1

P supply treatment

FIGURE 1

(A) The root infection rate of Glomus intraradices Gi of Chinese fir under different phosphorus treatments. In the figure, PO represents the no
phosphorus supply, P1 represents the normal phosphorus supply, and the different lowercase letters indicate significant differences between the
two treatments (p< 0.05). (B—E) show the microscopic observations of arbuscular mycorrhizal fungi infecting the roots of Chinese fir seedlings,
no Gi infection was found in (B). Different processes of Gi infection in Chinese fir roots were found in (C—E).
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TABLE 1 Dry weight and calculated mycorrhiza dependence of Chinese fir seedlings inoculated with Gi and without Gi under two phosphorus

supply treatments, respectively.

Dry weight of non-mycorrhizal

seedlings(g)

Relative field mycorrhizal dependency
(RFMD) index (%)

P supply Dry weight of mycorrhizal
treatment seedlings (g)

PO ‘ 6.00

Pl ‘ 5.86

5.63

573

Yields were evaluated by weighing the harvested seedling.

3.3 Plant biomass production
and allocation

The differences in biomass of Chinese fir between treatments
did not reach a significant level (p > 0.05, Figures 3A-C). The
root-to-shoot ratio inoculated with Gi increased significantly
(p< 0.05) under the P1 treatment compared to the non-
inoculated treatment (Figure 3D).

1000
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P supply treatment

FIGURE 2

Effects of arbuscular mycorrhizal fungi inoculation with different phosphorus supply treatments on the root morphology of Chinese fir seedlings. In the
figure, (A—D) represent the changes of root length, root surface area, root volume and average root diameter when inoculated with Gi under different

phosphorus treatments. PO represents the no phosphorus supply, and P1 represents the normal phosphorus supply. Gi represents the inoculation with
Gi, and CK represents no inoculation of Gi. The different lowercase letters indicate significant differences between the two treatments (p< 0.05).

3.4 Phosphorous use efficiency and
cortical tissue dissolution

After inoculation with Gi under PO treatment, both plant P
use efficiency (Figure 4A) and root and shoot P use efficiency
(Figures 4B, C) of Chinese fir showed a significant increase (p<
0.05) compared to Gi inoculation under P1 treatment. For no Gi
inoculation, the root P use efficiency of Chinese fir was also
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TABLE 2 The results of two-factor (phosphorus supply treatment and inoculation treatment) variance analysis of phosphorus use efficiency, root
morphology, and biomass-related parameters.

F value
P supply level (a) AMF (b)
Plant P use efficiency 9.622** 0.899 0.006
Shoot P use efficiency 8.131** 0.611 < 0.001
Root P use efficiency 13.338** 4.061 0.029
Root length 1.034** 8.403** 1.722
Root surface area 0.851 0.785 0.019
Root volume 0.744 0.882 0.902
Average root diameter 0.032 17.358** 7.581*
Plant biomass 0.230 1.623 0.016
Shoot biomass 0.830 1.924 0.581
Root biomass 0.517 2.295 0.501
Root-to-shoot ratio 3.800 9.208** 0.293

* and ** represents significance level at (p< 0.05) and (p< 0.01) respectively.

significantly increased under the PO treatment compared to the
P1 treatment (p< 0.05) (Figure 4).

Combined with the observation of Gi infestation on the root
system of Chinese fir (Figures 1C-E), the root cortical tissue cells
and mycelial structure of the root system after Gi infestation
could be distinguished. According to Figure 5, the root cortical
tissue dissolution rate reached upto 5.85 + 0.76% after
inoculation with Gi under PO treatment, which was 3.75 times
higher than CK treatment. Under the P1 treatment, the root
cortical tissue dissolution rate after inoculation with Gi was (4.15
+ 0.68%), which was 6.59 times higher than that of the non-
inoculated treatment. The treatment with Gi inoculation
significantly promoted root cortical tissue dissolution under
both PO and P1 treatments (p< 0.05). Through microscopic
observation, it can be seen that some Chinese fir cells have been
dissolved in the root cortex (Figure 5C.)

4 Discussion

Plants have evolved through various strategies to resist
environmental stresses during long-term natural selection
(Lamalakshmi et al, 2017). Previous studies have shown that
rhizosphere P concentration is one of the main factors affecting
AMEF infection in plants (Wang et al., 2010). The increase of soluble
P concentration in the soil will reduce the fungal colonization of
roots (Bi et al., 2003; Leung et al,, 2010). In this study, the root
infection rate of Gi under the no P supply treatment (P0) was
significantly higher than that of the normal P supply treatment
(P1). This action benefited trees to establish a mutually beneficial
symbiosis with AMF to mitigate the effects of low P stress on its
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growth (Ramaekers et al, 2010). Numerous studies have shown
that plant roots can resist low P stress through morphological and
structural responses (Liang et al., 2014; Wu et al,, 2017). In this
study, the effects of P supply treatment and AMF inoculation on
morphological indicators such as root length and average diameter
of the root system of Chinese fir were more significant. Under the
PO treatment, the root length was significantly lower. The average
root diameter was considerably higher after inoculation with AMF
(Gi) than without Gi treatment, probably because the Chinese fir
root system formed a mycorrhizal symbiosis with AMF, which
reduced the input pathway of P foraging through its own fine root
proliferation. The plant increased the material distribution to the
root system for its material exchange with AMF and was supplied
with P by the extensive mycelial network of AMF (Smith et al,
2000; Ferrol et al., 2019).

It is well known that P promotes root growth and vitality, and
N, as the main component of protein, plays a vital role in the
development of stems and leaves. Studies have shown that when
nutrient availability is low, mangrove seedlings invest more
resources to increase root biomass (Naidoo, 2009). Due to the
large absorption of P by mycorrhiza, the ratio of N to P decreased,
which may affect the growth of aboveground parts (Xie et al., 2014).
On the other hand, plants try to balance the P uptake and
consumption to maintain normal growth in a low P
environment. The plant could adjust the allocation between the
aboveground and root systems to reduce the metabolic cost of P
foraging for the root system (Ramaekers et al,, 2010; Haling et al,,
2016). Under both P supply treatment conditions in this study,
inoculation with AMF increased the root biomass to some extent.
Among them, AMF inoculation significantly increased the root-to-
shoot ratio of Chinese fir under P1 treatment conditions (p< 0.05).
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FIGURE 3

Effects of arbuscular mycorrhizal fungi inoculation with different phosphorus supply treatments on the biomass of Chinese fir seedlings. In the figure,
(A-D) represent the changes of plant biomass, shoot biomass, root biomass and root to shoot ratio when inoculated with Gi under different
phosphorus treatments. PO represents the no phosphorus supply, and P1 represents the normal phosphorus supply. Gi represents the inoculation with
Gi, and CK represents no inoculation of Gi. The different lowercase letters indicate significant differences between the two treatments (p< 0.05).

AMEF inoculation under PO treatment also increased the root-to-
shoot ratio of Chinese fir, but this effect did not reach a significant
level (p > 0.05). It may be that under low P stress, the plant root
system can enhance its ability to form symbiotic structures with soil
AMF. The plant can obtain P nutrient from AMF to support
growth needs when providing AMF with C mass (Li et al., 2019;
Ferrol et al., 2019).

In addition, the results showed that there was no significant
difference in biomass between different treatments, which may be
due to the short period of the pot experiment and the high
physiological activity of seedlings (Table 2; Figure S2). Previous
studies have shown that the clone seedlings can resist low P stress by
adjusting root growth and secretion, and cortical tissue dissolution
to maintain a suitable level of growth (Zou et al,, 2018). The biomass
changes of seedlings inoculated with Gi under different P treatments
were analyzed. It was found that the biomass of seedlings inoculated
with Gi increased compared with the non-inoculated Gi group
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under the PO treatment; however, only the root biomass of seedlings
inoculated with Gi increased compared with the non-inoculated Gi
group under the P1 treatment. Combined with the analysis of the
REMD of seedlings under different phosphorus treatments, the
results showed that the REMD of Chinese fir seedlings were 6.12%"°
and 2.25%"" under different P supply treatments, respectively. The
biomass of seedlings at low P concentration depended more on
mycorrhizal than the high P concentration.

Plants can maintain growth and development under low P
conditions by increasing the P use efficiency in their bodies
(Veneklaas et al., 2012; He et al., 2013), which is an important
basis for measuring the ability of plants to cope with low P stress
(Wuetal, 2011). In terms of the effect of P supply treatment and
AMEF inoculation on the P use efficiency of Chinese fir, under the
condition of no AMF inoculation, the root P use efficiency of
Chinese fir was significantly greater under PO treatment
compared to P1 treatment (p< 0.05, Figure 4C). Similar to this
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FIGURE 4

Effects of arbuscular mycorrhizal fungi inoculation with different phosphorus supply treatments on the P use efficiency of Chinese fir seedlings. In the
figure, (A—C) represent the changes of plant P use efficiency, shoot P use efficiency, root P use efficiency, when inoculated with Gi under different
phosphorus treatments. PO represents the no phosphorus supply, and P1 represents the normal phosphorus supply. Gi represents the inoculation with
Gi, and CK represents no inoculation of Gi. The different lowercase letters indicate significant differences between the two treatments (p< 0.05).

pattern, the root P use efficiency and whole plant P use efficiency
of Chinese fir roots under no P supply stress increased
significantly (p< 0.05, Figures 4A, C) after AMF inoculation of
Chinese fir roots. High P use efficiency may be achieved by
improving the reuse of P in roots and acquiring P by hyphae. It
has been reported that plants in low P environments could also
form a large amount of aeration tissue through cortical tissue
dissolution to reduce root respiration and satisfy P demand to a

Root cortex tissue dissolution rate (%)

PO Pl
P supply treatment

FIGURE 5

certain extent (Wu et al.,, 2018). Under low P stress, cell lysis in
the cortical tissue of the mature zone of Chinese fir roots was
evident, and the released P nutrient was involved in recycling in
vivo (Postma & Lynch, 2011). At the same time, cortical tissue
cells lysed to form a larger space, facilitating AMF colonization
and enhancing its ability to resist stress. In this study, we found
that inoculation of AMF significantly promoted root cortical
tissue dissolution under both P-supply treatment conditions.

(A) The effect of Glomus intraradices Gi inoculation on the dissolution of root cortex tissue of Chinese fir under different phosphorus treatments. In the
figure, PO represents the no phosphorus supply, and P1 represents the normal phosphorus supply. Gi represents the inoculation with Gi, and CK
represents the no inoculation of Gi. The different lowercase letters indicate significant differences between the two treatments (p< 0.05). (B, C) show the
microscopic observation of Gi infecting the roots of Chinese fir seedlings. Compared with (C), the cortex tissue of roots in (B) did not dissolve clearly.

Frontiers in Plant Science

08

frontiersin.org


https://doi.org/10.3389/fpls.2022.1095772
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tian et al.

Among them, the root cortical tissue dissolution rate was the
largest after inoculation with AMF under the PO treatment,
which was 3.75 times higher than that of the non-inoculated
treatment. It indicates that when AMF colonizes Chinese fir
roots, AMF transfers P captured by its mycelium to Chinese fir
roots as Chinese fir provides living space and nutrients for it.
This increases the P uptake of Chinese fir to some extent (Smith
et al., 2004; Rooney et al., 2011) and improves its in vivo P use
efficiency to be better used to maintain material exchange
between mycorrhizal symbioses.

5 Conclusions

No P-supplying (P0) treatment considerably enhanced the Gi
infection rate in the root system of Chinese fir seedlings. The radial
root diameter growth was significantly promoted under low P
stress, but root length extension ability was inhibited considerably
after Gi inoculation. Inoculation of Gi under different P supply
treatments promoted the growth and development of Chinese fir to
some extent. No P supply treatment significantly increased root
cortical tissue dissolution rate compared to normal P supply.
Chinese fir may prefer to form a mutually beneficial symbiosis
with AMF to obtain more of the P nutrient required for efficient
growth, especially in low P environments. The exchange of organic
matter and nutrients through mycorrhizae met the needs of AMF’s
growth and enabled the Chinese fir to obtain P nutrients necessary
for its organic matter synthesis from the mycorrhizal network.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding author.

Author contributions

PW, JX and YT conceived the idea and designed the
experiment. YT, JX, XL, and BW conducted the study. YT and
JX wrote the manuscript. XM give suggestions to the manuscript.
PW provide the funding, supervise the experiment, reviewed the

References

Bi, Y. L., Li, X. L., and Christie, P. (2003). Influence of early stages of arbuscular
mycorrhiza on uptake of zinc and phosphorus by red clover from a low-
phosphorus soil amended with zinc and phosphorus. Chemosphere 50, 831-837.
doi: 10.1016/S0045-6535(02)00227-8

Chen, H. J. (2003). Phosphatase activity and p fractions in soils of an 18-year-old
Chinese fir (Cunninghamia lanceolata) plantation. For. Ecol. Manage. 178, 301-
310. doi: 10.1016/S0378-1127(02)00478-4

Frontiers in Plant Science

09

10.3389/fpls.2022.1095772

manuscript and contributed to the discussion. All authors
contributed to the article and approved the submitted version.

Funding

The study was funded by the Key Program of Natural Science of
Fujian Province, China (grant number 2020J02029), the Science
and Technology Project of Fuzhou Science and Technology Bureau,
Fujian Province, China (grant number 2021-P-035) and Forestry
Peak Discipline Construction Project of Fujian Agriculture and
Forestry University (72202200205).

Acknowledgments

We are very grateful to the editors, reviewers and experts
who made suggestions for the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1095772/full#supplementary-material

Faroog, T. H., Yan, W, Rashid, M. H. U., Tigabu, M., Gilani, M. M., Zou, X. H,,
et al. (2019). Chinese Fir (Cunninghamia lanceolata) a green gold of China with
continues decline in its productivity over the successive rotations: a review. Appl.
Ecol. Environ. Res. 17, 11055-11067. doi: 10.15666/aeer/1705_1105511067

Ferrol, N., Azcon-Aguilar, C., and Pérez-Tienda, J. (2019). Review: Arbuscular
mycorrhizas as key players in sustainable plant phosphorus acquisition: An overview on
the mechanisms involved. Plant Sci. 280, 441-447. doi: 10.1016/j.plantsci.2018.11.011

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1095772/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1095772/full#supplementary-material
https://doi.org/10.1016/S0045-6535(02)00227-8
https://doi.org/10.1016/S0378-1127(02)00478-4
https://doi.org/10.15666/aeer/1705_1105511067
https://doi.org/10.1016/j.plantsci.2018.11.011
https://doi.org/10.3389/fpls.2022.1095772
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tian et al.

Goltapeh, E. M., Danesh, Y. R,, Prasad, R., and Varma, A. (2008). “Mycorrhizal
fungi: what we know and what should we know?,” in Mycorrhiza (Springer, DE), 3-
27. doi: 10.1007/978-3-540-78826-3_1

Guo, J. H,, Feng, H. L., Roberge, G., Feng, L., Pan, C., Mcnie, P., et al. (2022). The
negative effect of Chinese fir (Cunninghamia lanceolata) monoculture plantations
on soil physicochemical properties, microbial biomass, fungal communities, and
enzymatic activities. For. Ecol. Manage. 519, 120297. doi: 10.1016/
j.foreco.2022.120297

Haling, R. E., Yang, Z. J., Shadwell, N., Culvenor, R. A., Stefanski, A., Ryan, M.
H., et al. (2016). Growth and root dry matter allocation by pasture legumes and a
grass with contrasting external critical phosphorus requirements. Plant Soil 407,
67-79. doi: 10.1007/s11104-016-2808-2

He, Y. L, Liu, A. Q, Tigabu, M., Wu, P. F,, Ma, X. Q., Wang, C,, et al. (2013).
Physiological responses of needles of Pinus massoniana elite families to phosphorus
stress in acid soil. J. for. Res. 24, 325-332. doi: 10.1007/s11676-013-0356-7

Lamalakshmi, D. E., Kumar, S., Basanta Singh, T., Sharma, S. K., Beemrote, A.,
Devi, C. P, et al. (2017). “Adaptation strategies and defence mechanisms of plants
during environmental stress,” in Medicinal plants and environmental challenges
(Springer, DE), 359-413. doi: 10.1007/978-3-319-68717-9_20

Leung, H. M., Wu, F. Y., Cheung, K. C,, Ye, Z. H., and Wong, M. H. (2010).
Synergistic effects of arbuscular mycorrhizal fungi and phosphate rock on heavy
metal uptake and accumulation by an arsenic hyperaccumulator. J. Hazard. Mater.
181, 497-507. doi: 10.1016/j.jhazmat.2010.05.042

Liang, C. Y., Wang, J. X,, Zhao, J., Tian, J., and Liao, H. (2014). Control of
phosphate homeostasis through gene regulation in crops. Curr. Opin. Plant Biol.
21, 59-66. doi: 10.1016/j.pbi.2014.06.009

Li, L. X,, Deng, X. H., Zhang, T., and Tian, Y. L. (2022). Propagation methods
decide root architecture of Chinese fir: Evidence from tissue culturing, rooted
cutting and seed germination. Plants 11, 2472. doi: 10.3390/plants11192472

Li, L., Mccormack, M. L., Chen, F. S,, Wang, H. M., Ma, Z. Q,, and Guo, D. L.
(2019). Different responses of absorptive roots and arbuscular mycorrhizal fungi to
fertilization provide diverse nutrient acquisition strategies in Chinese fir. For. Ecol.
Manage. 433, 64-72. doi: 10.1016/j.foreco.2018.10.055

Liu, T., Wang, C. Y., Chen, H,, Fang, F. R, Zhu, X. Q, and Tang, M. (2014).
Effects of arbuscular mycorrhizal colonization on the biomass and bioenergy
production of Populusx canadensis 'Neva' in sterilized and unsterilized soil. Acta
physiol. plant. 36, 871-880. doi: 10.1007/s11738-013-1465-9

Li, L, Zhou, G. Y., Liu, J. A, and Li, H. (2011). The resource investigation and
community structure characteristics of mycorrhizal fungi associated with Chinese
fir. Afr. J. Biotechnol. 10, 5719-5724. doi: 10.5897/AJB10.2123

Lu, N. N, Xu, X. L, Wang, P.,, Zhang, P., Ji, B. M., and Wang, X. J. (2019).
Succession in arbuscular mycorrhizal fungi can be attributed to a chronosequence
of Cunninghamia lanceolata. Sci. Rep. 9, 18057. doi: 10.1038/s41598-019-54452-z

Mou, P., Jones, R. H,, Tan, Z. Q., Bao, Z., and Chen, H. M. (2013). Morphological
and physiological plasticity of plant roots when nutrients are both spatially
and temporally heterogeneous. Plant Soil 364, 373-384. doi: 10.1007/s11104-
012-1336-y

Naidoo, G. (2009). Differential effects of nitrogen and phosphorus enrichment
on growth of dwarf avicennia marina mangroves. Aquat. Bot. 90, 184-190.
doi: 10.1016/j.aquabot.2008.10.001

Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing
roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid
assessment of infection. Trans. Br. mycol. Soc. 55, 158-161. doi: 10.1016/S0007-
1536(70)80110-3

Plenchette, C., Fortin, J. A., and Furlan, V. (1983). Growth responses of several
plant species to mycorrhizae in a soil of moderate p-fertility. Plant Soil 70, 199-209.
doi: 10.1007/BF02374780

Postma, J. A., and Lynch, J. P. (2011). Theoretical evidence for the functional
benefit of root cortical aerenchyma in soils with low phosphorus availability. Ann.
Bot. 107, 829-841. doi: 10.1093/aob/mcq199

Frontiers in Plant Science

10

10.3389/fpls.2022.1095772

Qin, Y., Pan, X. Y., Kubicek, C., Druzhinina, 1., Chenthamara, K., Labbe, J. L.,
et al. (2017). Diverse plant-associated pleosporalean fungi from saline areas:
ecological tolerance and nitrogen-status dependent effects on plant growth.
Front. Microbiol. 8. doi: 10.3389/fmicb.2017.00158

Ramaekers, L., Remans, R., Rao, I. M, Blair, M. W., and Vanderleyden, J. (2010).
Strategies for improving phosphorus acquisition efficiency of crop plants. Field
Crops Res. 117, 169-176. doi: 10.1016/j.fcr.2010.03.001

Rooney, D. C.,, Prosser, J. I, Bending, G. D., Baggs, E. M., Killham, K., and
Hodge, A. (2011). Effect of arbuscular mycorrhizal colonization on the growth and
phosphorus nutrition of Populus euramericana c.v. ghoy. Biomass Bioenergy 35,
4605-4612. doi: 10.1016/j.biombioe.2011.08.015

Smith, F. A, Jakobsen, L, and Smith, S. E. (2000). Spatial differences in
acquisition of soil phosphate between two arbuscular mycorrhizal fungi in
symbiosis with medicago truncatula. New Phytol. 147, 357-366. doi: 10.1046/
j.1469-8137.2000.00695.x

Smith, S. E., Smith, F. A, and Jakobsen, I. (2004). Functional diversity in
arbuscular mycorrhizal (AM) symbioses: the contribution of the mycorrhizal p
uptake pathway is not correlated with mycorrhizal responses in growth or total p
uptake. New Phytol. 162, 511-524. doi: 10.1111/j.1469-8137.2004.01039.x

Veneklaas, E. J., Lambers, H., Bragg, J., Finnegan, P. M., Lovelock, C. E., Plaxton,
W. C,, et al. (2012). Opportunities for improving phosphorus-use efficiency in crop
plants. New Phytol. 195, 306-320. doi: 10.1111/j.1469-8137.2012.04190.x

Wang, Y. T., Qiu, Q, Yang, Z. Y., Huy, Z. ], and Tam, N. F. (2010). Arbuscular
mycorrhizal fungi in two mangroves in south China. Plant Soil 331, 181-191.
doi: 10.1007/s11104-009-0244-2

Wu, P. F, Lai, H. Y., Tigabu, M., Wu, W. ], Wang, P., Wang, G. Y., et al. (2018).
Does phosphorus deficiency induce formation of root cortical aerenchyma
maintaining growth of Cunninghamia lanceolata? Trees 32, 1633-1642.
doi: 10.1007/s00468-018-1739-3

Wu, P. F., Tigabu, M., Ma, X. Q., Christer Odén, P. C., He, Y. L., Yu, X. T., et al.
(2011). Variations in biomass, nutrient contents and nutrient use efficiency among
Chinese fir provenances. Silvae Gene. 60, 95-105. doi: 10.1515/sg-2011-0014

Wu, P. F.,, Wang, G. Y., Faroog, T. H., Li, Q., Zou, X. H., and Ma, X. Q. (2017).
Low phosphorus and competition affect Chinese fir cutting growth and root
organic acid content: does neighboring root activity aggravate p nutrient
deficiency? J. Soils Sediments 17, 2775-2785. doi: 10.1007/s11368-017-1852-8

Wu, H. L, Xiang, W. H., Chen, L., Ouyang, S., Xiao, W. F., Li, S. G,, et al. (2020).
Soil phosphorus bioavailability and recycling increased with stand age in Chinese
fir plantations. Ecosystems 23, 973-988. doi: 10.1007/510021-019-00450-1

Xie, X. Y., Weng, B. S., Cai, B. P,, Dong, Y. R,, and Yan, C. L. (2014). Effects of
arbuscular mycorrhizal inoculation and phosphorus supply on the growth and
nutrient uptake of Kandelia obovata (Sheue, liu & yong) seedlings in autoclaved
soil. Appl. Soil Ecol. 75, 162-171. doi: 10.1016/j.apsoil.2013.11.009

Yang, H. (2018). Effects of nitrogen and phosphorus addition on leaf nutrient
characteristics in a subtropical forest. Trees 32, 383-391. doi: 10.1007/s00468-017-1636-1

Yu,Y.C, Yang,J. Y., Zeng, S. C., Wu, D. M,, Jacobs, D. F., and Sloan, J. L. (2017).
Soil pH, organic matter, and nutrient content change with the continuous cropping
of Cunninghamia lanceolata plantations in south China. J. Soils Sediments 17,
2230-2238. doi: 10.1007/s11368-016-1472-8

Zhang, R., Zhou, Z. C., Luo, W. J., Wang, Y., and Feng, Z. P. (2013). Effects of
nitrogen deposition on growth and phosphate efficiency of schima superba of
different provenances grown in phosphorus-barren soil. Plant Soil 370, 435-445.
doi: 10.1007/s11104-013-1644-x

Zou, X. H., Wei, D., Wu, P. F,, Zhang, Y., Hu, Y. N,, Chen, S. T,, et al. (2018).
Strategies of organic acid production and exudation in response to low-phosphorus
stress in Chinese fir genotypes differing in phosphorus-use efficiencies. Trees 32,
897-912. doi: 10.1007/s00468-018-1683-2

Zou, X. H.,, Wu, P. F,, Chen, N. L., Wang, P., and Ma, X. Q. (2015). Chinese Fir
root response to spatial and temporal heterogeneity of phosphorus availability in
the soil. Can. J. For. Res. 45, 402-410. doi: 10.1139/cjfr-2014-0384

frontiersin.org


https://doi.org/10.1007/978-3-540-78826-3_1
https://doi.org/10.1016/j.foreco.2022.120297
https://doi.org/10.1016/j.foreco.2022.120297
https://doi.org/10.1007/s11104-016-2808-2
https://doi.org/10.1007/s11676-013-0356-7
https://doi.org/10.1007/978-3-319-68717-9_20
https://doi.org/10.1016/j.jhazmat.2010.05.042
https://doi.org/10.1016/j.pbi.2014.06.009
https://doi.org/10.3390/plants11192472
https://doi.org/10.1016/j.foreco.2018.10.055
https://doi.org/10.1007/s11738-013-1465-9
https://doi.org/10.5897/AJB10.2123
https://doi.org/10.1038/s41598-019-54452-z
https://doi.org/10.1007/s11104-012-1336-y
https://doi.org/10.1007/s11104-012-1336-y
https://doi.org/10.1016/j.aquabot.2008.10.001
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1007/BF02374780
https://doi.org/10.1093/aob/mcq199
https://doi.org/10.3389/fmicb.2017.00158
https://doi.org/10.1016/j.fcr.2010.03.001
https://doi.org/10.1016/j.biombioe.2011.08.015
https://doi.org/10.1046/j.1469-8137.2000.00695.x
https://doi.org/10.1046/j.1469-8137.2000.00695.x
https://doi.org/10.1111/j.1469-8137.2004.01039.x
https://doi.org/10.1111/j.1469-8137.2012.04190.x
https://doi.org/10.1007/s11104-009-0244-2
https://doi.org/10.1007/s00468-018-1739-3
https://doi.org/10.1515/sg-2011-0014
https://doi.org/10.1007/s11368-017-1852-8
https://doi.org/10.1007/s10021-019-00450-1
https://doi.org/10.1016/j.apsoil.2013.11.009
https://doi.org/10.1007/s00468-017-1636-1
https://doi.org/10.1007/s11368-016-1472-8
https://doi.org/10.1007/s11104-013-1644-x
https://doi.org/10.1007/s00468-018-1683-2
https://doi.org/10.1139/cjfr-2014-0384
https://doi.org/10.3389/fpls.2022.1095772
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Effect of Glomus intraradices on root morphology, biomass production and phosphorous use efficiency of Chinese fir seedlings under low phosphorus stress
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and experimental�design
	2.2 Data collection and statistical analysis

	3 Results
	3.1 Infection rate of Gi in the root system of Chinese fir seedlings
	3.2 Root morphological plasticity
	3.3 Plant biomass production and allocation
	3.4 Phosphorous use efficiency and cortical tissue dissolution

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


