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Abstract

Arbuscular mycorrhizal (AM) fungi in soil form a symbiotic relationship with plants, using their hyphae to
help plants growth. And Alternanthera philoxeroides pose a serious threat to China's agriculture, forestry,
and urban ecosystems. There is lack of studies on how AM fungi affect invasive plants in different
environment. Therefore, A. philoxeroides and AM fungi were used study to study the different growth
substrate and effects of AM fungi on invasive plants. In this study, the result showed that mycorrhizal
dependency ranged 6.09% and 37.00%. Both AM fungi type and growth substrate significantly altered
photosynthetic pigment (chlorophyll a, chlorophyll b, and carotenoid content of invasive A.
philoxeroides). Similarly, the interaction between AM fungi and the type of growth substrate affected the
content of photosynthetic pigment. The type of growth substrate, and the interaction between growth
substrate type and AM fungi affected the height of A. philoxeroides. This study suggested that soil
substrate, AM fungi type, and their interactions affect their invasion and spread. AM fungi lead to high
aboveground biomass of A. philoxeroides promoting invasion. Therefore, in the future, invasive plants A.
philoxeroides should be divided into corresponding control zones based on the gradient of different soil
nutrients, especially in critical areas as key monitoring and prevention zones.

Introduction

Biological invasion not only causes losses to agriculture, forestry, and animal husbandry production, but
also has long-term ecological effects. The direct and indirect losses caused by invasive alien species
each year reach 119.876 billion yuan, accounting for 1.36% of the gross domestic product in China U
After the invasion of alien species, the structure and function of the ecosystem are destroyed. A.
philoxeroides, originally from South America, has now invaded North America, Oceania, Southeast Asia,

and Chinal?. It mainly grows in the vast areas of China south of 44'N and east of 97°E with low altitude
and relatively warm and humid climate. In 2003, it is included in the "List of the First Batch of Invasive
Alien Species in China" published by the State Environmental Protection Administration of China. The
success of plant invasion into a new environment is crucially dependent on the relationship between the

invasive plant and the local arbuscular mycorrhizal fungi I,

Mycorrhiza is a very common and important symbiotic phenomenon in nature, and arbuscular
mycorrhizal fungi form symbiotic relationships with 80% of terrestrial plants[4]. During the growth
process, extra-root hyphae can infect other plants again, forming a hypha network connecting plant roots
between plants. Mycorrhiza can scavenge nutrients, water, and other substances from neighbor regions

to supply host plants[5'6], improving the drought resistance of host plants and enhancing their resistance
to various diseasesl’~9l. Similarly, some study found that the invasion of Solidago canadensis promotes
the growth of Glomus mosseae, while it inhibited the growth of Glomus geosporu[1 9 And some research
hold that exotic plant (Bromus tectorum and Euphorbia esula) had improved AMF growth[1 1 Solidago
canadensis promoted the growth of the AMF (Glomus geosporum) ['0] The invasion of Eupatorium
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adenophorum had reduced the abundance of species such as Glomus geosporum, while stimulated
growth of Glomus claroideumt'2.

And some studies suggested that AM fungi didn't help invasive plants growth[1 3 This indicated that AM
fungi did not form a symbiotic relationship with alien plant. Some studies hold that there was negative

relationship between AM fungi and exotic plants!’#~"5]. For example, the biomass of two weed of species
was obviously reduce by 59% and 66% under AM fungi condition, and the biomass of other four weed

species was reduced between 20% and 37%!'4. Some researchers hold that AM fungi antagonistic effect
on Luzula campestris (reduced plant biomass)[1 61 Even some researchers considered that there was no
interaction between AM fungi and exotic species!'”]. Similarly, some studies demonstrated that there
wasn't interaction between Luzula campestris and AM fungi[1 8 Even a meta-analysis showed that AM
fungi did not change colonization between invasive species!’?. These confused results showed that the
interactions between invasive plants and local AM fungi may lead to positive feedbackl2%, negative
feedback!"7.

Mycorrhizal fungi play an important role in helping host plants acquire nutrients. And some studies
suggest that soil nutrition is an important factor affecting plant invasionl2'~22. Studies found that
successfully invasive alien plants typically responded more strongly to nutrient increases(?3l. On the
contrary, there were reports that increased nutrient availability is not conducive to the establishment of a

favorable symbiotic relationship between invasive plants and AM fungil?4. Studies on how invasive
plants respond to nutrients in the environment showed that increasing available resources can promote

the invasive plants adapting to the local environment 123251,

Despite a substantial amount of research on the relationship between invasive plants and AM fungi[& 20,
23,25] there is a lack of studies focusing on the relationship between AM fungi and A. philoxeroides. And
the allocation of plant biomass between aboveground and belowground parts reflects the growth
strategies and resource utilization patterns of plants under different growth substrates. Plants may tip
the balance towards resource limited such as, acquisition of light energy (aboveground parts), and
absorption of water and nutrients (belowground parts). This trade-off determines the growth strategies
and adaptive capabilities of plants26=27] Therefore, this study tests three hypotheses: (1) There is a
positive feedback relationship between the invasive plant A. philoxeroide and AM fungi; (2) A.
philoxeroide exhibits different mycorrhizal dependencies on two different types of mycorrhizal fungi; (3)
The invasive plant A. philoxeroide allocates more root biomass.

Results
2.1 Infection rate of AM fungi

Compared with the control group (Fig. 1), the infection rates of AM fungi on A. philoxeroides were higher
than that of AM fungi b. Infections were at the marginal significant (F = 3.87, p = 0.05) between A.
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philoxeroide and AM fungi (a and b). Similarly, four types of growth substrates (soil treatment, cow
manure, vermicompost, and mix manure) had obviously affected infection rate of AM fungi on A.
philoxeroide (F = 15.44, p < 0.01). Four types of growth substrates didn't change mycorrhizal dependency
(F=1.71,p=0.17) in A. philoxeroide. And two types AM fungi (a and b) didn't shift mycorrhizal
dependency (F = 1.40, p = 0.24).

2.2 AM fungi and substrates on chlorophyll

For the chlorophyll content of A. philoxeroides, different nutrient substrates had no significant effected
on its Chl a and Chl b content (Fig. 2, p > 0.05) with Chl a content fluctuating between 0.89 mg/g and
0.98 mg/g, and Chl b fluctuating between 0.33 mg/g and 0.34 mg/g.

The content of Chl a in A. philoxeroides treated with cow manure, vermicompost, and mix manure were
the highest by AM fungi, and there was a significant difference between the soil treatment and the other
treatment groups. The content of Chl a and Chl b in A. philoxeroides treated with AM fungi was higher
than that of the corresponding AM fungi b treatment group (Fig. 2).

2.3 AM fungi on growth of A. philoxeroides

From Fig. 3, it showed that treatment with AM fungi a had an increasing effect on the invasive height in
A. philoxeroides, however, two type of AM fungi had not affects invasive height of A. philoxeroides (F =
0.91, p =0.41). On the contrast, different nutrient substrates (soil treatment, cow manure treatment,
vermicompost treatment, and mix treatment) had obviously affected height of A. philoxeroides (F = 6.81,
p<0.01).

To the root length of A. philoxeroides, four different substrates had remarkably change it (Fig. 4, F = 3.06,
p <0.05). And AM fungi type didn't alter the root length of A. philoxeroides. And there was a significant
difference (p < 0.05) compared to other treatment groups (cow manure treatment, vermicompost
treatment, and mixture treatment).

Conversely, AM fungi type obviously changed root biomass of A. philoxeroides (F = 5.88, p<0.01). And
growth substrate didn't change the root biomass (F = 0.59, p > 0.05, Fig. 3). The root biomass of A
philoxeroides also increased with the increase of nutrient content in the growth substrates (p > 0.05).
However, in the nutrient poor soil treatment, the root biomass of A. philoxeroides was the highest in the
two groups treated with AM fungi. The types of AM fungi (a and b) had a significant impacted on the root
biomass of A. philoxeroides. Although different types of nutrient substrates had an impact on the root
biomass of A. philoxeroides, there was no interaction between the type of AM fungi and the nutrient
substrate (p > 0.05, Fig. 4).

2.4 AM fungi effect on growth of A. philoxeroides

Growth substrates had affected numbers of invasive plant A. philoxeroides (F = 3.06, p < 0.05) rather than
AM fungi type between a and b (F =0.50, p > 0.05, Fig. 5). This indicated that the nutrients content took
critical role in regulating leaf numbers of A. philoxeroides. AM fungi types had obviously altered the leaf
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area of A. philoxeroides (F = 4.07, p < 0.05). And growth substrates didn't significantly change leaf area of
invasive plant A. philoxeroides (F = 0.48, p > 0.05). That is to say, leaf number and leaf area showed
different respond to growth substrates and AM fungi.

AM fungi types had significantly affected above ground biomass accumulation of A. philoxeroides (F =
4.68, p < 0.01, Fig. 6). And different growth substrates didn't obviously change above ground biomass
accumulation of A. philoxeroides (F = 1.76, p > 0.05). To without AM fungi group, the above-ground
biomass of A. philoxeroides showed an increasing trend with the increase of growth substrates
treatment. The above ground biomass of A. philoxeroides treatment group by AM fungi (a and b)
enhanced with the increase of nutrients in the treatment group. To the biomass, there was no significant
interaction between the four growth substrates and AM fungi on the growth of A. philoxeroides (F = 0.43,
p>0.05).

Similarly, AM fungi types had obviously affected total biomass of each plant A. philoxeroides (F =5.17, p
<0.01). And growth substrates didn't change total biomass accumulation of each plant A. philoxeroides
(F=1.37, p>0.05, Fig. 6). To without AM fungi, the total biomass of A. philoxeroides showed an
increasing trend with the increase of nutrient content in the growth substrates.

Discussion

3.1.1 AM fungi colonization and mycorrhizal dependency

The AM fungi b, which originates from a natural environment, has a stronger mycorrhizal dependency on
its host A philoxeroides than does the arbuscular mycorrhizal fungi a from an agricultural field.
Judgment of symbiosis is mainly based on the comprehensive consideration of mycorrhizal fungi and
hosts. The infection rate of AM fungi is an important indicator of the degree of symbiosis between fungi
and plants, and can also be used to evaluate their ecological adaptability. Plants that form symbiotic
relationships with AM fungi exhibit better growth conditions (biomass), which can also be used as an
indicator to judge symbiotic relationships. In this study, the infection rate of AM fungi a on A.
philoxeroides fluctuated between 18.61% and 31.31% in four different growth substrates. And the
infection rate of AM fungi b on A. philoxeroides was slightly lower than that of AM fungi a, fluctuating
between 5.89% and 13.44%. This supports previous studies that showed 11 exotic invasive species had
infected by AM fungil’® 281, Similarly, previous study showed good symbiotic relationship between
Flaveria bidentis and AM fungi with high colonization under monoculture or mixed with native
specieslzg]. This may be invasive forb Solidago canadensis can exuded some carbohydrate material
helping AM fungi colorizationl®%. Once AM fungi successfully infected the host plant, they obtained more
nutrients for the plant and promoted its growth. In turn, the plant provided more carbohydrates to
promote the growth of mycorrhizael®'l. To the AM fungi a, total biomass of A. philoxeroides increased
from 6.16-22.04%, compared to control group. Similarly, the total biomass of A. philoxeroides increased
between 6.10% and 24.65% in the group treated with AMF b, compared to the control group.
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Mycorrhizal dependency of A. philoxeroides ranged from 8.96—21.95% in four different growth
substrates by AM fungi a. Likewise, the mycorrhizal dependency of A. philoxeroides in the four growth
substrates fluctuated between 6.09% and 37.21% by AM fungi b. The mycorrhizal dependence in this
study was significantly lower than the average mycorrhizal dependence of 260 plants in previous studies
by 56%032. This may be the sample belong to indigenous plants for 250 species, which has been formed
a symbiotic relationship by long-term evolution. In this study, A. philoxeroides belong to grass plant, this
in line with previous study grass have a low mycorrhizal dependency in adverse condition®3]. And in
nutrient-poor growing substrates and stress environment, the mycorrhizal dependency of the host plant
on mycorrhizae is enhanced 4. In this study, AM fungi (a, b) in the soil treatment group of this study
exhibited the highest mycorrhizal dependency, which are corroborated previous opinion.

Although the relationship between AM fungi and plants has shifted from parasitism to neutrality (no

effect) and obligate symbiosis['8 357361 and this coexistence phenomenon gradually exists for a long
time, especially under extreme conditions such as nutrient deficiency and drought.

The physiological state of plants and the characteristics of fungal mycorrhizal partners in the soil
environment are key factors affecting the formation of symbiotic relationships®”). Mycorrhizal fungi can
secrete vitamins and protective effects on plants through interactions with soil microorganisms
(pathogens and mycorrhizal symbionts). It is this mycorrhizal symbiosis that affects the nutrient uptake
by the plant's underground root system and the plant's phytochemical signall®8l. Therefore, different
types of AM fungi influence plant growth by forming specific functional groups through their plant
partners. Our study used alien species A. philoxeroides and two type AM fungi (a and b), there are
experience 45 days growth, which is very short time and may form a weak symbiotic relationship. The
comprehensive infection rate of AM fungi, biomass increase, and mycorrhizal dependence in this study
confirmed hypothesis 1 and 2.

3.1.2 Biomass allocation

High resource can facilitate invasive plant. In the treatment group without inoculation with AM fungi, the
biomass of A. philoxeroides was higher in the substrate with higher nitrogen content (Fig. 3). This are
corroborated to previous research showed that high nitrogen fertilizer helped to improve competitive
abilities of exotic Flaveria bidentis 2°1. Under the mediation of AM fungi, the above biomass of A.
philoxeroides showed an increasing trend, fluctuating between 4.35% and 33.48%. In the nutrient poor
soil treatment, above biomass of A. philoxeroides was increased by 18.90% and 33.48% in AM fungi (a
and b), respectively, compared to the control group. That may be AM fungi have obviously promoted
biomass accumulation of invasive plant.

This may be that AM fungi obtain mineral nutrients from other regions through hyphae to supply their
host plants growth. Even some authors hold that there are formed novel symbioses cosmopolitan AM

fungil'® 397401 which can protect plant from pathogens and environmental stressors!'3 41l Thus, plant
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growth is beneficial to AM fungi biomass accumulation, compared to control group. And it alters plant
height, leaf number, leaf area, and root length in different growth substrate.

Similarly, in the four growth substrates, the root biomass of nutrient poor soil treated with AM fungi a
increased by a maximum of 37.93% compared to non-inoculated AM fungi. After treatment with AM
fungi b in nutrient poor soil, the root biomass increased by up to 83.30% compared to non-inoculated AM
fungi, while the increase in growth substrates in the other three was much lower than this value. This
study strongly supports the previous research's "optimal resource allocation hypothesis" which indicates
that plants allocate their biomass to structures that help them obtain more constrained resources[#2-49.
And some researchers confirmed that higher resource supply significantly promotes the accumulation of
above-ground biomass in invasive plants, compared to low resource conditionst3~44. This is supported
our hypothesis that nutrient poor substrates are beneficial for plants to invest more root biomass under

the intervention of AM fungi.

A high investment in belowground biomass promotes the acquisition of more water and soil nutrients,
which in turn facilitates the construction of aboveground photosynthetic leaves, promoting the
accumulation of aboveground biomass. The photosynthetic capacity per unit area is major related to
specific leaf area with high growth ratel28 45,

In this study, the increase in leaf area of A. philoxeroide across four growth substrates treated with AM
fungi a ranged from 3.93-31.11% compared to those without inoculated group. The nutrient poor soil
treatment group showed the largest increase of 31.11% leaf area of under AM fungi a. Similarly, the leaf
area of the four growth substrates treated with AM fungi b increased by 6.61-50.30%, compared to
those not inoculated with AM fungi. And nutrient poor soil treatment group showed the largest increase
of 50.30% leaf area of under AM fungi b (Fig. 5). Under different growth substrates, the beneficial effects
of AM fungi providing nutrients to the host outweigh the cost of providing carbohydrate. And AM fungi
form a mutually beneficial symbiotic relationship with host plantsi3® 4¢l. Under different growth
substrates conditions, the beneficial effect of AM fungi providing nutrients to the host is less than the
cost of the host providing carbon sources for AM fungi. And there are form parasitic relationships
between host plants and AM fungi[47]. Plants tend to absorb nutrient through their roots rather than AM

fungil*®l. And previous study should that AM fungi and growth substrate regulate plant growth[*®!. This
study is in line with those research that different substrate composition can influence plant growth by
changing the belowground root activity for foraging nutrient!®0=511

Due to the fact that stems and roots are important reproductive organs of A. philoxeroide, the
intervention of AM fungi (a and b) promoted an increase in the total biomass of A. philoxeroide in all four
growth substrates studied. However, the increase is greater in the nutrient-poor soil substrates, implying
that AM fungi can more effectively facilitate the invasion of A. philoxeroide in nutrient-depleted
environments.
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Conclusion

The growth substrate affects the leaf physiology (Chl a and Chl b content), leaf number, and resource
acquisition organs (plant height and root length) of the invasive plant A. philoxeroides, ultimately
achieving higher aboveground, underground, and total mass, thereby promote the spread and invasion of
A. philoxeroides in China.

Different types of AM fungi (a and b) affect the light absorption capacity (Chl a and Chl b content), above
ground nutrient acquisition ability, plant height, and underground acquisition ability of invasive plant A.
philoxeroides, ultimately affecting its above-ground biomass, underground biomass, and total biomass.

These results indicate that the increase in nutrients during growth period affects the leaf area of invasive
plant light harvesting organs and the chlorophyll content of light energy adsorbents, thereby promoting
their growth. At the same time, it affects the root length of the invasive plant A. philoxeroides in order to
obtain more nutrients. This means that growth substrates and AM fungi type affect their ability to
capture resources, thereby promoting their successful invasion.

Implications

In this study, our result confirmed that mycorrhizal dependency value is lower some previous study.
Some research hold that plant function group and soil environment take critical role in plant growth by
AM fungi[1 8 And some considered that AM fungi type have promoted biomass increase. In contrast,
some ancient AM fungi have less effect plant accumulation biomass than that of recent evolution AM
fungi taxal®, which indicated that we should strengthen interaction between different AM fungi strain
and plants.

On the other hand, we can see that soil nutrient pronounced affect the total biomass of A. philoxeroides.
To some extent, this may be reflected invasion plant scavenge more source. For example, previous study
showed that invasive plant increase height for sunlight, soil microbe, nitrogen, light and water and so
onl3 %0l That is to say, environmental factors are key factors affecting the success of plant invasion.
Furthermore, invasive plants adapt to different environments through organ plasticity because of the
plasticity of plant organs. In this study, A. philoxeroides take measures by changing the number and area
of leaves, root length, and root mass in different growth mechanisms and environments with AM fungi
consisting with the environment. Previous studies have shown that invasive plant species Erigeron
canadensis L can alter their reproductive strategies by changing their individual size, roots, leaves, and
flowers in different habitats?’). In the further, it is necessary to strengthen the above ground and
underground resources of plant growth resources in the habit, the plasticity of plant organs, and
comprehensively explain the invasion mechanism of invasive plants by considering their reproductive
strategies.

Materials and Methods
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4.1 Materials

In this experiment, we studied Alternanthera philoxeroides were used as experimental material from
abandoned farmland invaded by the species in Zunyi (Longitude: 107.05, Latitude: 27.71). Stems with
similar growth conditions were selected from the middle part of the plants, with each stem segment
measuring approximately 6 cm in length and containing one node. Soak the plant and stem nodes in 70%
alcohol for 5 seconds before quickly removing, and insert them into the corresponding growth matrix.
During this time, keep the water retaining tissue moist and use deionized water to replenish the water.
The conditions are a daily temperature ranged from 23°C to 27°C. AM fungi a is Rhizophorus
intramadices (BGCBJ09) isolated from the roots of host tomatoes. AM fungi b, also known as
Funneliformes mosseae (BGC XZ02A), was isolated from its host (/ncarvillea younghusbandii). The two
AM fungi strain was provided by plant nutrition and resources institute of Beijing academy of agriculture
and forestry (http://www.baafs.net.cn/index.aspx).

In this experiment, we used four types of growth substrates as described in detail below. The soil
treatment is mainly composed of river sand, vermiculite, perlite, and loess, with a ratio of 1:1:1:1,
including organic matter of 0.74%, and total nitrogen of 0.39%o0. Cow manure treatment is mainly
composed of river sand, vermiculite perlite, and cow manure, with a ratio of 1:1:1:1, including organic
matter of 6.41%, and total nitrogen of 0.24%. Vermicompost treatment is mainly composed of river sand,
vermiculite perlite, and vermicompost, with a ratio of 1:1:1:1, including organic matter of 4.87%, and total
nitrogen of 1.13%. Mix treatment is mainly composed of river sand, vermiculite perlite, cow manure, and
vermicompost, with a ratio of 1:1:1:1, including organic matter of 11.27%, and total nitrogen of 0.52%.

4.2 Experimental design

The experiment was conducted using a pot cultivation method, with each pot containing 2kg of sterilized
substrate. The size of the plastic pot used is 20.5cmx14.5cmx18.5cm. The experiment is conducted in
outdoors, with a daytime temperature of ranged from 23°C to 27°C. The substrate humidity is
maintained at approximately 80%. The experiment considered two types of AM fungi (AM fungi a, b) and
four types of growth substrates. The experimental treatments included: control group without arbuscular
mycorrhizal inoculation. The inoculation treatment group consisted of soil group, cow manual,
vermicompost, and mix manual, each inoculated with 15g of soil containing spores of AM fungi a (with
an average of 3.2 spores per gram of soil). Similar to the previous treatment, the four types of growth
substrates were inoculated with 15g of soil containing spores of AM fungi b (with an average of 3 spores
per gram of soil). Three plants of A. philoxeroide were planted in each pot. Each treatment had three
replicate pots, for a total of 36 pots.

4.3 Data measurement and analysis
4.3.1 Experiment
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During the growth period, the plant height was measured using a tape measure. After 45 days of
cultivation, the number and area of leaves were measured before harvesting. After harvesting, the above-
and under-ground biomass of the plant, root length, and chlorophyll content were measured.

Fresh A. philoxeroides roots were collected, cleaned with potassium hydroxide, and then stained with
Trypan Blue according to the previous reported method!®3l. The grid line intersection method was used
for mycorrhizal root colonization!>4l,

Calculation the infection rate of 100 root segments for each sample, and take the average as the AM
fungi infection index for that sample.

Number of Colonized Root Segments Yx100

Colonization Rate (%) = ( -
Total Number of Root Segments Examined

(M)

Number of Colonized Root Segments: the number of root segments (out of the total segments) that
show visible signs of AMF colonization (e.g., presence of hyphae, arbuscules, or vesicles).

Total Number of Root Segments Examined: the total 100 number of root segments into which the roots
were divided.

4.3.2 Determination of chlorophyll

Collect fresh A. philoxeroides leaves of treat groups, remove coarse leaf veins, and cut them into pieces.
Weigh about 0.5 g of fresh leaves, add them to quartz sand and calcium carbonate, grind them in a
mortar, extract them with a solvent, and finally measure the absorbance values at wavelengths of
663nm, 645nm, and 470nm using a UV spectrophotometer, calculating the photosynthetic pigment

content according to the following formula1, 2, 3 and 41557561,
Chla=12. 7Ages2. 69Ags5(Ma/L) (2)

Chi b = 22. 9A.,c-4. 68Age3(Ma/L) (3)

Car=(1000A474-3. 27C,-104C,)/229 (4)

Chl a:Chlorophyll a concentration;Chl b:Chlorophyll b concentrationiCar: Carotenoid concentration.

4.3.3 Data analysis

Preliminary data processing using Excel, perform statistical analysis on experimental data using SPSS
18 software generalized linear model (GLM, mixed-effects model), and perform multiple comparison
tests on different processed data (P < 0.05).
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The effect of different growth substrates and treatment with AM fungi (strain a and b) on chlorophyll
content in A. philoxeroides [abbreviation: Chl a:chlorophyll a; Chl b:chlorophyll b; Car: carotene]
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Figure 3

Height of A. philoxeroides treated with AM fungi(a and b) under different substrates treatment
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Effects of AM fungi and different substrates on root character of A. philoxeroides
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Figure 5

AM fungi (strain a and strain b) on the leaves of number and area of A. philoxeroides under different

substrates
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Figure 6

AM fungi (strain a and strain b) on the biomass of A. philoxeroides under different substrates
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