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Introduction: The biomass and nutrient allocation strategies in plants are 
fundamental for predicting carbon storage and mineral and nutrient cycles in 
terrestrial ecosystems. However, our knowledge regarding the effects of multiple 
environmental factors on biomass and nutrient allocation remains limited.

Methods: Here we  manipulated soil composition (three levels), arbuscular 
mycorrhizal fungi inoculation (AMF, five levels), and root-knot nematode 
inoculation (RKN, two levels) using random block design to reveal the effects of 
these factors on biomass and nutrient allocation strategies of cherry tomato.

Results and Discussion: Our results showed that biomass and nutrient allocation 
were affected by soil composition, AMF and RKN individually or interactively. 
The biomass and nutrient allocation in cherry tomato shows different adaptation 
strategies responded to the joint action of three factors. The reduction of soil 
nutrients increased belowground biomass allocation, and aboveground nitrogen 
and phosphorus concentration. AMF colonization increased aboveground 
biomass allocation and reproductive investment and promoted aboveground 
nitrogen and phosphorus inputs. Cherry tomato can mitigate the stress of RKN 
infection by investing more biomass and nutrients into belowground organs. Our 
study showed that plants can adjust their survival strategies by changing biomass 
and nutrient allocation to adapt to variation in soil abiotic and biotic factors. 
These findings contribute to our understanding of the adaptive processes of plant 
biomass and nutrient allocation strategies under multiple environmental factors.
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1. Introduction

The carbon dynamics and nutrient cycling processes in terrestrial 
ecosystems depend on plant carbon and nutrient economics 
(Elbasiouny et al., 2022; Jevon and Lang, 2022). Plants allocate carbon 
and nutrients to their aboveground and belowground organs 
reasonably to meet their normal growth and reproduction (Cheplick, 
2020; Irving and Mori, 2021). In general, the root-shoot ratio (root 
biomass to aboveground biomass) and reproductive allocation 
(reproductive organ biomass to total biomass) can be  used to 
determine the resource allocation strategies of plants for vegetative 
growth and reproduction, which are also key parameters reflecting 
plant survival strategies (Liu and Li, 2020; Li et al., 2021; Zhou et al., 
2021). The resource allocation strategies of plants may change with 
resource supply changes in environment, which will lead to changes 
in root-shoot ratio and reproductive investment for plants to adapt to 
variable conditions (Zhang et al., 2021; Bebre et al., 2022; Meng et al., 
2022; Zhou et al., 2022). Therefore, as one of the adaptation strategies 
to environmental factors, the resource allocation strategy of plants is 
usually plastic (Xie et al., 2012).

The belowground properties of terrestrial ecosystems (e.g., 
nutrients, mycorrhizal symbiosis, and soil herbivores) can significantly 
affect the resource allocation strategies of plants. For instance, plants 
often improve resource uptake by increasing biomass allocation to 
roots when soil nutrient supply decreases (Irving and Mori, 2021). In 
addition, symbionts between roots and arbuscular mycorrhizal fungi 
(AMF) that are prevalent in soil ecosystems can also alter the 
allocation of plant carbon and nutrients (Cavagnaro et  al., 2014; 
Salmeron-Santiago et al., 2022; Wang R. et al., 2022; Zhou et al., 2022). 
Herbivorous nematodes are widely distributed in soil ecosystems 
worldwide as a member of the soil food web, especially in agricultural 
ecosystems (Schouteden et  al., 2015). The destructive foraging of 
herbivorous nematodes to plant roots can cause carbon transfer 
belowground, which directly affects the resource allocation of plants 
(Poll et al., 2007). Therefore, the effects of biotic and abiotic factors on 
the carbon pool and mineral or nutrient distribution in soil ecosystems 
should be an important issue that we need to pay attention to. In fact, 
plants are routinely subjected to a variety of abiotic and biotic stress 
factors simultaneously in their natural habitat. The combination of 
two stresses (abiotic-abiotic or abiotic-biotic) does not always lead to 
negative impact on plants (Pandey et  al., 2017). Some stress 
combinations negate the effect of each other, leading to a net neutral 
or positive impact on plants. One stress may also provide endurance 
to plants against another stress and hence plant growth is not always 
negatively affected (Pandey et al., 2017). Thus, it is important to fully 
recognize the impact of combined abiotic and biotic stresses on plants 
to understand the nature of multiple soil factors interaction.

Plant resource allocation can be  theoretically predicted using 
optimal partitioning theory, which indicates that plants tend to 
allocate resources to organs that have access to more restricted 
resources to promote growth (Kobe et al., 2010; Liu and Li, 2020). 
Although the optimal partitioning theory can well explain the impact 
of environmental changes on biomass allocation, one of its limitations 
is that it only assumes the change of one kind of resource, and we are 
still unclear about the resource allocation strategies of plants under 
the changes of multiple environmental factors (Gleeson and Good, 
2003). Plants may be more inclined to allocate more biomass to the 
functional organs affected by environmental stress when facing 

limited soil nutrient resources or are foraged by herbivores, and may 
regulate the distribution patterns of nitrogen and phosphorus to 
promote growth and reproduction (Xie et al., 2012; Wang et al., 2019). 
In general, AMF and herbivorous nematodes have completely opposite 
ecological effects and show positive and negative effects on plant 
growth and nutrient uptake (Tikoria et al., 2022; Tran et al., 2022). 
According to the optimal partitioning hypothesis, it can be predicted 
that when plants are parasitized by herbivorous nematodes, their root 
nutrient uptake will be limited, which will lead to an increase in the 
belowground biomass allocation. The symbiotic benefits of AMF are 
reflected in the enhancement of nutrient uptake and plant resistance 
to herbivorous nematodes, which alleviates the resource transfer to the 
belowground organs caused by herbivorous nematode foraging 
(Schouteden et al., 2015). Most notably, different AMF species may 
play different roles in the allocation of plant resources after symbiosis 
with plants (Lerat et al., 2003). Therefore, we can predict that the 
allocation of plant biomass and nutrients may be regulated by soil 
nutrients, AMF species, and herbivorous nematodes. Unfortunately, 
the complex ecological relationships among multiple factors in soil 
hinder our comprehensive understanding of plant carbon allocation 
and nutritional economics.

Recent researches suggest that plants may distinguish between 
mycorrhizal symbionts and pathogenic symbionts when they 
coexist on roots, and that plants preferentially allocate 
photosynthates to mycorrhizal symbionts when they perceive the 
benefits of mycorrhizal symbionts (Bever et al., 2009; Bell et al., 
2022). In this case, AMF may be rewarded more photosynthates 
by increasing nutrient supply to host plants (Bell et al., 2022). 
When plants are unable to distinguish two competing root 
symbionts (AMF and herbivorous nematodes) due to their 
proximity to each other in the root system and have overlapping 
ecological niche, this will ultimately lead to restricted carbon 
allocation to the root system (Albornoz et al., 2022; Bell et al., 
2022). Competition for carbon sources and space between AMF 
and herbivorous nematodes is also reflected in their mutual 
inhibition during their reproduction and colonization processes 
(Kesba and Al-Sayed, 2006; Schouteden et al., 2015). It is worth 
noting that soil resource availability can also affect the stable 
establishment of symbiosis between AMF and plants, as well as the 
survival and reproduction of herbivorous nematodes in soil 
(Schmidt et al., 2011; Sheldrake et al., 2018; Harkes et al., 2020; 
Pan et al., 2020). However, the effects of soil-AMF-herbivorous 
nematode interactions on plant carbon and nutrient allocation 
patterns are still unclear.

In this study, our main objectives were to investigate how 
plants adapt to nutrients and spatial competition between AMF 
and herbivorous nematodes under different soil compositions. Our 
work sheds light on the corresponding biomass and nutrient 
allocation strategies. According to the optimal partitioning theory 
and the benefits of AMF symbiosis, we  hypothesized: (a) plant 
biomass and nutrient allocations were individually and 
interactively affected by soil resource availability, AMF, and 
herbivorous nematodes; (b) soil nutrients and AMF affect the 
allocations of aboveground and belowground biomass, with lower 
soil nutrients increasing plant carbon allocation to belowground 
organs, while the AMF mutualistic symbionts favors aboveground 
carbon accumulation and nitrogen and phosphorus uptake; (c) 
herbivorous nematode infection leads to reallocation of 
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aboveground and belowground biomass of plants, resulting in 
greater carbon and nutrient allocation to belowground organs. 
We designed a randomized block experiment in a greenhouse to 
verify above hypotheses. The biomass and nutrient allocation 
patterns of plants under different soil nutrient levels, AMF and 
root-knot nematode inoculation were investigated to verify 
whether the adaptation strategies of plants were regulated by 
multiple environmental factors.

2. Materials and methods

2.1. Study materials

We selected dwarf cherry tomato (Solanum lycopersicum var. 
cerasiforme) as the study plant, which is a relatively common fruit crop 
in the market. It is a self-compatible variety with the advantages of 
short height and short growth cycles, and it is very convenient for 
cultivation (Rahim et  al., 2019; Wang L. et  al., 2022). The cherry 
tomato seeds (purchased from Beijing Dongsheng Seed Industry Co., 
LTD.) were surface-sterilized with 0.5% potassium permanganate for 
5 min and 5% sodium hypochlorite for 1 min, and thoroughly rinsed 
with sterile water. Then, seeds were placed in petri dishes with moist 
filter paper, and germinated in a 25°C constant light incubator 
(humidity 60%) to obtain cherry tomato seedlings with two cotyledons.

The soil substrate was experimentally prepared by changing the 
ratio between peat soil and sand for the purpose to provide a nutrient 
gradient. In this study, three soil composition treatments were set as 
follows: 1:1, 1:2 and 1:3 (peat soil: sand, volume). The soil substrate 
was sterilized subsequently at 121°C for 2 h twice (with an interval of 
3 days, 4 h in total), and then was put into the sterilized pots (diameter: 
16.5 cm, height: 12.5 cm) after natural cooling, with 2 l of soil substrate 
in each pot. The nutrient contents of the three soil composition 
treatments after sterilization were measured. The contents of organic 
matter, nitrogen (total nitrogen and available nitrogen), phosphorus 
(total phosphorus and available phosphorus) and potassium (available 
potassium) in the three soil composition treatments decreased with 
the decrease of peat proportion (Supplementary Table S1).

Three species of arbuscular mycorrhizal fungi (AMF) 
(Funnelliformis mosseae, Rhizophagus intraradices, and Glomus 
versiforme) were used as materials for fungal inoculation in this study. 
Three AMF agents were purchased from the Bank of Arbuscular 
Mycorrhizal Fungi in China (BGC) (Supplementary Table S2). Three 
AMF strains containing 25 spores per gram of inoculant were obtained 
by dilution using sterilized sand. In order to better reveal the joint 
interaction mechanism of multiple AMF species, three AMF strains 
were mixed equally by weight and evenly to get a mixture containing 
three species of AMF, which was used for AMF mixture inoculation 
treatment. The total spore density of the mixture treatment was also 
25 mixed spores per gram mixture. Four AMF agents containing the 
same spore density were obtained to ensure that the number of AMF 
spores initially inoculated was consistent.

Meloidogyne incognita, which acts as a common root-knot 
nematode (RKN) and is known to have a strong ability to infect and 
reproduce on tomato roots, was used in this study. The second-stage 
juveniles (J2) of a pure population of M. incognita were provided by 
the Northeast Institute of Geography and Agroecology, Chinese 
Academy of Sciences.

2.2. Experimental design

A three-factor completely randomized block design was 
conducted in this study. Soil composition [three levels: 1:1, 1:2, and 
1:3 (volume ratio, peat: sand)], AMF [five levels: no inoculation (CK), 
F. mosseae (Fm), R. intraradices (Ri), G. versiforme (Gv) and mixed 
inoculum (Ma)] and root-knot nematodes [two levels: inoculated with 
RKN (+RKN) and no RKN (−RKN)] were used as the main factors to 
explore the response strategies of the biomass and nutrient allocation 
of plant under the three factors individually or interactively. There 
were 30 treatment combinations (3 × 5 × 2) in this study together, and 
6 replicates per treatment combination for a total of 180 pots.

2.3. AMF and RKN inoculation

According to the experimental design, 40 g (containing 1,000 
spores) corresponding AMF agent was added to the soil substrate in 
pot belong to the corresponding treatments. After moistening the soil 
substrate with pure water, we gently placed a cherry tomato seedling 
with two cotyledons on the AMF agent to ensure that the root system 
of the seedling was fully exposed to the AMF agent. Then a small 
amount of soil substrate was used to cover the fungus and seedling 
roots and keep the stems and cotyledons were exposed above the 
surface of the soil substrate, and a small amount of pure water was 
sprayed to keep the substrate around the seedling roots moist. In the 
control treatment, 40 ml water filtrate with non-sterilizing AMF agent 
(filtered by a 20 μm filter) and sterilizing AMF agent in equal amount 
were added. All the pots were placed in the greenhouse for tomato 
seeding culture after AMF inoculation.

Seedlings inoculated with AMF (including the control treatment) 
were cultured in greenhouse for 35 days and then the half of each 
treatment combination was inoculated with RKN. Four holes (2 cm 
depth) were dug evenly at a distance of 1.5 cm away from the stem of 
seedling to ensure that the root system could be exposed. Then, the 
RKN suspension containing 2000 J2 was evenly injected into the four 
holes around the stem of each seedling. For the other half treatment 
combination, no nematode was inoculated, and only the same amount 
of nematode filtrate was inoculated (i.e., the same volume of 
nematode-containing suspension was sieved through 500 mesh).

All the plants were randomly arranged in the greenhouse for 
cultivation again after RKN inoculation. The photoperiod of the 
greenhouse cultivation was 12 h/12 h (light/dark), the light quantum 
flux density was 550–600 μmol/m2s, the temperature was 25°C, and 
the humidity was 60 ± 10%. The seedlings were checked every day and 
watered (purified water) to keep the soil moist. The positions of plants 
were randomly changed every week. The plants were cultured for 
85 days after inoculation with RKN, for a total of 120 days of 
cultivation in greenhouse.

2.4. Measurement

2.4.1. Biomass measurement
Plants were harvested on the 120th day when most fruits (about 

95%) were ripe. We used scissors to separate the aboveground and 
belowground parts of the plants. The aboveground part was separated 
to the stems, leaves, fruits and then packed into paper envelopes. 
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Roots were carefully removed from the soil substrate and the fresh 
weight was measured after they were gently washed and dried with 
absorbent paper. Finally, the stems, leaves, roots and fruits of all plants 
were put into a drying oven at 80°C to dry for 48 h to determine their 
dry weight. The total biomass was defined as the total dry weight of 
stems, leaves, roots, and fruits of each plant. The root-shoot ratio and 
reproductive investment were also calculated. The root-shoot ratio 
was the ratio of the dry weight of roots to the dry weight of 
aboveground parts (stems, leaves, and fruits). Reproductive 
investment (%) was the percentage of the fruit biomass to the total 
biomass of plant (calculated by dry weight).

2.4.2. Nitrogen and phosphorus concentration
After the dried plant samples were crushed and sieved (100 mesh), 

nitrogen and phosphorus concentrations in the aboveground (stems 
and leaves) and belowground (roots) parts of the plants were 
determined using an elemental analyzer (EA3100, Italy) and 
molybdate colorimetry, respectively. Phosphates were extracted by 
digesting 0.2 g sample with 5 ml 1.84 g/ml H2SO4 and 6 ml 30% H2O2, 
then the neutralized extracts were transferred and 5 ml molybdenum 
antimony anti indicator was added. Finally, the absorbance value was 
measured at 700 nm via automated molybdate colorimetry using 
Shimadzu UV-1240 ultraviolet spectrophotometer to determine the 
concentrations of nitrogen and phosphorus in aboveground and 
belowground parts (Sun et al., 2022).

2.5. Data analysis

The shapiro–wilk test (at 0.05) was used to explore the 
normality of residuals, and the Bartlett test was used to detect the 
homogeneity of variances before analysis. All analyzed data 
conform to normal distribution and homogeneity of variance after 
outliers were eliminated. We explored the effects of soil composition, 
AMF, and RKN and their interactions on biomass allocation and 
nutrient uptake using a general model of three-way 
ANOVA. Duncan’s test was used for post hoc multiple comparisons. 
We  also used independent sample t-tests to determine the 
differences in the above parameters between treatments with or 
without AMF inoculation and treatments with and without RKN 
addition at each soil composition (including all controls). 
Differences were considered significant if p < 0.05. Principal 
component analysis (PCA) was used to explore the relationship 
between plant trait variables in interaction effects of three factors 
after the data were normalized. All statistical analyses were 
performed using SPSS (25.0) (SPSS Inc., Chicago, IL, United States).

3. Results

3.1. Total biomass and biomass allocation

The total biomass was significantly affected by soil composition, 
AMF and RKN (Table 1). The total biomass significantly decreased 
with the soil nutrient reduction (the 1:2 and 1:3 treatment, respectively, 
decreased by 35.26% and 39.60% compared with 1:1 treatment) or 
RKN infection (−18.78%), whereas only Gv inoculation significantly 

increased the total biomass (+6.85%) (Figure  1A). There were 
significant interaction effects between soil composition and AMF and 
between soil composition and RKN on the total biomass (Table 1). The 
interaction of soil nutrient reduction either with AMF inoculation, or 
with RKN infection significantly decreased the total biomass 
(Figure 2A).

The results showed that the root-shoot ratio was significantly 
affected by soil composition, AMF and RKN (Table 1). The root-
shoot ratio was significantly increased with the reduction of peat 
soil ratio in the soil substrate (the ratio of 1:2 was the highest 
(+88.54%) and followed by 1:3 (+37.11%) compared with 1:1) and 
it also significantly increased with the RKN infection (+51.70%). 
Conversely, the inoculation with Ri (−23.01%), Gv (−25.30%) and 
Ma (−27.50%) significantly reduced the root-shoot ratio 
(Figure 1B). All interaction combinations of soil composition, AMF 
and RKN also significantly affected the root-shoot ratio (Table 1). 
The root-shoot ratio significantly increased under the combined 
action of AMF and RKN with the reduction of nutrients, and 
indicated that the biomass tends to be allocated to the belowground 
organs (Figure 2B).

Reproductive investment was significantly affected by soil 
composition and AMF (Table 1). Reproductive investment when soil 
composition was 1: 2 was significantly lower than that at the other two 
ratios, and Ma inoculation significantly increased reproductive 
investment (+22.56%). In addition, RKN infection had no significant 
effect on reproductive investment (Figure  1C). The interactions 
between soil composition and AMF and between soil composition 
and RKN had significantly effects on reproductive investment 
(Table 1). The reproductive investments were higher when the soil 
composition was 1:1 or 1:3 than that of 1:2 in RKN infected plants 
(Figure 2C).

3.2. Nitrogen and phosphorus uptake

The aboveground nitrogen (N) concentration was significantly 
affected by soil composition and AMF (Table 2). The aboveground N 
concentration when the soil composition was 1:3 was significantly 
higher than that at the other two ratios, and inoculated with Ri 
(+18.85%), Ma (+33.17%) and Gv (+38.88%) also significantly 
increased the aboveground N concentration. Furthermore, 
aboveground N concentration was not significantly affected whether 
RKN infection or not (Figure 3A). There were significant interactions 
between soil composition and AMF, and among soil, AMF and RKN 
(Table 2). The aboveground N concentration significantly increased 
with the soil nutrient reduction after AMF inoculation and it tended 
to increase with nutrient reduction under the combined action of 
AMF and RKN (Figure 2D).

Soil composition, AMF and RKN had significant effects on the 
belowground N concentration (Table  2). The belowground N 
concentration significantly decreased with the soil nutrient reduction, 
while it significantly increased with inoculation of Fm (+7.65%), Ma 
(+7.98%) and Gv (+12.46%) or RKN infection (+31.05%) (Figure 3A). 
The interactions of all cross combinations of the three factors had 
significant effects on the belowground N concentration (Table 2). The 
belowground N concentration significantly decreased with soil 
nutrient reduction when AMF colonized or AMF coexisted with 
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RKN. On the contrary was the belowground N concentration 
increased at soil composition was 1:1  in the AMF and RKN 
interactions (Figure 2E).

The aboveground phosphorus (P) concentration was 
significantly affected by soil composition and AMF (Table 2). The 
aboveground P concentration increased significantly with the soil 
nutrient reduction (the 1:2 and 1:3 treatment, respectively, 
increased by 60.04 and 105.74% compared with 1:1 treatment) and 
inoculation of Fm (+39.46%) and Ma (+76.70%), whereas it was not 
affected by RKN infection (Figure  3B). The aboveground P 
concentration was also significantly affected by the interaction 
between soil composition and AMF, and the combined action of soil 
composition, AMF and RKN (Table  2). The aboveground P 
concentration in 1:3 soil composition treatment was significantly 
increased than 1:1 composition treatment no matter whether AMF 
was inoculated or not, and that is also true for the interaction of 
AMF and RKN (Figure 2F).

The results showed that the belowground P concentration was 
significantly affected by AMF and RKN (Table 2). Ri (−12.52%) and 
Gv (−18.76%) inoculation significantly reduced the belowground P 
concentration, while RKN infection significantly increased the 
belowground P concentration (+7.33%) (Figure 3B). Similarly, the 
interaction of all the cross combinations of the three factors had 
significant effect on the belowground P concentration (Table 2). The 
belowground P concentration of 1:3 soil composition treatment was 
significantly higher than that of 1:1 soil composition, and the 
belowground P concentration decreased significantly when AMF was 
inoculated under 1:3 soil composition treatment. The belowground P 
concentration of 1:3 soil composition treatment was significantly 
decreased than that of 1:2 soil composition when only RKN was added 
(Figure 2G).

N and P concentrations showed different responses to AMF 
inoculation and RKN infection under different soil composition 
conditions. So, to understand the effects of soil composition, AMF 
inoculation and RKN infection on distribution patterns of N and P, 
N and P concentrations (per gram dry biomass) in aboveground 
and belowground tissues were measured. The results showed that 
the differences of N and P concentrations were affected by soil 
composition, AMF and RKN. Soil nutrient reduction and AMF 
inoculation significantly promoted the transfer of N and P into 
aboveground tissues, and increased the concentrations of N and P 
in aboveground tissues, while RKN infection resulted in allocation 
of N into belowground tissues. The results also showed that plants 
allocated more N and P to the aboveground parts under the 
interaction of three factor combinations (Figures  2D–G; 
Supplementary Figure S1).

TABLE 1 Effects of soil composition, AMF, and RKN and their interactions on total biomass and biomass allocation in cherry tomato.

Factor Total biomass Root-shoot ratio Reproductive investment

F p F p F p

Soil (df = 2) 256.708 <0.001 98.121 <0.001 48.503 <0.001

AMF (df = 4) 4.271 0.003 8.683 <0.001 2.573 0.041

RKN (df = 1) 86.629 <0.001 113.149 <0.001 0.016 0.901

Soil×AMF (df = 8) 6.116 <0.001 5.823 <0.001 3.758 0.001

Soil×RKN (df = 2) 12.308 <0.001 36.640 <0.001 6.943 0.001

AMF × RKN (df = 4) 0.825 0.511 5.277 0.001 1.078 0.370

Soil×AMF × RKN (df = 8) 1.188 0.310 2.635 0.011 0.905 0.515

Bold values represent significant effects (p < 0.05).

A

B

C

FIGURE 1

Single treatment effects of three factors. Soil composition, AMF 
inoculation and RKN infection and their mean effects on (A) total 
biomass, (B) root-shoot ratio, and (C) reproductive investment in 
cherry tomato. The points represent data. Different letters indicate 
significant differences by Duncan test (p < 0.05) among different 
treatments. The broken lines in the boxplot were the connections 
between means. The bold line within each boxplot represents the 
mean value and whiskers represent outliers (1.5 times the SD).
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B C

D E

F G

FIGURE 2

Interactive effects of three factors. Soil composition, AMF inoculation, RKN infection and their interactive effects on (A) total biomass, (B) root-shoot 
ratio, (C) reproductive investment, (D) aboveground nitrogen concentration, (E) belowground nitrogen concentration, (F) aboveground phosphorus 
concentration and (G) belowground phosphorus concentration in cherry tomato. Different letters indicate significant differences by Duncan test 
(p < 0.05) among different treatments. The whiskers in the bar graph represent the standard errors (SE).

https://doi.org/10.3389/fevo.2023.1106122
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Wang et al. 10.3389/fevo.2023.1106122

Frontiers in Ecology and Evolution 07 frontiersin.org

3.3. Relationship between plant features 
and parameters

Principal component analysis (PCA) showed that PC1 and PC2 
accounted for 53.7% of the total variance under the combined action 
of soil composition, AMF colonization and RKN infection. PC1 
captured 27.6% of the total variation and had a greater linear 

association with total biomass, root-shoot ratio, reproductive 
investment and aboveground P concentration. On the other hand, 
aboveground P and N concentration, root-shoot ratio and 
reproductive investment excelled on PC2 that corresponds to 26.1% 
of the total variation (Figure  4). Total biomass was significantly 
positively correlated with belowground N and P concentrations, but 
significantly negatively correlated with aboveground N and P 
concentrations. We found that the root-shoot ratio was not regulated 
by the total biomass. Moreover, there were no significant relationships 
between root-shoot ratio or reproductive investment and P or N 
concentration (Figure 4). PCA based on the three factors showed 
significant differences between the three soil compositions or two 
AMF treatments (inoculated or not), while there was no separation 
between RKN infection and no RKN infection treatments (Figure 4; 
Supplementary Figure S2).

4. Discussion

4.1. The biomass accumulation of cherry 
tomato was affected by the combination of 
soil nutrients and biological factors

Our results showed that the total biomass was significantly 
affected by soil composition, AMF colonization and RKN infection, 
among which soil was the dominant factor, and its interaction with 
AMF or RKN also could affect the total biomass. These results 
indicated that the total biomass accumulation was dependent on the 
availability of soil nutrients on the one hand, and beneficial fungi and 
herbivorous nematodes in soil also played a regulatory role in the total 
biomass accumulation. The total biomass decreased with the decrease 
of soil nutrients and RKN infection. This is understandable because in 
natural ecosystems, the promotion of plant net primary productivity 
and biomass accumulation require an increase in the supply of 
nutrients (nitrogen and phosphorus, etc.) (Cleveland et al., 2013). 
Consequently, the decrease of soil nutrient availability directly 
inhibited the increase of plant primary productivity. Meanwhile, the 
feeding of RKN on roots and the obstruction of root nutrient transport 
due to RKN parasitism significantly reduced plant nutrient uptake and 
photosynthate accumulation, finally resulting in the inhibition of 
biomass accumulation (Sharma and Sharma, 2019; Cunha et  al., 

TABLE 2 Effects of soil composition, AMF, and RKN and their interactions on nitrogen and phosphorus concentration.

Factor Aboveground N 
concentration

Belowground N 
concentration

Aboveground P 
concentration

Belowground P 
concentration

F p F p F p F p

Soil (df = 2) 16.463 <0.001 163.794 <0.001 56.765 <0.001 0.590 0.558

AMF (df = 4) 9.725 <0.001 11.097 <0.001 17.849 <0.001 6.813 <0.001

RKN (df = 1) 2.290 0.135 473.717 <0.001 0.338 0.563 6.233 0.015

Soil×AMF (df = 8) 4.050 0.001 29.068 <0.001 4.620 0.012 14.803 <0.001

Soil×RKN (df = 2) 0.179 0.838 3.754 0.029 1.546 0.222 4.915 0.011

AMF × RKN (df = 4) 0.942 0.446 8.054 <0.001 0.443 0.777 15.425 <0.001

Soil×AMF × RKN 

(df = 8)

3.252 0.004 5.259 <0.001 2.648 0.015 7.831 <0.001

Bold values represent significant effects (p < 0.05).

A

B

FIGURE 3

Single treatment effects of three factors. Soil composition, AMF 
inoculation and RKN infection and their mean effects on 
(A) aboveground and belowground nitrogen concentration and 
(B) aboveground and belowground phosphorus concentration in 
cherry tomato. Different lower-case letters indicate significant 
differences between the aboveground nutrient concentrations of 
different treatments, and different capital letters indicate significant 
differences between the belowground nutrient concentrations of 
different treatments (p < 0.05). The whiskers represent the standard 
errors (SE).
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2022). In contrast, AMF inoculation can promote plant growth and 
biomass accumulation, improve net primary productivity and increase 
carbon fixation in the ecosystem, but this benefit varies with AMF 
species (Martignoni et al., 2021). Therefore, as we hypothesized, soil 
nutrient availability, AMF and RKN have direct effects on ecosystem 
carbon pools, and it can be predicted that increased soil nutrient 
availability and AMF colonization can improve carbon storage in 
plants. However, RKN infection may reduce the benefits of AMF 
colonization, thus the carbon fixation capacity of plants is full of 
uncertainty due to the complex interactions of soil factors. It is well 
known that the interaction and feedback between plants and 
belowground soil resources, including biota, is the core of maintaining 
the function and sustainability of terrestrial ecosystems (Chen et al., 
2022a,b; Chen Q. L. et al., 2022). We found a stronger interactive effect 
among soil conditions, symbiotic fungus and parasitic nematodes on 
biomass allocation, furthermore, they even may play the opposite role. 
So, we cannot ignore the different benefits of biotic and abiotic factors 
in soil when considering biomass carbon dynamics in terrestrial  
ecosystems.

4.2. Cherry tomato adapts to soil nutrient 
reduction, mycorrhizal colonization and 
RKN infection by increasing root biomass 
and adjusting biomass allocation

Our results indicated that root-shoot ratio and reproductive 
investment underwent plastic changes in response to soil composition 
change, AMF colonization and RKN infection. The root-shoot ratio 
reflects the trade-off strategy in the process of plant biomass allocation. 
Plants usually allocate more resources to aboveground organs for 
growth in suitable habitats and more resources to belowground organs 
for survival in disturbed habitat, which leads to the huge difference in 

plant root-shoot ratio between these two habitats (Robinson et al., 
2010). It was consistent with our results that the root-shoot ratio 
increased significantly after nutrient reduction. One explanation for 
the increase of root-shoot ratio is that plants allocate more biomass to 
the root system to improve the ability of nutrient foraging (Portsmuth 
and Niinemets, 2007; Irving and Mori, 2021). Another explanation is 
that in addition to maintaining root growth and older root respiration, 
plants allocate more carbon belowground to maintain mycorrhizal 
symbiosis and provide more carbon for RKN consumption (Robin 
et  al., 2018). This response pattern to rhizosphere organisms is 
especially obvious under low nutrient condition. If plants do not have 
enough nutrients to support aboveground photosynthesis, increasing 
the root-shoot ratio may be a good way for plants to balance their 
carbon budget (Irving and Mori, 2021).

In addition, we also verified that the existence of mycorrhizal 
symbiosis alleviated the excessive resource investment to the 
belowground organs (roots) of plant, so that more resources could 
be used to improve aboveground photosynthesis (Wright et al., 1998). 
RKN infection had a negative effect on the nutrient uptake of roots 
and resulted in an increase in the root-shoot ratio. This result 
suggested that plants will invest more photosynthate to belowground 
roots to alleviate the damage of root function caused by RKN (Poll 
et al., 2007). Thus, AMF and RKN show completely opposite ecological 
effects on the belowground carbon pool of ecosystem (Figure 5).

It is worth noting that the resource allocation trade-off between 
reproductive organs and vegetative organs is also an important 
process for plants to adapt to habitat changes. That the reproductive 
investment decreased firstly and then increased with the decrease 
of soil nutrients was consistent with our expectations. It is easy to 
understand that the higher resource availability in soil can meet the 
investment demand of plants in reproduction. Plants will also tend 
to increase the investment of reproduction under low nutrient 
conditions to ensure the survival of more offspring and to maintain 
the regeneration of their population. Although studies have shown 
that plants in nutrient constrained habitats tend to invest less 
resources in sexual reproduction, mainly because of the high cost 
for sexual reproduction (Fujita et al., 2014). However, we found that 
cherry tomato can improve reproductive investment under low 
nutrient conditions. One possible reason is that plants increase 
resource investment in reproduction to ensure their reproductive 
success under the joint action of AMF inoculation and 
RKN infection.

Mycorrhizal symbionts can significantly increase the reproductive 
investment of the host plant, which can be attributed to the nutrient 
supply (especially the aboveground phosphorus supply) to the host 
plant by the mycorrhizal symbionts (Ramírez-Flores et  al., 2019). 
Importantly, AMF can facilitate phosphorus acquisition by plants 
under resource-constrained conditions and reduce the belowground 
resource investment of host plant, resulting in a higher benefit/return 
to aboveground biomass (reproduction and photosynthesis) (Qi et al., 
2022). Our results suggested that soil nutrient differences could 
determine the belowground carbon storage capacity of plant and it 
was also affected by different ecological factors such as mycorrhizal 
symbiosis and RKN infection. In response to biotic and abiotic factors, 
plants show the appropriate biomass allocation strategy to the 
aboveground and belowground organs, which not only meets the 
needs of their growth and survival, but also provides resources for 
maintaining population regeneration.

FIGURE 4

Ordination and classification of phenotypic traits of cherry tomato 
under the interaction of soil composition, AMF colonization and RKN 
infection based on principal component analysis (PCA). The points 
represent data. The arrows represent the original variables and the 
circles were 95% confidence ellipses. The traits included total 
biomass (TB), root-shoot ratio (RS), reproductive investment (RI), 
aboveground nitrogen concentration (AN), aboveground phosphorus 
concentration (AP), belowground nitrogen concentration (BN) and 
belowground phosphorus concentration (BP) (values were centered 
and standardized).
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4.3. Soil nutrient reduction, mycorrhizal 
colonization, and RKN infection allow 
cherry tomato to build up higher 
concentrations of P and N in shoots

This study found that the allocation patterns of N and P were 
affected by soil compositions, AMF colonization and RKN infection. 
The results suggested that the reasonable allocation of N and P may 
be an important way for plants to adapt to variable environmental 
conditions. We found that N and P were largely transferred to the 
aboveground organs when the soil nutrient declined, which may 
be  an adaption strategy to ensure plant survival (Figure  5; 
Supplementary Figure S1). Because more nutrients are allocated to the 
aboveground organs of plants, it is beneficial to meet the 
photosynthetic needs of leaves and reproductive resource demand, 
and to improve their fitness under adverse conditions (Shen et al., 
2020). We also found that AMF symbiosis had positive effects on N 
concentration and aboveground P concentration of cherry tomato, but 
had negative effects on belowground P concentration, and it is worth 
noting that these effects varied with AMF species (Figures  3, 5). 
Although some studies suggested that AMF colonization is beneficial 
to the uptake of N and P by host plants (Gojon, 2022; Ma et al., 2022), 
AMF may also cause damage to host plant growth and development 
by reducing P uptake (Smith et  al., 2004). The benefits of AMF 
symbiosis on nutrient uptake may be  influenced by soil nutrient 
availability and other factors individually or in combination. For 
example, when soil nutrient availability is relatively high, the cost of P 
uptake through extracorporeal hyphae will be  higher than that 
through roots, so that plants can meet nutrient uptake without the 
help of mycorrhiza and do not need additional carbon investment to 
mycorrhiza (Raven et al., 2018; Wang, R., et al., 2022).

RKN infection mainly occurs in the belowground roots. 
According to the optimal partitioning theory, plants will transfer more 
resources belowground to compensate for the adverse effects caused 
by nutrient uptake inhibition in root due to RKN infection. Our 
results are consistent with these expectations. Moreover, plants 
allocate more N and P to the belowground organs under the stress of 
RKN feeding (Figure  3; Supplementary Figure S1). One possible 
reason is that root exudates may increase under the action of 
rhizosphere organisms, which not only meet the maintenance of root 
function, but also promote mycorrhizal colonization and improve the 
ability of root resistance to RKN (Wieder et al., 2015; Branco et al., 
2022). Our study specifically demonstrated that cherry tomatoes tend 
to build up higher N and P concentrations in the aboveground organs 
to preferentially maintain photosynthesis and reproduction under the 
combined interactions of soil nutrient reduction, mycorrhizal 
colonization and RKN infection (Figure 5). In summary, plants may 
better adapt to environmental changes by altering the biomass or 
nutrient allocations, which are also affected by soil nutrients, 
mycorrhizal colonization and RKN infection.

Although the increase of N and P concentrations in plants is 
beneficial to the accumulation and allocation of plant biomass (Yan et 
al., 2016; Yue et al., 2021). We found that the biomass accumulation 
and allocation did not seem to be positively regulated by nutrient 
concentrations when AMF colonization and RKN infection occurred. 
This suggests that the biomass allocation of plants under the combined 
effects of soil, AMF and RKN may be the result of comprehensive 
adaptation, rather than being directly regulated by nutrients. It is now 
increasingly accepted that mycorrhizal colonization is not necessarily 
associated with plant growth and P uptake, as in some cases plant 
growth restriction can be attributed to AMF colonization (Schouteden 
et al., 2015; Frew et al., 2018). Nutrients and other factors can jointly 

A B

FIGURE 5

Effects of reduced soil nutrients, AMF inoculation and RKN infestation on carbon, nitrogen and phosphorus allocation patterns in cherry tomato. C 
represents biomass carbon allocation; N represents nitrogen allocation and P represents phosphorus allocation. The arrow indicates the input 
direction. EH means AMF extraradical hyphae. Galls means RKN galls. (A) Root AMF colonization promoted the allocation of C, N, and P to the 
aboveground organs, while RKN infection induced the input of C, N, and P to the belowground organs. (B) Under the interaction of soil nutrients, 
arbuscular mycorrhizal and RKN, nitrogen and phosphorus are preferentially allocated to the aboveground organs to meet the needs of photosynthesis 
and reproduction, while carbon is mainly input to the belowground organs to alleviate the nutrient limitation and nutrient uptake block caused by RKN 
and meet the carbon demand of root symbionts.
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regulate the process of plant biomass allocation, and the effect of 
nutrients on biomass allocation may also be  regulated by other 
environmental variables (Yue et al., 2021). This suggests that we need 
to consider multiple factors in understanding the allocation patterns 
of plant biomass.

5. Conclusion

Our results showed that cherry tomato can flexibly adjust biomass 
allocation and nutrient allocation to different organs in response to 
changes in soil composition, mycorrhizal symbiosis, and herbivorous 
nematode foraging. We found that plants have different patterns of 
biomass and nutrient allocation in response to environmental changes. 
In particular, the reproductive investment of plants will also change 
accordingly in response to soil nutrients, AMF and RKN, so as to 
achieve the purpose of successful reproduction and population 
regeneration under the combined effect of multiple factors. As a key 
period of biomass allocation and conversion in plant life history, 
reproductive investment should be  paid more attention in future 
studies. More importantly, this study provides us with a broader 
perspective to understand adaptation strategies of plant resource 
allocation when multiple complex ecological effects coexist in soil. 
Fully understanding the adaptation strategies of plant biomass and 
nutrient allocation to complex ecological relationships in soil will help 
us better predict the contribution of plants to carbon fixation and 
element cycling in terrestrial ecosystems.
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