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Abstract: Molybdenum (Mo) is required by the enzymes involved in many metabolic processes
related to plant growth and development. However, the effects of Mo addition on plant growth and
beneficial microorganisms in mixed grasslands are unclear. We conducted a greenhouse experiment
to examine the effects of different Mo addition levels (10 and 20 mg Mo kg−1 soil in the form of
Na2MoO4) on the growth of perennial ryegrass–white clover in two low-Mo soils, as well as their
symbiotic microorganisms. Our results showed that the addition of Mo had a significant impact on
plant growth in limestone soil but not in yellow loam soil (p < 0.05). Compared with no addition of Mo
fertilizer in limestone soil, an addition of 10 mg Mo kg−1 significantly increased the plant community
shoot and root biomass (p < 0.05). However, this improvement was not observed with an addition of
20 mg Mo kg−1. The shoot nitrogen and phosphorus content in both soil types was unaffected by the
Mo addition (p > 0.05), whereas the 10 mg Mo kg−1 addition significantly increased the shoot nitrogen
and phosphorus uptake in limestone soil (p < 0.05). This increase in plant community productivity
was primarily due to the increased growth of both species, caused by the enhanced activation of the
symbiotic rhizobium. We conclude that Mo supply may promote N utilization and uptake in mixed
grassland by increasing the activity of symbiotic rhizobium, resulting in a higher yield of mixed
grassland, which is critical for sustainable agricultural development in low-Mo soils.
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1. Introduction

Molybdenum (Mo) is an essential micronutrient for the growth and development of
higher plants, and it plays a vital role in the photosynthetic process [1–3]. It also plays
a fundamental role in nitrogen (N) acquisition and assimilation by regulating biological
N fixation and nitrate reductase activity [4,5]. Mo deficiency is common throughout
the world, and approximately 47% of China’s agricultural area is Mo deficient [6]. This
issue is exacerbated in the acidic soil in southern China [7]. Available Mo in the soil
is considered low if it is less than 0.11 mg kg−1 [8]: this can cause the disorganization
of physiological and biochemical reactions in plant species, resulting in decreased plant
growth and food quality [9–11]. However, it is unclear whether Mo addition affects forage
yield and quality in pastures by enhancing the interactions between plants and their
symbiotic root microorganisms.

Pasture systems based on forage mixtures of perennial ryegrass (Lolium perenne L.) and
white clover (Trifolium repens L.) are commonly used in temperate regions due to high pas-
ture productivity and quality, as well as their persistence under grazing management [12,13].
Numerous studies have found that Mo addition improves plant growth, particularly in
legumes, by promoting a variety of physiological and biochemical processes [2,5,14]. How-
ever, some researchers have documented neutral or adverse effects of Mo addition on plant
growth [15,16]. These inconsistencies could be attributed to the different Mo requirements
of plants. Mo concentrations in gramineous plants range from 0.2 to 1 mg kg−1, whereas
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leguminous plants have much higher concentrations, ranging from 0.5 to 20 mg kg−1 [17].
Leguminous plants also require more Mo than grass for N fixation [5]. Therefore, Mo fertil-
izers for low-Mo soil may improve the growth of legume plants in grass–legume mixed
grasslands, which would also benefit the grass. Despite the critical role of grass–legume
combinations in the ecosystem, most previous studies focused on single forages [14,18],
and no general conclusions about the effect of Mo addition on plant growth have yet
been drawn.

The high productivity and quality of grass–legume grasslands primarily benefit from
symbiotic microorganisms [19–21]. Rhizobium requires ten times the amount of Mo that
host legume protein synthesis does for nitrogen fixation [22]. Some studies have discovered
that Mo fertilization in Mo-deficient soil has beneficial effects on rhizobium, including its
nodule counts and weight [14,18,23]. Arbuscular mycorrhizal fungi (AMF) are essential,
beneficial microorganisms that form mutualistic symbioses with most crops [24]. However,
few previous studies on the effect of Mo addition on AMF have been conducted, with the
exception of Shi et al. [25], who found that Mo additions had no significant effect on rates
of root colonization. Therefore, different plant responses to Mo fertilization may be caused
by differences in root symbiotic microorganisms, which have different Mo requirements.
The absence of beneficial symbiotic microorganisms in some soils (for example, acidic soil)
may also contribute to these inconsistencies. For these reasons, Mo deficiency in soil should
reduce the function of symbiotic microorganisms, thus influencing the productivity of the
grass–legume mixture grasslands. However, experimental studies exploring how much
Mo addition affects the grass–legume mixture productivity by altering the functions of
symbiotic microorganisms are still lacking.

In this study, a greenhouse experiment was conducted to investigate the effects of
Mo fertilizer on the biomass and forage quality of artificial grassland in two types of
low-Mo soil, and whether this correlates with nodulation, AMF, or both. We hypothesized
that: (i) Mo addition can significantly improve the growth and quality of leguminous and
gramineous plants in both soils; and (ii) the positive effects of Mo addition on plant growth
and quality were primarily caused by an increase in symbiotic nodulation.

2. Materials and Methods
2.1. Experimental Design

In this study, we used a completely random design. A large amount of soil nutrients
has been lost in the karst regions of Southwest China due to soil acidification and erosion,
resulting in severe nutrient deficiencies, including Mo deficiency. Yellow loam soils and
limestone are the main soil types in the karst area [26], Therefore, we collected two Mo-
deficient soils from Guizhou, located in the southwestern karst area’s core area (Table 1).
Both the limestone soil and yellow loam soil were collected from natural grasslands in
Dafang County and Huaxi County, respectively, and the biomass of the white clover and
perennial mixed grassland in the two soils are 104.3 g m−2 and 338.4 g m−2, respectively.
Experimental treatments included the control and two levels of Mo treatments (10 and
20 mg Mo kg−1 soil in the form of Na2MoO4) (Macklin Biochemical Co., Ltd., Shanghai,
China) for both types of soil, with four replications. We used 24 plastic pots (16 cm in
diameter, 12 cm in depth) (HuanQiu, Yangzhou, China), each holding 1500 g of soil (average
particle size of <2 mm). This study was conducted in a greenhouse at Guizhou University.

Table 1. Physico-chemical properties of the soil.

Characteristic pH NH4
+-N

(mg kg−1)
NO3−-N

(mg kg−1)
Available P
(mg kg−1)

Available Mo
(mg kg−1)

Total Mo
(mg kg−1)

Limestone soil 5.79 30.28 4.51 2.89 0.10 1.77
Yellow loam soil 5.46 19.67 1.41 7.99 0.08 1.99
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2.2. Plant Materials

White clover and perennial ryegrass are two of the most widely used forages for
high-quality food for livestock. They are also used successfully in floor vegetation. Hence,
we selected perennial ryegrass and white clover as experimental materials. In August
2021, each pot was sown with eight perennial ryegrass and eight white clover seeds at a
depth of 2–3 mm in greenhouses with a relative humidity of 70%. The greenhouse was
retained under a 20 ◦C/15 ◦C day (16 h)/night (8 h) temperature cycle. For each species,
four seedlings were grown in each pot, and Mo fertilizer (10 and 20 mg Mo kg−1 soil
in the form of Na2MoO4) was added. The fertilizer was dissolved in deionized water,
which was then used to ensure uniform fertilizer application and aid plant absorption.
In addition, considering the severe lack of soil P in the karst area, the same amount
of P fertilizer (50 mg P kg−1 soil in the form of KH2PO3) (Tianjing Kermel Biochemical
Co., Ltd., Tianjing, China) was added to each pot. The control group received the same
treatment, but without Mo. Furthermore, we rearranged the pots on a weekly basis to
ensure that the environmental surroundings were random and that any effect on plant
growth was minimized.

2.3. Sampling and Chemical Analysis

The plants in each pot were harvested and separated from the soil after four months
of growth, and completely washed with deionized water to remove any aerial deposition.
Perennial ryegrass and white clover were harvested separately and divided into shoots
and roots. Fresh plants were dried for 48 h at 65 ◦C to measure shoot dry weight. The
roots were washed with tap water and dried under the same conditions as the shoots to
measure root biomass. The effective root nodules were removed from the white clover
roots, counted, and weighed. Given that both forages have the potential to be infested by
AMF, we evaluated their infestation rates. The AMF colonization was then measured using
approximately 0.5 g (fresh weight) of both plant roots (see below).

AMF Colonization measurement: The roots of white clover and perennial ryegrass used
to determine the infection rate of AMF were each cut into 1 cm lengths and heated in a 90 ◦C
water bath with a 10% potassium hydroxide solution (Tianjing Kermel Biochemical Co., Ltd.,
Tianjing, China) until transparent. Subsequently, they were treated with 1% hydrochloric
acid solution (Chongqing Chuandong Chemical Co., Ltd., Chongqing, China), and finally
dyed with 0.05% (w/v) Trypan blue (Beijing Solaibao Technology Co., Ltd., Beijing, China)
for 30 min [27]. We then used the grid line intersection method to measure the root
colonization rate. We randomly selected 30 root segments for each sample to evaluate the
degree of AMF colonization under a dissecting microscope at ×40 magnification (Leica
DM3000 LED, Wetzlar, Germany). For the glass slide method, 1 cm root segments were
randomly selected to form stained root samples, mounted on microscope slides, and
examined under a compound microscope(Leica DM3000 LED, Wetzlar, Germany).

Elemental Analyses of Shoot Samples: The shoot samples were ground to determine the
nutritional levels, total P concentrations (mg g−1), using the sodium hydrogen carbonate
solution–Mo–Sb anti spectrophotometric method [28], and total N concentrations (mg g−1)
using an elemental analyzer (Vario EL III, Elementar, Langenselbold, Germany). N and P
uptake were obtained by multiplying N and P concentration with the shoot biomass.

2.4. Statistical Analysis

A one-way ANOVA was used to determine the effects of Mo treatment on plant
growth, nutrient concentrations and uptake, and root symbiotic microorganisms (rhizobia
and AMF). The Duncan test was used to distinguish between treatments (p ≤ 0.05). The
Pearson correlation coefficient was used to analyze the relationship between the shoot
biomass of the mixture and plant symbiotic microorganisms. We used SPSS 20.0 for
Windows to analyze the data (IBM SPSS Inc. Chicago, IL, USA).
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3. Results
3.1. Effects of Mo on Forage Growth

Mo addition had a significant effect on the shoot and root biomass of the perennial
ryegrass and white clover mixtures in limestone soil (p < 0.05) but had no significant effect
on the shoot and root biomass in yellow loam soil (p > 0.05) (Table 2, Figure 1A,B). In
particular, when compared to the control in limestone soil, the addition of 10 mg Mo kg−1

increased the shoot and root biomass of the white clover and perennial ryegrass mixture by
25.5% and 40.3%, respectively. However, a 20 mg Mo kg−1 addition showed no significant
influence on the biomass (p > 0.05). Furthermore, the effects of Mo addition on the shoot and
root biomass for each forage were similar; both increased with a 10 mg Mo kg−1 addition;
however, no significant effects were observed with further Mo addition (Figure S1A,B).

Table 2. F values from a one-way ANOVA for the Molybdenum addition for the total shoot biomass of
mixture (SB), total root biomass of mixture (RB), total nitrogen (TN), total phosphorus (TP), nitrogen
uptake (NU), phosphorus uptake (PU), nodule number (NN), nodule weight (NW), AMF colonization
of ryegrass (AMF1), and AMF colonization of white clover (AMF2).

Soil Type SB RB TN TP NU PU NN NW AMF1 AMF2

Limestone soil 28.10 *** 4.60 * 0.10 2.00 13.65 ** 6.49 * 23.67 *** 10.22 ** 0.00 3.00
Yellow loam soil 1.10 0.40 0.10 2.00 1.00 0.20 0.20 0.60 0.50 5.24 *

Asterisks denote significance: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.

Figure 1. Influence of Molybdenum additions (Mo0, Mo1, and Mo2 represent 0, 10, and
20 mg Mo kg−1 soil in the form of Na2MoO4, respectively) to limestone soil and yellow loam soil
on the shoot biomass (A) and root biomass (B) of the mixture (white clover and perennial ryegrass).
Different lowercase letters represent multiple comparisons of means among treatments determined
by Duncan-test. (p < 0.05).

3.2. Effects of Mo on the Quality of Forage

Across all Mo treatments, the mean values of the N and P concentrations in the
white clover and perennial ryegrass mixture ranged from 18.67 to 23.95 mg g−1 and
1.59 to 2.36 mg g−1, respectively. Mo addition had no significant effect on the N and
P concentrations of the mixture in the limestone soil (p > 0.05) (Table 2). The N and P
concentrations of the mixtures in yellow loam soil were similar to those in limestone soil
(Table 2; Figure 2A,B). Similarly, Mo treatment had no significant effect on the N and
P concentrations of ryegrass and white clover in either soil (Figure S2). However, in
limestone soil, the Mo treatment had a significant effect on the N and P uptake of the
mixtures (p < 0.05) (Table 2; Figure 2C,D). Specifically, when compared to the control in
limestone soil, a 10 mg Mo kg−1 addition significantly increased plant N and P uptake
(p < 0.05), while a 20 mg Mo kg−1 addition had no significant effect on the uptake of these
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elements (p > 0.05). Furthermore, the effects of the Mo addition on the N uptake of each
forage type were similar: both increased with a 10 mg Mo kg−1 addition but demonstrated
no significant effects with further Mo additions (Figure S3A,C). Regarding the P uptake of
each forage in the limestone soil, the addition of 10 mg Mo kg−1 had no significant effect
(p > 0.05), whereas it significantly decreased when 20 mg Mo kg−1 was added to the white
clover (p < 0.05) (Figure S3B,D).

Figure 2. Nitrogen(N) and Phosphorus(P) (A,B) contents and N and P (C,D) uptake in shoots of
mixtures (white clover + perennial ryegrass) under different Mo additions (Mo0, Mo1, and Mo2
represent 0, 10, and 20 mg Mo kg−1 soil in the form of Na2MoO4, respectively) to limestone soil
and yellow loam soil. Different lowercase letters represent multiple comparisons of means among
treatments determined by Duncan-test (p < 0.05).

3.3. Effects of Mo on Symbiotic Microorganisms and Its Link with Plant Growth

For perennial ryegrass, Mo addition had no significant effect on the AMF colonization
in either soil (p > 0.05), whereas a high Mo addition significantly reduced the AMF colo-
nization of the white clover in the yellow loam soil (p < 0.05) (Figure 3A,B). Mo addition
had a significant impact on the number and weight of white clover nodules in limestone
soil (p < 0.05) when compared to the yellow loam soil (Figure 3C,D). A 10 mg Mo kg−1

addition significantly increased the number and weight of nodules (p < 0.05), reaching
the maximum value (103 nodules and 0.026 g, respectively). However, when compared
to the 10 mg Mo kg−1 addition, the 20 mg Mo kg−1 addition significantly reduced the
number and weight of the nodules. Pearson correlation coefficients revealed no significant
relationships between the shoot biomass of the mixtures and the AMF colonization. In
contrast, the shoot biomass of the mixture was only positively correlated with the number
and weight of nodules in the limestone soil (Figure 4C,D).
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Figure 3. Effect of molybdenum additions (Mo0, Mo1, and Mo2 represent 0, 10, and 20 mg Mo kg−1

soil in the form of Na2MoO4, respectively) to limestone soil and yellow loam soil on perennial
ryegrass (A) and white clover (B); the infection rate of AMF and nodule number (C) and nodule
weight (D) in white clover roots. Different lowercase letters represent multiple comparisons of means
among treatments determined by Duncan-test. (p < 0.05).

Figure 4. The correlations between AMF colonization of perennial ryegrass (A), AMF colonization of
white clover (B), nodule number (C), and nodule weight (D) in white clover and shoot biomass of
mixtures (white clover and perennial ryegrass).

4. Discussion
4.1. Influences of Mo Fertilizer on Plant Community Productivity

Forage yield improvement is often attributed to an increase in available nutrients [29,30].
Our findings indicate that Mo addition increased the biomass of ryegrass and white clover
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mixtures in limestone soils but not in yellow loam soils. These results are consistent with
previous research [31–33]. However, a few studies found no significant differences in Mo
fertilizer treatment on an aboveground biomass [34]. These inconsistencies may be due to
differences in soil pH and available N (NH4-N, NO3-N). Low available N can directly inhibit
the growth of ryegrass, which is a nitrophile [35]. A low soil pH also limits rhizobia activity
and slows plant growth [36,37]. Adhikari and Missaoui [18] reported similar findings,
stating that a low pH inhibits plant growth and root development.

The mechanism underlying the beneficial effect of Mo addition on biomass is pri-
marily due to the promotion of root nodule growth caused by Mo addition, which helps
improve plant uptake of N. This is because Mo, as a micronutrient, is an important part of
nitrogenase, and exogenous Mo addition enhances the activity of nitrogenase, which in
turn has a positive effect on root nodule production [38]. This interpretation was supported
by the significant positive relationship between the shoot biomass and the number of root
nodules in limestone soils (Figure 4C,D). However, the positive effects of the moderate Mo
addition on the plant growth were not observed under treatments of high Mo addition.
Similar results were reached in previous studies, which discovered that excess Mo is toxic
to plants, inhibits plant growth, and reduces the amount of dry matter in the root system
and aboveground parts [15,16]. Excess Mo fertilization also inhibits rhizobia, as is reflected
by a decrease in the number and weight of symbiotic rhizobia. More research is needed to
determine how excess Mo reduces symbiotic rhizobia.

4.2. Effects of Mo on the Main Nutrients of Forage

The N and P concentrations of forage are key indicators of forage nutrition, as these
nutrients are vital for the production of milk and muscles. In the grasslands, livestock
naturally select plants with high N or P concentrations [39]. An increased nutrient uptake
can help increase nutrient concentrations in crop yields [40]. Several previous studies found
that Mo supplementation increased the N and P content in plants by regulating the activities
and expression of N-assimilating enzymes and inducing changes in the dynamics of P
fractions in rhizosphere soil [41–43]. However, in our study, we found that Mo fertilization
had no effect on the N and P concentrations of either species or their mixtures. These
inconsistencies may be due to the different plant parts being measured; the leaf and stem
have different functions (such as the leaf being the main metabolic organ), each of which
responds differently to Mo fertilization [11,44]. Earlier studies have primarily focused
on the leaves, which are sensitive to nutrient changes [31,33], whereas this study focused
on the plant shoots. Stoichiometric homeostasis is another potential explanation for the
negligible influence of Mo addition [45]; plants can maintain homeostasis in changing
environments (e.g., soil nutrients) [46]. These results imply that both species can uptake
more nutrients to maintain stoichiometric homeostasis as their biomass increases to avoid
dilution effects.

5. Conclusions

In this study, we found that a 10 mg Mo kg−1 addition increased plant growth in mixed
grasslands, but excess Mo addition demonstrated no further effects caused by reducing
symbiotic rhizobia. The effects of Mo addition are also affected by the soil type, with
significant effects demonstrated in limestone soil. Our results suggest that Mo fertilization
can reduce N fertilization due to activation-enhanced, plant-symbiotic rhizobia, and it can
also improve the N use efficiency. In terms of the implications for pasture practices, we
recommend that N and P fertilization should be combined with Mo fertilizer to weaken
environmental problems caused by fertilizer. Our research has potential implications for
the management of artificial grasslands and improving grassland productivity. Finally, we
highlight the need to the verify the extent to which the findings in a pot experiment can be
found in a field.
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