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Abstract 

Fermented spent coffee grounds (FSCG) serve as a valuable soil amendment to 

improve soil structure and fertility, while earthworms play a well-established role in 

enhancing soil processes and plant growth. However, their combined effects on bio-

active compound accumulation in medicinal plants remain unclear. This study inves-

tigated the individual and interactive effects of FSCG (0%, 10%, and 20%, v/v) and 

earthworms (with and without Pheretima guillelmi) on the growth and phytochemical 

content of Glechoma longituba, a common medicinal herb, under greenhouse con-

ditions. Results showed that 10% FSCG generally promoted plant growth, whereas 

20% FSCG generally enhanced the accumulation of total flavonoids, chlorogenic 

acid, and soluble protein. Earthworms enhanced aboveground biomass and node 

number but significantly reduced chlorogenic acid content. These findings highlight 

the potential of FSCG as a sustainable soil amendment in medicinal plant cultivation 

and underscore the need to consider earthworm activity when optimizing both plant 

biomass and phytochemical quality.

Introduction

Medicinal plants hold significant therapeutic value and are integral to both traditional 
Chinese medicine and modern healthcare systems [1,2]. These plants are used 
across multiple sectors, including natural product extraction, food production, and the 
chemical industry [3–6]. In recent times, global demand for medicinal plants is rising. 
However, over-exploitation through human collection has caused a critical shortage 
of many medicinal resources [7–9]. Artificially cultivated medicinal plants also face 
challenges such as varietal admixture, degeneration, and low yields [3,8,10]. There-
fore, improving both the yield and quality during cultivation is essential to meet medi-
cal needs and ensure a stable supply of high-quality products [11,12].
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Coffee consumption has surged worldwide in recent years. This generates large 
amounts of spent coffee grounds (SCG), estimated at 8–15 million tons per year  
[13–16]. SCG containing high levels of polyphenols, tannins, and caffeine may pose 
risks to environmental and soil ecosystems, necessitating the development of effec-
tive recycling strategies [17–20]. Notably, SCG also contains modest amounts of 
nitrogen, phosphorus, and potassium [21–23], suggesting its potential as a natural 
fertilizer or soil conditioner to improve soil structure and provide plant nutrients  
[24–26]. Nevertheless, the direct incorporation of untreated spent coffee grounds into 
topsoil beyond a certain concentration has been shown to inhibit the growth of vari-
ous crops, including broccoli, cress, leek, lettuce, radish, sunflower, and viola  
[20,24–28]. Fermentation is recommended to reduce these adverse effects 
[15,29,30]. Fermented spent coffee grounds (FSCG) have a neutralized pH and 
lower phenolic and tannin content. They also retain nitrogen and minerals, promoting 
growth in plants like lettuce and tomato [15,29,30]. However, current research on 
FSCG primarily focuses on common vegetable crops, with its effects on medicinal 
plants remaining largely unexplored.

Earthworms, as key soil macrofauna, improve plant performance through multiple 
mechanisms [31–34]. Their burrowing and casting activities enhance soil structure, 
increase water retention, and promote root development [35–37]. Additionally, earth-
worms facilitate the decomposition of organic matter via gut-mediated processes, 
thereby accelerating nutrient cycling and enhancing nutrient bioavailability [38,39]. 
These soil modifications lead to significant improvements in key plant traits such 
as germination rate, leaf area, and biomass accumulation [36,40,41]. Moreover, 
earthworms reshape soil microbial community structure and diversity, which further 
influences plant physiology and secondary metabolism [42]. They are also capable of 
surviving and reproducing in organic-rich amendments, such as SCG, thereby contin-
uously modifying soil properties and indirectly influencing plant performance [43–46]. 
Nevertheless, few studies have examined these interactions in medicinal plants. It 
remains unclear whether earthworms interact with FSCG to influence medicinal plant 
growth and secondary metabolite production.

Previous studies show that earthworms can interact synergistically with soil 
amendments such as biochar [47,48]. They improve its integration into soil and 
enhance its beneficial effects [47,48]. Similarly, the introduction of earthworms into 
soils treated with FSCG may enhance nutrient availability and improve soil structure, 
thereby promoting plant growth. To test the potential interactive effects of FSCG and 
earthworms on the growth and active constituent accumulation of medicinal plants, 
we conducted an experiment using Glechoma longituba (Lamiaceae), a common 
clonal medicinal species. We grew plants in soil with 0%, 10%, or 20% (v/v) FSCG, 
with or without earthworms (Pheretima guillelmi). We tested the following hypothe-
ses: (1) The addition of FSCG influences the growth and phytochemical content of 
G. longituba in a rate-dependent manner and (2) earthworms interact with FSCG, 
thereby modulating its effects on plant growth and phytochemical accumulation in G. 
longituba.
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Materials and methods

Plant species

Glechoma longituba (Nakai) Kuprian. (Lamiaceae) is a perennial clonal herb [49–51]. It is native to Europe and North 
America, and widely distributed across China, except Qinghai, Gansu, Xinjiang, and Tibet [51–53]. This species has a 
monopodial stolon with nodes. Each node can produce potential ramets [52,54,55]. G. longituba is valued for its medici-
nal properties, attributed to bioactive constituents such as chlorogenic acid and flavonoids concentrated in its aerial parts 
[34,51,56–58].

G. longituba plants used in this experiment were purchased from a commercial supplier (Shanghai, China). They 
were acclimatized for several weeks in a greenhouse at Handan University, Handan, Hebei Province, China (36°34′N, 
114°29′E) prior to experimental initiation.

Earthworm species

Pheretima guillelmi, an earthworm species of the genus Pheretima, inhabits deep soil layers and primarily feeds on litters 
[36,59,60]. Adults measure 15−25 cm in length and 5−8 mm in width, with a characteristic green-yellow to gray-blue dor-
sal pigmentation [36,59]. This species is widely distributed in southern China [61–63]. Recently, it has been utilized for soil 
quality improvement due to its ability in regulating soil physicochemical properties and microbial community composition 
[50,62,64]. The earthworms used in this study were obtained from a commercial supplier in Jurong, Jiangsu Province, 
China. They were acclimatized for two weeks in a plastic container covered with a shade cloth (70% shading rate) inside 
the same greenhouse where plant materials were acclimatized. During acclimatization, air temperature and humidity in 
the greenhouse were continuously monitored using a temperature logger (RC-4HC, Elitech, Jingchuang Electric Co., Ltd., 
China), with recordings taken every two hours. Average readings were 27°C and 63.3%, respectively.

Experimental design

This experiment utilized a two-factor completely randomized design with interaction. One factor was FSCG concentration 
at 0%, 10%, and 20% (v/v). These FSCG concentrations were selected to represent a gradient ranging from a beneficial 
dose to a higher, potentially stress-inducing dose, thereby allowing us to capture the full spectrum of plant responses. 
Another factor was earthworm presence (with or without). Each treatment combination was replicated five times, a level 
that effectively balanced statistical power with practical limitations related to plant material availability and spatial con-
straints, resulting in a total of 30 experimental units.

The SCG were collected from a local coffee shop in Handan, China, and mixed with an organic fertilizer decomposing 
inoculant (450 g inoculant per m3 SCG; Dewoduo Fertilizer Co., Hengshui, China). The mixture underwent aerobic fer-
mentation for 73 days. Fermentation was considered complete when the temperature dropped below ambient levels and 
remained stable. The base substrate consisted of commercial potting soil (Dewoduo Fertilizer Co., Hengshui, China; pH: 
6.0, total organic matter: 439.8 g kg-1, total N: 7.9g kg-1, total C: 224.7 g kg-1, total P: 0.9 g kg-1) and sieved (10 mm mesh) 
topsoil (depth of 0–20 cm; pH: 7.8, total organic matter: 17.1 g kg-1, total N: 0.83 g kg-1, total C: 20.37 g kg-1, total P: 0.8 
g kg-1) from the Handan University campus (1:1 v/v). FSCG (soluble sugar: 25.0 g kg-1, soluble protein: 138.2 g kg-1) was 
incorporated into the base substrate at 0%, 10%, or 20% (v/v) to create treatment soils.

On July 13, 2024, 256 fragments (each consisting of one node and a pair of leaves) of G. longituba were excised from 
stock plants and pre-rooted in seed trays containing a 1:1 (v/v) sand: vermiculite (1–2 mm particle size) mixture. After 11 
days of pre-cultivation, 30 uniform fragments exhibiting one initial node, one leaf pair, and two axillary ramets were selected 
and transplanted individually into the center of pots (20 cm diameter × 15.4 cm height) containing the treatment soils.

On July 25, 2024, half of the pots from each treatment group exposed to different FSCG levels were randomly 
selected. Three adult earthworms were introduced in each pot, with the number determined according to the 
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density of typical farmland ecosystems (approximately 30 adult individuals per square meter) [65]. On the 20th 
and 50th days after the initial introduction of earthworms, three earthworms per pot were added to compensate for 
observed escape and maintain the target population density throughout the experimental period. The experiment 
was conducted in the same greenhouse at Handan University where the plants were acclimatized, with all pots 
randomly arranged on a bench in the greenhouse. During the experiment, continuous monitoring using the previ-
ously described temperature logger recorded air temperature and humidity in the greenhouse at two-hour intervals, 
yielding average values of 28°C and 58.9%, respectively. Soil moisture was kept moist by daily watering. The newly 
produced ramets from each portion were allowed to root in their respective original pots. The experiment concluded 
on October 4, 2024.

Measurements and data analysis

At harvest, the soil matrix attached to the plant roots of G. longituba was carefully removed, and the node number was 
counted. Subsequently, the plants were divided into shoots and roots, which were then heated at 105°C for 30 minutes for 
enzyme deactivation. Subsequently, they were dried at 70°C to constant weight and weighed. Dried samples were stored 
for determination of total flavonoids and chlorogenic acid.

Total flavonoid content was quantified spectrophotometrically following Liu et al. (2021) [66] with modifications. Chlo-
rogenic acid concentration was determined spectrophotometrically referring to Oteef et al. (2022) [67]. Soluble sugar and 
soluble protein contents were measured using anthrone and Coomassie brilliant blue methods, respectively [68]. The total 
biomass was calculated by summing the aboveground and root biomass, and the root-shoot ratio was calculated by divid-
ing the root biomass by the aboveground biomass.

A two-way ANOVA was used to test the effects of FSCG, earthworms, and their interaction on a series of plant 
measurements about plant growth, morphology and bioactive constituents. Subsequent post-hoc Tukey tests were 
performed to compare mean differences across FSCG levels within each earthworm treatment. Data transforma-
tions were applied where necessary to meet homoscedasticity, with specific methods noted in results tables. Two 
replicates from the 0% FSCG without earthworm treatment were excluded from all measures and analyses due to 
plant death that was caused by transplantation stress. All statistical analyses were conducted using SPSS 22.0 (IBM 
Corp., Armonk, NY, USA).

Results

Effects of FSCG and earthworms on growth and morphology

Two-way ANOVA revealed that FSCG had a significant effect on G. longituba biomass (total, aboveground, root) and node 
number (P < 0.05), but not on root-shoot ratio (Table 1). Overall, treatment with 10% FSCG significantly increased biomass 
and node number. Earthworm presence significantly increased aboveground biomass and node number (P < 0.05; Table 1; 
Fig 1B, 2A), but had no significant effect on total biomass, root biomass, or root-shoot ratio. No significant FSCG × Earth-
worm interaction was detected for any growth measurements (Table 1).

Without earthworms, the Tukey HSD test showed that plants grown in 10% FSCG exhibited the highest total biomass, 
aboveground biomass, and node number (P < 0.05; Fig 1A, 1B, 2A). Root biomass was also significantly greater in the 
10% FSCG treatment compared to the 0% FSCG treatment (Fig 1C). There was no significant difference in root-shoot 
ratio between the three FSCG treatments (Fig 2B).

In the presence of earthworms, the Tukey HSD test showed that total biomass and aboveground biomass were sig-
nificantly higher in the 10% FSCG treatment than in the 0% FSCG treatment (P < 0.05; Fig 1A, 1B). Root-shoot ratio was 
significantly lower in the 10% FSCG treatment than in the 20% FSCG treatment (P < 0.05; Fig 2B). While root biomass 
and node number did not show differences between the three FSCG treatments (Fig 1C, 2A).
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Effects of FSCG and earthworms on phytochemical content

FSCG significantly influenced total flavonoids, chlorogenic acid, and soluble protein content (P < 0.05), but not soluble 
sugar content (Table 2). Overall, contents of total flavonoids, chlorogenic acid, and soluble protein were higher under 
20% FSCG than under other levels (Fig 3A, 3B, 3D). Earthworm presence significantly reduced chlorogenic acid content 
(P < 0.05; Table 2; Fig 3B). No significant FSCG × Earthworm interaction was observed for any phytochemical measure-
ment (Table 2).

Based on the Tukey HSD test results, without earthworms: Chlorogenic acid content was significantly higher under 
20% FSCG than under 10% FSCG (P < 0.05; Fig 3B). Soluble protein content peaked in the 20% FSCG treatment (Fig 
3D). Total flavonoids and soluble sugar did not display significant trend between all FSCG treatments (Fig 3A, 3C). With 
earthworms: Chlorogenic acid content was significantly elevated under 20% FSCG compared to the 0% FSCG treatment 
(P < 0.05; Fig 3B). Total flavonoids, soluble sugar and soluble protein content did not display significant trend between all 
FSCG treatments (Fig 3A, 3C, 3D).

Discussion

Responses of growth and morphology

Previous studies have showed that the addition of FSCG can improve plant growth while reducing reliance on syn-
thetic fertilizers [29,69]. For example, partially replacing commercial peat with FSCG induced an enhanced plant growth 
response in basil (Ocimum basilicum L. cv. Italiano Classico) and tomato (Solanum lycopersicum L. cv. Roma V.F.), partic-
ularly evident at the foliar level [30]. Our results were consistent with previous findings: 10% FSCG significantly increased 
G. longituba biomass and node number. This improvement is likely due to nutrients released from FSCG, such as nitro-
gen, phosphorus, iron, and zinc, which enhance soil fertility [14,29,70]. However, plant growth (assessed by biomass and 
node number) declined at 20% FSCG compared to 10%, showing a dose-dependent response. This inhibition at high 
FSCG concentration may result from several factors. First, residual phytotoxic compounds like caffeine and polyphenols 
might accumulate and directly inhibit growth [17,24,27]. Second, caffeine can accelerate plant metabolism, potentially 
depleting energy reserves [17,18]. Third, high application rates may cause adverse soil changes, such as oxygen deple-
tion or organic acid accumulation [20,29].

Earthworms generally benefit plants through enhanced nutrient cycling [33,71,72]. They improve crop yields in maize, 
rice, and wheat via nitrogen mineralization [73] and can alleviate stress in contaminated soils [74]. Our data partially sup-
port these positive effects, showing that earthworms significantly increased aboveground biomass and node number in G. 
longituba.

Table 1.  Analysis of variance of the effects of fermented spent coffee grounds, earthworm, and their interaction on growth performance of 
Glechoma longituba.

Variable Fermented spent coffee grounds (FSCG) Earthworm (E) FSCG × E

F2, 22 P F1, 22 P F2, 22 P

Total biomass 17.5 < 0.001 4.1 0.056 1.0 0.397

Aboveground biomass 18.8 < 0.001 4.7 0.042 0.7 0.504

Root biomassa 7.6 0.003 2.0 0.169 2.2 0.139

Node number 8.2 0.002 8.8 0.007 0.6 0.564

Root shoot ratioa 3.2 0.061 0.9 0.351 1.4 0.259
aNatural log transformation.

Degrees of freedom (subscript for “F”), F and P values are given. Values are in bold when P ＜ 0.05.

https://doi.org/10.1371/journal.pone.0339185.t001

https://doi.org/10.1371/journal.pone.0339185.t001
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Although two-way ANOVA showed no statistically significant FSCG × earthworm interaction for biomass measurements, 
Tukey HSD test revealed earthworm-mediated modulations. Earthworms reduced the growth stimulation at 10% FSCG 
but alleviated the inhibition at 20% FSCG. Notably, earthworms significantly changed biomass allocation patterns. They 

Fig 1.  Effects of fermented spent coffee grounds and earthworm on total biomass (A), aboveground biomass (B), and root biomass (C) of 
Glechoma longituba. Bars and vertical lines represent mean and SE. Different lowercase (a, b) and uppercase letters (A, B) denote significant differ-
ences among FSCG concentrations in treatments without and with earthworms, respectively (Tukey’s test).

https://doi.org/10.1371/journal.pone.0339185.g001

https://doi.org/10.1371/journal.pone.0339185.g001
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suppressed root investment at 10% FSCG but enhanced it at 20% FSCG. Although direct quantification of soil structural 
changes was not conducted in this study, the altered root-shoot ratio provides strong evidence that earthworms modified 
the belowground environment and influenced plant resource allocation. This shift likely involves multiple mechanisms. 
Earthworm activities like burrowing and casting improve soil structure and accelerate microbial turnover [35–37], thereby 
influencing nutrient availability across FSCG levels. They may also trigger a trade – off between growth and the production 
of secondary metabolites in plants [75,76]. Under 10% FSCG, G. longituba may prioritize shoot development over root 
expansion and secondary metabolite synthesis. Under 20% FSCG, they may invest more in roots to acquire resources. 
These findings highlight the need to optimize FSCG rates and consider soil fauna in agricultural management.

Responses of phytochemical content

Studies have shown that incorporating FSCG into the soil can trigger a range of physiological changes in vegetables 
[70,77]. For instance, the addition of FSCG at a concentration of 15% (v/v) significantly increased the levels of essential 
macronutrients in lettuce (Lactuca sativa L. var. capitata cv. ‘Four Seasons’), thereby improving its nutritional value and 
overall quality [77]. This enhancement likely comes from essential elements released by FSCG. These nutrients support 
photosynthesis, protein synthesis, and energy production. Ronga (2016) [30] found that FSCG enhanced antioxidant 
capacity in basil and tomato. Antioxidants help plants resist oxidative stress from UV radiation, pollution, and pathogens 

Fig 2.  Effects of fermented spent coffee grounds and earthworm on node number (A), and root-shoot ratio (B) of Glechoma longituba. Bars 
and vertical lines represent mean and SE. Different lowercase (a, b) and uppercase letters (A, B) denote significant differences among FSCG concentra-
tions in treatments without and with earthworms, respectively (Tukey’s test).

https://doi.org/10.1371/journal.pone.0339185.g002

Table 2.  Analysis of variance of the effects of fermented spent coffee grounds, earthworm, and their interaction on content of total flavonoids, 
chlorogenic acid, soluble sugar, and soluble protein of Glechoma longituba.

Variable Fermented spent coffee grounds (FSCG) Earthworm (E) FSCG × E

F2, 22 P F1, 22 P F2, 22 P

Total flavonoidsb 6.8 0.005 2.8 0.107 1.7 0.204

Chlorogenic acida 9.2 0.001 8.8 0.007 3.1 0.067

Soluble sugara 1.0 0.389 1.5 0.239 0.5 0.593

Soluble proteina 17.3 < 0.001 < 0.1 0.910 2.4 0.110
aNatural log transformation. bSquare root transformation.

Degrees of freedom (subscript for “F”), F and P values are given. Values are in bold when P ＜ 0.05.

https://doi.org/10.1371/journal.pone.0339185.t002

https://doi.org/10.1371/journal.pone.0339185.g002
https://doi.org/10.1371/journal.pone.0339185.t002
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[78,79]. In our study, plants grown in soil added with 20% exhibited significantly higher levels of total flavonoids, chlo-
rogenic acid, and soluble protein. Flavonoids, known for their antioxidant, anti-inflammatory, and anticancer properties 
[80,81], and chlorogenic acid, recognized for its antioxidant, antibacterial, and antiviral activities [82,83], both contribute 
to the medicinal value of the plant. Meanwhile, the elevated levels of soluble protein indicate enhanced plant growth and 
metabolic activity [84]. These improvements in phytochemical content are likely attributed to the combined effects of 
improved nutrient availability, shifts in soil microbial communities, and direct bioactive stimulation from FSCG [85,86].

However, earthworms reduced chlorogenic acid content despite promoting growth. This contrast suggests a trade-off 
between growth and the production of secondary metabolites [50,87]. Several mechanisms may explain this suppression: 
First, earthworms enhance nutrient mobilization, especially nitrogen [33,73]. This may downregulate the phenylpropanoid 
pathway, reducing chlorogenic acid production as plants prioritize growth [50,87]. Second, earthworms alter soil micro-
bial community structure [88,89]. This may disadvantage microbes that support chlorogenic acid synthesis while favoring 
those that boost nitrogen mineralization [85,90]. Third, earthworms can change soil properties like pH [91,92]. This affects 
nutrient availability and enzyme activity involved in phenolic synthesis [93,94]. These findings have practical implications. 
FSCG shows potential as a soil amendment to enhance crop quality. However, earthworms’ negative effect on chlorogenic 
acid highlights the need to understand soil biota-plant interactions. Effective management of soil amendments and fauna 
could improve crop quality, reduce synthetic inputs, and support sustainable agriculture.

Fig 3.  Effects of fermented spent coffee grounds and earthworm on the content of total flavonoids (A), chlorogenic acid (B), soluble sugar 
(C), and soluble protein (D) of Glechoma longituba. Bars and vertical lines represent mean and SE. Different lowercase (a, b) and uppercase letters 
(A, B) denote significant differences among FSCG concentrations in treatments without and with earthworms, respectively (Tukey’s test).

https://doi.org/10.1371/journal.pone.0339185.g003

https://doi.org/10.1371/journal.pone.0339185.g003
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Conclusion

Our findings demonstrate that FSCG effects on G. longituba are concentration-dependent. A 10% FSCG optimally pro-
moted plant growth. In contrast, 20% FSCG maximized the accumulation of total flavonoids, chlorogenic acid, and soluble 
protein. Earthworm presence stimulated plant growth but reduced chlorogenic acid content. This shows contrasting effects 
on biomass production and specific secondary metabolite synthesis. Therefore, targeted FSCG application is recom-
mended (e.g., use 10% FSCG for biomass production and 20% FSCG to enhance specific phytochemical constituents). 
From an agricultural perspective, earthworm management should align with cultivation goals. Earthworms benefit biomass 
production but may need control when maximizing medicinal compounds like chlorogenic acid. The results support FSCG 
as a sustainable soil amendment for medicinal plants. Nevertheless, the limitations of this study should be acknowledged: 
the use of a controlled greenhouse environment may not fully replicate field conditions with natural environmental fluctua-
tions; the phytochemical analysis was restricted to a predefined set of constituents; and the precise mechanisms by which 
earthworms modulate the soil microbial community, thereby influencing chlorogenic acid biosynthesis, remain unclear. 
Future research should optimize FSCG concentration and earthworm management for medicinal plants. Studies should 
consider soil type, climate, and growth stages. Further investigation is needed into the mechanisms through which earth-
worms affect specific plant metabolites.
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