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A B S T R A C T

Development of vegetative cover on the surface of polluted waste deposits provides a physical protective layer 
and an input of organic compounds via root exudation. The monocot yorkshire fog (Holcus lanatus) and eudicot 
red clover (Trifolium pratense) are plant species that have been observed to grow successfully in alkaline waste, 
managed with phytostabilization. In this work the effects of pH-stress conditions (pH ~10) on root exudation of 
both these species is studied in a hydroponic set up. Both species, when exposed to stress conditions, were able to 
neutralize the pH in the collection solution, with a reduction of ~2 pH units. For both yorkshire fog and red 
clover, the net exudation had no statistical difference between non-stressed and pH-stressed conditions (263 vs 
220 μg DOC (g-root)− 1(hrs)− 1 for yorkshire fog and 158 vs 118 μg DOC (g-root)− 1(hrs)− 1 for red clover). GC-MS 
analysis of the exudate solutions, however, shows a shift from a sugars and sugar alcohols-dominated exudate 
solution in non-stressed conditions, to an exudate solution with upregulated organic acids in pH stressed york-
shire fog and organic acids plus amino acids in red clover. These results show a similar stress response for these 
two species, contrary to the general assumption that grass species are less efficient than eudicots in producing 
organic acids in response to stress. The prevalence of organic acids in exudates under stress conditions, could 
favour metal and nutrient mobilization in growth substrates, though the lack of an increase in overall exudation 
limits the extent of their potential impact.

1. Introduction

Development of vegetative cover on the surface of polluted waste 
deposits provides not only a physical protective layer, but may also have 
other effects on the material, as plants release organic compounds 
through their roots (Potysz et al., 2017). Of these compounds, primary 
metabolites, namely sugars, amino acids and organic acids, generally 
have higher concentrations (Adeleke et al., 2017; Canarini et al., 2019; 
Potysz et al., 2017; Maurer et al., 2021; Vives-Peris et al., 2020).

The concentration of plant exudates are highly variable, depending 
on the plant species and environmental conditions (e.g. moisture con-
tent; Potysz et al., 2017; Adeleke et al., 2017; Maurer et al., 2021). Stress 
conditions generated by the substrate (e.g. extreme pH conditions, metal 
toxicity, nutrient deficiency) on plant growth can greatly influence root 

exudation, altering the type and quantity of compounds exuded 
(Adeleke et al., 2017; Canarini et al., 2019; Amezcua-Allieri et al., 2010; 
Maurer et al., 2021). Substrate pH in particular plays a crucial role in 
determining exudation, as it affects other properties such as nutrient 
availability (e.g. Fe, Mn and P), and plants exploit root exudation to 
moderate pH and overcome these limitations (Chen and Liu, 2024; 
Vives-Peris et al., 2020; Tsai and Schmidt, 2021; López-Bucio et al., 
2000). Thus, plant stress responses can alter the geochemistry of the 
substrate (such as a waste material), by input of plant exudates and 
complexation of metals with organic compounds (particularly organic 
acids) which can increase metal leaching (Adeleke et al., 2017; Potysz 
et al., 2017; Alasmary, 2020; Debela et al., 2010; Padmavathiamma and 
Li, 2012; Hashimoto et al., 2011; Gupta and Kumar, 2016).

Grassland species have repeatedly been found to be early colonisers 
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of industrial wastes in the process of primary succession at waste 
disposal sites (Gomes et al., 2016; Tischew et al., 2014; Kiehl et al., 
2010). This is thought to be due to their tolerance to metal stress and 
capacity to develop a dense and strong root system (Kucharski et al., 
2005; Hashimoto et al., 2008; Wasilkowski et al., 2014). The latter, 
along with an observed low translocation of contaminant metals to 
above ground tissues (Hashimoto et al., 2008), has led to grassland 
species being widely used for industrial and mining waste management 
through phytostabilization.

Alkaline wastes such as red mud (bauxite residue), steelworks slag, 
and chromite ore processing residue, have been widely produced in 
large volumes and pose a challenge in terms of management and 
ecological restoration (Gomes et al., 2016). Both planned management 
with vegetative cover and spontaneous revegetation have been studied 
in these type of wastes, with varying results and effects on the material 
(Gomes et al., 2016). Bray et al. (2018) observed resilient vegetative 
cover by grassland species (Agrostis stolonifera, Holcus lanatus, Lolium 
perenne, Trifolium repens, and Trifolium pratense) at a restored bauxite 
waste site 16 years after seeding and concluded that development of an 
active rhizosphere contributes to pH neutralization at depth, via secre-
tion of exudates and flow of CO2.

The grassland species yorkshire fog grass (Holcus lanatus) and red 
clover (Trifolium pratense), in particular, have been observed to grow 
well at alkaline waste sites (Courtney et al., 2009; Santini and Fey, 2013; 
Ash et al., 1994; Lee and Greenwood, 1976). Yorkshire fog grass and red 
clover are respectively a monocot and eudicot. Monocots and eudicots 
are the two major classes of angiosperms which diverged in their evo-
lution between the Jurassic and Cretaceous periods (Chaw et al., 2004). 
Monocots and eudicots have differences in morphology and physiology, 
such as the structural features and storage compounds in seeds (Wang 
et al., 2016). Differences at the physiological level include exudation 
patterns. For example, the response to Fe deficiency in eudicot species 
can involve enhanced mobilization of Fe3+ via acidification of the 
rhizosphere, by releasing phenolic and organic acids (known as Strategy 
I), whereas grasses solubilize and mobilize Fe by releasing Fe chelating 
compounds (phytosiderophores; known as Strategy II) (Tiziani et al., 
2023; Hiradate et al., 2007; Mimmo et al., 2014).

The evolution of monocot and eudicot plants diverged about 150 
Myr ago (Chaw et al., 2004), and they have developed many distinct 
physiological characteristics (Scarpella and Meijer, 2004), yet research 
comparing their root exudation strategies in response to stress is very 
limited. Therefore, this study directly compares the alkaline-stress 
response of yorkshire fog (monocot) and the red clover (eudicot) in a 
hydroponic growth set up. These species were chosen because they are 
commonly found in calcareous grassland. Yorkshire fog has been 
observed to be a persistent species on revegetated alkaline waste 
(Courtney et al., 2009; Courtney and Harrington, 2012; Rahman and 
Khan, 2023; Young et al., 2018), and red clover is frequently an 
important species on revegetated wastes and contaminated land, where 
it plays an important role in alleviating nitrogen deficiency (Di Carlo 
et al., 2019; Courtney et al., 2009; Courtney et al., 2003; Courtney et al., 
2013; Rybak et al., 2018; Davin et al., 2019). The impact of pH stress on 
the net exudation rate and the exudate composition were studied over a 
photoperiod in a hydroponic set up. The effects that pH-driven changes 
on root exudation may have in polluted alkaline wastes is discussed.

2. Material and methods

Yorkshire fog (Holcus lanatus) and red clover (Trifolium pratense) 
seeds were purchased from a commercial seed provider (Emorsgate 
Seeds, Cambridgeshire, UK).

2.1. Hydroponic set up

Plants were germinated on perlite in starter trays placed within a 
second containment tray (SI Figure S1). For yorkshire fog 20 mg of seeds 

(~60 seeds, germination rate ~20 %, tested on the same batch of seeds) 
were placed in each well (24 wells), and for red clover, which has larger 
seeds and a higher germination rate (~100 %), 14 seeds were placed in 
each well (24 wells). 10 ml of full concentration Hoagland’s solution 
(Sigma-Aldrich, Hoagland’s No. 2 basal salt mixture) was pipetted into 
each well, and a further 200 ml of Milli-Q water was added at the base of 
the containment trays. Trays were placed in a growth chamber set at 
25 ◦C with a 14 h photoperiod (54 ± 9 μmol s− 1 m− 2 of photosynthet-
ically active radiation, measured at the level of the top of the tray). After 
two weeks, trays were moved to a larger growth “tent” with a 14 h 
photoperiod (221 ± 48 μmol s− 1 m− 2 of photosynthetically active ra-
diation, measured at the level of the top of the tray), at room tempera-
ture. Milli-Q water was regularly topped up in the containment trays to 
maintain moisture and Hoagland’s solution was added every week (10 
ml per well). On week 6, plants were transferred from the starter tray to 
a hydroponic set up. Plants from each well were taken out, washed to 
remove perlite particles and transferred to a 50 mm (~70 cm3) net pot. 
Groups of three net pots were placed in 2 l polypropylene bowls through 
holes in the polystyrene lid (SI Figure S1). 1 l of 1/10 Hoagland’s so-
lution was added in each bowl (pH 5.9 ± 0.3). Milli-Q water was 
regularly added to maintain the volume of media. The growth media was 
changed weekly with fresh 1/10 Hoagland’s solution and replicate net 
pots were moved position within the set up weekly, to compensate for 
the variability caused by the specific positioning within the chamber. On 
week 12, pH stress conditions were started in half of the bowls (4 bowls 
containing 12 replicate net cups per plant species) by adding 1M KOH 
until a pH of 10 ± 0.5 was achieved. pH was adjusted daily in “stressed” 
bowls until harvesting time (with an average daily 1M KOH addition of 
~1000 μl ≈ 1 ml, and a maximum of 7 consecutive days adjusting pH 
without media change, the initial K concentration of 0.6 mM K was 
cumulatively altered to 7.5 mM K on day 7). For yorkshire fog the pH 
was 8.1 ± 0.5 before daily addition of KOH and 10.2 ± 0.2 afterwards. 
For red clover the pH was 7.8 ± 0.6 before and 10.4 ± 0.3 afterwards. 
The average temperature throughout the growth period was of 25.6 ◦C, 
with the lowest daily average being 24.8 ◦C and highest daily average 
26.2 ◦C. Daily temperature fluctuations ranged from 0 to 2.5 ◦C (SI 
Figure S2 shows the temperature log for the growth period).

2.2. Root exudates collection and analysis

Exudates were collected in week 15 and the plants were harvested 
immediately afterwards. The decision to harvest exudates at this time 
point was driven by practical considerations. The plants were initially 
grown to the point where they were producing sufficient exudates for 
harvesting and analysis, and then half the plants were stressed for two 
weeks to ensure that the plants were acclimatised to the alkaline con-
ditions before their response in a quasi-steady state was determined. To 
detect diurnal variations of the overall exudation as well as that of 
specific metabolites (de Barros Dantas et al., 2023), collection took place 
over four 3 h collection periods that covered the 14 h photoperiod (with 
~40 min between collection periods). 3 h was selected as an optimal 
length that allowed for sufficient accumulation of exudates in solution 
for detection with the analytical method, while avoiding saturation or 
re-uptake of exudates by plants, which can occur in longer collection 
periods (McLaughlin et al., 2025).12 replicate net pots were used for 
each treatment (yorkshire fog pH-stressed, yorkshire fog non-stressed, 
red clover pH-stressed, red clover non-stressed). Roots were washed 
3x before collection to remove debris, by submersion of the net pots in 
fresh Milli-Q water for ~20 s with gentle circular motion.

The net pots were placed in 150 ml glass beakers containing 75 ml of 
collection solution. The beaker was covered with aluminium foil to 
prevent direct incidence of light on the roots. The collection solution 
contained the major components of 1/10 strength Hoagland’s solution 
(NH4H2PO4, KNO3, Ca(NO3)2, MgSO4), to maintain conditions as close 
to those of the hydroponic media, while reducing interference with 
chromatographic analysis (Vives-Peris et al., 2020), and avoiding 
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exudation alterations caused by osmotic stress, which can occur when 
using distilled water for collection (Vranova et al., 2013). For 
pH-stressed plants, the pH of the collection solution was adjusted with 
1M KOH to a 10.5 ± 0.2. Beakers with plants were then returned to the 
growth tent. After 3 h each beaker was gently stirred manually for 40 s 
and then the net pot was removed and transferred to a new beaker for 
the consecutive collection period. A control-blank beaker with 75 ml of 
collection solution was included in each period. After completion of the 
4 collection periods, the plant shoot and root biomass were separated 
using scissors. Both were dried in an oven at 70 ◦C for 48 h, after which 
the dry weight was recorded.

After removing the net pots, 50 ml of each collection solution con-
taining the plant exudates was filtered with nylon syringe filters (0.45 
μm), transferred to a 50 ml polypropylene centrifuge tube and stored at 
− 20 ◦C. pH and electrical conductivity (EC) were measured in the 
remaining solution (HACH HQ40D pH meter with HACH Intellical pH 
and EC probes). The filtered exudate solutions were freeze dried until 
complete dryness. Half of the replicates (6 reps per treatment per 
collection period) were re-dissolved in 5 ml of a 5 % HNO3 in Milli-Q 
water solution for dissolved organic carbon (DOC) analysis. Care was 
taken to make sure all of the dried material in the tube walls was dis-
solved, by vortexing the tubes before and after placing them in a roller 
mixer for 1 h. DOC was analysed with an Analytik Jena Multi N/C 2100 
combustion analysers calibrated using commercially prepared stocks of 
organic and inorganic carbon.

The 6 remaining freeze-dried replicates for each condition were re- 
suspended in 5 ml of 20 % methanol and combined into one compos-
ite sample. The 16 resulting composite samples (four treatments, four 
collection periods) were then evaporated to dryness under reduced 
pressure. These were then prepared and analysed by GC-MS as previ-
ously described in Karpinska et al. (2018). Briefly, the combined sam-
ples were re-dissolved in 1.5 ml 100 % methanol at 30 ◦C with agitation 
at 1500 rpm for 30 min. 50 μl of internal standard (ribitol, 2 mg ml− 1) 
was added along with 375 μl of water and agitation continued for a 
further 30 min at 2500 rpm. 3 mL of chloroform was added and agitation 
repeated for a further 30 min. Finally, 750 μl of water was added and the 
tubes were briefly shaken. Samples were separated into polar and 
non-polar phases by centrifugation (1000 g, 10 min). The non-polar 
phase was discarded and the polar phase was converted to trime-
thylsilyl derivatives following oximation as previously described by 
Foito et al. (2013, 2013). Metabolite profiles were acquired following 
separation of compounds on a DB5-MSTM column (15m × 0.25 mm ×
0.25 μm; J&W, Folsom, CA, USA) using a Thermo Finnigan (San Jose, 
CA, USA) DSQII GC-MS system as described in (Foito et al., 2013). 
GC-MS data were normalized by peak area relative to the ribitol internal 
standard and compounds were identified based on equivalent retention 
time and mass spectra obtained from a custom library built using 
authenticated standards.

2.3. Statistical analysis

Statistical analysis was carried out in Microsoft Excel (2016) using 
the data analysis package. ANOVA was conducted to assess significant 
variations of parameters (pH and DOC) between collection periods for 
each experimental condition (Table S.3 and S.4). This was supported 
with pairwise t-Test analysis (α = 0.05). Pairwise t-Test analysis was also 
used to compare across experimental conditions, one variable at a time 
(e.g. [1] compare DOC data for the same species, in the same collection 
period, with varying pH conditions; [2] compare root biomass for the 
same species, with and without alkaline stress). The “F-Test Two- 
samples for variance” (with α = 0.05), was applied to each pair to 
determine whether “t-Test: Two samples assuming equal variance” or “t- 
Test: Two samples assuming unequal variance” was used. Normality was 
assessed by visual inspection of a Normal Q-Q plot. In specific cases 
where normality was not likely, the non-parametric Mann–Whitney U 
test was used in replacement of the paired t-Test.

3. Results

3.1. Plant biomass

There was no statistical difference in the amount of either above 
ground (p-value of 0.3 and 0.5 for red clover and yorkshire fog respec-
tively) or root biomass (p-values of 0.9 for both red clover and yorkshire 
fog) between stressed and non-stressed plants (Fig. 1). For yorkshire fog 
the ratio of above ground biomass to root biomass averaged 1.58 ± 0.18, 
with a good correlation between the two (R2 = 0.82). For red clover the 
ratio of above ground biomass to root biomass was higher (2.88 ± 0.31), 
but the correlation was lower (R2 = 0.61).

3.2. pH and EC in the collection solution

Under alkali stressed conditions (initial pH = 10.5), the pH of the 
collection solutions from both yorkshire fog and red clover were around 
2 pH units lower than the control solution (control pH of 9.8 ± 0.2, 
Fig. 2). For both plants, the average pH in the collection solution 
decreased very slightly over the photoperiod, although in both cases 
only in period 4 was the pH of the collection solution (pH ~7.4 for 
yorkshire fog and ~7.2 for red clover) statistically lower than the other 
collection periods (pH ~7.6 and ~7.4–7.5 respectively) (see SI 
Table S3).

Under non-stressed conditions (initial pH = 5.9), the pH of the 
collection solution from yorkshire fog was ~1 pH unit higher than the 
corresponding control (control pH of 5.5 ± 0.2), whereas the pH of the 
collection solution from red clover was very similar to the corresponding 
control. For unstressed yorkshire fog, the pH during the first collection 
period (pH ~6.4) was slightly lower than the other collection periods 
(pH ~6.7–6.9; significant at p < 0.05, see Table S3), whereas for un-
stressed red clover, there was a gradual increase in pH over the collec-
tion period from ~4.8 to ~5.7 (although the difference between period 
1 and 2 is not significant, see Table S3)

The electrical conductivity (EC) of the collection solution from the 
pH stressed plants tended to be slightly higher than in the respective 
controls (Figure S.3). In contrast, the EC of the collection solution from 
the unstressed plants tended to be slightly lower than in the respective 
controls.

3.3. Exudation rate

Under pH-stress yorkshire fog exhibited no statistical variation in 

Fig. 1. Above ground and root dry mass of yorkshire fog (Yf) and red clover 
(Rc) experimental plants.
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exudation rate between the collection periods, with an average rate of 
220 μg DOC (g-root dry mass)− 1(hrs)− 1 (Fig. 3 and SI Table S.4). Simi-
larly, non-stressed yorkshire fog exhibited no statistical variation in 
exudation rate between the collection periods (Table S.4), with an 
average rate of 263 μg DOC (g-root dry mass)− 1(hrs)− 1. The exudation 
rate for stressed and unstressed plants were compared for each respec-
tive collection period (t-test, SI Table S.5), as were the total amounts of 
DOC produced over the photoperiod (Figure S.6, compared with the 
Mann–Whitney U test), and there were no statistically significant dif-
ferences in exudation rate between stress and unstressed yorkshire fog 
(p-values >0.05 and U-value > critical value).

Likewise, there was no significant difference (Table S.4) in the 

exudation rate of pH-stressed red clover over the photoperiod (average 
exudation rate over the photoperiod 118 μg DOC (g-root dry 
mass)− 1(hrs)− 1). In contrast, the average exudation rate of non-stressed 
red clover was lower in the 3rd and 4th collection periods (93 and 91 μg 
DOC (g-root dry mass)− 1(hrs)− 1, respectively) than in the 1st collection 
period (282 μg DOC (g-root dry mass)− 1(hrs)− 1) (note: one unstressed 
replicate was excluded from this comparison as an outlier; see 
Figures S.5 and S.6). However, there was no significant difference be-
tween exudation rate of red clover between the pH-stressed and un-
stressed condition when compared by collection period (Table S.5) or by 
total exudation with the Mann–Whitney U test (average exudation rate 
in the unstressed system over the photoperiod was 158 μg DOC (g-root 
dry mass)− 1(hrs)− 1).

The exudation rate of red clover was statistically lower than that of 
yorkshire fog in the 1st and 2nd collection periods (p-values of 0.005 
and 8 x 10− 5 respectively, Table S5) under pH-stress and in the 2nd, 3rd 
and 4th collection periods without pH-stress (p-values of 0.05, 0.03 and 
0.03 respectively). Furthermore, the cumulative DOC production by 
yorkshire fog over the 4 collection periods (Figure S6) was statistically 
higher (U-value ≤ critical value) than that by red clover for both the 
stressed (average 1760 vs 666 μg DOC g-root dry mass− 1) and unstressed 
conditions (average 2305 vs 803 μg DOC g-root dry mass− 1).

3.4. Root exudate composition (GC-MS)

The GC-MS data were normalized by peak area relative to the ribitol 
internal standard, and then corrected for the total root dry mass in each 
system. This allows quantitative comparison of the relative peak area of 
each compound between samples, but only qualitative comparison be-
tween different compounds. As an approximation, however, compounds 
were grouped by order of magnitude of the relative peak areas.

16 different organic compounds were identified within the exudate 
solutions (2 amino acids, 6 other organic acids, 3 sugars and 5 sugar 
alcohols, see Table S.1 and Fig. 4), along with an unknown compound. 
All 16 metabolites were detected in the exudates from both pH-stressed 
and unstressed yorkshire fog during at least one collection period. 
Twelve metabolites were detected in the exudates from pH-stressed red 
clover during at least one collection period, while only nine metabolites 
were detected in the exudates from unstressed red clover.

The compounds with the largest normalized peak areas (on average) 
in non-stressed yorkshire fog were inositol, fructose and glucose (in the 
range 0.01–0.1, see Fig. 4 and Table S.2), with organic acids of the 
tricarboxylic acid cycle (TCA cycle, central metabolism), along with 
quinic acid, showing smaller normalized peaks (in the range 
0.00001–0.01). The sugars have the largest peak areas in the first 
collection period, decreasing as the photoperiod progresses. In pH- 
stressed yorkshire fog, the largest normalized peak areas (on average) 
were citric acid, malic acid and inositol (in the range 0.01–0.1), with an 
increase of 1–2 orders of magnitude in the TCA-organic acids (21, 32, 
139 and 4 times the relative peak area averaged over the 4 photo periods 
for citric, malic, fumaric and succinic acid, respectively), and reductions 
of 1–2 orders of magnitude in the sugars (0.2, 0.06 and 0.01 times for 
glucose, fructose and sucrose, respectively). In this case, none of the 
compounds appear to have pattern in relation to the photoperiod, with 
organic acids appearing from the first collection period.

In non-stressed red clover, the largest normalized peak areas (on 
average) were also inositol (in the range 1–10), glucose (in the range 
0.1–1) and fructose (in the range 0.01–0.1), with no detection of amino 
acids and TCA-organic acids (apart from a very small succinic acid peak) 
in the exudate solution (see Table S2). Glucose, fructose as well as some 
of the sugar alcohols, have higher peak area in the first collection period, 
decreasing or disappearing in later collection periods (Fig. 4). In pH- 
stressed red clover, in contrast, the largest normalized peaks (on 
average) included citric acid, γ-aminobutyric acid (GABA, a non-protein 
forming amino acid; Guo et al., 2023), inositol, glucose and glycine (in 
the range 0.01–0.1). Other TCA-organic acids (malic, fumaric and 

Fig. 2. pH in exudate collection solution of pH-stressed and non-stressed 
yorkshire fog (Yf) and red clover (Rc) along with experimental blanks ( ×
mean values; boxes show median, and 25th and 75th percentiles). Sampling 
was conducted over a single 14hr photoperiod (period 1: 0hrs–3hrs, period 2: 
3hrs40min-6hrs40mins, period 3: 7hrs20mins-10hrs20mins, period 
4: 11hrs–14hrs).

Fig. 3. Exudation measured in the exudate collection solution of pH-stressed 
and non-stressed yorkshire fog (Yf) and red clover (Rc) during four consecu-
tive collection periods over a single photoperiod (◦ data points; × mean values; 
boxes show median, and 25th and 75th percentiles). Sampling was conducted 
over a single 14hr photoperiod (period 1: 0hrs–3hrs, period 2: 3hrs40min- 
6hrs40mins, period 3: 7hrs20mins-10hrs20mins, period 4: 11hrs–14hrs).
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succinic acid) are also detected in the solution (in the range 0.001–0.01). 
While still present amongst the main peaks, the normalized areas of 
fructose, inositol and other sugar alcohols is reduced by 1–2 orders of 
magnitude (0.02, 0.1, and 0.2 times for inositol, glucose and fructose 
respectively, and from the order of 0.001–0.01 to non-detected for 
galactosyl glycerol and galactinol, see Table S2). Citric, malic, succinic 
acids, as well as GABA, appear from the second collection period, with 
growing peak areas as the photoperiod progresses. Glycine on the other 
hand, appears to have the opposite trend.

Comparing non-stressed yorkshire fog and red clover, reveals 
compositional differences in their exudates, notably the absence of most 
TCA-organic acids, quinic acid and amino acids in the exudates of red 
clover. Conversely, red clover has peaks for glucose and inositol that are, 
respectively, 1 and 2 orders of magnitude larger than yorkshire fog (17 
and 29 times the average relative peak area, respectively). Under pH- 
stress, however, both species show similar compositional shifts. The 
upregulation of TCA-organic acids occurred in both species, and was 
accompanied by upregulation of amino acids (GABA and glycine) in red 
clover. pH-stress also caused downregulation of sugars (fructose and 
glucose) in both species, along with downregulation of sugar alcohols in 
red clover (particularly inositol, but galactosyl glycerol and galactinol 
became undetectable).

4. Discussion

4.1. Exudate composition in response to stress

Monocot and eudicot evolution diverged about 150 Myr ago (Chaw 
et al., 2004), so it has been hypothesized that they may have evolved 
different physiological responses to environmental cues (Wang et al., 
2016). However, in this study we observed only modest differences in 
the exudation patterns of yorkshire fog (monocot) and red clover 
(eudicot) under unstressed conditions. Sugar alcohols and sugars were 
dominant in the exudate solutions from both species, although red clo-
ver produced larger normalized inositol and glucose peaks, while 
yorkshire fog produced modest normalized peaks from some organic 
acids (TCA, amino and quinic acid) which were absent in red clover. 
Overall, a greater number of compounds were detected in the exudate 
solutions from yorkshire fog than red clover. These exudation patterns 
caused a modest increase in the pH of the collection solution with 
yorkshire fog (~1 pH unit), whereas red clover caused very little change 
in pH.

Under pH stress, both species caused a decrease in the pH of the 
collection solution by ~2 pH units over each collection period (the final 
pH value of the collection solution was around pH 7.5 at the end of each 
collection period with both species). Furthermore, both species showed 
similar compositional responses to pH stress. Exudation of sugar alco-
hols and sugars by both species decreased, and exudation of the TCA 
cycle organic acids increased (Fig. 4 and SI Table S2). Red clover also 
exhibited an increase in the exudation of the amino acids, GABA and 
glycine. Interestingly, exudation of organic acids by yorkshire fog 
increased in all four collection periods relative to the unstressed con-
dition, whereas the response from red clover was largely delayed until 
the second collection period, even though there were similar decreases 
in the pH of the collection solution in all four collection periods with 
both species. This delay in organic acid exudation by red clover indicates 
that other mechanisms also contribute to the buffering of pH. It is 
speculated that mechanisms could include proton release (possibly 
through the plasma membrane H+-ATPase (Zhang et al., 2017);) and the 
conversion of CO2 produced by respiration to bicarbonate in alkaline 
solutions.

Exudation of carboxylates by eudicot species in response to envi-
ronmental stress has been widely reported (e.g. red clover, spinach, 
chickpea, lupin and alfalfa amongst others can exude carboxylate under 
P-deficient conditions; Gerke, 2015a; Veneklaas et al., 2003; Lipton 
et al., 1987; Tiziani et al., 2023; López-Bucio et al., 2000). While 
considered, in general, less efficient in carboxylate exudation, some 
graminaceous species (e.g. rye, wheat and triticale) have also been 
observed to respond to P-deficiency by carboxylate exudation (Gerke, 
2015a). Guo et al. (2010) report that wheat exhibited similar changes in 
exudation patterns to those reported here in response to alkaline stress 
(decreases in carbohydrates and increases in carboxylates). It is also 
notable that the graminaceous monocot species yorkshire fog exuded 
moderate concentrations of citric, succinic, malic and fumaric acid even 
in unstressed conditions, whereas the eudicot species red clover did not.

Carbohydrates, such as sugars and sugar alcohols, are the primary 
products of photosynthesis (Maurer et al., 2021; Wang et al., 2016; More 
et al., 2019). These compounds then support other plant metabolic 
processes. Primary plant metabolism involves various pathways, such as 
glycolysis, citrate cycle, shikimate pathway, etc., that produce carbox-
ylates and amino acids. Thus, changes in exudation patterns may be the 
result of up-regulation of some of these pathways in pH-stressed systems, 
resulting in consumption of a larger proportion of the available 
carbohydrates.

Many amino acids participate in plant responses to environmental 
stress (Trovato et al., 2021; Carvalhais et al., 2011). Upregulation of 
GABA, for example, has been reported in response to both biotic and 
abiotic stress (Guo et al., 2023; Seifikalhor et al., 2019). This 
non-proteinogenic amino acid is a plant signalling molecule that may 

Fig. 4. Relative concentration of each compound identified by GC-MS analysis 
in the exudate solutions from yorkshire fog and red clover under non-stressed 
and pH-stressed conditions (relative concentration of a compound was deter-
mined by peak area ratio relative to the ribitol internal standard; peak heights 
in this figure should not be compared between compounds). Compounds are 
grouped and colour coded by functional classes: sugar alcohols (yellows), 
sugars (blues), TCA-organic acids and other organic acids (greens), amino acids 
(oranges), unknown (grey).
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also directly mitigate stress (e.g. by mopping up reactive oxygen species 
produced in plant cells in response to stress and as a pH buffer) (Fromm, 
2020; Ramesh et al., 2017; Kamran et al., 2020). The glycine-rich pro-
tein superfamily are also reported to be involved in cellular stress re-
sponses and signalling (Czolpinska and Rurek, 2018). Moreover, GABA 
is synthesised from 2-oxoglutarate in a series of reactions that form a 
part of the GABA shunt in the TCA cycle (Bown and Shelp, 2020) and it is 
proposed that this can support a non-cyclic TCA flux mode that can also 
enhance the flux of fumarate and malate from the mitochondria to the 
cytosol (Sweetlove et al., 2010), making them available for export. 
GABA negatively regulates the activity of aluminium-activated malate 
transporters which mediate root exudation of malate (Palmer et al., 
2016) hence GABA exudation may be enhanced to prevent its accumu-
lation in the cytosol. Thus, it is interesting that increases in the con-
centration of GABA and glycine in root exudates in response to alkaline 
stress were only observed with red clover.

4.2. Net exudation in response to stress

While the exudates of yorkshire fog and red clover showed clear 
compositional differences between the pH-stressed and unstressed con-
ditions, there was no significant difference in the net exudation rate of 
either species due to pH-stress. This suggests that there is a trade-off 
within the plant carbon budget between organic acid exudation and 
other plant functions. Research indicates that, to sustain stress-response 
strategies, plants need to redeploy energy reserves and redistribute 
carbon and nitrogen budgets. This in turn can produce physiological 
alterations such as reduction in above-ground growth (Blicharz et al., 
2021; Tixier et al., 2024; Williams and de Vries, 2020). While in our 
experiment two weeks of alkaline stress produced no statistical differ-
ences in biomass or overall exudation rate (DOC in μg (g-root dry 
mass)− 1 (hrs)− 1) between pH-stressed and unstressed plants, the shift in 
exudate composition suggests that metabolites have been redirected 
from fulfilling metabolic functions in other organs, or that the 
down-regulation in exudation of certain metabolites (particularly car-
bohydrates) in favour of the stress response has occurred. However, 
evidence has shown that the modulation of stress by plants accumulates, 
producing less stressful conditions for subsequent plant growth, 
reducing their need for reallocation of resources to stress-response over 
time (Williams and de Vries, 2020; Bray et al., 2018). Nevertheless, 
further research is needed to fully understand the longer-term ecological 
implications.

Not all plant species have both quantitative and compositional re-
sponses to stress. For example, Canarini et al. (2016, Canarini et al., 
2016) showed that in response to drought stress, soybean showed mostly 
increased exudation, whereas sunflower maintained root exudation rate 
but modified exudate composition. Similarly, Tiziani et al. (2023, 2023)
showed that tomato exhibited an increase in overall exudation in 
response to P and Fe deficiency, while barley did not. Further, while 
there was a significant difference in the average net exudation rate be-
tween the two species in this study (combining stressed and unstressed 
data, the net exudation of red clover was only 60 % that of yorkshire 
fog), this difference may not be important. Williams et al. (2021, 2021)
collected the exudates from similarly aged yorkshire fog and white 
clover using hydroponics and found that exudation rate for white clover 
was about 4x higher than that of yorkshire fog.

4.3. Potential impacts in the context of revegetation of polluted alkaline 
wastes

Vegetative cover is a cost-effective and environmentally sustainable 
method of stabilising and reclaiming industrial and mining sites where 
high-volume mineral-rich wastes have been dumped (Tordoff et al., 
2000; Sapsford et al., 2022). This is because the primary hazards from 
such industrial residues tend to result from either direct contact with the 
residue, ingestion or inhalation of dusts, or ingestion of rain-water 

run-off (Nathanail and Earl, 2001; Strange et al., 2016). However, the 
properties of such waste material (e.g. high/low pH, low nutrient status, 
poor physical structure, and lack of rhizosphere microorganism) are 
often unfavourable to successful vegetation establishment. So, root ex-
udates play an important role in changing the rhizosphere environment 
to better support plant growth.

When revegetating alkaline wastes (aluminium extraction wastes, 
iron and steel slags, coal fly ash and cementitious wastes are produced in 
enormous volumes worldwide; Gomes et al., 2016), the immediate 
challenge is to buffer the rhizosphere soil to a pH value that better 
supports plant growth. This work has shown that two typical pioneer 
species used to revegetate industrial sites (Bray et al., 2018; Bradshaw, 
1997) exude sugars and sugar alcohols which can improve soil texture, 
and organic acids that improve nutrient recovery (Naveed et al., 2017; 
López-Bucio et al., 2000; Molnár et al., 2023). Further, it has showed 
that under alkaline stress, both yorkshire fog and red clover increased 
the exudation of substances that can buffer the pH downwards, such as 
citric, malic, fumaric and succinic acid. Buffering the pH of alkaline 
wastes downwards has other benefits in addition to reducing root stress, 
as high pH is very detrimental the survival and growth of rhizobacteria 
(Chen and Liu, 2024). Increasing microbial metabolism has further 
benefits as their metabolites will also buffer alkaline pH (particularly 
CO2).

There may be concern that plant exudation could mobilize heavy 
metals from alkaline waste, as carboxylic acids can enhance cation 
mobilization in the substrate both by acidification and chelation 
(López-Bucio et al., 2000; Molnár et al., 2023; Kamran et al., 2020; 
Gerke, 2015b; More et al., 2019). Carboxylic organic acids have a 
negative charge and are strong chelators for metal and heavy metal 
cations like Cd, Cu, Pb, and Zn; and citrate in particular is one of the 
most powerful cation chelators in the organic acid group (Yan et al., 
2022; Furukawa and Tokunaga, 2004; Jean-Soro et al., 2012; Gao et al., 
2003; Shahid et al., 2012). Chelation plays a critical role in sorption 
reactions at the mineral–water interface, as both ternary surface com-
plexes (which increase sorption) and aqueous complexes (which in-
crease desorption) can be formed (Yan et al., 2022; Furukawa and 
Tokunaga, 2004; Kim and Duquette, 2006; Yang et al., 2020). Typically, 
organic acids tend to sorb to soil organic matter and clay minerals at 
lower concentrations inhibiting desorption of metals, whereas higher 
concentrations are required to promote desorption (Gao et al., 2003; Yan 
et al., 2022). It is not possible to translate the exudation rates observed 
here into estimates of the likely organic acid concentrations at 
contaminated sites as both the rate of diffusion away from root surfaces 
and the rate microbial breakdown in rhizosphere are unknown. Never-
theless, it indicates that further research with yorkshire fog and red 
clover directly grown on alkaline waste is needed to understand how the 
quantities of compounds released might impact substrate 
physiochemistry.

When comparing this hydroponic laboratory study to field settings 
(e.g. plants growing in alkaline waste management facilities) it is 
important to recognise that additional factors to pH, can affect rhizo-
sphere dynamics and plant physiology. For example, low availability of 
nutrients, such as K, may interfere in the efficiency of targeted stress 
response mechanisms (i.e. organic acid upregulation; Miller et al., 
1990). For this reason, planned waste revegetation schemes should take 
into account nutrient availability, and amend it when necessary. 
Monitoring of rhizosphere pH over time, in the field, would also allow to 
inform the efficiency of root exudates-mediated pH-buffering, as 
compared to the results obtained here in a hydroponic set up. Although 
the complexity added by the activity of other soil compartments would 
have to be considered.

5. Conclusions

Under unstressed conditions net root exudation of DOC by the 
monocot yorkshire fog (Holcus lanatus) was higher (up to ~ x2.5) than 
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that of the eudicot red clover (Trifolium pratense), and had a greater 
number of detectable compounds. Root exudates from both species, 
however, were dominated by sugar alcohols and sugars. Exudation by 
unstressed yorkshire fog caused a modest increase in the pH of the 
collection solution, while unstressed red clover caused very little change 
in pH.

In response to pH stress (pH ~10), neither species showed a signif-
icant change in the net exudation rate when compared to the unstressed 
condition. However, both species reduced the pH of the collection so-
lution. With both species the exudation of sugar alcohols and sugars 
decreased in response to stress, and exudation of the TCA cycle organic 
acids increased, contrary to previous research indicating that gramina-
ceous monocots are less efficient in exudation of carboxylates. Red 
clover also exhibited an increase in the exudation of the amino acids, 
GABA and glycine.

Both yorkshire fog and red clover are grown as vegetative cover on 
alkaline waste repositories to reduce the environmental risk posed by 
such facilities. Successful establishment of vegetation depends on the 
plants ability to buffer the pH of an alkaline waste to a more benign 
value. In the short-term both plants respond to alkaline stress by 
increased exudation of organic acids, which reduce the ambient pH, 
without change in the overall exudation rate. While this stress response 
is likely to produce a trade-off within the plant carbon budget, that may 
impact upon plant growth, in the long-term, the investment in stress 
response should decrease as the rhizosphere becomes more benign for 
subsequent plants and vegetation density increases. Thus, early in-
terventions that increase rapid establishment of vegetation will increase 
likelihood of enduring plant cover at these sites.
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