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when amended either alone or in combination with a 
commercial microbial inoculum (M+), mainly based 
on arbuscular mycorrhizal fungi (Micosat TabPlus).
Results The biomass production as well as the 
uptake of both macro- and micronutrients by lettuce 
plants significantly increased when amended by the 
mixture of both humic materials (MIX) combined 
with the microbial inoculum. Similarly, the syner-
gic MIX_M+ treatment significantly affected both 
the primary and secondary metabolism of lettuce 
more than their individual applications, by increas-
ing, respectively, the biosynthesis of essential amino 
acids and carbohydrates, and that of antioxidant poly-
phenolic compounds, such as hydroxycinnamic acids, 
flavonols and coumarins.
Conclusions Our findings suggest that a calibrated 
mixture of humic bioactive molecules in combination 
with microbial consortia represents a potential tool 
to improve crop productivity and its nutritional and 
metabolic status.

Keywords Humic matter · Compost tea · Green 
compost · Arbuscular mycorrhizal fungi · Microbial 
bioeffectors · GC-MS · UHPLC-MS-IT-TOF

Introduction

Over the past two decades, agricultural intensifica-
tion was the principal strategy proposed to match 
the growing need for food production (Shennan et al. 

Abstract 
Background and aims Biostimulants of natural 
origin represent a growing ecological strategy to 
increase crops productivity, especially when applied 
in combination with microbial bioeffectors. We stud-
ied the effect of biostimulants such as Potassium 
Humates (KH) from Leonardite and Compost Tea 
(CT) from green compost on both productivity and 
nutritional status of lettuce plants, as well as on the 
primary and secondary metabolism of treated plants, 
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2017). However, conventional agricultural practices, 
such as the extensive use of chemical products (i.e., 
fertilizers and pesticides), resulted in a negative 
impact on the environment and human health, by 
gradual increasing both water pollution and degrada-
tion of cultivated soils (Shahrajabian et al. 2021). It is 
therefore necessary to adopt innovative technologies 
to enhance the sustainability of agricultural produc-
tion systems, by preserving soil fertility and mini-
mizing the adverse environmental impact of current 
agricultural practices (Drobek et  al.  2019). A prom-
ising and eco-friendly approach is represented by the 
application of plant biostimulants (PB) and microbial 
bioeffectors that are found to significantly increase 
plants productivity at low amendment rates and plants 
tolerance against a wide range of abiotic stress (du 
Jardin 2015). A major class of plant biostimulants are 
humic and fulvic acids, followed by protein hydro-
lysates, seaweed extracts, while microbial bioeffec-
tors are beneficial fungi (i.e., arbuscular mycorrhizal 
fungi and Trichoderma spp.) and plant growth-pro-
moting bacteria (Canellas et al. 2015). The promotion 
of plant biomass production by biostimulant prod-
ucts has been related to their impact on several bio-
chemical or molecular pathways and physiological 
processes (Yakhin et  al. 2017). Non-microbial and 
microbial plant biostimulants were found to positively 
influence nutrient use efficiency (NUE) by enhanc-
ing root system architecture and soil exploration, as 
well as increasing macro- and micronutrient solubi-
lisation that can lead to increased plant productivity 
(Rouphael and Colla 2020). Recently, it has also been 
shown that bioactive molecules in various PB exhibit 
signalling activity in plants or induce signalling path-
ways in both primary and secondary metabolisms 
(Calvo et  al. 2014). For instance, different type of 
plant biostimulants (E.g. humic and plant / seaweed 
extracts) have been demonstrated to contain auxin-
like compounds, which could directly affect biologi-
cal process such as plant development and growth 
regulation, or indirectly influence plants hormonal 
status (Colla et al. 2014; Kurepin et al. 2014; Scaglia 
et al. 2016).

Humic substances (HS) are composed of relatively 
small heterogeneous molecules resulting from the 
biotic transformation of plant and animal tissues and 
held together by multiple weak interactions in supra-
molecular associations (Piccolo 2002). HS are essen-
tial to maintain and improve soil physical, chemical 

and biological proprieties (Piccolo et al. 1997; Imbufe 
et al. 2005; Puglisi et al. 2008). Moreover, their direct 
influence on different bio-chemical mechanisms and 
physiological processes in plants has been repeatedly 
underlined (Nardi et al. 2002; Canellas and Olivares 
2014). It was shown that the positive effect of both 
HS and humic-like-substances (HLS) on root elonga-
tion and lateral root emergence (Canellas et al. 2002, 
2012; Savy et al. 2015, 2016), as well as on nutrient 
uptake (Nardi et al. 2000), is correlated to the growth 
and productivity of plants. Moreover, Jannin et  al. 
(2012) revealed that the HS applications induce the 
overexpression of genes involved in the major meta-
bolic plant functions (i.e. photosynthesis, nitrogen/
sulphur, phytohormones, plant development), thus 
supporting the influence of humic materials on plants 
both primary and secondary metabolism (Nardi 
et al. 2007; Schiavon et al. 2010; Ertani et al. 2011; 
Pizzeghello et  al. 2020). The mechanism implied in 
such biostimulation has been related to the incorpo-
ration into the humic suprastructure of hormone-like 
molecules (Muscolo et al. 2007), which are released 
to affect plant bioactivity when the humic supramo-
lecular conformation is altered by the effect of small-
size organic acids, as those commonly exuded by 
plants (Savy et al. 2017a, b; Piccolo et al. 2019). The 
main commercially available humic substances are 
leonardite Potassium Humates (KH), whose benefi-
cial effect on both soil proprieties and plant produc-
tivity has been widely assessed (Piccolo et al. 1997; 
Kumar et  al. 2013; Conselvan et  al. 2017; Ertani 
et al. 2019). Potassium humate is a very concentrated 
form of humus in the naturally occurring lignite that 
is extensively used to increase soil fertility, since its 
application has been shown to improve both aggre-
gates stability and water retention capacity of differ-
ent soil types, thus increasing the resistance to runoff 
and erosion processes (Piccolo et  al. 1997; Imbufe 
et al. 2005; Kumar et al. 2013). However, the use of 
HS from renewable resources, such as from com-
posted biomasses or bio-refinery wastes, is spreading 
in organic farming worldwide due to their remarkable 
bioactivity (Monda et al. 2017, 2018; Spaccini et al. 
2019). In this regard, compost tea (CT), the water-
soluble fraction obtained through either aerated or 
non- aerated immersion of compost in water for few 
days, may have great potentials for a sustainable agri-
cultural production (Eudoxie and Martin 2019). In 
fact, it has been shown that applications of CT has 
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multiple benefits as either fertilizer or biostimulant 
(Naidu et al. 2013; Pane et al. 2016; Zaccardelli et al. 
2018), and as foliar spray against plants pathogens 
or antimicrobial product (Koné et  al. 2010; Verrillo 
et  al. 2021a, b). Moreover, Savarese et  al. (2022) 
recently reported that the combined application of 
leonardite KH and CT from green compost on maize 
seedlings stimulated both root development and shoot 
growth due to a cage effect by which CT bioactive 
compounds are stored in the hydrophobic domains of 
KH suprastructures, and thereafter liberated to stimu-
late plant roots activity.

Microbial bioeffectors (BEs) have shown a pow-
erful role in increasing both productivity and nutri-
ents uptake of plants, as well as in mitigating stress 
conditions (Thonar et  al. 2017; Giovannini et  al. 
2020; Moreira et  al. 2020; Miceli et  al. 2021). BE’s 
growth-promoting effects on plants are related to 
several physiological processes, including hormonal 
regulation, balance of cell oxidative status, improved 
both photosynthetic response and water / nutrient 
use efficiency (Castiglione et  al. 2021). Among the 
hormones regulating plant physiological processes, 
indole-3-acetic acid (IAA) is the major endogenous 
auxin in plants and is able to regulate multiple cell 
processes (Bhalerao et al. 2002). Scientific evidences 
have suggested that root colonization by AMF can 
increase the production of IAA, thus amplifying the 
physiological response of the plant to adverse condi-
tions such as drought or salt stress (Abd-Allah et al. 
2015; Zou et al. 2017). On the other hand, it has been 
shown that some strains of PGPR are capable of pro-
ducing IAA or 1-aminocyclopropane-1-carboxylate 
(ACC) deaminase, an enzyme involved in the biosyn-
thesis of ethylene, thus representing a potential tool 
for the reduction of environmental stress effects on 
plants (Huang et al. 2015; Chandra et al. 2018). Addi-
tionally, soil inoculation by BEs has been recorded to 
enhance the levels of stress-related hormones, such 
as salicylic (SA) and jasmonic acid (JA), which play 
key roles in different signalling pathways involving 
abiotic plant responses (Kang et  al. 2014; Bernardo 
et  al. 2017). The effect of microbial bioeffectors in 
the induction of plants tolerance to drought or salin-
ity conditions is also related to their influence on 
physiological processes such as apoplastic water flow, 
aquaporin genes modulation, leaf water potential and 
transpiration rate, which can improve plants water use 
efficiency (Bárzana et  al. 2015; Ansari et  al. 2019). 

Furthermore, beneficial microorganisms promote 
plants performance by affecting their nutritional sta-
tus. In particular, AMF expand the roots-exploited 
soil volume by means of the extraradical mycelium, 
thus improving the nutrient absorption capacity of 
plants (Giovannini et al. 2020), while PGPR increase 
soil nutrients availability by fixing atmospheric N or 
solubilizing inorganic P, as well as producing ion-
chelating compounds known as siderophores that 
promote plants uptake of micronutrients such as Fe 
(Backer et al. 2018).

Among BE, Trichoderma fungus was also shown 
to exhibit multiple beneficial effects, such as plant 
growth stimulation, promotion of nutrient uptake, 
suppression of plant pathogens and induction of plant 
defence mechanism (Woo et  al. 2014; López-Bucio 
et  al. 2015; Sanchez-Montesinos et  al. 2020). The 
phytostimulation of Trichoderma has been attributed 
to several direct and indirect effects on plants, includ-
ing the release of substances with auxin activity (i.e., 
IAA), small peptides and volatile organic compounds, 
which improve root system architecture and assimila-
tion/solubilization of macro- (P) and micronutrients 
(Fe, Mn, and Zn) (Lorito and Woo 2015;  Sanchez-
Montesinos et  al. 2020). Moreover, the beneficial 
effects to plants can be related to the capacity of many 
Trichoderma spp. to produce specific metabolites that 
are antimicrobial, thus contributing to phytopatho-
gen control, and/or positively affecting the plant in 
aspects of growth promotion such as increased yield 
and other desirable characters like anti-oxidant prop-
erties (Vinale et  al. 2009). Moreover, recent studies 
have pointed out the potential as plant biostimulants 
of microbial consortia, such as combined rhizobacte-
ria and rhizofungi, which mimic the structured bio-
logical networks existing in native soils, through the 
empowerment of the natural microbiome (Kong et al. 
2018; Woo and Pepe  2018; Bradáčová et  al. 2019). 
Likewise, mixed application of HS and microbial 
bioeffectors has been recently explored for their pos-
sible synergistic effect on both plant development and 
soil biodiversity (Filho et al. 2020). Indeed, the com-
bined application of humic extracts and PGPB, AMF 
or Trichoderma spp. was found to determine a boost 
effect on plants productivity, nutrients uptake and the 
overall metabolome (Ferreira et al. 2017; Vinci et al. 
2018a, b; Canellas et  al. 2019b; Torun and Toprak 
2020; Cozzolino et al. 2021).
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Despite the interest in developing functional prod-
ucts by combining different plant biostimulants, the 
effects of such mixed biostimulants on plants growth 
and physiology, as well as on their mechanisms of 
action are still poorly explored (Olivares et al. 2017). 
Lettuce (Lactuca sativa L.) is one of the most widely 
cultivated species of the horticultural groups of leafy 
vegetables, and the large availability of literature on 
biostimulant applications makes this crop a prime 
candidate for evaluation (Cristofano et  al. 2021). 
Moreover, lettuce is considered a “healthy” food and 
its consumption is growing since the considerable 
content of phytochemicals has been shown to exert 
significant anti-oxidant and anti-inflammatory pro-
prieties on human health (Pepe et  al. 2015). Hence, 
the aim of the present work was to study the effect 
on both productivity and nutritional status of lettuce 
plants of different non-microbial (leonardite KH and 
CT from green compost) biostimulants and a com-
mercial (Micosat TabPlus) microbial inoculum (M+), 
when applied to soil alone or in multiple combina-
tions. Additionally, the changes in treated plants of 
primary and secondary metabolites were investigated 
by both GC-MS and UHPLC-MS-IT-TOF analysis, 
respectively, in order to evaluate the overall effect of 
the applied bio-treatments on the lettuce metabolome.

Materials and methods

Materials

Potassium Humates (KH) were provided by Hymato 
Products Ltd., Hungary, and were obtained by a KOH 
alkaline extraction from a leonardite ore and sup-
plied in form of dried granules of about 0.5–1  mm 
size. Green compost was produced in the compost-
ing facility of the experimental farm of the Univer-
sity of Napoli Federico II at Castel-Volturno (CE), 
by 45-days composting process of 4 × 6  m static 
pile under forced air insufflation, followed by a two-
month curing period. The composting pile consisted 
in residues of coffee production (coffee husks) (70% 
w/w) added with horticultural fresh residues (30% 
w/w). The compost was left to mature for 30 more 
days and then randomly sampled to collect 1 Kg. 
The compost sample was air dried, sieved at 2  mm 
and stored a 4  °C for further extraction processes. 

Compost Tea (CT) was extracted from the green 
compost as reported earlier (Savarese et  al. 2022). 
Briefly, 200 g of compost was weighed into a gauze 
bag and suspended in 1 L of distilled water in a plas-
tic becker (w/v 1/5). The compost containing gauze 
bag was subjected to air insufflation at regular inter-
vals (15  min every 3  h) with an automatic aera-
tion pump device. After seven days of aeration, the 
extraction was stopped, and compost tea solution was 
freeze-dried. A detailed chemical and molecular char-
acterization of both KH and CT has been previously 
reported (Savarese et al. 2022).

The microbial inoculum employed here was the 
MICOSAT TABPLUS commercial product formu-
lated by CCS Aosta s.r.l., and contained Glomus cor-
onatum GU 53, G. caledonium GM 24, G. mosseae 
GP 11, Gnaphalium viscosum GC 41, Rhizophagus 
irregularis RI 31  l (10%), plus Trichoderma harzi-
anum TH01, Trichoderma viride TV 03, Bacillus 
subtilis BA 41, Streptomyces spp. SB 19, and Pichia 
pastoris PP59 (7.5% 10.2 ×  107 C.F.U. /g).

The soil used in the pot experiment was collected 
from the surface layer (0–20 cm) of a farmland Ver-
tic Xerofluvent clay-loam soil located at the Castel 
Volturno (CE) University of Naples experimental 
station. The soil showed a clay loam textural com-
position (44.6%, 28% and 27.4% sand, silt and clay, 
respectively), an alkaline pH (8.6) and a content of 
1.11 g   kg−1 of total nitrogen, 10.5 g   kg−1 of organic 
carbon, and 11  mg   kg−1 of  NaHCO3-extractable 
phosphorus.

Pot experiment

The pot experiment was performed from March to 
May 2020, under greenhouse conditions (15–25  °C, 
daily temperature range). Lettuce plants (L. sativa L. 
cv. capita “Meraviglia d’inverno”) were grown on a 
mixture of soil/sand substrate (2:1 w/w, 1  kg  pot−1) 
sieved at 5  mm, and thoroughly homogenized. The 
basal nutrients supplied in powder form to the substrate 
of each individual pot and evenly mixed, consisted of 
100 mg N  kg−1 as ammonium nitrate  NH4NO3, and of 
75 mg P  kg−1 and 160 mg K  kg−1 added as dipotassium 
hydrogen phosphate  (K2HPO4) (for K, we also added 
potassium sulphate,  K2SO4, to get the right amount). 
The KH and CT were tested individually and in combi-
nation (1:1) (MIX) at the rate of 169 mg  Kg−1, applied 
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once as water suspension at transplant, concomitant 
to the soil inoculation with 250  mg of the commer-
cial microbial product (M+) per pot. The same rate of 
microbial inoculum was added again after one month of 
plant growth, corresponding to final total concentration 
of 0.5 g  Kg−1.

The synergistic effect of humic materials and 
microbial inoculum was tested through the follow-
ing experimental design: CTRL: Control  (H2O); 
CTRL_M+: Control plus microbial inoculum; KH: 
Potassium Humates; KH_M+: Potassium Huma-
tes plus microbial inoculum; CT: Compost Tea from 
green compost; CT_M+: Compost Tea from green 
compost plus microbial inoculum; MIX: KH plus 
CT; MIX_M+: KH plus CT plus microbial inocu-
lum. All treatments were replicated five times, for a 
total of 40 pots. After two months of plant growth, 
the leaves were harvested by cutting the plant base at 
1  cm above the soil surface with a sharp knife. The 
leaves were first rinsed with tap water and then with 
deionized water. Biomass was determined (fresh and 
dry weight) to provide the plants yield for each treat-
ment. The leaves were divided in two equal groups. 
One group (dried) was stored for mineral analysis, 
while the second (fresh leaves) was immediately fro-
zen in liquid nitrogen and stored at −80 °C for meta-
bolic analysis.

Mineral content analysis

Dried lettuce leaves were ground using a PM 20-ball 
mill (Retsch) before undergoing chemical analyses. 
Total N and S concentration in plant tissues was 
determined using 3  mg of each sample by an UNI-
CUBE elemental analyser (Elementar Analysen-
systeme GmbH, Germany). Total concentration of 
macro- (Ca, Mg, K) and micro- (Cu, Zn, Mn, Fe) 
elements in the plant tissues was ascertained by 
digesting 0.5 g of each sample with 6 mL of  HNO3 
(65%) and 2 mL of  H2O2 (35%) in a Milestone 900 
microwave oven at 600  W for 24  min. Solutions 
were diluted to 25 mL with Milli Q water and ana-
lysed by an atomic absorption spectrometer (AAna-
lyst 700, Perkin-Elmer). The P content was measured 
calorimetrically in the same digested samples by the 
molybdenum blue assay method (Murphy and Riley 
1962). All analyses were carried out induplicate from 
five biological replicates.

Extraction of primary metabolites and GC-MS 
determination

Lettuce leaves stored at −80  °C were freeze-dried 
and homogenized with a mortar. Then, 10  mg of 
homogenized plant samples were weighed into 2 mL 
Eppendorf tubes. The metabolites extraction was per-
formed by adding on dried samples 1  mL of water/
methanol/chloroform mixture (1:3:1 ratio) pre-cooled 
at −20  °C. Ribitol and Dodecanoic acid at the con-
centration of 13 mg  L−1 were used as internal stand-
ards. Plant samples were vortexed for 2 minutes and 
incubated for 2  hours at −20  °C to increase extrac-
tion yields. After extraction, samples were incu-
bated for 15  minute at 70  °C in order to inhibit the 
possible activity of possible enzymes, vortexed and 
centrifuged for 10  min at 12000  rpm and at 4  °C. 
Then, 900  μL of supernatant were recovered, trans-
ferred into 2  mL Eppendorf tubes, and mixed with 
400 μL of Milli Q water to allow separation of polar 
and apolar phases. The chloroform phase was used 
to determine lipids, while the methanol/water upper 
phase was employed for polar compounds analyses. 
All extracts were stirred for 30 s and centrifuged for 
10 min at 4 °C at 12000 rpm. Finally, 200 μL of each 
phase was transferred into 1.5  mL glass tubes for 
GC–MS analyses, dried under nitrogen and stored at 
−80  °C. All analyses were carried out in duplicate 
from five biological replicates.

Derivatization for GC–MS analyses was conducted 
by suspending dried samples in 50 μL of a solution of 
methoxyamine hydrochloride solubilized in pyridine 
(20 mg  mL−1), that was gently shaken for 90 min at 
30  °C. After methoximation, samples were silylated 
for 30 min at 37 °C by using 50 μL of N-methyl-N-
trimethylsilyltrifluoroacetamide (MSTFA). Then, 
2 μL of each fully derivatized sample were analyzed 
through an Agilent 7683B Injector coupled to an 
Agilent HP6890 Series gas chromatograph system 
and a quadrupole 5973 Agilent Mass spectometer. 
The GC was carried out by RTX-5MS WCOT cap-
illary column (Restek, 30  m × 0.25  mm; film thick-
ness, 0.25  mm) that was coupled, through a heated 
transfer line (250  °C), to a mass spectrometer. The 
gas chromatographic elution was carried out by 
applying a 1  min of isothermal phase at 70  °C, fol-
lowed by a temperature increase from 80 to 300  °C 
(rate of 15  °C   min−1) and by a 10  minutes long 
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isothermal phase at 300  °C. Helium was the carrier 
gas at 1 mL  min−1, while the injector temperature was 
set at 250 °C and the split flow applied for the split-
injection mode at 25  mL   min−1. Mass spectra were 
obtained in the EI mode (70  eV), scanning in the 
range included within 50 and 650 m/z, with a cycle 
time of 0.2 scan  s−1. The identification of mass spec-
tra of polar and apolar compounds was carried out by 
analyzing standard compounds as well as by evaluat-
ing the mass spectra reported in the library NIST 11.

Extraction of phenolic metabolites and determination 
by UHPLC-MS-IT-TOF

About 30  mg of freeze-dried lettuce leaves were 
weighed into 1.5 mL Eppendorf tube and mixed with 
400  μL of methanol/water mixture (8:2) pre-cooled 
at −20  °C. Umbelliferon at the concentration of 
10 mg  L−1 was used as internal standard. Plant sam-
ples were vortexed for 2 minutes and incubated over-
night (16 h) at −20 °C to increase extraction yields. 
The mixture was centrifuged for 15 min at 12000 rpm 
at 4 °C, and 300 μL of supernatant were transferred 
into a new 1.5 mL Eppendorf tube. The residue was 
similarly extracted once again with 400 μL of MeOH. 
Supernatants of both extractions were combined, 
vortexed for 2  minutes and centrifuged for 15  min 
at 12000  rpm at 4  °C. Then, 100 μL of supernatant 
were transferred into a new 1.5  mL Eppendorf tube 
and added with 25 μL of 0.1% Formic acid. The mix-
ture was vortexed for 2  minutes and centrifuged for 
15  min at 12000  rpm at 4  °C. Finally, a volume of 
100  μL was collected and transferred into 200  μL 
glass vials for UHPLC-MS-IT-TOF analyses. All 
analyses were carried out in duplicate from five bio-
logical replicates.

Secondary metabolites were separated by using 
a Shimadzu Nexera UHPLC system, consisting of 
a CBM-20A controller, a DGU-20A5r degasser, 
a binary solvent system LC-20  AD, a SIL-20Axr 
autosampler and a column heater system CTO-20A. 
Chromatographic separation was obtained by a Kine-
tex EVO C18 column (150 × 2.1  mm, 2.6  μm parti-
cle size) coupled to a guard column with the same 
stationary phase, both from Phenomenex. The chro-
matographic conditions were the following: 2.0  μL 
injected sample, column maintained at 35.0 °C, flow 
rate of mobile phase at 0.3  mL   min−1. The mobile 

phase was a binary system of 0.1% formic acid aque-
ous solution (A) and acetonitrile containing 0.1% for-
mic acid (B). The gradient elution was as it follows: 
0–0.5 min, 1% B; 0.5–4.0 min, 13% B; 4.0–10.0 min, 
45% B held for 2.0 min; 12.0–14.0 min, 60% B and 
then held for 1.5 min. The system was ri-equilibrated 
by reaching back to 1% B in 16.5 min and held it for 
4.5 min before the next injection step.

The UHPLC system was coupled online to a hybrid 
IT-TOF mass spectrometer from Shimadzu Corp. 
(Tokyo, Japan), equipped with an electrospray ioniza-
tion (ESI) source operating in negative mode under 
the following conditions:  N2 nebulizing gas flow of 
1.5 L  min−1; interface voltage at 3.5 kV; curved des-
orption line (CDL) interface temperature of 200 °C; 
block heater temperature, 200  °C; detector voltage 
1.57  kV; drying gas pressure of 110  kPa. Full scan 
MS data were acquired in the range of 80–1000 m/z 
(octopole ion accumulation time of 20  ms; IT, 
(repeat = 3). MS/MS experiments were conducted 
in a data dependent acquisition using a mass range 
of 50–900  m/z; precursor ions were acquired in the 
range 150–900 m/z; peak width, 1 Da; ion accumu-
lation time, 40  ms; Collision Induced Dissociation 
(CID) energy, 50%, collision gas 50%, repeat = 1; 
execution trigger (BPC) intensity, at 95% stop level. 
LC–MS data elaboration was performed by LCMSso-
lution software (Version 3, Shimadzu), Formula Pre-
dictor software (Version 1.2, Shimadzu) and MetID 
solution software (Version 1.2, Shimadzu).

Statistical analysis

A normality test (Kolmogorov–Smirnov) was per-
formed on the dataset derived from mineral analy-
sis. Significant differences between the means were 
determined by one and two-ways analysis of variance, 
while application of LSD test to differentiate among 
results was given at the p < 0.05 probability level 
using the XLStat software v.9.0 (Addinsoft).

The semi-quantitative evaluation of both GC- and 
LC-chromatograms was obtained by normalizing the 
area of each peak to the area of the internal standard 
and further referring it to the sample fresh weight 
(mg). The Principal Component Analysis (PCA) was 
used here to reduce the dimensionality of the dataset 
and concomitantly preserve the useful information 
expressed in terms of variable variance. The XLStat 
software, version 9.0 (Addinsoft) was used to process 
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the PCA of the total dataset composed of 38 and 23 
variables obtained by GC-MS analysis of polar and 
apolar phases, respectively, and 23 variables derived 
from UHPLC-MS-IT-TOF analysis of phenolic 
metabolites. Data were checked for normality and 
homogeneity of variance and transformed where nec-
essary. Significant differences in metabolites amount 
among treatments were tested by one-way ANOVA, 
followed by LSD test (significant for p-values <0.05 
at a significance α of 0.05). The Heatmapping was 
elaborated by the Heatmapper software (Babicki et al. 
2016). Each Heatmap score represented the average 
value of nine replicates.

Results

Plant growth and nutrient content

All treatments significantly increased plant biomass 
as compared to control (CTRL) (Fig.  1). Without 
the microbial inoculum, the largest effect on plants 
yield was obtained for the MIX treatment, that is 
the combination of KH and CT, with a 33% shoot 
dry weight larger than control (Fig.  1b), whereas 
the application of the same materials alone showed 
an increase of only 15% (Fig. 1b). The same trend 

was visible in the shoot fresh weight (Fig. 1a). The 
inoculation with the microbial product (M+) signif-
icantly affected lettuce productivity that raised the 
shoot biomass for all treatments (Fig. 1). In particu-
lar, the combination of KH and CT with the micro-
bial inoculum (MIX_M+) showed the largest shoot 
fresh and dry weight that increased by 41 and 52%, 
respectively, in comparison to control (Fig. 1).

The mineral content of lettuce plants resulted 
also affected by both the individual application of 
the microbial inoculum and biostimulants, and their 
combination (Tables  1 and 2). However, the effect 
on macronutrients uptake varied with the treatment 
(Fig. 2). In absence of microbial inoculum, the indi-
vidual application of CT significantly increased 
leaf concentration of P, K, Ca, and Mg (Fig. 2c, e, 
i, m), whereas the combined MIX treatment pro-
vided a significant improvement of N and S leaf 
concentration (Fig.  2a, g). Moreover, plants treated 
with MIX showed a greater macronutrients leaf con-
tent (mg  plant−1 DW) than both control and plants 
under single KH and CT applications (Fig. 2b, d, f, 
h, l, n). The inoculation with the microbial product 
(M+) significantly affected the macronutrients sta-
tus of lettuce plants (Table  1), by increasing their 
uptake when applied either alone (except for CT), 
or in combination with the biostimulants (Fig.  2). 

Fig. 1  Shoot fresh (a) and dry (b) weight of lettuce plants 
treated with different biostimulants. CTRL: Control; KH: 
Potassium Humates from leonardite; CT: Compost Tea from 
green compost; MIX: KH plus CT; MIX_M+: both biostimu-
lants plus microbial inoculum (Micosat TabPlus). Dark grey 

indicates addition of microbial inoculation. Bars indicate 
standard deviation of means (n = 5). Different letters above the 
bars indicate significantly different means according to LSD 
test (p < 0.05)
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In particular, the MIX_M+ treatment showed the 
largest effect on both macronutrients leaf concentra-
tion (mg  g−1) and content (mg  plant−1 DW) (Fig. 2). 
Plants treated with MIX_M+ revealed an increase in 
N, P, K, S, Ca and Mg leaf content (mg  plant−1 DW) 
of 55.2, 74.8, 33.9, 70.2, 140.8, and 73.6%, respec-
tively, more than control plants (Fig. 2b, d, f, h, l, n).

The individual application of biostimulants slightly 
affected the micronutrients content of treated leaves, 
as compared to control (Fig.  3), whereas microbial 
inoculation (M+) greatly improved their uptake by 
lettuce plants (Table 2 and Fig. 3). In particular, the 
addition of KH together with the microbial product 
(KH_M+) significantly increased both leaf concen-
tration (mg  Kg−1) and content (mg  plant−1 DW) of Cu 
and Fe (Fig. 3a, b, g, h). On the other hand, the con-
centration of Zn and Mn remarkably raised in plants 
under the MIX_M+ treatment (Fig.  3c, d, e, f). In 

fact, plants treated with MIX_M+ showed the great-
est leaf content (mg  plant−1 DW) of Zn, Mn, and Fe, 
which resulted 50, 98 and 85%, respectively, larger 
than for control (Fig. 3d, f, h).

Primary metabolism

Differences in primary metabolism of lettuce plants 
grown under biostimulants alone or in combina-
tion with the microbial inoculum, were assessed 
by GC-MS. The main identified compounds in the 
polar fraction of leaves extracts were saccharides 
(mono- and di- saccharides), amino and organic 
acids (Table  S3 and Fig.  S1). To assess the effects 
of treatments on the leaves metabolome, GC-MS 
data of polar plants extracts were elaborated by the 
Principal Components Analysis (PCA). The PCA of 
plants inoculated with the microbial product (M+) in 

Table 1  Two-way 
ANOVA results on the 
influence of biostimulants 
application (B), microbial 
inoculation (M+) and 
interaction between 
biostimulants and microbial 
inoculum (B*M+) on 
both leaf macronutrients 
concentration (mg  g−1) and 
content (mg  plant−1 Dry 
Weight) of lettuce plants

a Degrees of freedom; b Fisher test; c p < 0.05 probability level. The significant p values are in bold

Leaf concentration (mg  g−1) Leaf content (mg  plant−1 DW)

Element Treatment dfa Fb pc dfa Fb pc

N B 3 57.690 < 0.0001 3 381.638 < 0.0001
M+ 1 5.105 0.031 1 137.908 < 0.0001
B*M+ 3 5.042 0.006 3 20.164 < 0.0001
Error 32 32

P B 3 138.844 < 0.0001 3 1114.484 < 0.0001
M+ 1 58.672 < 0.0001 1 145.501 < 0.0001
B*M+ 3 141.013 < 0.0001 3 297.230 < 0.0001
Error 32 32

K B 3 77.655 < 0.0001 3 1895.467 < 0.0001
M+ 1 8.830 0.006 1 2042.292 < 0.0001
B*M+ 3 53.015 < 0.0001 3 369.684 < 0.0001
Error 32 32

S B 3 37.466 < 0.0001 3 279.772 < 0.0001
M+ 1 4.422 0.043 1 42.462 < 0.0001
B*M+ 3 1.058 0.380 3 10.518 < 0.0001
Error 32 32

Ca B 3 916.008 < 0.0001 3 7489.782 < 0.0001
M+ 1 532.634 < 0.0001 1 5673.479 < 0.0001
B*M+ 3 898.377 < 0.0001 3 2648.269 < 0.0001
Error 32 32

Mg B 3 94.341 < 0.0001 3 2291.876 < 0.0001
M+ 1 0.654 0.452 1 971.719 < 0.0001
B*M+ 3 112.707 < 0.0001 3 285.756 < 0.0001
Error 32 32
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combination with different biostimulants explained 
72.59% of the total variance, of which PC1 and 
PC2 accounted for 52.94 and 19.65%, respectively 
(Fig. 4a). The treatments were well separated and dis-
tributed in the loading plot. In particular, PC1 neatly 
separated CT and CT_M+ treatments from other 
ones, based on the low amount of almost all identi-
fied metabolites, except for cellobiose and glycerol 
(Table 3 and Fig. 4a). Moreover, the control and KH 
treatments, alone or in combination with the micro-
bial inoculum (M+), were clearly separated along 
PC2 from CT and MIX application, due to a large 
amount in leaves extracts of myo-inositol and organic 
acids, such as malic, citric and fumaric acid (Table 3 
and Fig.  4a). Finally, the distribution of MIX and 
MIX_M+ treatments in the lower right quadrant of 
PC1 was significantly correlated to a large amino 
acids content, particularly alanine, GABA and glu-
tamic acid, and main carbohydrates, such as fructose, 
galactose and glucose (Table 3 and Fig. 4a).

The Heatmap derived from metabolomics data 
confirmed that the relative amount of identified 
metabolites varied with treatments, thus determining 
a different placement of plant samples in the score-
plot (Fig.  4b). The application of leonardite KH 
increased the accumulation of organic acids (Fig. S5), 

mostly malic and citric acid (Table  3), whereas CT 
treatments mainly enhanced the biosynthesis of cello-
biose and glycerol (Table 3). Moreover, plants under 
the MIX treatment showed a greater amount of amino 
acids, such as aspartic and glutamic acid (Table  3), 
and carbohydrates like fructose and glucose, than for 
control (Table  3 and Fig.  4b). It is noteworthy that 
the inoculation with the microbial product (M+) sig-
nificantly affected the primary metabolism of polar 
compounds, especially when applied in combination 
with the MIX treatment (Fig. 4b). Plants treated with 
MIX_M+ exhibited a larger amount of almost all 
amino acids and saccharides (Fig.  S4 and S6) than 
lettuce plants subjected to all other biostimulants 
(Fig. 4b).

GC-MS analysis was also applied to identify the 
metabolites extracted in the apolar fraction of lettuce 
leaves under different treatments. The main identi-
fied compounds were long-chain fatty acids, alcohols, 
sterols, and terpenes (Table  S4 and Fig.  S2). When 
GC-MS data of apolar metabolic extracts were evalu-
ated by PCA, it was found that the two first princi-
pal components captured 64.52% of total variance, 
and showed a certain separation among treatments 
(Fig. 5a). The PC1 (43.75% of total variance) distin-
guished among CT, KH_M+, MIX and MIX_M+ 

Table 2  Two-way 
ANOVA results on the 
influence of biostimulants 
application (B), microbial 
inoculation (M+) and 
interaction between 
biostimulants and microbial 
inoculum (B*M+) on 
both leaf micronutrients 
concentration (mg  g−1) and 
content (mg  plant−1 Dry 
Weight) of lettuce plants

a Degrees of freedom; b Fisher test; c p < 0.05 probability level. The significant p values are in bold

Leaf concentration (mg  Kg−1) Leaf content (mg  plant−1 DW)

Element Treatment dfa Fb pc dfa Fb pc

Cu B 3 229.870 < 0.0001 3 51.013 < 0.0001
M+ 1 44.925 < 0.0001 1 287.139 < 0.0001
B*M+ 3 88.736 < 0.0001 3 55.373 < 0.0001
Error 32 32

Zn B 3 259.732 < 0.0001 3 706.522 < 0.0001
M+ 1 16.050 0.0003 1 2212.979 < 0.0001
B*M+ 3 310.818 < 0.0001 3 1014.692 < 0.0001
Error 32 32

Mn B 3 903.346 < 0.0001 3 3851.439 < 0.0001
M+ 1 1445.613 < 0.0001 1 4348.142 < 0.0001
B*M+ 3 216.628 < 0.0001 3 229.508 < 0.0001
Error 32 32

Fe B 3 5778.256 < 0.0001 3 6768.731 < 0.0001
M+ 1 20,099.934 < 0.0001 1 27,180.559 < 0.0001
B*M+ 3 1369.361 < 0.0001 3 10.307 < 0.0001
Error 32 32
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treatments, due to more abundant metabolites such 
as myristic acid, docosanol, stearic acid and sterols 
(Table 3 and Fig. 5a). The placement of KH, CTRL 
and CTRL_M+ along the PC1 negative values was 
due to a lesser amount of all identified metabolites in 
the corresponding leaves extracts, except for amyrin, 
germanicol and lupenol (Table 3 and Fig. 5a). Moreo-
ver, the PC2 (20.78% of total variance) neatly sepa-
rated plants under CT and CT_M+ from the other 
treatments, based on a greater amount of long-chain 
fatty acids, mainly linoleic and linolenic acid (Table 3 
and Fig. 5a). These results were confirmed by apply-
ing the Heatmap elaboration on the metabolomics 
data (Fig.  5b). Untreated plants (CTRL) and plants 
under microbial inoculation alone (CTRL_M+) and 
leonardite KH application showed a similar lipidic 
profile (Fig.  5b), whereas the combined application 
of KH and M+ significantly enhanced the biosynthe-
sis of fatty acids (Fig. S7), mainly lauric and myristic 
acid (Table 3). On the other hand, the application of 
CT, either alone or in combination with the micro-
bial inoculum (CT_M+), remarkably raised the con-
centration of long-chain fatty acids (Fig. 5b and S7), 
principally linoleic and α-linolenic acid (Table  3). 
Interestingly, the lipidic profile of leaves treated 
with MIX was not so different from that of CT when 
applied alone (Fig.  5b). Conversely, the addition of 
the microbial inoculum to the mixed humic material 
(MIX_M+) significantly affected the concentration of 
all identified metabolites (Fig. 5b), mainly long-chain 
fatty alcohols and sterols (Table 3 and Fig. S8).

Polyphenols metabolism

The secondary metabolism of polyphenols in let-
tuce plants grown under different treatments were 
assessed by UHPLC-MS-IT-TOF. Identification of 

polyphenols was based on standards and comparison 
of fragmentation patterns with data present in lit-
erature. Molecular formulae were calculated by dedi-
cated Formula Predictor softwares, setting a low tol-
erance so that most of the identified compounds were 
in the first position in the list of possible candidates. 
Results are shown in Table  S5 in the progressive 
order of peak elution. The main identified compounds 
in the metabolic extracts were hydroxycinnamic and 
hydroxybenzoic acids, followed by flavones, flavonols 
and coumarins (Table S5). The most abundant com-
pounds among hydroxycinnamic acids, peaks 11 and 
15 (Fig. S3) showed two intense fragment ions at m/z 
191 (quinic acid ion) and m/z 163 (p-coumaric acid 
ion), which were identified as chlorogenic and p-cou-
maroylquinic acid, respectively (Table  S5). Moreo-
ver, isomeric form of dicaffeoyltartaric acid (chicoric 
acid) was found at m/z 473.0714 (Fig.  S3), which 
yielded MS/MS fragment ions at m/z 311 and 293, 
indicating the successive loss of the caffeoyl moiety 
and caffeic acid, respectively, from the precursor ion 
(Table  S5). On the other hand, glycosylated querce-
tin (flavonol) and luteolin (flavone) were the most 
representative compounds among the detected flavo-
noids. In particular, peak 22 and 23 were identified as 
luteolin-7-glucuronide and quercetin-3-glucuronide 
(Fig. S3), based on the corresponding fragment ions 
shown at m/z 285 and 301, respectively (Table  S5). 
The semi-quantitative analysis of leaves polyphenols 
was performed by normalizing the extracted ion area 
of the most abundant identified compounds to the 
area of the internal standard (Fig. S3).

These metabolomics data were then processed 
by Principal Component Analysis (PCA), to detect 
the effect of different treatments on the polyphenols 
profile of leaves. The two first principal components 
explained 74.82% of the total variance, with PC1 and 
PC2 accounting for 59.59 and 15.23%, respectively 
(Fig. 6a). The PC1 neatly distinguished, from control 
samples (CTRL and CTRL_M+), the plants treated 
with the microbial inoculum (M+) in combination 
with KH, CT, or their mixture (MIX), and plants 
under the individual applications of both KH and CT 
(Fig. 6a). This separation was due to a greater amount 
in MIX of all identified compounds, and to a larger 
abundance of metabolites, such as chicoric acid, 
chlorogenic acid and luteolin-7-glucoside, in plants 
under KH_M+, CT_M+ and MIX_M+ treatments, 
respectively (Table  3). Moreover, lesser amount of 

Fig. 2  Effect of the biostimulants on macronutrients compo-
sition of lettuce leaves. Leaf nitrogen concentration and con-
tent (a, b), leaf phosphorus concentration and content (c, d), 
leaf potassium concentration and content (e, f), leaf sulphur 
concentration and content (g, h), leaf calcium concentration 
and content (i, l), leaf magnesium concentration and content 
(m, n). CTRL: Control; KH: Potassium Humates from leon-
ardite; CT: Compost Tea from green compost; MIX: KH plus 
CT; MIX_M+: both biostimulants plus microbial inoculum 
(Micosat TabPlus). Dark grey indicates addition of microbial 
inoculation. Bars indicate standard deviation of means (n = 10). 
Different letters above the bars indicate significantly different 
means according to LSD test (p < 0.05)
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hydroxycinnamic acids, such feruloylquinic acid 
and caffeoyltartaric-p-coumaroyl acid (Table  3) 
determined the separation along the PC2 of CT and 
MIX_M+ treatments (Fig.  6a). The Heatmap deriv-
ing from these metabolomics data confirmed that 
the net dissimilarity in the relative amount of these 
compounds was a function of treatments (Fig.  6b). 
In particular, plants treated only with the microbial 
inoculum (CTRL_M+) or under the individual appli-
cation of either KH or CT showed a metabolic pro-
file similar to that of untreated plants (Fig. 6b), which 
was characterized by a reduced biosynthesis of poly-
phenols compounds (Fig.  S9 and S10). Conversely, 
the MIX treatment significantly affected the leaves 
metabolome (Fig.  6b), by increasing the amount of 
all identified metabolites (Fig. S9 and S10). Moreo-
ver, the combined application of MIX with the micro-
bial inoculum (MIX_M+), determined a significant 
increase of the accumulation of flavonoids in the cor-
responding leaves extracts (Fig. 6b and S10), mainly 
luteolin-7-glucoside and quercetin-3-O-glucoside 
(Table 3).

Discussion

Effect of different biostimulants treatments on plants 
growth and nutrition

The promotion of both plants productivity and nutri-
ent status by the individual application of KH, CT, 
and beneficial microorganisms (i.e. AMF, PGPB and 
Trichoderma spp.) has been widely demonstrated on 
different crops (Taha and Osman 2018; Priya et  al. 
2021; Saia et al. 2019, 2020). In our experiment, we 
observed that in absence of soil microbial inocula-
tion, the MIX treatment showed a significanltly larger 
biomass production and nutrient uptake in lettuce 

than for control or individual KH and CT applications 
(Figs. 1, 2 and 3). These results could be ascribed to 
a synergistic effect of the two different humic extracts 
on plant growth. In particular, the most reported bio-
logical effect of HS and HLS is promotion of the 
plant root system development, due to stimulation of 
the pumping activity of the H + -ATPase through the 
root plasma membrane (PM), by the auxin-like mole-
cules trapped into the supramolecular structure of HS 
and mobilized during roots exudation of organic acids 
(Piccolo 2002; Canellas et  al. 2002, 2012; Muscolo 
et  al. 2007). In addition, HS are known to improve 
plant nutrition, directly by upregulating the expres-
sion of transporter genes involved in nutrient primary 
uptake (Jannin et  al. 2012; Jindo et  al. 2016; Nardi 
et  al. 2017), and indirectly by forming complexes 
with metallic cations, like Zn, Mn, Cu, Fe, which are 
no longer leached down and maintain their availabil-
ity to plant absorption (Zanin et al. 2019).

Similarly to humic extracts by alkaline solu-
tions, CT obtained from compost contains acces-
sible nutrients, beneficial microorganisms (such as 
biostimulants, biofertilisers, and biopesticide micro-
organisms), and/or growth promoter compounds, like 
phytohormones, which stimulate root and vegetative 
growth of several crops, as well as their nutritional 
status (Naidu et  al. 2013; Pane et  al. 2016; Zac-
cardelli et  al. 2018; Ros et  al. 2020). Moreover, the 
occurrence of supramolecular interactions between 
hydrophobic and hydrophilic molecules in humic or 
humic-like matter were found essential for the envi-
ronmental reactivity of dissolved organic molecules 
(Piccolo 2002) and their bioactivity on plants (Nardi 
et al. 2007; Canellas et al. 2010, 2012; Piccolo et al. 
2019). In fact, Savarese et  al. (2022) previously 
observed that the biostimulation of the MIX treat-
ment on maize seedlings growth was positively corre-
lated to a balance between the polar lignin derivatives 
in CT and the aromatic components in the mostly 
apolar KH. Their combination ensured a conforma-
tional flexibility of the mixed suprastructure that 
made effective the slow release of the trapped bioac-
tive molecules, following the rearrangement of the 
humic supramolecular assembly by the action of root-
exuded organic acids (Savarese et  al. 2022). These 
findings are in accordance with the observed greater 
efficiency of the KH and CT mixed treatment in 
stimulating lettuce productivity and nutritional status 
(Figs. 1, 2 and 3), which may be related not only to 

Fig. 3  Effect of the biostimulants on micronutrients composi-
tion of lettuce leaves. Leaf copper concentration and content 
(a, b), leaf zinc concentration and content (c, d), leaf manga-
nese concentration and content (e, f), leaf iron concentration 
and content (g, h). CTRL: Control; KH: Potassium Humates 
from leonardite; CT: Compost Tea from green compost; MIX: 
KH plus CT; MIX_M+: both biostimulants plus microbial 
inoculum (Micosat TabPlus). Dark grey indicates addition 
of microbial inoculation. Bars indicate standard deviation of 
means (n = 10). Different letters above the bars indicate signifi-
cantly different means according to LSD test (p < 0.05)
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the individual bioactivity of the two different humic 
extracts on plant growth, but also to the synergistic 
interaction of their specific molecular components.

We observed that the MIX_M+ treatment com-
bining both KH and CT with the microbial product 
(M+) significantly increased lettuce shoot dry weight 
by 52 and 30% more than control samples (CTRL 
and CTRL_M+), 31 and 13% more than application 
of biostimulants alone (KH, CT, and MIX), and 24 
and 21% more than the KH_M+ and CT_M+ com-
binations, respectively (Fig.  1b). Additionally, the 
MIX_M+ treatment positively affected the uptake 
of both macro- and micro-nutrients by lettuce plants 
(Figs. 2 and 3), being the N, P, K, S, Ca and Mg leaf 
content (mg  plant−1 DW) larger by 55, 75, 34, 70, 
141, and 74% than non-treated plants, respectively 
(Fig. 2b, d, f, h, l, n), and the Mn and Fe content in 
lettuce leaves greater by about 98 and 85% than con-
trol, respectively, (Fig. 3d, f, h). It is well known that 
microbial bioeffectors act as plant growth promot-
ers by improving their nutritional status (Castiglione 
et  al. 2021). In particular, the extra-radical myce-
lium of AMF can facilitate the uptake and transfer of 
mineral nutrients from soil to their host plants (Gio-
vannini et  al. 2020), and PGPB can stimulate plant 
growth by either increasing nutrients availability or 

by producing bioactive hormone-like compounds 
(Hayat et  al. 2010). Furthermore, Trichoderma spp. 
was found to boost growth and productivity of lettuce 
plants through multiple mechanisms of action, such 
as the solubilisation of soil micronutrients and the 
modulation of root growth by producing metabolites 
with hormone-like activities (Fiorentino et al. 2018)., 
Several works have recently highlighted the symbiotic 
effects of AMF and PGPB when applied in combina-
tion, due to an increased colonization of rhizospheric 
fungi on host plant roots, a concomitant production of 
metabolites that improves cell permeability, and an 
enhancement of root exudation that in turn stimulates 
further the growth of AMF hyphae (Saia et al. 2019; 
Moreira et al. 2020). It has been also reported that the 
combination of Trichoderma spp. and PGPB or AMF 
stimulated plant development through the produc-
tion of growth-promoting substances or by increas-
ing the availability of nutrients and their uptake 
(López-Bucio et  al. 2015; Bonini et  al. 2020). Sci-
entific evidences have suggested that AMF promote 
the production of IAA in plant tissues (Castiglione 
et  al. 2021), while both PGPB and Thricoderma sp. 
are capable of producing this phytohormone of the 
auxin class (Khalid et al. 2004; Sanchez-Montesinos 
et al. 2020), which plays a key role in the regulation 
of plant growth, including plant cell division and root 
formation, thus affecting nutrient uptake. Another 
possible mechanism by which PGPMs could help 
plants to absorb nutrients concerns their ability to 
synthesize organic molecules and secrete in the soil 
compounds such as organic acids, phytases and acid 
phosphatases, thus facilitating the solubilization and/
or mineralization of inorganic P (Santos-Torres et al. 
2021). An additional benefit of bio-inoculation is the 
ability of some PGP bacteria to produce ion chelat-
ing compounds known as siderophores that increase 
plants iron acquisition, which is an essential element 
in key biochemical processes like photosynthesis and 
respiration (Backer et  al. 2018). Several studies also 
showed that both rhizospheric bacteria and Thrico-
derma sp. protect plants against soil-borne pathogens 
by producing antibiotics or antimicrobial metabolites, 
which contribute to phytopathogen control and posi-
tively affect the plant in aspects of growth promotion 
(Vinale et  al. 2009; Giovannini et  al. 2020). Like-
wise, the combined treatment with humic extracts and 
microbial inoculants was recently found to signifi-
cantly increase both productivity and performance of 

Fig. 4  PCA biplot (a) based on metabolites identified by 
GC-MS in the polar fraction of leaves extracts from lettuce 
plants treated with different biostimulants. The combina-
tion of the shapes and colors indicate different treatments. 
Light-Circle: single biostimulant; Dark-triangle: biostimulant 
plus microbial inoculum (M+). Red: Control (CTRL); Blue: 
Potassium Humates from leonardite (KH); Green: Compost 
Tea from green compost (CT); Yellow: KH plus CT (MIX). 
Heatmap (b) resulting from metabolomics data. Each row 
represents a metabolite feature and each column represents a 
treatment. The row Z-score or scaled expression value of each 
feature is plotted in orange-yellow-green-blue color scale. The 
orange color of the tile indicates high abundance and blue 
indicates low abundance. The PCA and Heatmap scores rep-
resent the average value of nine replicates. 1AL: alanine; VAL: 
valine; ISO: isoleucine; SE: serine; THE: threonine; PRO: pro-
line; ASPAC: aspartic acid; GLUTAC: glutamic acid; ASP: 
asparagine; GLUT: glutamine; GABA: 4-aminobutyrric acid; 
OXAC: oxalic acid; SUCAC: succinic acid; GLYAC: glyceric 
acid; FUMAC: fumaric acid; MALAC: malic acid; THEAC: 
threonic acid; GLUAC: glutaric acid; TARAC: tartaric acid; 
CITAC: citric acid; CINAC: cinnamic acid; GLUCAC: glucu-
ronic acid; GLY: glycerol; XYL: xylose; FRU: fructose; GAL: 
galactose; GLU: glucose; INO: myo-inositol; HEX: hexose; 
CEL: cellobiose; TREL: trehalose; SUC: sucrose; TUR: tura-
nose; MAL: maltose; MELB: melibiose
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Table 3  Relative abundance (a/is = metabolite-to-internal standard total area ratio) of main discriminant variables from PCA of both 
GC-MS and UHPLC-MS-IT-TOF metabolomics data of lettuce plants treated with different biostimulants

Metabolite Relative abundance (a/is)

CTRL CTRL_M+ KH KH_M+ CT CT_M+ MIX MIX_M+

Amino acids
 Alanine 0.144 ± 0.01 d,e 0.158 ± 0.01 c,d 0.161 ± 0.01 c,d 0.167 ± 0.01 c 0.155 ± 0.01 c,d 0.127 ± 0.01 e 0.234 ± 0.01 b 0.234 ± 0.01 a

 Serine 0.173 ± 0.01 d 0.197 ± 0.01 c 0.157 ± 0.01 e 0.168 ± 0.01 d 0.108 ± 0.01 f 0.112 ± 0.01 f 0.220 ± 0.01 b 0.240 ± 0.01 a

 Proline 1.109 ± 0.07 b 1.038 ± 0.08 b 0.745 ± 0.03 d 0.853 ± 0.05 c 0.451 ± 0.06 e 0.352 ± 0.06 f 0.918 ± 0.06 c 1.238 ± 0.09 a

 GABA 0.05 ± 0.001 b 0.05 ± 0.001 b 0.04 ± 0.001 c 0.05 ± 0.001 b 0.03 ± 0.001 c,d 0.03 ± 0.001 d 0.05 ± 0.001 b 0.07 ± 0.001 a

 Aspartic acid 0.342 ± 0.05 b 0.308 ± 0.05 c 0.285 ± 0.02 c 0.313 ± 0.05 b,c 0.187 ± 0.04 d 0.184 ± 0.05 d 0.397 ± 0.05 a 0.402 ± 0.04 a

 Glutamic acid 0.631 ± 0.03 b 0.630 ± 0.01 b 0.598 ± 0.05 b 0.610 ± 0.06 b 0.478 ± 0.02 c 0.459 ± 0.06 c 0.832 ± 0.03 a 0.811 ± 0.06 a

Organic acids
 Malic acid 19.01 ± 0.6 c,d,e 18.57 ± 0.9 d,e,f 21.39 ± 0.6 a 20.47 ± 0.4 b 18.33 ± 0.7 e,f 17.96 ± 0.4 f 19.15 ± 0.8 c,d 19.28 ± 0.6 c

 Citric acid 1.826 ± 0.2 d 2.096 ± 0.2 c 2.732 ± 0.3 a 2.427 ± 0.6 b 1.649 ± 0.5,e 1.816 ± 0.6 d 1.867 ± 0.3 d 2.274 ± 0.6 b

 Fumaric acid 0.256 ± 0.05 b 0.307 ± 0.01 a 0.267 ± 0.01 b 0.259 ± 0.01 b 0.194 ± 0.03 d 0.182 ± 0.07 d 0.217 ± 0.02 c 0.225 ± 0.01 c

 Tartaric acid 1.08 ± 0.2 c,d 1.012 ± 0.1 d,e 1.301 ± 0.4 b 1.465 ± 0.5 a 0.841 ± 0.2 f 0.864 ± 0.4 e,f 0.967 ± 0.2 d,e,f 1.215 ± 0.2 b,c

 Threonic acid 0.161 ± 0.02 b 0.171 ± 0.01 a 0.152 ± 0.03 c 0.165 ± 0.02 a,b 0.126 ± 0.01 e 0.133 ± 0.03 d 0.162 ± 0.02 b 0.170 ± 0.01 a

 Cinnamic acid 0.252 ± 0.02 e 0.1257 ± 0.01 e 0.266 ± 0.01 d 0.298 ± 0.01 a,b 0.294 ± 0.01 b 0.273 ± 0.03 d 0.303 ± 0.03 a 0.284 ± 0.02 c

Saccharides
 Glycerol 0.309 ± 0.03 d,e 0.284 ± 0.05 e 0.379 ± 0.02 a,b 0.333 ± 0.03 c,d 0.359 ± 0.04 b,c 0.394 ± 0.05 a 0.311 ± 0.03 d,e 0.302 ± 0.07 e

 Fructose 28.26 ± 1.4 c,d 27.12 ± 1.5 d,e 26.01 ± 0.5 e 28.79 ± 0.6 c 27.89 ± 0.6 c,d 25.66 ± 0.7 f 33.36 ± 1.0 b 37.59 ± 0.7 a

 Glucose 10.42 ± 0.5 c 11.04 ± 0.8 b,c 9.05 ± 0.5 d 10.29 ± 0.6 c 8.87 ± 0.8 d 8.91 ± 0.4 d 11.78 ± 0.2 a,b 11.97 ± 0.4 a

 Galactose 28.12 ± 1.1 b 29.10 ± 0.8 b 26.21 ± 0.4 c 27.78 ± 1.0 b 26.21 ± 0.5 c 25.66 ± 0.6 c 31.48 ± 0.7 a 30.71 ± 0.8 a

 Myo-inositol 15.63 ± 1.0 a 15.25 ± 0.8 a,b 15.48 ± 0.7 a,b 15.64 ± 0.8 a 12.99 ± 0.6 c 13.47 ± 0.7 c 13.82 ± 0.8 c 14.24 ± 0.5 b,c

 Cellobiose 0.416 ± 0.03 b,c 0.445 ± 0.03 b,c 0.428 ± 0.03 b,c 0.399 ± 0.04 b,c 0.530 ± 0.03 a 0.531 ± 0.03 a 0.453 ± 0.05 b 0.398 ± 0.01 c

 Trehalose 0.702 ± 0.04 a 0.567 ± 0.08 c 0.677 ± 0.07 a,b 0.683 ± 0.07 a 0.676 ± 0.03 a,b 0.686 ± 0.05 a 0.696 ± 0.03 a 0.618 ± 0.02 b,c

Lipids
 Myristic acid 3.61 ± 0.3 c,d 3.34 ± 0.2 d,e 3.62 ± 0.3 c,d 6.43 ± 0.3 a 4.21 ± 0.2 b 3.16 ± 0.1 e 3.86 ± 0.2 b,c 4.20 ± 0.2 b

 Stearic acid 1.316 ± 0.2 c,d 1.273 ± 0.1 d 1.285 ± 0.2 c,d 1.441 ± 0.2 b 1.472 ± 0.1 a,b 1.236 ± 0.6 d 1.386 ± 0.3 b,c 1.552 ± 0.3 a

 Linoleic acid 1.16 ± 0.1 d,e 1.091 ± 0.1 e,f 1.024 ± 0.1 f 1.26 ± 0.2 c,d 1.48 ± 0.2 a,b 1.538 ± 0.1 a 1.303 ± 0.2 c 1.434 ± 0.2 b

 Linolenic acid 1.196 ± 0.2 c,d 0.949 ± 0.1 e 0.929 ± 0.3 e 0.969 ± 0.1 e 1.590 ± 0.2 b 1.835 ± 0.3 a 1.114 ± 0.4 d 1.259 ± 0.3 c

 Hexadecenol 0.444 ± 0.05 e 0.47 ± 0.01 e 0.512 ± 0.01 d 0.456 ± 0.03 e 0.583 ± 0.01 c 0.451 ± 0.01 e 0.623 ± 0.03 b 0.722 ± 0.01 a

 Docosanol 0.812 ± 0.01 d 0.959 ± 0.03 c 1.266 ± 0.2 a 1.095 ± 0.1 b 0.856 ± 0.06 c,d 0.621 ± 0.02 e 1.094 ± 0.1 b 1.321 ± 0.1 a

β-Sitosterol 1.34 ± 0.2 c,d 1.30 ± 0.2 d 1.29 ± 0.2 d 1.40 ± 0.2 c 1.55 ± 0.2 b 1.38 ± 0.1 c,d 1.63 ± 0.1 b 1.84 ± 0.1 a

 β-amyrin 0.471 ± 0.02 a 0.374 ± 0.04 c,d 0.415 ± 0.07 b,c 0.433 ± 0.02 a,b 0.403 ± 0.02 b,c 0.385 ± 0.03 c,d 0.358 ± 0.02 d 0.384 ± 0.04 c,d

Phenolic compounds
 p-Cou-

maroylquinic 
acid

8.52 ± 0.3 e 10.13 ± 0.3 d 10.39 ± 0.7 b,c 11.47 ± 0.4 b,c 12.38 ± 0.7 a,b 12.99 ± 0.6 a 13.21 ± 0.3 a 11.89 ± 0.3 c,d

 Feruloylquinic 
acid

0.341 ± 0.04 c 0.390 ± 0.05 a,b 0.391 ± 0.04 a,b 0.420 ± 0.06 a 0.210 ± 0.03 d 0.336 ± 0.02 c 0.370 ± 0.03 b,c 0.337 ± 0.07 c

 Caffeoyltartaric 
p-coumaroyl 
acid

2.23 ± 0.2 c 2.25 ± 0.2 c 2.33 ± 0.3 c 2.68 ± 0.2 b 1.76 ± 0.1 c 2.68 ± 0.2 b 2.87 ± 0.3 a 1.86 ± 0.1 d

 Chlorogenic 
acid

4.17 ± 0.9 d 5.87 ± 0.4 b,c 5.43 ± 0.6 c 5.75 ± 0.5 b,c 5.41 ± 0.5 c 6.01 ± 0.7 b 6.71 ± 0.4 a 5.81 ± 0.3 b,c

 Coutaric acid 1.71 ± 0.1 a,b 1.75 ± 0.1 a,b 1.77 ± 0.2 a 1.69 ± 0.1 a,b 1.63 ± 0.2 b 1.78 ± 0.1 a 1.79 ± 0.1 a 1.71 ± 0.1 a,b

 Chicoric acid 4.11 ± 0.3 d 5.28 ± 0.3 c 4.24 ± 0.4 d 6.24 ± 0.6 a,b 5.04 ± 0.9 c 6.68 ± 0.8 a 6.07 ± 0.8 b 6.07 ± 0.8 b

 Luteolin-7-glu-
coside

1.35 ± 0.1 c 1.49 ± 0.1 b 1.50 ± 0.1 b 1.44 ± 0.1 b,c 1.77 ± 0.2 a 1.81 ± 0.1 a 1.84 ± 0.1 a 1.88 ± 0.1 a

 Luteolin-7-glu-
curonide

3.37 ± 0.4 e 3.56 ± 0.2 d,e 3.11 ± 0.3 f 3.66 ± 0.3 c,d 3.08 ± 0.2 f 4.11 ± 0.2 a,b 4.22 ± 0.3 a 3.91 ± 0.3 b,c

 Quercetin-3-O-
glucoside

5.15 ± 0.7 c 6.11 ± 0.4 b 6.24 ± 0.6 b 6.62 ± 0.7 b 6.36 ± 0.3 b 7.86 ± 0.6 a 7.82 ± 0.7 a 7.72 ± 0.4 a
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different crops (Canellas et al. 2013; Ekin 2019; Coz-
zolino et al. 2021).

The synergistic effect of humic materials and 
beneficial microorganisms is related to several 
mechanisms of action (Olivares et al. 2017). It is an 
acquired knowledge that HS influence root architec-
ture and morphology, by inducing the formation of 
lateral roots and increasing root hair length and den-
sity (Canellas et  al. 2002, 2012; Nardi et  al. 2017). 
The natural openings due to the humic-induced new 
roots could promote the establishment of a plant-
microorganism mutual symbiosis by favouring their 
entry into the host plant (Olivares et al. 2017). More-
over, HS application was reported to enhance the 
exudation of organic acids in maize (Canellas et  al. 
2008, 2019a), which may represent an advantage for 
the applied microbial inoculants over soil-dwelling 
microorganisms, since organic acids constitute a main 
nutrients source for soil microorganisms (Olivares 
et al. 2017; Nardi et al. 2021). The intensification of 
root exudation by HS can also lead to a change in the 
microbial community of the rhizosphere (Puglisi et al. 
2008, 2009). In fact, Schoebitz et  al. (2016) found 
that the treatment with both HA and a microbial 
consortium (bacteria and fungi) in blueberries (Vac-
cinium corymbosum L.), significantly increased shoot 
and root dry matter, while concomitantly altered the 
bacterial community of the rhizosphere, possibly 
due to changes in the root exudates pattern. Simi-
larly, Cozzolino et  al. (2021) recently showed that 
the combined application of humic acids, beneficial 
bacteria and two mycorrhizal fungi stimulated both 
maize growth and nutrient uptake (especially P), and 
positively influenced the native microbial community, 
favoring the development of arbuscular mycorrhizal 
populations. On the other hand, Siddiqui et al. (2008) 
and Naidu et al. (2013) also revealed that microbial-
enriched compost teas significantly stimulated both 
root and shoot development of treated plants, as well 

as their nutritional status and photosynthetic activity. 
The authors highlighted that the available nutrients 
and beneficial microorganisms carried out by CT not 
only improved soil chemical and biological fertility, 
but also reduced the population of soil antagonists 
and induced a systematic resistance in the host plant, 
thereby enhancing root system expansion and vegeta-
tive growth (Siddiqui et al. 2008; Naidu et al. 2010, 
2013).

These evidences well support the greater biologi-
cal effectiveness of the microbial inoculum (M+) 
when it was applied in combination with leonardite 
KH or CT from green compost, and even more in 
synergy with their mixture (MIX_M+) (Figs. 1, 2 and 
3). Furthermore, it should be noted that the biostimu-
lation exerted by MIX_M+ on both lettuce produc-
tivity and nutrient uptake (Figs. 1, 2 and 3), may be 
accounted to the new supramolecular arrangement 
due to the interacting affinity between the polar bio-
active molecules of CT from green compost and the 
apolar assemblies of leonardite KH (Savarese et  al. 
2022). It is reasonable to assume that the balanced 
molecular features of the MIX sample not only may 
provide a hydrophobic protection of the applied inoc-
ulant from soil antagonists, but also promote a tighter 
communication between preselected microorganisms 
and plants, through the adsorption on the host roots 
facilitated by the apolar humic components (Piccolo 
et al. 2019).

Effect of different biostimulants treatments on 
primary metabolism

The largest effect on plants growth and nutritional 
state observed for the MIX treatment with or without 
combination with microbial inoculum (MIX_M+), 
was also reflected by the primary metabolomics anal-
ysis of both polar and apolar fraction of lettuce leaves 
extracts (Figs. 4 and 5).

CTRL Control, KH Potassium Humates from leonardite, CT Compost Tea from green compost, MIX KH plus CT, M+ plus microbial 
inoculum (Micosat TabPlus). Values are the means of nine replicates ± standard deviation. Different letters indicate significant dif-
ferences according to LSD test (p < 0.05)

Table 3  (continued)

Metabolite Relative abundance (a/is)

CTRL CTRL_M+ KH KH_M+ CT CT_M+ MIX MIX_M+

 Esculetin-6-O-
glucoside

0.630 ± 0.05 d 1.019 ± 0.08 c 0.963 ± 0.1 c 0.971 ± 0.07 c 0.958 ± 0.1 c 1.121 ± 0.1 b 1.247 ± 0.04 a 0.926 ± 0.1 c
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An overall increase of amino acids biosynthesis, 
mainly alanine, glutamine, aspartic and glutamic acid, 
was detected in MIX_M+ treated plants (Table 3 and 
Fig.  4). Amino acids play an indispensable role in 
the metabolic pathways governing plant growth. The 
increase in alanine and aspartic acid content, which 
are involved in the carbon assimilation/fixation path-
way, has already been reported after application of 
both single humic acids and combined microbial-
humic treatments (Aguiar et al. 2018; Othibeng et al. 
2021), as an indication of improved photosynthetic 
activity that promotes lettuce growth. In fact, the role 
of humic materials in the regulation at transcriptional 
and post-transcriptional levels of genes involved in 
the major metabolic plant functions, such as carbon/
nitrogen metabolism and photosynthesis, has been 
widely demonstrated (Trevisan et  al. 2011; Jannin 
et al. 2012).

Additionally, the activity of aspartate aminotrans-
ferase (AspAT) was found to be intensified in maize 
seedlings treated with compost tea, due to the pres-
ence in this extract of hydrophilic bioactive com-
pounds (Vaccaro et  al. 2009). Aspartate is a meta-
bolically reactive amino acid that also serves as 
nitrogen donor in numerous aminotransferase reac-
tions and is the precursor of essential amino acids 
such as threonine, lysine, isoleucine, and methionine 
(Coruzzi et  al. 2015). In particular, the consider-
able amount of threonine and valine in the untreated 

lettuces, as compared to those under the biostimu-
lants treatments (Fig.  S4), may suggest a state of 
plants stress, since these two amino acids are involved 
in the BCAAs pathway, which are abundantly syn-
thesized in response to abiotic stresses (Joshi et  al. 
2010). On the other hand, the significant increase 
of glutamine and glutamic acid in leaves extracts of 
the MIX_M+ treatment (Table 3) is in line with the 
already reported role of humic matter in the upregu-
lation of key enzymes involved in N assimilation, 
such as glutamine synthetase and glutamate synthase 
(Ertani et al. 2011, 2019; Vaccaro et al. 2015). These 
enzymes are essential for the initial assimilation of 
nitrogen in plants, and perform several functions as 
substrates in protein biosynthesis, being both carrier 
and donor of N for the biosynthesis of amino acids, 
nucleotidic bases, and a host of other N-containing 
compounds (Coruzzi et al. 2015).

Other observed variations in the amino acidic 
profile included an increase of serine, proline, and 
GABA levels in MIX_M+ treated plants (Table 3 and 
Fig. 4). Apart from its proteinogenic function, serine 
plays an essential role in signalling mechanisms, plant 
photorespiration and biosynthesis of several biomol-
ecules required for cell proliferation (Ros et al. 2014). 
Similarly, GABA acts as a signal to stimulate plant 
tissues to either accumulate or reduce energy and 
control C/N balance in plants (Michaeli and Fromm 
2015), whereas proline is commonly recognized as an 
important osmolite that regulates plants response to a 
variety of abiotic stresses (Kavi Kishor and Sreeniva-
sulu 2014). Othibeng et  al. (2021) and Vinci et  al. 
(2018a, b) have already reported an increase of serine 
and GABA levels in plants treated with either humic 
acids or a combination of beneficial microrganisms 
and compost. Moreover, Aguiar et al. (2018) recently 
related the increase in proline accumulation after the 
combined application of humic acids and PGPB, to 
the promotion of glutamate/glutamine synthesis in 
treated plants.

In respect to the biosynthesis of organic acids, 
MIX and MIX_M+ treated plants showed no sig-
nificant differences from control samples (Fig.  S5), 
except for a considerable amount of cinnamic acid 
in leaves of the MIX treatment (Table 3). This phe-
nolic acid is synthetized in plants from phenylalanine 
through the action of the PAL/TAL (phenylalanine/
tyrosine ammonia-lyase) enzyme, whose activity is 
recognized to increase after treatments with humic 

Fig. 5  PCA biplot (a) based on metabolites identified by 
GC-MS in the apolar fraction of leaves extracts from lettuce 
plants treated with different biostimulants. The combination 
of the shapes and colors indicate different treatments. Light-
Circle: single biostimulant; Dark-triangle: biostimulant plus 
microbial inoculum (M+). Red: Control  (H20); Blue: Potas-
sium Humates from leonardite (KH); Green: Compost Tea 
from green compost (CT); Yellow: KH plus CT (MIX). Heat-
map (b) resulting from metabolomics data. Each row repre-
sents a metabolite feature and each column represents a treat-
ment. The row Z-score or scaled expression value of each 
feature is plotted in orange-yellow-green-blue color scale. 
The orange color of the tile indicates high abundance and 
blue indicates low abundance. The PCA and Heatmap scores 
represent the average value of nine replicates. 1C12:0 lauric 
acid; C16-OH hexadecenol; C14:0 mirystic acid; PHYT phy-
tol acetate; C16:0 palmitic acid; C18:0 stearic acid; n-6, C18:2 
α-linoleic acid; n-3, C18:3 linolenic acid; C22:1 erucic acid; 
C22-OH docosanol; C22:0 docosanoic acid; C18:2 linoleic 
acid; C24:0 tetracosanoic acid; C26-OH hexacosanol; C26:0 
hexacosanoic acid; SIGST sigmasterol; SITST sitosterol; ST 
steroid; αAMY α-amyrin; βAMY β-amyrin; GERM germani-
col; LUPST lupenol acetate
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substances (Schiavon et  al. 2010). Although the 
presence of phenylalanine in leaves extracts was not 
detected (Table S3), the remarkable production of cin-
namic acid in MIX treated plants suggests an increase 
in the polyphenol’s metabolism induced by the com-
bined humic biostimulants. On the other hand, treat-
ment with KH and microbial inoculum (M+), either 
alone or in combined application (KH_M+), sig-
nificantly increased the accumulation of malic, citric 
and fumaric acid, as compared to untreated plants 
(Table  3 and Fig.  4). The TCA-related compounds 
are essential for several plants physiological pro-
cesses, such as photosynthesis, photorespiration, 
nitrogen metabolism, reductant transport and the 
maintenance of photosynthetic redox balance (Araújo 
et al. 2012). Humic substances are known to upregu-
late the enzymes involved in the tricarboxylic acids 
(TCA) cycle (Nardi et  al. 2007). Similarly, it has 
been recently shown the role of microbial inoculants 
in the promotion of organic acids accumulation, as 
observed in the concomitant improvement of toma-
toes quality (Bona et  al. 2017, 2018). Furthermore, 
Canellas et al. (2019a, b) lately reported an increase 

in the biosynthesis of TCA-related compounds due to 
the combined application of humic acids and PGPB 
that is in line with the increase of organic acids accu-
mulation observed here for the KH_M+ treatment 
(Fig. S5).

An overall increase of saccharides in lettuce leaves, 
mainly fructose, glucose, and galactose (Table 3 and 
Fig. 4), was also detected for the MIX_M+ treatment 
(Fig.  S6). Soluble sugars, such as fructose and glu-
cose, play a central role in plants structure and metab-
olism. According to Rosa et  al. (2009) and Zeeman 
(2015), soluble sugars are involved in several meta-
bolic events and act as molecular signals in the regu-
lation of genes involved in photosynthesis, disaccha-
rides metabolism and osmolyte synthesis. Although it 
is well recognized the increase of sugars accumulation 
in leaves induced by humic substances or microbial 
inoculants (Merlo et al. 1991; Nwodo et al. 2012; van 
Tol de Castro et al. 2021), their combined application 
produce diverse results. Canellas et al. (2013) showed 
that free carbohydrate content in leaf extracts was 
60% less than control in maize plants treated with HS 
and PGPB, whereas Vinci et  al. (2018a, b) found in 
the same specie an accumulation of glucose and fruc-
tose following the combined application of compost 
with beneficial bacteria or Trichoderma spp. In the 
latter work, the overproduction of soluble sugars was 
attributed to an efficient microorganisms-plant-com-
post synergism that led in treated plants to an increase 
in photosynthetic activity and shoots growth. This 
seems to be in line with our positive results for let-
tuce plants with under the MIX_M+ treatment, which 
improved the overall plants productivity, nutritional 
status and metabolism more than other treatments. 
Moreover, the role of CT in the MIX_M+ treatment 
should be considered, since compost teas application 
was shown to stimulate carbohydrates biosynthesis, 
due to improvement of the nutritional status of treated 
plants (Liguori et al. 2015; Ali 2015; Abou-el-hassan 
and El-batran 2020), thus also explaining the increase 
of cellobiose in both CT and CT_M+ treated leaves 
(Table 3 and Fig. 4). Interestingly, high levels of myo-
inositol were found in control samples (Table 3 and 
Fig.  4). Myo-inositol derivatives are recognized as 
signal compounds in plants, as well as key metabo-
lites under unfavourable conditions (Valluru and Van 
den Ende 2011), thus suggesting an onset of stress in 
untreated plants (Fig. S6).

Fig. 6  PCA biplot (a) based on metabolites identified by 
LCMS-IT-TOF in the leaves extracts from lettuce plants 
treated with different biostimulants. The combination of the 
shapes and colors indicate different treatments. Light-Circle: 
single biostimulant; Dark-triangle: biostimulant plus micro-
bial inoculum (M+). Red: Control  (H20); Blue: Potassium 
Humates from leonardite (KH); Green: Compost Tea from 
green compost (CT); Yellow: KH plus CT (MIX). Heatmap 
(b) resulting from metabolomics data. Each row represents 
a metabolite feature and each column represents a treatment. 
The row Z-score or scaled expression value of each feature is 
plotted in orange-yellow-green-blue color scale. The orange 
color of the tile indicates high abundance and blue indicates 
low abundance. The PCA and Heatmap scores represent the 
average value of nine replicates. 1CAFAC-HEX: Dihydro-
caffeic acid hexose; BENAC-HEX: Dihydroxybenzoic acid 
hexose; PHE-GLU: 4-hydroxyphenylacetyl glucoside; BEN-
ZAC: Hydroxybenzoic acid derivative; VANAC-GLU: Vanil-
lic acid glucoside; ESCU-6-O-GLU: Esculetin 6-O-glucoside; 
COUM-GLU: p-coumaroyl glucoside; CHLOAC: Chloro-
genic acid; COUTAC: Coutaric acid; FERU-TAR TAC : Feru-
loyl tartaric acid; COUM-QUIAC: p-coumaroylquinic acid; 
FERU-QUIAC: Feruloylquinic acid; LUT-DIGLU: Luteolin 
diglucoside; LUT-7-GLU: Luteolin 7-glucoside; QUER-3-
O-GLU: Quercetin 3-O-glucoside; LUT-7-GLUC: Luteolin 
7-glucuronide; QUERC-3-GLUC: Quercetin 3-glucuronide; 
QUERC-MALGLU: Quercetin malonylglucoside; BEN-HEX: 
Hydroxybenzoyl dihydroxybenzoyl hexose; DICAF-QUIAC: 
Dicaffeoylquinic acid; CHICAC: Chicoric acid; CAFTART-
COUMAC: Caffeoyltartaric-p-coumaroyl acid
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The lipid metabolism was significantly affected by 
both non-microbial and microbial treatments (Fig. 5). 
The application of leonardite KH or CT from green 
compost in separate combination with the microbial 
inoculum (M+) greatly increased the accumulation of 
fatty acids (Fig. S7), whereas the MIX_M+ treatment 
remarkably improved the biosynthesis of fatty alco-
hols and sterols (Fig. S8). Lipids have essential func-
tions in plants as the main structural components of 
cell membrane, substantial chemical reserve of free 
energy and cell signal messengers (Suh et al. 2015). 
In our study, plants under KH_M+ treatment syn-
thetized a considerable amount of lauric and myris-
tic acid, while CT_M+ showed an accumulation of 
both linoleic and α-linolenic acid in treated leaves 
(Table  3 and Fig.  S7). These long-chain fatty acids 
are important constituent of storage lipids in plants, 
and the combined application of humic acids and 
PGPB has been reported to increase their biosynthe-
sis in both maize and sugarcane seedlings (Canellas 
et  al. 2019b). Similarly, Aguiar et  al. (2018) previ-
ously revealed that plants accumulation of long-chain 
fatty alcohols are also enhanced by mixed humic-
microbial biostimulants, which is in line with the 
considerable amount of hexadecenol, docosanol and 
hexacosanol found here in MIX_M+ treated plants 
(Table  3 and Fig.  S8). The same authors found a 
large concentration of β-sitosterol in sugarcane leaves 
treated with HA and PGPB. This lipid compound is 
the main plants sterol involved into cellulose elonga-
tion chain and was also revealed to be significantly 
increased in lettuce plants under the MIX_M+ appli-
cation (Table  3). Finally, leaves of untreated plants 
showed an accumulation of β-amyrin and germanicol 
(Table  3 and Fig.  5). Since terpenoids biosynthesis 
has recently been related to plants response to salt 
stress (Basyuni et al. 2009), this may suggest an ini-
tial stress condition of control samples that did not 
occur under treatments with humic biostimulants and 
microbial inoculum.

Therefore, our results suggest an overall capacity 
of mixed leonardite KH and CT from green compost, 
applied in combination with a microbial inoculum 
(MIX_M+), to positively affect the primary metabo-
lism of lettuce plants (Figs.  4 and 5), in accordance 
with the observed greater nutritional status of MIX_
M+ treated leaves (Figs. 1, 2 and 3). The biostimulant 
activity of the MIX_M+ treatment could be ascribed 
to a synergistic interaction between the two different 

humic extracts and the microbial bioeffectors, which 
may improve the biological effectiveness of each 
individual components of the mixture. This is in line 
with previous finding that showed that rhizosphere 
treatment with humic materials could favour both the 
survival of beneficial microorganisms in the soil envi-
ronment and their colonization ability (Olivares et al. 
2017; Canellas et al. 2019b). Similarly, other studies 
have reported the potential role of microbial-enriched 
compost tea in improving soil chemical and biologi-
cal proprieties, thereby creating better conditions for 
the bioactivity of preselected microbes and plant root 
development (Naidu et al. 2010, 2013). In particular, 
the calibrated mixture of the readily available polar 
compounds of CT and the apolar domains of KH in 
our experiments, may have increased increased the 
performance of the inoculated microbial bioeffec-
tors, by providing both an hydrophobic protection 
against soil antagonists and a carbon source for their 
multiplication.

Effect of different biostimulants treatments on 
secondary metabolism

The advantage in using UHPLC to separate poly-
phenolic compounds in plant extracts have recently 
been highlighted (Abu-Reidah et  al. 2013). Our 
results showed that UHPLC-MS-IT-TOF analysis of 
leaves extracts allowed the identification of hydroxy-
cinnamic acids and flavonols as the main phenolic 
compounds in lettuce plants (Table S5 and Fig. S3), 
right in line with previous studies conducted on the 
same species and with similar techniques (Pepe et al. 
2015). In particular, the application of the MIX treat-
ment provided the largest effect on the secondary 
metabolism of treated plants (Fig. 6). The accumula-
tion of cinnamic acid derivatives, mainly chlorogenic 
and coutaric acid, as well as of flavonoids, such as the 
glucoside conjugates of both luteolin and quercetin, 
increased in MIX treated leaves significantly more 
than in all other treatments (Table  3). As recalled 
above, humic substances were found to upregulate 
the PAL/TAL activity, the enzyme that catalyses 
the first step in the biosynthesis of plant polyphe-
nols (Schiavon et  al. 2010). Conselvan et  al. (2017) 
recently indicated that PAL activity can be also stim-
ulated by the application of leonardite humic acids 
on lettuce seedlings, with a consequent accumula-
tion of hydroxycinnamic acids, such as p-coumaric 
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and chlorogenic acid. Moreover, Cruz et  al. (2014) 
reported an increase in total phenolic compounds of 
lettuce plants treated with espresso coffee residues. 
These findings are in line with the overproduction 
of polyphenols compounds observed by treating let-
tuce plants with a mixture of KH and CT from coffee 
wastes compost (Fig. 6).

These polyphenols are commonly recognized as 
antioxidant molecules in plants, playing a major 
role in ensuring plant growth under abiotic stresses 
(Shinozaki et al. 2015). Under unfavourable growth 
conditions, such as drought or salinity stress, the 
generation of Reactive Oxygen Species (ROS) is 
one of the primary responses in plants, causing sig-
nificant cell damage (Djoukeng et  al. 2008). Mas-
sive ROS production is potentially harmful, if not 
controlled by antioxidant mechanism, since it can 
induce bleaching of photosynthetic pigments, deg-
radation and alteration of protein structure and 
function, lipid peroxidation, and damage to organic 
molecules, including DNA and RNA (Apel and Hirt 
2004). Overproduction of antioxidants compounds 
such as ascorbic acid, glutathione and polyphenols 
is the major response of plants to the oxidative 
stress (Arbona et al. 2013). Among these molecules, 
hydroxycinnamic acids are precursors of lignin, 
which constitute an important stress defence mech-
anism, especially at the root level where they can 
modulate cell wall composition and stiffness (Peter-
son et al. 2010). Similarly, flavonoids, such as luteo-
lin 7-O and quercetin 3-O glycosides, are potent 
free radical scavengers/antioxidants that effectively 
prevent ROS generation (Brunetti et al. 2013).

Another important mechanism of plants response 
to oxidative stress is the activation of enzymatic 
antioxidant systems. Enzymatic antioxidants such 
as superoxide dismutase (SOD), catalase (CAT) and 
glutathione peroxidase (GPX) are activated in plants 
to reduce the concentration of hydrogen peroxide 
and superoxide (Canellas et al. 2020). In this regard, 
Cordeiro et al. (2011) showed that the treatment with 
HS stimulated catalase activity in plants, whereas 
García et  al. (2016) have shown the role of humic 
extracts in the upregulation of peroxidase that is 
capable to reduce ROS concentration in cell, thereby 
restoring the cytosolic redox homeostasis. In the lat-
ter study, the antioxidant defence induced in plants 
by HS was shown to be related to their biostimulant 
activity, as HS led to a state of eustress whose final 

effect is somehow beneficial to plants. In the search 
of an activity-structure relationship for humic mat-
ter (Savy et al. 2020; Nardi et al. 2021), it has been 
shown that bioactive polar humic molecules can inter-
act with cell membrane in root surfaces and stimulate 
plant growth, while the conformational stability of the 
humic suprastructures defines the type and intensity 
of bioactivity in plants (García et  al. 2019). Moreo-
ver, Monda et  al. (2021) recently reported that mol-
ecules present in the supramolecular structure of HS 
such as lignin-derived fragments, aromatic structures 
and lipids, are potentially involved in the modulation 
of ROS level in plant by priming their defence sys-
tems, and resulting in increased root exploration and 
antioxidant production. In line with this, we earlier 
observed that the bioactivity of the MIX treatment on 
maize seedlings growth was positively correlated to 
the balanced molecular composition of this mixture, 
characterized by both lignin derivatives from CT and 
aromatic components from KH (Savarese et al. 2022).

These outcomes could also explain the overall 
improved secondary metabolism of MIX treated 
plants detected in this experiment (Fig. 6), which may 
arise from the mixture of humic extracts containing 
different type of bioactive molecules, whose stable 
supramolecular assembly guarantees a protection 
from biotic degradation but also their availability to 
plants following an alteration of the humic confor-
mational arrangement upon the action of root-exuded 
organic acids (Savarese et al. 2022).

Furthermore, consumers’ interest in lettuce has 
increased dramatically in recent years due to the con-
siderable content of phytochemicals, such as polyphe-
nols, having a positive role on human health. Phenolic 
compounds alone and vegetables containing polyphe-
nols have shown beneficial effects against several 
human diseases (Kim et al. 2016). Cheng et al. (2014) 
showed the anti-diabetic effect of lettuce rich in phe-
nolic compounds, especially chlorogenic acid, which 
determined less glucose content in blood. Lee et  al. 
(2009) indicated the decrease of total plasma choles-
terol in mice fed with red-pigmented lettuce, high-
lighting the potential role of this vegetable against 
the risk of cardiovascular disease. Pepe et al. (2015) 
outlined that polyphenols such as hydroxycinnamic 
acids derivatives, flavanols and coumarins in green 
lettuce have a potential anti-oxidant and anti-inflam-
matory effect on J774A.1 macrophage stimulated by 
Escherichia coli lipopolysaccharide. However, the 

307



Plant Soil (2022) 481:285–314

1 3
Vol:. (1234567890)

composition and abundance of these beneficial com-
pounds in lettuce is highly variable and may be influ-
enced by several factors such as cultivation practices, 
genetic makeup and harvesting stage (Adesso et  al. 
2016; Assefa et al. 2019). In fact, Ismail et al. (2019) 
have shown that transformation of rol genes signifi-
cantly alters the metabolome of L. sativa by improv-
ing the biosynthesis of bioactive compounds, whereas 
Yang et al. (2017) reported an increase in total poly-
phenols accumulation, mainly luteolin and quercetin 
glycosides, by treating lettuce plants with exogenous 
glycine. Here, we similarly found that the applica-
tion of different mixed humic extracts (MIX) stimu-
lated the production of polyphenols in lettuce leaves 
(Fig. 6), which suggests that the combination of dif-
ferent biostimulants may be accounted to modulate 
plants secondary metabolism for the development of 
novel functional foods.

Conclusions

This work showed that the interaction between dif-
ferent humic materials and a commercial microbial 
consortium significantly enhanced the plants uptake 
of both macro- and micronutrients in respect to their 
individual application, with a consequent increase 
of lettuce biomass production. Moreover, the MIX 
treatment in combination with the microbial inocu-
lum stimulated the accumulation in lettuce leaves of 
essential primary metabolites, mainly amino acids 
and saccharides. We also evaluated the changes in 
the polyphenolic secondary metabolism of treated 
lettuce plants and found that the mixture of KH and 
CT materials significantly increased leaf content of 
potent antioxidant compounds, as compared to other 
treatments. This stimulatory effect of the mixed 
humic extracts could be related to an optimum bal-
anced molecular composition of bioactive molecules 
and protective hydrophobic domains, capable of 
modulating the humic molecular bioactivity (Savar-
ese et  al. 2022). Therefore, this study indicates that 
a proper mixture of humic biostimulants contain-
ing different type of humic bioactive molecules and 
their combination with microbial bioeffectors has 
great potentials to improve both the productivity and 
nutritional status of plants, as well as to modulate 
their metabolome for the development of novel crops 
functionalities.
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