
Nitrogen (N) is the most critical and largest input 
in agroecosystems, serving as the primary nutrient 
driving plant development and agricultural pro-
ductivity (Mokhele et al. 2012, Mao et al. 2025). 
Traditionally, ammonium (NH4

+) and nitrate (NO3
–) 

are considered to be the primary inorganic N sources 
for plants (Hachiya and Sakakibara 2017, Ye et al. 2022); 

however, extensive N fertiliser application, particularly 
in China, has resulted in very low N utilisation efficiency 
(ca. 30–50%; Moran-Zuloaga et al. 2015, Mahboob et 
al. 2023). These intensive agricultural practices have led 
to significant N losses, causing soil quality degradation 
and environmental contamination through eutrophica-
tion of freshwater ecosystems, alongside substantial 
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ammonia (NH3) and nitrous oxide (N2O) emissions 
(Shen et al. 2014, Sainju et al. 2019).

In N-limited natural ecosystems, dissolved or-
ganic nitrogen (DON) often dominates the soluble 
N pool, primarily from proteins released by dead 
plant residues and soil microorganisms (Farrell et 
al. 2013). Generally, these proteins are degraded by 
soil microorganisms into shorter-chain proteins, 
oligopeptides, which are then further cleaved into 
their constituent amino acids and ultimately miner-
alised to NH4

+ for plant uptake (Farrell et al. 2013). 
Research has demonstrated that plants can utilise 
a wide range of low molecular weight DON com-
pounds (e.g., urea, amino acids, oligopeptides) not 
solely through microbial mineralisation, but via 
direct uptake using a range of active transporters 
(Tegeder and Rentsch 2010, Xiu et al. 2019, Tang et 
al. 2023, 2024), such as maize (Zea mays L.) (Biernath 
et al. 2008), tundra sedges (Schimel and Chapin 
1996). These transporters may also be involved in 
the recapture of DON lost into the soil via passive 
root exudation or for the exchange of peptide signals 
with symbionts (Wu et al. 2007, Jones et al. 2009, 
Drechsler et al. 2018). This direct uptake represents 
a metabolically efficient "short-circuit" in the N 
cycle, potentially reducing energy expenditure and 
minimising N losses through processes like nitrifi-
cation-denitrification and leaching (Näsholm et al. 
2009, Moran-Zuloaga et al. 2015, Farzadfar et al. 
2021, Ma et al. 2021, 2025). In agricultural systems, 
inorganic N often dominates due to fertiliser addition; 
however, numerous studies have also documented 
the importance of DON in soil N cycling (Ros et al. 
2009, Liang et al. 2021), especially amino acid uptake 
in plant nutrition (Näsholm et al. 2009, Hill et al. 
2011a, Moreau et al. 2019). Murphy et al. (2000) re-
ported that the soil soluble organic N pool can be as 
abundant as the inorganic N pool, and each accounts 
for approximately 50% of the total soluble N pool. 
These values can be influenced by various factors 
such as soil type, cropping system, and fertilisation 
practices (Hill et al. 2011a, Farrell et al. 2013). For 
example, soil organic N content was significantly 
higher under long-term fertilisation than under 
conventional mineral fertilisation (Liu et al. 2023). 
However, the contribution of this N pool to crop 
plant nutrition remains controversial (Näsholm et 
al. 2001, Reeve et al. 2009, Kuzyakov and Xu 2013).

Oligopeptides, as key components of the DON 
pool, represent a more labile and bioavailable fraction 
compared to proteins or complex organic N. Mengel et 

al. (1999) highlighted that ca. 60% of the soluble N ex-
tracted by 0.01 mol/L CaCl2 from agricultural soil was 
in the form of amino acids and peptides. In agricul-
tural soils of the UK, the content of soluble N present 
as small peptides (with a molecular weight < 1 kDa) 
is comparable to that present as free amino acids 
(Farrell et al. 2011, Hill et al. 2011b). While pep-
tide transporters have been extensively character-
ised in model plants such as Arabidopsis (Tegeder 
and Rentsch 2010, Tegeder et al. 2018, Perchlik and 
Tegeder 2017), their specific localisation and func-
tionality in crop species (e.g., rice, wheat, maize) 
remain poorly understood. Further, previous meas-
urements of root peptide uptake have two major 
methodological constraints: (1) studies typically use 
unrealistically high concentrations (1–10 mmol/L; 
Soper et al. 2011, Matsumiya et al. 2012) compared to 
actual soil solution levels (1–100 µmol/L; Wilkinson 
et al. 2014); and (2) transporter expression studies 
often neglect to validate functional roles in N uptake 
under environmentally relevant conditions. 

This study aimed to characterise the spatial dis-
tribution and kinetics of oligopeptide uptake across 
root zones in rice and wheat at relevant concentra-
tions. We hypothesised that rice and wheat would 
demonstrate species-specific mechanisms of DON 
acquisition, reflecting their distinct evolutionary 
adaptations to different ecological environments.

MATERIAL AND METHODS

Preparation of experimental plants. Plant amino 
acid and oligopeptide uptake was measured under 
sterile hydroponic conditions to avoid microbial 
uptake of the substrates and interference by sorption 
to soil particles (Jones et al. 2005, Oburger and Jones 
2018). Seeds of rice (Oryza sativa L. bilinear hybrid 
rice cv. Xinliangyou 223) and wheat (Triticum aes-
tivum L. cv. Granary) were surface sterilised in 15% 
NaClO and 80% ethanol, and grown aseptically ac-
cording to Hill et al. (2011b). Briefly, surface-sterilised 
seeds were germinated on 50% Murashige and Skoog 
(MS) agar for two weeks. Subsequently, the seedlings 
were transferred to sterile Phytatrays (Sigma Aldrich, 
Gillingham, UK) containing 50% MS basal medium 
in sterile perlite. All plants were grown in a climate-
controlled cabinet with a temperature of 20 °C, 16 h 
photoperiod and light intensity of 500 μmol/m2/s, 
until the three-leaf stage was reached.

Uptake and spatial mapping of amino acid and 
oligopeptide uptake in intact roots. Alanine was 
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chosen as it is one of the most abundant amino 
acids in soil organic matter and root exudates. At 
the 3rd leaf stage, all plants were visually inspected 
and measured to ensure minimal variation within 
species. Root systems of individual plants (n = 3) 
were placed in 0.2 µm-filtered solutions containing 
either 100 µmol/L of 14C-labelled alanine (Ala), di-
alanine (Di-Ala), tri-alanine (Tri-Ala), tetra-alanine 
(Tetra-Ala), or penta-alanine (Penta-Ala) (5 kBq/mL; 
American Radiolabeled Chemicals, St Louis, USA). 
After a short incubation time (10 min), the roots 
were removed, then washed thoroughly in water and 
0.1 mol/L CaCl2 to remove 14C-label retained in the 
apoplast (Farrar 1985) before oven-drying (80 °C, 
48 h). Their 14C distribution was then visualised us-
ing a Cyclone Plus phosphor-imager (PerkinElmer, 
Waltham, USA) to map 14C-amino acid/oligopeptide 
uptake patterns. Based on our experience, short up-
take times were used to limit redistribution of the 
14C-label post-uptake. Subsequently, the 14C content 
of the dried roots was determined using an OX400 
biological oxidiser (RJ Harvey, Hillsdale, USA) in 
which the 14CO2 evolved was captured in Oxosol 
scintillant (National Diagnostics, Atlanta, USA). The 
14C activity in the scintillant was then determined 
by liquid scintillation counting using a Wallac 1404 
liquid scintillation counter with automated quench 
correction (Wallac EG&G, Milton Keynes, UK).

Uptake of amino acids and oligopeptides in root 
tips. For the intact root systems of plants at the 3rd leaf 
stage, only primary seminal roots (the first-emerged 
seminal root, morphologically identified by their 
thicker diameter and dominant growth direction) 
were selected to ensure uniformity in root type. 
From each selected primary seminal root, root tips 
were excised with a sterile scalpel into two distinct 
segments: 0–1 cm and 1–2 cm from the root apex, 
corresponding to the primary nutrient-uptake zones. 
For each plant, 3 replicate segments were collected 
from each zone, with 3 plants selected per species/
treatment group to ensure statistical robustness. 
These segments were immediately transferred to 
sterile 1.5 mL Eppendorf tubes containing 0.5 mL of 
the respective 14C-labelled solutions (as described 
above). After a 30-min uptake period, root segments 
were removed from the solution and subjected to 
a two-step washing procedure: first with deion-
ised water to remove surface-adhered solution, fol-
lowed by immersion in 0.1 mol/L CaCl2 to displace 
14C-labelled compounds retained in the apoplast 
(Farrar 1985). Segments were then oven-dried at 80 °C 

for 48 h to constant weight and their 14C activity as 
described above.

Statistical analysis. All analyses were performed 
using the R software (version 4.0.3; R Core Team 
2019). All data are presented as average values of 
three replicates ± standard error. Data normality and 
variance homogeneity were evaluated using the "sha-
piro.test" and "bartlett.test" functions, respectively. 
One-way analysis of variance was performed with 
the "aov" function to identify significant differences 
(P < 0.05) in the variable’s response to crop species. 
Multiple comparisons were conducted using Tukey’s 
post-hoc test at P < 0.05 with the "agricolae" package. 
The figures were visualised with the "ggplot2" package.

RESULTS 

Comparison of Ala and Ala-derived oligopeptide 
uptake in rice and wheat roots. Both wheat and rice 
demonstrated the ability to take up alanine and its 
peptides, with the uptake of alanine being much greater 
than all the alanine-derived oligopeptides (Figure 1). 
Rice showed higher uptake rates of alanine and its 
peptides than wheat (Figure 1). The rate of root ala-
nine uptake was 3.3 and 2.9 µmol/g DW (dry weight) 
for rice and wheat, respectively. Alanine absorption 

Figure 1. Uptake of 14C-labelled alanine and alanine-
containing oligopeptides over a 10 min period across 
the whole root system of wheat and rice. Values repre-
sent means ± standard error (n = 3). Lowercase letters 
indicate significant differences in wheat root uptake, 
while uppercase letters indicate significant differences 
in rice root uptake. DW – dry weight; Ala – alanine; 
Di-Ala – di-alanine; Tri-Ala – tri-alanine; Tetra-Ala – 
tetra-alanine; Penta-Ala – penta-alanine
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in roots was 4–9 times higher in rice and 6–9 times 
higher in wheat compared to their respective peptide 
uptake rates. In wheat roots, penta-alanine uptake was 
significantly higher than all other peptides tested. In 
contrast, rice roots showed significantly higher uptake 
of penta-alanine only when compared to tri-alanine. It 
should be noted, however, that the data is expressed 
on a molar basis and does not account for the higher 
amounts of N contained in the peptides. When this 
was accounted for, the rate of N uptake from penta-
alanine was similar to that of alanine.

Spatial root uptake patterns of amino acids and 
oligopeptides. The distribution of amino acid- and 
oligopeptide-derived 14C within the roots of wheat 
and rice is shown in Figures 2 and 3, respectively. 
Overall, phosphor imaging revealed that the distri-
bution of 14C added as alanine in both crops was 
present throughout the whole root system. However, 
higher uptake was apparent in the root tip and hair 
zone. The distribution of 14C-label also indicated that 
the uptake of the oligopeptides occurred mainly in 
the root tips and newly emerging root hair region. 

 

 

Figure 2. Representative phos-
phor images of a wheat root 
after a 10-min substrate in-
cubation in either (A) 14C-la-
belled alanine; (B) di-alanine; 
(C) tri-alanine; (D) tetra-ala-
nine, or (E) penta-alanine

Figure 3. Representative phos-
phor images of a rice root after 
a 10-min substrate incuba-
tion in either (A) 14C-labelled 
alanine; (B) di-alanine; (C) 
tri-alanine; (D) tetra-alanine, 
or (E) penta-alanine
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Amino acid and oligopeptide uptake by rice and 
wheat root tips. To further investigate the spatial dif-
ferences, the uptake rates of alanine and the different 
oligopeptides by root tips were calculated (Figure 4). 
Overall, the uptake rates of alanine were signifi-
cantly higher than those of their peptides by 1.5–10 
times in both crops; however, we also observed 
differences in peptide uptake in the different root 
regions. For wheat, the uptake rates of alanine were 
16.0 nmol/g DW/min in the 0–1 cm section, much fast-
er (155%) than in the 1–2 cm root sections (Figure 4). 
However, the uptake of the peptides in wheat was 
opposite, especially the uptake rates of di-alanine 
and penta-alanine in the 0–1 cm root section, which 
were lower by 34% and 69% compared to the 1–2 cm 
root sections, respectively. For rice, the uptake 
rates of alanine and its peptides were significantly 
higher in the 0–1 cm root section than in the 1–2 cm 
root sections (Figure 4). Moreover, the uptake rates 
followed Ala > Tri-Ala > Di-Ala > Penta-Ala > 
Tetra-Ala among 0–1 cm root sections of rice. 
Overall, peptide uptake rates were 4.1–10.9 nmol/g 
D W / m i n  i n  th e  0 – 1  c m  ro o t  s e c t i o n  a n d 
1.7–5.6 nmol/g DW/min in the 1–2 cm root sec-
tion. Compared with wheat, the absorption rate 
of peptides was increased by ca. 1–5 times in the 
0–1 cm rice roots. However, the absorption rate 
of peptides was reduced by more than 50% in 
1–2 cm rice root sections than in wheat, except 
for penta-alanine.

DISCUSSION

DON has been shown to represent an important 
N source in natural habitats where it has been es-
timated to account for about 88–92% of the total 
soluble N pool (Qualls and Richardson 2003, Weigelt 
et al. 2005, Näsholm et al. 2009). Across 26 global 
sites, encompassing agricultural systems such as ir-
rigated croplands (California site 13) and viticulture 
(California site 18), the average DON concentration 
in agricultural topsoils (0–15 cm) was 50.7 ± 5.7 mg 
N/kg, with significant variability driven by soil type 
and management (Farrell et al. 2013). Although its 
significance in agricultural settings is often under-
estimated (Näsholm et al. 2009, Schmidt et al. 2014, 
Moreau et al. 2019), numerous research have begun 
to focus on the importance of the amino acid fraction 
in plant N acquisition (Chapin et al. 1993, Tegeder 
and Rentsch 2010, Hill et al. 2011a, b, Farrell et al. 
2013, Warren et al. 2023).

The direct uptake of intact proteins by crop plants 
appears only to be functionally significant when protein 
is in direct contact with root surfaces (Greenfield et 
al. 2020). The poor solubility of proteins in soil, strong 
sorption to the soil’s solid phase and low diffusion 
rates also make them a poor source of N for plants. In 
contrast, oligopeptides are often highly soluble and 
can be released into the rhizosphere in significant 
quantities by the action of proteases generated by the 
soil microbial community (Jones and Kielland 2012, 

Figure 4. Uptake of 14C-labelled amino acids and oligopeptides by different wheat and rice root sections. Values 
represent means ± standard error (n = 4). Different lowercase letters indicate significant differences among 0–1 cm 
root sections, while uppercase letters indicate significant differences among 1–2 cm root sections. DW – dry 
weight; Ala – alanine; Di-Ala – di-alanine; Tri-Ala – tri-alanine; Tetra-Ala – tetra-alanine; Penta-Ala – penta-
alanine
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Baraniya et al. 2016). Therefore, the capacity of plants 
to acquire organic N extends beyond individual amino 
acids to include oligopeptides, mediated by specialised 
transporters. Crop species such as wheat possess func-
tional peptide transporters (e.g., TaPTR1) that facilitate 
the uptake of di- and tripeptides (Hill et al. 2011b).

In this study, we provide direct evidence for plants’ 
uptake of oligopeptides whilst avoiding competitive 
absorption by soil microorganisms and soil particles 
through sterile hydroponic conditions. Our results 
showed that rice roots, like wheat roots (Hill et al. 
2011b), have the capacity to capture organic N di-
rectly (both as alanine and its oligopeptides) from 
solution (Figure 1). These results are consistent with 
previous research demonstrating that plants can di-
rectly utilise free amino acids and small peptides as 
a N source without the necessity of further cleaving 
peptides into amino acid monomers (Hill et al. 2011a, 
b, 2012, Farrell et al. 2013, Smith and Chalk 2021). 
Wheat grown in agricultural soils amended with 
organic matter has been shown to directly assimilate 
peptide-derived N, with uptake rates of l-tri-alanine 
exceeding those of l-alanine by 2–3 fold (Hill et al. 
2011b). Notably, alanine absorption exceeded peptide 
uptake by 3–7-fold in rice and 6–9-fold in wheat. 
Moreover, the absorption of alanine was significantly 
higher than its peptides. However, when expressed 
on an N basis, the uptake of oligopeptides may equal 
or even surpass the amino acid basis depending on 
root location and oligopeptide chain length.

We also observed differences in peptide absorp-
tion capacity between wheat and rice. Rice roots 
exhibited a higher absorption rate of peptides than 
wheat roots, suggesting that peptides may have more 
potential as a directly utilisable N form. The observed 
differences in peptide uptake between rice and wheat 
roots are likely attributed to physiological, genetic, 
and ecological factors. Amino acid uptake is medi-
ated by various transporters (Lee et al. 2007, Taylor 
et al. 2015), which are located in the root plasma 
membrane (Guo et al. 2021, Liu et al. 2024). Specific 
membrane-localised amino acid transporters, such 
as amino acid permeases and the lysine-histidine-
like transporter subfamily, are involved in amino 
acid transport in rice and wheat. Previous studies 
have shown that plant roots possess a range of pep-
tide transporters (Paungfoo-Lonhienne et al. 2009). 
Existing evidence suggests differential transport 
mechanisms for peptides of varying lengths: di- 
and tripeptides are transported by proton-coupled 
peptide transporters (PTRs), a nitrate transporter 

subfamily (Tsay et al. 2007, Kohl et al. 2012), while 
tetra- and pentapeptides utilise oligopeptide trans-
porters (OPTs) and ATP-binding cassette (ABC) 
transporters. These transporters exhibit distinct 
expression patterns across root zones and devel-
opmental stages; notably, the patterns also indicate 
that some peptide transporters are not localised to 
the epidermis and may not be involved in N capture 
(Paungfoo-Lonhienne et al. 2009, Qiu et al. 2023). 
However, the coordination of these different trans-
port processes in roots is not yet fully understood 
(Guo et al. 2021). The ecological adaptation of rice, 
typically grown in organic matter-rich environments 
like paddy fields, may also have led it to evolve and 
differentially regulate its N acquisition mechanisms. 
Further research is therefore needed to investigate 
transporter gene expression, protein localisation, 
uptake kinetics, and genetic variations in peptide 
transport systems across a range of agricultural plants.

The biochemical advantage of direct peptide up-
take extends beyond simple N acquisition efficiency 
(i.e., accessing N before it is mineralised by the soil 
microbial community). In contrast to inorganic N, 
peptide transport delivers multiple N atoms per 
transport event while simultaneously providing C 
skeletons, potentially reducing the metabolic cost 
of amino acid biosynthesis. A critical knowledge 
gap concerns the fate of peptides following cellular 
uptake. While our study demonstrates successful 
peptide transport across root plasma membranes, 
crop species’ subsequent intracellular processing steps 
remain poorly characterised (Mikkonen et al. 1986, 
Belonozníková et al. 2023). Peptide hydrolysis may 
occur in the cytoplasm via cytoplasmic peptidases 
or following vacuolar sequestration, with longer 
peptides potentially requiring more complex process-
ing machinery (Carter et al. 2004). The rate-limiting 
step in peptide utilisation, membrane transport ver-
sus intracellular cleavage, likely varies with peptide 
length and may explain why shorter peptides often 
show higher apparent uptake rates. Understanding 
these post-uptake processes is crucial for deter-
mining whether peptide transport truly represents 
a metabolic advantage over inorganic N sources.

Root age and system components are crucial for 
nutrient acquisition, with root tips and root hairs be-
ing the primary zones for amino acid uptake (Wang 
et al. 2006, Tegeder 2014, Guo et al. 2021). Further, 
differences in root hair density, surface area, and 
membrane permeability may also be important (Cai 
and Ahmed 2022). Matsumiya et al. (2012) have 
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also demonstrated that Brassica rapa and Solanum 
lycopersicum root hairs can absorb peptides from 
a complex organic medium. We found that alanine 
and oligopeptide uptake occurred throughout the 
root system, with the highest accumulation seen in 
the root tip and root hair regions (Figures 2 and 3). 
Older root segments, characterised by suberisation 
and reduced transporter expression, may exhibit lower 
peptide uptake rates than young, actively growing 
roots. Studies on Arabidopsis suggest that peptide 
transporter genes (e.g., AtPTR5) are predominantly 
expressed in root tips and young tissues, implying 
a spatial gradient in uptake capacity (Komarova et 
al. 2008). Meanwhile, we observed similar segment-
specific differences in oligopeptide uptake rates 
among crop roots: rice exhibited a higher oligopeptide 
uptake rate in the 0–1 cm root segment compared 
to the 1–2 cm segment, which is consistent with 
the pattern observed in their study; in contrast, 
wheat displayed the opposite trend (Figure 4). This 
highlights that spatial variations in peptide uptake 
capacity exist across different root regions in vari-
ous plant species. The reason may be related to the 
root morphology. Rice often has a more fibrous root 
system with a relatively large number of fine roots, 
while wheat combines seminal and nodal roots. 
We note that excising roots can alter source-sink 
relationships for solutes and reduce intracellular 
peptides and amino acid concentrations; however, 
major changes usually occur over much longer peri-
ods than used here (Brouquisse et al. 1992, Raymond 
and Smirnoff 2002). The net effect on plant N uptake 
remains unclear. As occurs in bacteria and yeasts 
(Sharma et al. 2016, Berg et al. 2023), we also show 
that the uptake ratio of peptides may vary depending 
on their chain length. This is supported by studies in 
other plant tissues (e.g., barley leaf mesophyll; Ramos 
et al. 2011). It is also likely that the uptake rate will 
be regulated by the structure and charge properties 
of the peptides (Berg et al. 2023); however, the im-
portance of this remains poorly understood in plants. 
These findings collectively highlight the complexity of 
organic N acquisition mechanisms and the need for 
continued research to understand better the rate of 
formation and fate of peptide-N in the rhizosphere.

In conclusion, we acknowledge that the current 
study possesses several methodological limitations. 
Firstly, although in line with best practice, the ex-
periments were conducted under sterile controlled 
conditions, eliminating microbial competition and 
potentially limiting direct extrapolation to complex 

natural soil environments. The focus on only wheat 
and rice limits the generalisability of the observations 
across plant species and agricultural systems. The 
analysis of a restricted range of oligopeptides (di-, 
tri, tetra, and penta-alanine) may also not compre-
hensively represent the full spectrum of peptides 
generated in soil and, therefore, uptake mechanisms. 
Short-term experimental measurements (10–30 min) 
may also provide an incomplete representation of 
long-term N acquisition dynamics (e.g., internal 
metabolic control and transporter feedback). While 
revealing important insights into peptide transport, 
significant gaps in knowledge regarding transporter 
gene expression, protein localisation, and compre-
hensive uptake kinetics remain. The research did 
not investigate environmental contextual factors 
such as N availability, soil type, and plant develop-
mental stage. Further research is required to fully 
characterise the molecular regulation of peptide 
transporters, investigate genetic variations across 
crop species, and examine environmental influences 
on organic nitrogen acquisition. Understanding these 
mechanisms may contribute to developing more 
nitrogen-efficient agricultural approaches.
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