Journal of Plant Nutrition and Soil Science

| RESEARCH ARTICLE CETTED

WILEY-VCH

Lentils can Absorb Amino Acids as a Nitrogen Source

Supporting Early Growth

Alex A. Kroper? | Sabine Zikeli? | Monika A. Wimmer!

Christian Zorb!

!Institute of Crop Science, Quality of Plant Products and Viticulture (340e), University of Hohenheim, Stuttgart, Germany | 2Center for Organic Farming (309),

University of Hohenheim, Stuttgart, Germany

Correspondence: Christian Zorb (Christian.zoerb@uni-hohenheim.de)

Received: 12 November 2024 | Revised: 28 February 2025 | Accepted: 6 March 2025

Academic Editor: Kurt Moller

Funding: The project “Selektion geeigneter Sortentypen von Linsen (Lens culinaris) fiir nachhaltige Anbausysteme” was financed by the German Federal

Ministry of Food and Agriculture, funding code 2815EPS050.

Keywords: amino acid pattern | ammonium | nitrate | organic agriculture | urea

ABSTRACT

Background: Lentils (Lens culinaris Medik.) are a valuable crop due to their high nutritional content, low environmental impact,

and nitrogen-fixing ability via rhizobacteria. Early in development, before this symbiosis is established, lentils require external

nitrogen, typically supplied through fertilizers or already present in soils.

Aim: This study explores whether lentils can utilize amino acids as a nitrogen source and how amino acid supplementation affects

growth and nitrate uptake.

Results: The findings show that lentils can absorb amino acids from soil, with no adverse effects on growth compared to mineral
N fertilizers. The amino acid patterns show only slight changes in individual amino acids. NPF/NRT1, NRT2, AMT2, and DUR3
were expressed in all treatments in root tissue. LHT1 plays a minor role in the distribution of N in the shoots of lentil plants.

Conclusion: Although amino acid uptake is less efficient than that of nitrate, it may still benefit young plants in organic farming

until rhizobacterial symbiosis is established.

1 | Introduction

Organic agriculture is a sustainable method of food production
that emphasizes the use of organic fertilizers, crop rotation,
and the cultivation of legumes, which are known to improve
soil fertility through nitrogen fixation. In addition to ecosystem
benefits, integrating legumes into crop rotations can also be
economically positive for farmers (Reckling et al. 2016). Among
legumes, the lentil (Lens culinaris Medik.) is a valuable edible
crop for human diets in many countries because of its high protein
content, dietary fiber, and high mineral content (Heseker and
Heseker 2013; Vasconcelos et al. 2020). As legumes, lentils can fix

N, through root colonization with rhizobacteria and formation
of nodules, where nitrogen gas is converted into ammonium (2
NH; + 2 H, or NH,*) that the plant can utilize (Becana and
Sprent 1987). This comes at the expense of photoassimilates,
which are delivered in exchange to the rhizobia. Thus, the plant
must grow to a certain developmental stage, which enables
it to deliver additional photoassimilates to “feed” the bacteria
(Silsbury 1989), which is seen as a symbiosis but also has an aspect
of competition (Sachs et al. 2018). Once nodules are formed, no
further N fertilization is needed. However, before this symbiosis
is established, lentil growth and productivity depend on the
availability of nitrogen, and N limitation can lead to reduced or
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stunted growth, delayed plant development, yellowing of leaves,
and reduced yield. If legumes were fertilized with sufficient
nitrogen throughout their entire growing season, they would not
develop functional nodules (Harper and Gibson 1984). To use N
fixation efficiently, the right balance between N supply for the
young plants and promoting the formation of nodules must be
found.

Since lentils in the northern hemisphere are often grown in mixed
cultivation with supporting crops such as barley or oats, there is
competition for N with the supporting crop but also with other
lentil plants during their juvenile development (R. S. Jones et al.
1981). Therefore, depending on soil N, status, it might make
sense to apply a low-to-moderate amount of nitrogen fertilizer at
sowing (Epie et al. 2023).

Lentil plants in a late stage of development especially when
they switch from the vegetative to generative phase have a high
demand for nitrogen, especially since their seeds have a high
protein content. Nitrate uptake involves several transporters and
enzymes. Key transporters involved in N uptake in plants such
as nitrate transporter from the NPF family (NRT1.1, NRT2) and
ammonium transporter (AMT2) as well as amino acid transporter
(DUR3, LHTI) genes may change their abundance according to
the N source and amount available (Nacry et al. 2013). Amino
acid transporters such as LHTI are primarily involved in the
uptake and transport of amino acids, especially small neutral and
acidic amino acids, such as glutamine. It has high affinity for a
broad range of amino acids. Moreover, all these transporters play
a crucial role in the uptake of nitrogen from the soil solution
and its subsequent transport from the root to the shoot tissues
for assimilation into amino acids and other nitrogen-containing
compounds. While much is known about N acquisition in lentils
by rhizobia, little is known about uptake of different N forms from
soil solution.

We provide data on sugar concentrations in shoots and roots
because the interplay between energy metabolism and nitrogen
acquisition is critical for meeting the high energy demands asso-
ciated with amino acid uptake and assimilation pathways, par-
ticularly under conditions of limited mineral nitrogen. Changes
in the expression patterns of the genes involved are important to
evaluate whether lentils can effectively take up amino acids.

The objective of this article is therefore to discuss the uptake
systems for N sources such as amino acids in comparison to
nitrate or ammonium, especially in the early development phase
before symbiosis is active. Specifically, we hypothesize that (1)
lentil plants can take up amino acids as an N-source and (2)
application of amino acids as a single N-source influences the
amino acid pattern in lentil roots and shoots.

2 | Material and Methods

2.1 | Plant Material and Growth Conditions

Lentil seeds cv. Anicia (green marbled, thousand kernel weight
36 g) were sterilized by 95% ethanol and 3% sodium hypochlorite
and germinated in sand in a greenhouse. After 11 days, at the two
leaf stage, seedlings were transferred into black plastic pots con-

taining 4.5 L hydroponic solution (1 mM KH,PO,, 1 mM K,SO,,
1 mM MgSO,, 100 uM Fe(III)-EDTA, 100 uM KCl, 20 uM H;BO;,
3 uM MnSO,, 3 uM ZnSO,, 0.4 uM CuSO,, 0.4 pM Na,MoO,,
0.15 uM CoCl,, and 0.1 pM NiSO,). Additionally, the nutrient
solutions contained one of five different N forms, namely 1 mM
Ca(NO,),, 1 mM (NH,),SO,, 1 mM CH,N,0, 0.5 mM C¢H;,N,O,
(arginine), or 1 mM C,H;(N,O; (glutamine). All treatments,
other than the one treated with Ca(NO;),, additionally received
1 mM CaSO, to adjust the calcium concentrations. The pH of
the nutrient solution was set to 6.8 by adding sulfuric acid or
potassium hydroxide. To avoid osmotic shock in the seedlings,
the nutrient concentration was increased by 25% increments
every 2 days until the final full concentration was reached. At
the plant transplantation stage, it was confirmed that nodules
were not yet present. The nutrient solution was renewed twice
a week and every second day in the last week before harvest.
Lentil plants were cultivated for 32 days in a greenhouse at
ambient temperature. A completely randomized design with four
replications of three plants at each pot (n = 4) was chosen. The
three plants of one replicate were harvested together and pooled
to one sample.

At harvest, roots were separated from the shoots, rinsed for 10
s with deionized H,O and gently blotted dry with tissue paper.
Approximately 2 cm of the root tips and the first fully developed
leaf with 5 mm of the stem were separated to obtain reliable
samples of the above- and below-ground parts of the plant for
RNA extraction, shock frosted in liquid nitrogen, and stored at —
80°C until further processing. The fresh weight of the three plants
of each replicate was determined immediately at harvest, and the
dry weight after drying the plant material at 60°C for 3 days in a
ventilated oven until a constant weight was reached.

Statistical analyses of the data were done by one-way analysis
of variance (ANOVA) followed by post hoc Tukey honestly
significant difference (HSD), accepting a type 1 error rate of
0.05, performed with SAS (Statistical Analysis Systems ver. 9.4,
SAS Institute Inc., Cary, NC, USA). To ensure homogeneity of
variance and normal distribution of the data for the calculation
of the statistics, transformations were performed using either the
natural logarithm, square root, or inverse.

2.2 | Nitrate

Nitrate concentrations were determined as described by Zhang
et al. (2021), based on the colorimetric method by nitration of
salicylic acid described by Cataldo et al. (1975). Absorbance was
detected using a plate reader (Infinite M Nano, Tecan Trading
AG, Switzerland) at a wavelength of 410 nm. Each sample was
technically repeated three times.

2.3 | Soluble Sugars

Sucrose and glucose were extracted according to Wedeking et al.
(2016) and determined enzymatically as described by Gomez et al.
(2007) except that the assay volume was scaled-up in order to
use a spectrophotometer (SPECORD 50 PLUS, Analytik Jena,
Germany) instead of a microplate reader for measurement. Before
and after cleavage of sucrose, the reaction product NADH cat-
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alyzed by D-glucose-6-phasphate-dehydrogenase phosphorylated
by hexokinase from D-glucose was measured at 340 nm.

2.4 | Amino Acids

Analysis of free amino acids was done according to commission
Regulation (EC) No. 152/2009 III F: CELEX No 02009R0152-
20130212 (Commission of the European Communities 2009).
Samples were hydrolyzed with hydrochloric acid and then
separated by ion exchange chromatography (oxidized feedstuff
column, type cation exchanger resin, 20 X 4.6 mm column)
and determined by photometric detection at 570 nm (primary
amino acids) and 440 nm (secondary amino acids) after post-
column reaction with ninhydrin using an Amino Acid Analyzer
(Biochrom 30, Biochrom Ltd., UK).

2.5 | RNA Isolation, Preparation, and Transcript
Expression

An aliquot of 150 mg of homogenized frozen plant material was
incubated on ice with lysis buffer (100 mM Tris-HCI, pH 8.0; 2
% lauroyl sarcosyl; 25 mM EDTA, pH 8.0; 25 mM EGTA, pH 8.0;
100 mM f3-mercaptoethanol; dissolved in 1% SDS, 5 mM DTT).
Phenol and chloroform (each 400 pL) were added, mixed, and
centrifuged at 13,000 g, 4°C, 10 min. This procedure was repeated
using the supernatant and only using 400 pL chloroform. After
centrifugation, 60 % v/v isopropanol and 10 % v/v 3 M Na acetate
(pH 5.2) were added to the supernatant and precipitated at —
20°C overnight. The RNA precipitation was centrifuged 12,000 g,
15 min, 4°C and subsequently washed with ice cold ethanol
(70%). After completely removing the ethanol, the total RNA was
dissolved in 20-50 pL and stored at —-80°C.

The cDNA was reverse transcribed using the SuperScript IV Vilo
Master Mix (Invitrogen, USA) according to the manufacturer’s
instructions. The cDNA served as the template for QRT-PCR mea-
surements with iTaq Universal SYBR Green Supermix (Bio-Rad,
USA) following the manufacturer’s instructions. The conditions
for QRT-PCR amplifications were as follows: 95°C for 4:00 min,
40 cycles of 95°C for 20 s, 60°C for 30 s, 72°C for 50 s followed
by 95°C for 1 min 65°C for 5 s increment (1°C steps) to 95°C
for measuring the melting point. For every transporter, three
technical replicates were measured of any of the three biological
replicate (n = 4) (C1000 Touch Thermal Cycler CFX96 Real-Time
System, Bio-Rad, USA).

Two reference genes were chosen according to Sinha et al.
(2019): elongation factor la (EFla) and tubulin (Tub). The
following transcripts were analyzed: NPF/NRT1, important role
in NO; uptake (Moreére-Le Paven et al. 2011); NRT2, high affinity
NO;~ uptake system (Pellizzaro et al. 2015); AMT2, uptake
and transport of NH,* (Straub et al. 2014); DUR3, uptake and
transport of urea (Liu et al. 2003); LHT1, transporter for root
amino acids uptake (Chen and Bush 1997; Gratz et al. 202I;
Hirner et al. 2006; Svennerstam et al. 2007). Primers (10 pmol
pL™) are given in Table S1 and were purchased from Thermo
Fischer, USA, and cross checked by BLASTN against nucleotide
collections of closely related legume species at https://www.ncbi.
nlm.nih.gov/nucleotide/. The size of amplified DNA was checked

A

1.4 1.4

1.2 1.2

1.0 e 1.0
. K o
7 B B k=
€ 08 a 08
@ -
= o
S 06 X ab I 06 2o
2 bc I o)
w 04 I c 04 5
I &

0.2 0.2

0.0 0.0

NO3~ NHs* Arg GIn
 Shoot Root X Root-Shoot-Ratio

FIGURE 1 | Plant dry matter (g plant™) of shoot (black) and roots
(gray) and root-shoot-ratio (X) after application of: nitrate (NO37),
ammonium (NH,*), arginine (Arg), and glutamine (Gln) as N source.
Bars represent log back transformed standard errors of the mean (n =
4). Similar letters above bars indicate no significant difference between
the treatments for shoots (capital letters) or roots (lower case letters)
(p £0.05).

by agarose gels, and amplicons were ligated into a plasmid
vector (TOPO TA Cloning, Invitrogen, USA) according to the
manufacturer’s instructions and sequenced (Macrogen Europe,
Netherlands). Sequence data were compared with corresponding
gene bank sequences. The target amplicons were 80-123 bp in
length (Table S1).

3 | Results

3.1 | Plant Biomass

Shoot dry matter was the highest under NO;~ treatment, while
root dry matter was low. Shoot dry matter showed no significant
differences in the other treatments, indicating similar effects
of ammonium and amino acid supply. Even shoot dry matter
under Gln treatment was similar to the NO;~ treatment. In roots,
dry matter was the highest with amino acid supply. The NH,*
treatment had the lowest root biomass. Accordingly, the root-
shoot ratios (x in Figure 1) increased from NO;~ (0.30) < NH,*
(0.38) < Arg (0.66) < Gln (0.70).

3.2 | Nitrate Concentration

The nitrate concentration in root and shoot tissue was signifi-
cantly highest at NO;~ treatment (Figure 2). However, at amino
acid nutrition or ammonium nutrition, the nitrate concentrations
in roots and shoots were ca. 30 times lower. No significant
differences were observed in nitrate concentrations among the
NH,*, Arg, and Gln treatments in either roots or shoots.

3.3 | Sugar Concentration

Total sugar concentration in roots was lower at amino acid
nutrition. The NO;~ nutrition had significantly highest sugar
concentrations in roots (Figure 3a). The share of glucose was
between 4% and 7% of the total sugar concentration in roots.
In shoots, the total sugar concentration was 3.5 times higher

458

Journal of Plant Nutrition and Soil Science, 2025


https://www.ncbi.nlm.nih.gov/nucleotide/

35 Ia

30

S 5

a

w20

a4

6' 15 A

Z 10

Qo
> B b B b B b
0 milmm 0T . —

NO;~ NH,* Arg Gln
m Shoot Root

FIGURE 2 | Nitrate concentration (mgg~! dry matter) of roots (gray)
and shoots (black) after application of (NO3;~), ammonium (NH,"),
arginine (Arg), and glutamine (GIn) as N source. Bars represent log back
transformed standard errors of the mean (n = 4). Similar letters above
bars indicate no significant difference between the treatments for shoots
(capital letters) or roots (lower case letters) (p < 0.05).

than in roots. However, no significant differences of all nutrition
treatments were detected (Figure 3b) indicating comparable
conditions for photosynthesis and assimilation. The share of
glucose in the total sugar concentration in the shoot was between
33% and 56%, which is much higher than in the root.

3.4 | Amino Acid Concentrations

Amino acids are found in the rhizosphere as a result of
degradation by soil proteases or cellular efflux from plant roots
and microbes (D. L. Jones and Hodge 1999). According to Moe
(2013), amino acids are appreciated as a key intermediary in the
soil nitrogen cycle, and their measured abundance and diversity
in soil can be considered a snapshot of the processes resulting in
their appearance (organic matter degradation and release from
cells) and their disappearance (mineralization and assimilation).
Abiotic factors can be considered to account for amino acid
variability in soil such as temperature and soil nutrient status
(Ivarson et al. 1970). These abiotic processes are intricately
linked with biotic processes. Additional work indicates that
the composition of the soil amino acid pool changes with plant
diversity levels, suggesting differences in organic nitrogen input
as well as differences in rates of organic nitrogen mineralization
according to the aboveground flora (Sauheitl et al. 2010). Several
methods have been used to determine total free amino acid
content in soil (Ivarson and Sowden 1969; D. L. Jones et al.
2002), consistently finding low micromolar concentrations
(6.7-22.4 umol L™') across ecosystems and reporting that free
amino acids make up 10%-40% of total soluble nitrogen.

In addition to relevant transporter studies of mostly Arabidopsis
plants (e.g., Forsum et al. 2008), there is not much literature
about direct evidence for the uptake of amino acids in crop plants.
There are reports in Australian plant communities (Schmidt
and Stewart 1999) as well as in tropical sugarcane (Vinall et al.
2012).

In this study, the sum of concentrations of total amino acids
(free plus hydrolyzed) was the highest in roots at the two amino

TABLE 1 | Total amino acid concentration (mg g DM™!) in root and
shoot (free plus hydrolyzed amino acids).

Treatment Root Shoot
NO;~ 185.0 b 199.6 b
NH,* 193.8b 205.8b
Arg 203.2b 2169 a
Gln 2539a 204.8b

Note: Significances according to Tuckey test, different letters indicate signifi-
cant differences for shoot or for root separately.

acid nutrition treatments but did not differ under nitrate and
ammonium treatment (Table 1). In shoot, the sum of amino
acids was comparable to those of roots but with significantly
highest concentration of Arg nutrition (Table 1). This may
also give evidence that lentil roots are able to uptake amino
acids in comparable amounts as under nitrate and ammonium
nutrition. Generally, in roots and shoots, the amino acid
concentration showed a similar pattern. In shoots, there was no
significant effect of all four treatments. Shoots had the highest
Asp concentrations followed by Leu, Gln, and Lys, and all
others were lower. In shoots, all nutrition treatments had no
significant effects on amino acid concentrations except for Asp
(Figure 4b).

3.5 | Gene Expression

A series of transcripts most relevant transporter could be detected
in root tissue via qPCR. The relative transcript abundance of
NPF/NRT1, NRT2, AMT2, DUR3, and LHT1 for all nutrition
treatments is shown as fold change compared to the expression
of NPF/NRT1 under NO;™ nutrition (Figure 5). The direction
of arrows shows the transcript tendency with upward pointing
arrows indicating > twofold higher expression and downward
pointing arrows showing < 0.5-fold lower expression compared to
the expression of the reference. In roots, the NPF/NRT1 transcript
abundance remains unchanged under NH,* and both amino acid
treatments (Figure 5a). The expressions of the transcripts NRT2,
AMT2, DUR3, and LHT1 were higher compared to NPF/NRTI1
under NO;~ treatment (Figure 5a). The transcripts of NRT2
increased 139-fold under NO;~ or 22-fold under Arg treatment.
In roots, under NH,* treatment, transcripts of NRT2 and LHTI1
decreased.

In shoots, only NRT2 and AMT2 in the NO;™ treatment and AMT2
in the Arg treatment were higher (Figure 5b). Most of the other
transcripts, mainly LHTI, decreased substantially. If GIn was the
N form provided, all transcripts decreased.

4 | Discussion

The results clearly indicate that young lentil plants were able to
take up amino acids from the nutrient solution (Figure 1). Despite
nitrate nutrition had slightly higher biomass production, amino
acid nutrition did produce comparable plants. Moreover, the
effect of ammonium nutrition on biomass growth was compara-
ble to amino acid nutrition (Figure 1). Roots had even more com-
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parable biomass growth with high impact on GIn and Arg nutri-
tion. Therefore, at early growth stages, when amino acids were
available, those seedlings had no disadvantages. Despite nitrogen
concentrations in root and shoot tissues were lower at amino acid
nutrition, the biomass production was comparable (Figure 2).
This indicates that nitrate concentration even below 10 mg g~ FW
in tissues was adequate for early growth under such conditions.
Moreover, the higher root-shoot ratio at nutrition with amino
acids (Figure 1) may indicate that N availability was sufficient
(Brouwer 1962). It remains unclear if with nitrate nutrition the
pool of nitrate in vacuoles might be greater, but the amount of
nitrogen needed for growth was also sufficient with amino acid
nutrition. This would indicate that legumes such as lentils are
able to take up amino acids through their roots. However, there
may be certain differences in plant development when different N
sources are applied; it has been reported that amino acid uptake
has an impact on root architecture (Forde et al. 2013; Walch-
Liu et al. 2006). Particularly biomass accumulation with amino
acid treatment was less than with nitrate treatment but might be
sufficient for lentil plants in the early stage (Figure 1). Moreover,
this conclusion is supported by the fact that the total sugar
concentration in both the shoot and root was similar at NO;~ and
Gln nutrition. However, less sugar was measured in roots after N
was provided in the form of Arg (Figure 3) but was sufficient in all
treatments, indicating that there were enough photoassimilates
for growth, or at least that photosynthetic assimilates were not
restricted under amino acid nutrition. Therefore, we can support
the first hypothesis that the roots of lentil plants have the ability to
use amino acids such as Gln and Arg as a direct source of N. To our
knowledge, this finding for lentils is new and has some relevance
in organic agriculture which may differ in amino acid concentra-
tion (Scheller and Raupp 2005) because organic manure is used
as a source of N. Organic residues, especially proteins, which
release amino acids and fragments thereof after degradation, can
also be taken up at a substantial rate. This may deliver sufficient
nitrogen for the establishment of young plants until symbiosis
is functional and therefore is of high relevance for organic
agriculture.

4.1 | Application of Amino Acids as N-Source
Influence Amino Acid Pattern

The total (free + hydrolyzed) amino acids (Table 1) indicate
no fundamental difference in N uptake between amino acid,
ammonium, and nitrate nutrition. The amino acid pattern in
lentil roots and also in leaves was not generally affected by amino
acid nutrition (Figure 4), and only some amino acids such as
Ala, Gln, Gly, and Thr in roots were significantly increased.
According to the studies conducted by Moran-Zuloaga et al.
(2015), microorganisms take up the majority of amino acids in
soils, which are then made available to plants again in digested
fragments through the rhizosphere soil solution.

4.2 | Amino Acid Uptake

The results of the gene expression analysis were related to
the expression of NPF/NRT1, which serves as a reference.
Nitrate is an important N source for plants in the soil solution
(Crawford 1995) and NPF/NRTI belongs to the family of nitrate
transporters, which are responsible for the uptake of nitrate
at higher concentrations (Orsel et al. 2006). Compared to
NPF/NRTI1in NO;~ treatment, other N uptake systems tend to be
upregulated in roots (Figure 5a). Therefore, it can be concluded
that the lentil plants tend to access a broad spectrum of N sources
via the root. The transcript of LHT1, which is known to play an
important role in amino acid uptake and transport (Hirner et al.
2006), shows increased expression when N is provided as Arg
compared to NO;™.

For the transport of N within the plant shoot, the AMT2 was
upregulated under Arg nutrition (Figure 5b). All other transporter
transcripts were unchanged or decreased. This might reflect the
fact that for long distance transport, there seems no need for the
upregulation of transporter to maintain N status of the plant,
and these findings are in agreement with Tegeder and Masclaux-
Daubresse (2018). The uptaken amino acids can be directly used
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in the root physiology contributing to growth and maintenance or
might be transported to the shoot or moreover can be converted
to other small N containing substances including small peptides
such as glutathione and therefore may need other transporter
transcripts. Moreover, ammonium transporters such as AMT2
play a role in the storage of amino acids in the vacuole (Howitt
and Udvardi 2000; Martinoia et al. 2007).

However, based on our findings, the effectiveness of amino acids
as a nitrogen source is lower than that of NO;~, but they might
be important under conditions without mineral nitrogen fertil-
ization, such as in organic agriculture. The use of amino acids

in such systems, as highlighted by Gonzalez Perez et al. (2015),
underlines the significance of this nitrogen pool in agricultural
systems. In general, it seems relevant in the growth phase before
the symbiosis of young plants is established.

5 | Conclusion

Lentil plants are able to take up amino acids from the rhizosphere
and use them as a nitrogen source. This finding is particularly
relevant for organic agriculture, where only organic fertilizers
are used. Despite the differential expression of investigated
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a) Root

NPF/NRT1  NRT2 AMT2 DUR3 LHT1

N-Source

NOs~ 1.00

b) Shoot

NH,* 1.71 0.11 7.97 9.17 0.28
Arg 0.93 21.6 4.26 5.45 2.75
Gin 0.54 7.11 2.14 3.29 0.91

NPF/NRT1  NRT2 AMT2 DUR3 LHT1
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©0O0O00O
NOs~ 1.00 2.40 219 1.59 0.11

O0000
NH* 0.39 0.09 1:45 0.04 0.01
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FIGURE 5 |

Relative gene expression of the genes NPF/NRT1, NRT2, AMT2, DUR3, and LHT1 in (a) root and (b) shoot tissue after cultivation with

the nitrogen sources NO3;~, NH,4*, arginine, and glutamine as fold change compared to the expression of NPF/NRT1 cultivated under NO5~ application.
Rising arrows indicate greater than twofold, light green > 10-fold, dark green increase and falling arrows < 0.5-fold, light red < 0.1-fold, dark red decrease

of gene expression. Numbers show the measured increase and decrease in fold change as a factor compared to the reference (n = 4).

uptake and transport systems, the amino acid pattern in roots
and shoots does only marginally change with different nitrogen
sources. Amino acids can significantly support the nitrogen
supply in lentil plants, particularly during the juvenile stage
before functional nodules for nitrogen fixation are fully formed.
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