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Abstract

The evolution of £photosynthesis led to increased photosynthetic efficiency compared tel&ives
particularly in warm and drgonditions, offering great potential to improve crop performance under
increasingly arid conditions brought on by climate changg.pl@nts achieve this improved
photosynthetic efficiencyby employing aCQ-concentrating mechanism which minimizes the
oxygenation reaction of RuBisCO. This mechanism depends on spatial separation of primary CO
fixation by PEP carboxylase (PEPC) in mesophyll (MS) cells, transfer phdftk itermediates to
bundle sheath (BS) cells for decarboxylation, and the assimilafithe CQ by RuBisCO. Through this
compartmentalization the Noalance between MS and BS cells is disrupted, nitrate reduction is
specifically localized in MS, angplants possess a higher nitrogen use efficiency. However, so far it is
not sufficiently understood how N uptake and assimilation adapted in the course ph@osynthesis
evolution. Identifying these alterations in the N assimilation pathway will be necessary to support
efforts of engineering the more efficient @hotosynthesis mechanism @ staple crops like rice or

wheat.

This thesicharacterizes and compares mineral nutrition traits ef G-C, and G species from the
Brassicalesrder to determine metabolic differences dependent on photosynthesis type and how they
are conserved amongpecies of the same typ&he analyses revealed a higiedeficiency tolerance

in the G species, which is achieved through a higher uptake ability and accumulationy@id@mino
acids in leaves, which might serve as a N reserve for production tdgmhetic enzymes to upkeep
photosynthesis rates under low N conditiorlg. contrast, intermediate species did not show an
increase in N deficiency tolerance implyitgit improved N deficiency tolerance is dependent on a
complete transition to £photosynthesis Metabolite profiling further revealedignificant differences

in accumulation patterns of sugars, amino acids and TCA intermediates betweeyetie Gspecies
under N deficiency conditions suggesting a differential regulation of N deficiesppmses in £and

G, species’®N uptake and gene expression analysis revealed clear differences in the regulation of the
uptake and assimilation of NGnd NH* between the Gand G Cleomespecies. The higher sensitivity

to NH,"as their sole N sourde G plants was shown to be linked to a lower uptake capacity far"NH

Overall the results suggest a differential regulation of N assimilation and deficiency resjroGs €3
C and G species from theBrassicaleorder and highlight the importance founderstanding the

metabolic fluxes to improve plant performance.



1. Introduction

CSSRAY3I (KS ¢g2NIRQa 3INRBgAYI LRLIAIIGA2YTI gKAOK A
NBYFAya 2yS 27F (2RI & QANDESAD, 2022)A8c6rking fo eteyftiiepodk | £ £ Sy =
nearly 282 million people experienced acute hunger and food insecurity in @O3BN, 2023)

Moreover, nutrient deficienies are estimated to affect over 2 billion people worldw{denoroso,

2016) The predcted increase of atmospheric €@ncentrations posgthe risk of exacerbating this

issue as many crops show an increase in yield, but a decrease in both micronutrient (e.g. zinc and iron)

and macronutrient content (e.g. nitrogen) when exposed to eleva®@ concentrations. This
phenomenon is referred to as the carbon dilution effdobladze, 2014; Chuet al,, 2018; Ujiiect al,,

2019) In contrast, in £plants carbon uptake is saturated at ambient.0€¥els due to their CO
concentration mechanism. While, therefore profiting much less from elevatedi@® G plants they

are also less affectedytthe carbon dilution effecfVon Caemmerer and Furbank, 2003; Myetrsil,,

2014) Due to this ¢ crops harbour a great potential in the pursuit of food security in a future
environment with elevated CQevels. Thkir increased photosynthetic efficiency in warm addy

conditions compared to Lelatives,further highlights their potential to improve crop performance

under increasingly arid conditions brought on by climate changewever, aly ~ 3 % of all
angiosperns, including the major crops, maize, sugar canad sorghumuse G photosynthesis

(Kellogg, 2013)To access the potentiadf G crops efforts are being made to engineer; C

photosynthesis into £xrops e.g. rice.

Irrespective of nutritional quality, producth of enough foodo meet the increasing demand and
thereby ensuring food security requires the agricultural yield to rise 2.4 % per yséch is far above
current rates of around 0.8 1.6 % per year for main crops such as wheat and maize. Increasing th
agricultural land to raise production is not a sustainable solutiogla@sally50 %&and onsome national

levelsup to 80 % ohabitable lands already devoted to agricultui®ayet al, 2013)

Sinceagriculture is highly vulnerable to changes in temperature, precipitation, and rising atmospheric
CQ concentration global climate change adds another layer to this prob{évneeler and Von Braun,
2013; Rosenzweigt al, 2014) Recent &treme weather eventsuch as severe floods, storms,
droughts, widfires, & well aspest and disease outbreaks further pose threats to crop yields and
therefore food securitfFSIN, 2023)

In countries lik Germany, in which the cereal production has grown at a faster rate than the
population, cereal production per person has increased deghitegrowing populationRitchie and
Roser, 2013)Many of the current methods used for intensification of the available land i.e. crop

irrigation, nitrogen and phosphate fertilizer usage, and pesticide application are unsustainable since
2



they negatively affect exsystems by depleting natural resources and biodiversity. Yield gaps, defined
as the difference between potential and actual yield, reveal regions at risk for future yield stagnation.
Analysis of yield gaps gismsights in opportunities to improve agritural production(Gerberet al.,

2024) Furthermore they highlight the importance of research to achm&ainable intensification of
agriculture e.g. omitrate use efficiencyNUB to improve sustainable nitrogen management and

reduce the need for N fertilize{(€assman and Grassini, 2020; Tamagjrad., 2024)

1.1. Nitrogenfertilization

Global crop production is reliant on increased yields achieved by N fertilizer usage to ensure food
security(Erisman et al., 2008; Liang, 202&8yricultural production is tightly linked to nutrient input,

thus improving N availability through application of N fertilizers has greatly boitd to improving

crop yieldqTilman et al., 2002; Sinclair and Rufty, 20Hwever, less than 50 % of the N supplied a
fertilizer is used up by crops while the rest is lost into the environment owing to volatilization, leaching,
run-off and denitrification N losses therebgaug environmental problems such dbke release of
greenhouse gases, pollution of water bodiesi) acidification and biodiversity reductidfrageria and
Baligar, 2005; Oama, van Liere and Schoumans, 2005; Billen, Garnier and Lassaletta, 2013; Bodirsky
et al, 2014; MartineDalmau, Berbel and Ordéf€ernandez, 2021)Reduction of N losses and
therefore environmental pollution can be achieved through ttevelopment of oop varieties with

higher NUE (yield per unit of N available in the soil) which hinges on a comprehensderstanding

2F GKS YSOKIyAaYa F2NJ b dzLJil 1S FaaAYAfKanha 2y S |y
Bi and Rothstein, 2011)

Nitrogen (N) is an essentialement and critical for the biosynthesis of amino acids, which act as
building blocks for proteins, nucleotides, chlorophyll and many other essential cellular components
(Lea and Ireland, 1999; Krapp, 2Q1B)higher plants, N is predominantly taken up from the soil in the
form of nitrate (N@) or ammonium (Nk) (Crawford and Forde, 2002; Bloom, 20Mile plants can

take yp inorganic N in form of both NCGand NH* their preference for either N source over the other

is highly speciespecific(A. J. Miller and Cramer, 2008)any abiotic factors such as pH, temperature
and general nutrient availaliy play a role in which N source is preferred by a plant in any given
environment (Britto and Kronzucker, 2013N avait 6 Af A& A& € NASf& RSLISYF
composition,which issubject to mineralization (ammonification) and nitrification. Mineralization or
ammonification describes the conversion of organie.§§l manure, organic matter and crop residues
into the inorganic formsNH;" and NOs” by microorganismgJansson and Persson, 1982; Stevenson,
1986;Rengel, 2003)Nitrification is the rapid oxidation of NHo NG under nonlimiting conditions,
which makes N©the most abundant N source for planfsiang and MacKenzie, 1994; Kaboneka,

Sabbe and Mauromoustakos, 199However, in conditions in which nitrification is limited, such as
3



acidic soils, high alumiitim concentrations, dry or waterlogged soils and low temperature,” Shhe

major N source(Smith and Middleton, 1979; Magalh&etal., 1993)

1.2.N uptake and assimilation

Nitrate uptake from the soil is facilitated by nitrate transporters. In the model orgafisxhidopsis
thaliana(A. thaliang, nitrate transprters are categorized into two multigene transporter families, the
NFP and NRT family, depending on their belonging to the low (LATS) or high (HATS) affinity transport
system (Orsel, Krapp and Dani¥kdele, 2002; Krapet al, 2014; Léraret al, 2014) Various
transporters from both gene families have been shown to play a role in root nitrate uptake from the
soll, including four high affinity NRT2 transporters (NRT2.1, NRT2.2, NRT2.4, and NRT2.5) and two NPF
transporters (RT1.1 and NRT1.@)sayet al, 1993; Huangt al, 1999; Filleuet al., 2001; Kibat al.,

2012; Lezhneveat al, 2014) NRT1.1/NFP6.3 (CHL1) was the first nitrate transporter identified in
ArabidopsigTsayet al,, 1993) NRT1.1 is the only duaffinity nitrate transporterand also functions

as a nitrate sensofliu, Huang and Tsay, 1999; étoal, 2009; Ye, Tiannd Jin, 2019)Changes in

nitrate concentrations modulate phosphorylation of the Thrl01 of NRT1.1 by CIPK23 (CBL
INTERACTING PROTEIN KINASE 23) causing the switch from tbethewhighaffinity nitrate
transport systemgLiu, Huang and Tsay, 1999; Parker and Newstead, 2014; Sun et al., 1a014)
ArabidopsifNRT1.1s expressed in both roots antiaots, playing a role iboth nitrate uptake from

the soil and rootto-shoot translocation via the xyle(iuanget al,, 1996; Lérart al., 2013) Analysis

of homologs in rice and maize imply that functions of NRT1.1 are conserved across different species
(Hu et al, 2015; Wenet al, 2017) Rice has three NRT1lhomologs (OsNRT1.1B{C), however
OsNRT1.1B was identified as the functional homolog to AtNRT1.1 as it also showsindtraiiele
expression in the plasma membrane and is involved in nitrate uptake and transport as well as nitrate
signalling(Hu et al, 2015; Wei Wangt al, 2018) More recent studies in ricturther showed that

nitrate also acts as a signalling module and activates both phosphate and nitrate utilizattbe. In
identified mechanisma regulatory module consisting of OsNRT1.1B, OsSPX4 and Qisk _Ridrate
sensing at the plasma membrane to the downstream nitiate phosphategesponseain the nucleus

(Huet al, 2019)

Similar to N@, NH" uptake from the soil is facilitated by a family of ammonium transporters (AMTS),
which can be categorized into AMT1 and AMT2 grofijzgjué and Von Wirén, 2004)\umber,
expression pattern, and function of AMTs vhetweenplant specieg¢Yuaret al,, 2007, 2009; Guether

et al, 2009; McDonald, Dietrich and Lutzoni, 2012tlal, 2016; Giehét al,, 2017; Songt al., 2017,

Y. Zhu et al, 2018) In Arabidopsis, N# transport is facilitated by six genes
(AMT1.1AMT1.2AMT1.3AMTL.4,AMT1.5andAMT2.) encoding highaffinity = ammonium



transporters (AMTS), whose expression is upregulated by N limitation. In low N conditiahgptdide
from the soil is mediated by AMT1s. AMT1;1, AMT1;3, and AMar&@xpressed in the root tips an
epidermal cell{Loquéet al., 2006; Yuaret al., 2007) AMT2;1, however, is mainly expressed in the
pericycle, likely contributing to roeb-shoot transport of Nkt (Giehlet al,, 2017; Kolturet al,, 2022)
High external NI concentrations lead to inactivation of AMT1s by phaspfation of a conserved
threonine residue to prevent NfHaccumulation and toxicityfNeuhauseeet al., 2007; Lanquaet al.,
2009) Inhibition of AMT1L and AMT1.2 by phosphorylation is catalysed by CIPK2# tike case of
NRT1.1, howeverthe phosphorylationis CBLAependent instead of CBLSependent (Straub,
Ludewig and Neuh&user, 2017)

NGs can be either directly assimilated in the roots or the shoots or transported to the vacuole for
storage. For assimilation in the shoots, nitrate is transported via the xylenocass involving various

NRTSs including the lowaffinity pHdependent bidirectionahitrate transporter NPF7.3 (NRT1.5), which

is expressed in pericycle cells and was shown to be necessary to load nitrate into th¢bigietnal.,

2008) However, other nitrate transporters including NPF6.3 (NRT1.1) and NPF6.2 (NRT1.4) might also
contribute to rootto-shoot transport of nitratgLéranet al,, 2013; Krapt al,, 2014) The reduction

of NG to Ny is catalyzed by the nitrate reductase (NR), a cytosolic enzyme which requires NAD(P)H
as a reducing agent (Figutg(Campbell, 1999, 2001)

<> Chloroplast

<> Mitochondrion

<> Peroxisome 2-0G Glu
TCA

Transporter 12
Cycle Gly glyoxylate
2-06 —1—

Hpyr Ser

Glu 7—5 GIn
11

NH,* 9
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Gly ’/\
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w
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Figurel: Schematic representation of plant nitrate assimilatiofenzymes and transporters are symbolized by
numbers: 1- nitrate transporter (NRT)2 - ammonium transporter (AMT); 3nitrate reductase (NR); 4nitrite
reductase (NiR); 5plastidic glutamine synthase (GS);: glutamate synthase (GOGAT); @ytosolic (GS); 8
plastidic glutamatemalate translocator; 9- plastidic 2oxoglutaratemalate translocator; 10- glycine
decarboxylase (GDC)/serine hydroxymethyl transferase (SHMTF)mitbchondrial GS; 12 serine glyoxylate
aminotransferase (SGAT); 18lutamate dehydrogenase (GDH)
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Nitrite accumulation is toxic to most plants, theredonitrite is quickly transported into the plastids,
where it is reduced to NFiby nitrite reductase (NiR) using ferredox@duced in theelectron transfer

chain, thus further liking N assimilation tophotosynthesis(Rathnam and Edwards, 1976)he
glutamine synthase (GS) enzyme catalyzes thed&pEndent fixation of ammonium frorgarious
a2dzNDOSasz Ay Of dzRA Y 3 -daikickyh @duw ¢f gllitaiiatel (GRi)yiE for glutaiikeS
(GIn). Glu for ammonium assimilation is provided by glutamate synthase (GOGAT) which catalyzes the
conversion of GIn and-@xoglutarate (20G) to twomolecules of Glu. The additional Glu molecule per
GOGAT cycle can then be used to transfer the assimilated N into other amino acids through reactions
catalyzed by aminotransferases or transamina@esde and Lea, 2007; Bernard and Habash, 2009)
Sincesynthesis of GIn and Glu, besidesk&letons also requires energy (ATP) and reducing power
(NADH), joined regulation of C and N metabolism is necessary for amino acid biosynthesis. The
coordination of C and N assimilation requires a complex signalling network integrating N availability
with environmental factors impacting photosynthetic efficiency and photorespiration rates, e.g., CO
concentration and light condition@Huppe and Turpin, 1994; Foyer, Ferraviéry and Noctor, 2001;
Lancien, Gadal and Hodge2002; Stitet al,, 2002; Britto and Kronzucker, 2005)

1.3. Photorespiration

Due to its duakpecificity for @and CQ, ribulose 1,5bisphosphate carboxylase/oxygengd&BisCO)
catalyzes both the carboxylation and the oxygenation of ribulosetdigphcsphate (RuBRproducing
3-phosphoglyceric acid3PGA) and -bhosphoglycolate (2PG), respectivéiygren, 1984) Unlike
3PGA, 2PG cannenter the CalvirBensorBasshanCycle (CBBC) and instead must be converted to
3PGA via photorespiratiofLeegoodet al, 1995. The photorespiration pathway spans across three
organelles: the chloroplast, the peroxisome, and the mitochondrion. As a first step, 2PG is

decarboxylated to glycolate bypghosphoglycerate phosphatase (PGLP) (Figure
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Figure 2: Schematic description of the photorespiratory pathwayAbbreviations: AGT: serine glyoxylate
aminotransferase; GDC: glycine decarboxylase complex; GGT: glutamate, glyaxytadtansferase; GLYK: D
glycerate 3kinase; GOX: glycolate oxidase; HMPRdroxypyruvate reductase; PGLP:pl#sphoglycerate
phosphatase; SHM: serine hydroxymethyltransferase; RUBISCO: Ribgbssphosphatecarboxylase/
oxygenase; DG: oxoglutarate; -PGA: Pphosphoglycerate; GIn: glutamine; Glu: glutamate (Mallmatal.,
2014).

After being transported to the peroxisome, glycolate is first oxidized to glyoxylate and subsequently
transaminated producing the amino acid glycine (Gly). In the mitochondria, the produced Gly is rapidly
converted to serine (Ser) by the Gly ddzatylase (GDC)/Ser hydroxymethyltransferase (SHM) enzyme
complex making photorespiration, next to glycolysis and primary N assimilation, an important source
of serine in gplants.Serine has to be transported back to thgeroxisome where it isdeaminaed by

the serine:glyoxylate aminotransferase (SGAT) to generate hydroxypyruvette. enzyme
hydroxypyruvate reductasel (HPRé&Juces hydroxypyruvate to glyceratevhich is transported tthe
chloroplast for phosphorylation Gycerate kinase (GLYKJatalyses the final step of the
photorespiratory pathway producin§PGA, which care-enter the CBBQBauwe, Hagemann and
Fernie, 2010; Bauwe, 201The decarboxylation of Gly by the GDC/SHM complexreleasesCQO

and NH (Bauwe, Hagemann and Fernie, 2010; Bauwe, 20118 photorespiratory Nfhas to bere-
assimilated by glutamine synthase (GS) anide ferredoxindependent glutamine oxoglutarate
aminotransferase (GOGAIN) the chloroplast(Keyset al., 1978; Coschiganet al, 1998) The re
assimilation of NK into glutamate requires ®xoglutarate (20G) which is imported bya 2-
oxogutarate/malate transporter(Kinoshitaet al., 2011) Dit2.1, a glutamate/malate transpter,
facilitates the export of the produced malate to the cytofREnnéet al,, 2003) Glutamatecan then

actas anamino group donor foperoxisomal conversion of glyylate to glycine by GGLiepman and

Olsen, 2003) Photorespiration is a energeticallyexpensiveprocess which consumes ATP and
7



NAD(P)Hand as a resulteduces the C@assimilation efficiency and biomass productidinder
unfavourable avironmental conditions,i.e. low atmospheric C® and high temperatures,
photorespiration can lead to yield losses of 30 to 50if0G plants (Sage, 2001, 2013; Bauwe,
Hagemann and Fernie, 2010; Raines, 2011)

1.4.G photosynthesis

GG intermediate plants, first descrdd by Kennedy et alin 1974 exhibit intermediate CO
compensation points relative tos@nd G plants (Kennedy and Laetsch, 1974; Mwon et al., 2000)

The underlying reduction in photorespiration inGcintermediates is achieved by operating a
photorespiratiordriven carborconcentrating mechanism (CCMhe socalled G cycle or glycine
shuttle (Rawsthorne, 1992Mionson et al., 2000)Loss of GDC activity in the MS cells leads to the
restriction of photorespiration to BS cells, therefore Gly produced in MS has to be transported to the
BS cells, where decarboxylation of said Gly leads to a higheroG€entrationwithin BS cell§Hylton

et al,, 1988; Rawsthornet al,, 1988; Rawsthorne and Hylton, 1991; Keerlwrgl., 2014) The Gcycle
allows to capture darge part of C@released during the decarboxylation of glycine and thereby
reduces loss of G@hrough photorespiration. The shift of glycine decarboxylase (GDC) expression from
MS to BS cells characteristic faCdntermediates is thoughto be the frst metabolic change towards

the evolution of ¢photosynthesis as it offered an advantage in the evolutionary lowdd@ditions
(Keerberget al,, 2014; Lundgren, 2020 flux balance analysis performed by Mallmann etwdgests

that the disruption of the N balance between MS and BS cells caused by the establishment of C
photosynthesis triggers an ammonia recycling mechanighichencompassesx@ression changes of

the same genethat are required for evolution of {photosynthesisindicatingthat the G cycle might
represent a preadaptation for the ¢€photosynthesigMallmannet al, 2014) However,the analysis

of gene regulatory networks (GRNSs) of closely evolutionarily relktaderiaspecies identified an
alternative for restructuring of N metabolism in the metabolic pathway of the type-@, €pecied-.
ramosissimaThis alternative evolutionary solution to the ammonia imbalance could allow the co
evolution of the stable state Gpeciegparallel to G specieAmy Lyuwet al, 2023) The resultings
speciexould additionally totheir higherresource usefficiency offer a broadeenvironmental range

compared to most £speciegWalshet al., 2023)

1.5. G photosynthesis

In G photosynthetic plants the oxygenation reaction of RuBisCO is reduced through implementation
of a carbon concentrating mechanism (CChhich increases the GQ@oncentration around the
enzyme, resulting in improved photosynthetic efficiency and decreased yield losses due to

photorespiration(Slack, Hatch and Goodchild, 196B) achieve this, ina@lants carbon assimilation
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is divided into two steps partitioned between two distirall types, the mesophyll (MS) and bundle

sheath (BSkells forming the characteristic Kranz anatonjpengler and Nelson, 1999Besides

changes in leaf anatomy, strict spatial separation of the required enzigmesessaryd enable the

C, mechanism of Cfixation. (Sage, Sage and Kocacinar, 2012)G plants, C@is converted to

bicarbonate (HC§ catalyzedby carbonic anhydrase (CA) in MS céBsautigamet al, 2011)

Subsequently, HGOs fixed to 2phosphoenolpyruvate (PEP) by PEP carboxylase (PEPC) producing the

G-acid oxalacetate (OAA) which i¢ransaminated andtransported to the BS cells to be
decarboxylated and release the @ atch, Kagawa and Cgail975; Hatch, 1987; Sage, 20(Hyure

\\
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Figure 3: Schematic description of the (A) NABRalic enzyme and (B) NADalic enzyme photosynthetic
pathway. Abbreviations of participation enzymes and metabolites: CAarbonic ahydrase; PEPC

phosphoenolpyruvate carboxylase; pMDHplastidial NADflependent malate dehydrogenase; mMDH
mitochondrial NABdependent malate dehydrogenase; pAspAplastidial Asp aminotransferase; cASpAT
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cytosolic Asp aminotransferase; mAspAmitochondrial Asp aminotransferase; AlaA&la aminotransferase;

PCK- phosphoenolpyruvate carboxykinase; NAME - NADPdependent malic enzyme; NADE - NAD
dependent malic enzyme; PPBpyruvate Pi dikinase; HGG bicarbonate; OAA oxaloacetate; Asg aspartate;

Ala - alanine; PEP¢ phosphoenolpyruvate. Numbers symbolizing transporters: (1) plastidial exchange
malate/Aspvs OAA (DIT1/DIT2); (2) plastidial malate/Asp exchange (DCT2), (3) an unknown plastidial OAA
exporter; (4) plastidial pyruvate/PEPolanger (BASS2/NHD/PPT or an unknown transporter; (5) mitochondrial
dicarboxylate exchanger; (6) unknown mitochondrial amino acid importer; (7) unknown mitochondrial exporter;
(8) unknown mitochondrial pyruvate exporter; (9) unknown plastidial pyruvatemsp The ight grey reactions
indicate possible pathways . gynandrassuming that all &specific Ala ATs and Asp ATs are indeed localised

to the mitochondria of mesophyll and bundles sheath cafislescribed b{Schliteret al,, 2019)

Theassimilatiorstepsfollowing the production of OARary between biochemical subtypesghich are
categorized according to the enzyme catalysing the decarboxylati@action i.e.
phosphoenolpyruvatecarboxykinase (PCK), NADP malic enzyme (WHKDPRor NAD malic enzyme
(NADME). However, contrary to this strict categorisation, many MMband NADIRIE G species
have been shown to also utilize PER2Ked decarboxylation as wélurbark, 2011; Pick et al., 2011;
Wang et al., 2014)

In the NADRME subtype, malate is formed from OAA in the chloroplast catalyzed by-Né&izdent
malate dehydrogenase (pMDH) before being transported to BS cellsspeg8ic malate
decarboxylation by the ADRME enzyme leads to the release of CZRADPH, and pyruvate. BsCO
localized in the BS cells-assimilates the released €idto the CalvilBensorBassham Cycle (CBBC).
The pyruvate is transported back to the MS, where it is recycled to PEP vidaphdapon by pyruvate
phosphate dikinase (PPDK) using two molecules of ATP. In contrast, iNBlARNts aspartate is
synthesized from OAA in the MS cytosol and transported to the BS mitochondria, where it might be
converted to OAA and subsequently malatatalyzed by Asp aminotransferase (AspAT) and- NAD
dependent malate dehydrogenase (MDH). Pyruvate formed by theMB@ecarboxylation reaction

in the mitochondria, is partiallfransaminated into alanine (Ala) by Ala aminotransferase (AlaAT),
transportedto MS cells and converted back to pyruvate for PEP regeneratiorsiceMchloroplasts
(Hatch, 1987; Weber and von Caemmerer, 2010; Ludwig, 28liyever, aspartate has also been
shown to contribute C&release in the BS cells in the NAME type specieZ. maysand F. bidentis
(Meister, Agostino and Hatch, 199@)nalyses of transcriptome and proteome data suggest that lower
aspartate levels may reduce protein synthesis rates under N defigiamigh could explain higher
nitrogen use efficiency (NUE) NADPME relative to NABME specie¢Khamis, Lamaze and Farineau,
1992; Majeraret al,, 2005; Brautiganet al., 2011; Gowik and Westhoff, 2011; Brautigam anavikp
2016) Comparative studies of:@nd G specief the same genus have showlmat the CCM of the £
species enhances tireCQ assimilation rate under ambient G&nd high lightonditionsleading to an
increasein both photosynthetic nitrogen use fafiency (PNUE) and leaf water use efficiency (WUE)
compared to g@speciegBolton and Brown, 1980; Monson, 198dpnson, 1989,Bolton and Brown,
1980).
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1.6. Mineral nutrition in G plants

In various gspecies, 906 of the activity of the first two enzymes in the S assimitapiathway, ATP
sulfurylase(ATPSpnd APS reductase (APR), is confined to BS(Gslisvick, Ku and Black, 1980;
Schmutz and Brunold, 1984; Kopriva and Koprivova, 2005; Kopriva, BQtthermore, while showing

no differences in the spatial distribution of APR between MS and BS CelHaveriaspecies
accumulated higher amounts of cysteine (Cys) and glutathione (GSH) compared to gheir C
counterparts (Koprivovaet al, 2001) A comparative analysis dilaveriaspecies with different
photosynthetic properties in nutriertontrolled environments revealed that; &laveriaspecies
accumulate more Cys and GSHrtla species under both normal and low S supply, demonstrating a
connection between fphotosynthesis and alterations in S homeostasihinFlaveriagenus(Gerlich

et al, 2018a)

Like N, sulfur (S) is essential for plant growth due to roles in cell structure and metabolism. S is taken

up from the soil in the form o$ulfate by most plants and assimilated into the amino acids cysteine

(Cys) and methionine (Met) making it an important constituent of proteins. Due to its inert nature,

sulfate requires activation by ATP sulfurylase (ATPS). ATPS catylzes the tramgferfoftsti S -2 y G2 |\
phosphate residue of ATP resulting in adenoginphosphosulfate (APS). APS is then either reduced

o0& 1t{ NBRdAOGIFAS o!'twd TF2N¥YAYy3I &dzZ FAGS -2NJ LIK?2
LIK 2 & LK 2 I R $hogphosuffade (RAPS), a uniarsulfur donor for sulfotransferases. The

further reduction of sulfiteto sulfide is catalysed by therredoxindependentsulfite reductase (SIR).

Sulfide can be incorporated into the amino acid backbone-at@ytSer (OASHy OAS (thiol)lyase
(OASTL)forming Cys(Takahashi et al., 2011¢ys caeither be used in Met biosynthesis or be further

incorporated into amino acids, proteins and peptides e.g. G&idhier, Lemaire and Jacquot, 2008)

OAS is synthesized from seri{8er)catlyzed by the serine acetyltransferase enzyme (8&WHecting
S metabolism to both photosynthesis and photorespiration but also N metabgiisce Ser can be
produced via photorespiration, glycolysis, and primary N assimil§fiakahashi et al., 201(Eigure
4).
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Figure4. Simplified schematic description of the interconnecticof the assimilation of carbon (C) and the
major mineral nutrients nitrogen (N) and sulfur (Shbbreviations: ATPS: ATP sulfurylase; APS: adengsine
phosphosulfate; APR: APS reductase; SIR: sulfite reductase; SAT: Ser acetyltransferasac@ASe) OAS
TL: OAS (thiol)lyase; GA3Mhosphoglyceric acid; RuBP: ribulds&-bisphosphate NR: nitrate reducse, NiR:
nitrite reductase Figure modified fronfJobeet al., 2019)

In G plants the reduction of nitrate and nitrite is restricted MS cels, while the further assimilation

of reduced nitrogen into the amino acids glutamate and glutamine takes place in the BS or both MS
and BS cell§Rathnam and Edwards, 1976; Moore and Bldck 1979; Becker, Carrayol and Hirel
2000) Photorespiration and therefore production of serine and respiratorysNdtle restrictedto BS
cells(Hylton et al., 1988; Morgan, Turner and Rawsthorne, 1998)vever, respiratory Nfis recycled

via the phdorespiratory nitrogen cycle in the mesophyll cells. Therefore, to maintain homeostasis of
both carbon and nitrogen metabolic pathways have to be adjugtéelys et al., 1978; Monson,
Rawsthorne and Centre, @0; Keys, 2006 he resulting alterations in N metabolism and their effect

on the regulation of N uptake and assimilation are so far not sufficiently understood.

G photosynthesis is a complex trait that has evolved independently more than 60 time&easat9
families including both monocot and dicot species, which implies a low evolutionary barrier and has
therefore raised interest in introducing thes @Gechanism into €crops such as ricéSage, 2004,
Hibberd,Sheehy and Langdale, 2008; Sage, Christin and Edwards, 20M/EVer, to achieve this goal

a deeper understanding of the; @etabolismis required, as not only the C metabolism but also the
assimilation of the major mineral nutrients N andwdll be affected by theengineeringof G

photosynthesisnto G crops.
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2. Aimsof this thesis

Goordination of carbon (C) and N metabolisi: necessary to producemino acids, proteins,
nucleotides, chlorophyll and many other essential cellular components. As p@&itesolution the
reduction ofnitrate and nitritemainly takes place iMS cel, while photorespiration is restricteth
BScells This metabolic compartmentalisatiodisrupts the N balance between MS and BS cells and
requires adjustments of the nitrogemetabolic pathwaysHowever, so far it is not sufficiently
understood how thesalterationsaffect mineral nutrition and specifically uptake and assimilation

in G plants. As a&onsequence ofheir CCMmany G species havan increaseghotosyntheticNUE
efficiencycompared to €speciesand require less RuBis@8age, 2004; Ghannouet al,, 2011) Due

to these differences in their N requirement weant to test whetherG, speciesare kess sensitive to N
deficiency conditions, i.e., that they have a higher N deficiency tolerance than thedtaives and

potentially G-C intermediate species.

1. The first aim of this thesis is to determine whether thes@eciesC. gynandrdias ahigher N
deficiency tolerance compared to its @lative C. hasslerianand similarly, if the €C
intermediate species from thBrassicaceaéamily are more tolerant thamloselyrelated G

species.

While most plants can take up inorganic N in the fofmitrate (NQ) and ammonia (NF) (A. J. Miller

and Cramer, 2005Yhe preferencefor either of these N sources differs widely between species.
However NH;" as a sole N source is known to inhibit photosynthesis in bein@GC, plants.The C@
concentration mechanism inherent ta ghotosynthesis reduces the oxygenation rate of RuBisCO and
therefore, the rate of photorespiration. The reduced photorespiratory flux lowers the amount of
releasedphotorespiratoryNH,*, meaningC species might be less adapted to dealing with Hitih*

levels

2. Thus, this thesis aims to characterise the effect of'Ntpplementation on the photosynthetic
efficiency and biomass production of, G-C, and G Brassicalespecies to answer whetheu C
evolution leads to an increased sensitivity toNigxicity.

3. After characterizing the differential effects of N deficiency andxicity, this study further
aims to elucidate alterations in the mechanism underlying the regulation of N uptake and
assmilation by N deficiency and different N sources insfecies compared ta close G

relative.
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Overall this project aims to identify differences in N assimilation and N deficiency response&in C

C and G species fronthe Brassialesorder by chaacterizing mineral nutrition traitanddetermining

to what extent these metabolic differences are conserved within species with the same photosynthesis
type. Identifying these alterations in the N assimilation pathythgt are consequences of or even
prerequisites for Cevolution, will be crucialto support efforts of engineering the more efficient C

photosynthesis mechanism in &aple crops like rice or wheat
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3. Methods and materials

3.1.Plant material

For this study a panel of clogelelated G, GCrintermediate and ¢Brassicées species previously
established and characterized by Schlueteal.was used (Table 1). This panel included thep&cies
CleomehassleriangTarenya hasslerianaand its closest Zelative Cleome gynadira (Gynandropsis
gynandrg. The study further includedsSpeciesDiplotaxis vimineaVioricandia moricandioidgsand
GCrintermediate species Oiplotaxis muralis Diplotaxis tenuifolia Moricandia suffruticosa
Moricandiaarvensi$ from the Diplotaxisand Moricandiagenera(Schliteret al., 2017)

Tablel: Brassicalespecies used in this studylable lists the species used in this study with their
corresponding photosynthesis tggand C@compensation point.

Species CQ compensation point type
C. hassleriana 62.5 G

M. moricandioides 51.586557 G

D. viminea 51.083105 G

D. muralis 35.040164 G- G*
M. suffruticosa 24.872566 G-G
M. arvensis 24.424612 G-G
D. tenuifolia 12.681964 GG
C. gynandra 4.278226 G

3.2.Plant cultivation

Seeds were germinated in standard soil. Two weeks after germination the seedlings were transferred
to pots (@ 6 cm) containing a vermiculgandmixture (2:1). For treatment plants were bottom
watered with Hoaglanautrient solutionwith different nitrogen sources for-3 weeks depending on

the experiment (Table 2+3).
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Table2: Composition of full and limiting Hoaglansgolution. Hoagland medium was prepared from stock
solutions. For N deficiency treatments CaghHO and KNe@were either completely or partially replaced
with CaCGland KCI, respectively. For experiments includittg” as an alternative N source bo@a(NG@)2x4HO0

and KN@were either completely or pdially replaced with NkCI (see Table 3).

Macroelements Final conc. Stock conc. Amount/L
Ca(NQx4H0 *, ** 1.5 mM 141.7 g/L 2.5mL
KNQ@**, *** 1mM 40.4 g/L 2.5mL
KHPQO 0.75 mM 40.8 g/L 2.5 mL
MgSQx7H0 0.75 mM 74 g/L 2.5 mL
FeEDTA 0.1 mM 14.7 g/L 2.5 mL
Microelements

MnCbx4H0 10 uM 1.98 g/L 1mL
HsBG 50 uM 3.1g/L 1mL
ZnCl 1.75 uM 238 mg/L 1mL
Cud 0.5 uM 67.2 mg/L 1mL
NaMoO; 0.8 uM 164.7 mg/L 1mL
KI 1 pM 166 mg/L 1mL
CoCix6HO 0.1 uM 23.8 mg/L 1mL
Substitutions fordeficiency

treatments

* CaCl 66.6 g/L 2.5mL
** KCl Viﬂe:xggﬁ?nnedriltng 22.36 giL 25mL
*xx NH 4Cl 85.58 g/L 2.5mL

Table3: Composition of Hoagland media containing both nitrate and ammoniumounts of KEPOa,

MgSQx7HO, FEEDTA and all micronutrientemainunchanged between treatments.

Final N conc Macroelements Amount/L
N deficency treatments
4 mM Ca(N@x4H0 2.5mL
KNQ 2.5 mL
1 mM KNQ 2.5mL
Cad 2.5mL
0.5 mM KNQ 1.25 mL
Cad 2.5mL
KCI 1.25 mL
0.25 mM KNQ 0.625 mL
Cad 2.5mL
KCI 1.875mL
NH;* treatments
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0 mM NH* 4 mM NQ (0 %) Ca(N@)2x4H0 2.5 mL
KNQ 2.5 mL
0.4 mM NH 3.6 mM NQ (10 %) Ca(N@:x4H0 2.167 mL
KNQ 2.5 mL
Cad 0.333 mL
NHCI 0.25mL
1 mM NH 3 mM NQ (25 %) Ca(N@)2x4H0 1.667 mL
KNQ 2.5 mL
Cad 0.834 mL
NHCI 0.625 mL
2 mM NH*/ 2 mM NQ (50 %) Ca(N@)2x4H0 0.833 mL
KNQ 2.5 mL
Cad 1.667 mL
NHCI 1.25 mL
3 mM NH/ 1 mM NQ (75 %) KNQ 2.5mL
CaCl 2.5 mL
NHCI 0.25mL
3.5 mM NH'/ 0.5 mMNG; (87.5 %) KNQ 1.25 mL
Cad 2.5mL
NH.CI 2.187 mL
KClI 1.25 mL
3.6 mM NH7 0.4 mM NQ (90 %) KNQ 1mL
Cad 2.5mL
NH.CI 2.25 mL
KCI 1.5mL
4 mM NH* 0 mM NQ (100 %) CaGl 2.5mL
NHCI 2.5mL
KCI 2.5mL

3.2.1. N resupply

Seeds were germinated standard soil. Two weeks after germination the seedlings were transferred
to pots (@ 6 cm) containing a vermiculdandmixture (2:1). Plants were then bottom watered with

Hoagland nutrient solution containing 1 mM nitrate for 2 weeks (Table 2).

After 2weeks the plants were transferred to trays containing nutrient solution with either 4 mM NO
(0 %) or 4 mM NHI(100 %) nutrient solution (s. Table Samples were collected in 1 mL reaction
tubes containing 3 glass beads 0.5, 1, 4 and 24 h after thefarato the®N-labelled nutrient solution

and immediately flash frozen in liquid nitrogen.

3.2.2. N feeding

Seeds were germinated in standard soil. Two weeks after germination the seedlings were transferred
to pots (@ 6 cm) containing a vermiculgandmixture (2:1). Plants were then bottom watered with

Hoagland nutrient solution containing 1 mM nitrate for 2 weeks (Table 2).
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After 2 weeks the plants were transferredtrays containing nutrient solution with either 4 mM of 98
atom% K°NG; or NH,CI, respetively. Samples were collected in 2 mL reaction tubes containing 3
glass beads 4, 8, 24 and 48 h after the transfer to'tNdabelled nutrient solution and immediately

flash frozen in liquid nitrogen.

3.3. Quantification of CQassimilation using infrared gas exchange analysis (IRGA)

CQ is an heteroatomic molecule and absorbs iAfeal radiation at a wavelength of 4.25 mm. £0O
assimilation was measured as the difference in @&i3orption using the 8800 infrared gas exchange
analyser (:6800, LiCor Bsciences, Lincoln, NE, USA). Plant leaves were enclosed in a sample chamber
under controlled conditions (Flowrate: 400 uma] $£O: VPD 1.5 kPa; €@00 pmol mot; Fan: 10000

rpm; Temp.: 225 °C; Light: 1500). @@bsorption was measured at 13 difeait CQ concentrations

(10, 50, 100, 200, 25800, 400, 500, 600, 800, 1000, 1250, 1500 ppm). In the case of spedcks,
additional C@concentration (20, 30, 70 ppm) were included in the measurement.as€imilation

rated ! ¢ | YR AcgnaeBtNDy it Xi@whréndalculated using the following formulas:

e wowy oxowe HTTTPIO0 |
5 Oa €Pp D 0 Oi OU"’pnnTpO'OiSi
PTMTIDQOQ 1T QO
2 2% b
o S
"0 [
C

CQl daAYAtFOAZ2Y a! é gl & (KSY LLGAVCGRY b @lipiod(#eli @@/KS |
ACIOdzNIISa RSLIAOGAY 3 (KS ctindityns.d)Sing Ndy&dluasyfransthedirkear @1 NB A
section of the Cgassimilation curve, G@ompensations points were calculated as intersects with the

X-axis.

3.4. Nitrate reductase activity

Forthe determination of nitrate reductase (NR) enzyme activity about 50 mg shoot or root material
was extracted in 500 pL of extraction buffer (100 mMR®IpH 7.5, 1 mM EDTA). The extracts were
centrifuge at max. speed for 15 min at 4 °C. 200 uL of thdtieg supernatant was combined with 50

pL 100 mM KNgand 250 pL 100 mM KPIQ. After adding 100 pL 2 mM NADH, the samples were
incubated for 30 min at 30 °C. For quantification of the produced nitrite 250 pL 1 % sulphanilamide
and 0.02 % N1-Naphthyl)ehylenediamine (NED) were added to the reaction tube. After incubation

for 30 min absorbance was measured at 540 nm. For calibration, a serial dilution pf(K0&S5, 0.05,
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0.1, 0.2, 0.4 mM) was used. NR activity was normalized by dividing it with thentoaton of total

soluble protein content (see 32).

3.5. Metabolite Analysis

3.5.1. Isolation and quantification of anions

For quantification of anion content frozen plant material was homogenized in 1000@L Thie
extracts were shaken at 4 °C for 1 h and ssduently incubated at 95 °C for 15 min. After
centrifugation at max. speed and 4 °C for 15 min 100 pL of the supernatant was transferred into glass
vials and diluted 1:10 with . The amounts of various anions were quantified using a Dionex ICS
1100 chranatography system with a Dionex lonPac AS22 RFIC 4c 250 mm analytical column (Thermo
Scientific, Darmstadt, Germany) as stationary phase and a 4.5 n@h4 mM NaHC@buffer as

mobile phase (Huanet al.2016).

3.5.2. Isolation and quantification of soluble teins

Frozen plant tissue was homogenized and extracted in 1000 pL 0.1 mM NaOH (pH 12.8). After a 30 min
incubation at RT the samples were centrifuged for 5 min at max. speed. Protein concentration was
measured using the Bradford method (Bradford, 19)r analysis, 10 uL of the supernatant was
transferred into new reaction tubes, diluted with 790 pL water and mixed with 200 uL Bradford reagent
dye (BioRad; USA). Following a 15 min incubation at RT, absorbance at 595 nm was measured using an
InfinitePro 200 TECAN reader (Tecan, Switzerland). External standards of bovine serum albumin (2.5,

5, 7.5, 10 ug/mL) were used to generate a standard curve.

3.5.3. Metabolic profiling (GEMS)

Plant tissue was collected in 2 mL reaction tubes containing 3 glass beadsaadiately flash frozen

in liquid nitrogen. An extraction mixture containing®dMeOH:CHgIin a ratio of 1:2.5:1 was prepared

and precooled to-20 °C overnight. As an internal standard 5mM Ribitol/DMPA stock solution was
added to the extraction mixtureAfter adding 500 pL of the extraction mixture, the frozen samples
were homogenized with an Omni Bead Ruptor 24 3D (2x 30s, liquid nitrogen in between). After adding
an additional 1000 pL extraction mixture, the samples were shaken for 6 min at 4 °Crérift ged

at 20,000 g at 4 °C. New sterile reaction tubes containing the transferred 1ml of supernatant was stored
at -80 °C Metabolic profiling was performed in collaboration with the CEPLAS Plant Metabolism and
Metabolomics Platform at HeinrieHeineUniversitat Dusseldorf using gas chromatography coupled

to mass spectrometry.
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3.5.4. ProteinbasedGCMSIsotopologueProfiling

5N feeding was performed withs@nd G Cleomeplants as described in 32.Samples were freeze
dried usinga Beta 18 LDplus freezdryer (Christ, GermanyThe Proteirbased G@/S Isotopologue
Profiling analysis performed in this study was adapted from a method described by Eylerttstleat.

et al, 2008) Plant material (~10 mg) was suspended in 500 pL of 6 M HCI. The samples were heated
to 105 °C for ~24 h wer an inert atmosphere before being briefly centrifugéty.drolysed samples
were thendried under a stream of nitrogegtt 70 °CFor additional purificationided samples were re
suspendedn 200 pL acetic acid (98) and further purified via anion exctgasolid phase extraction
using Dowex 50Wx8. Polypropylene columns (1 mL Chromabond, Madiagey, Germany) were
filled with 1 cm of washed Dowex and subsequently washed with 1 mL methanol and 1 mL MilliQ
water. Samples were applied to the column, waskhéith 2 mL MilliQ water and eluted with 1 mL 4 M
ammonium hydroxide. The eluents were dried at 70 °C under a stream of nitlBgemeasurement

the residue was dissolvedIp n > [ 2 F ObypverteRing @t ableast 12 s. Afterwards 15 pL of

the sample was transferred into a glass inlet containing 50 L MeOldraattlusing a speed vac.

For derivatisation samples were resolved in a mixture of 50 pl dry acetonitrile5@na N(tert-
butyldimethylsilyl)N-methyltrifluoroacetamide (Sigma) and incubated at 70°C for 30 min. The
resulting TBDMS derivatives were used for GC/MS analysis. GCMS parameter were modified after Shim
et al.(Shimet al,, 2020) 1 pl of derivatized compounds was injected with an automatic liner exchange
system in conjunction with a cold injection system (Gerstel) with a split ratio of 1:10 (ramping from 50
°C to 250 °C at 12 °d}into the GC with a helium flow of 1 ml min Chromatographic separation
was performed using a 5977B GC/MSD system (Agilent Technologies) wisMSHlumn with 5%
phenyl methyl siloxane film (Agilent 1909433, 30 m length, 0.25 mm internal diameter, 0.25 pM
film). The oven temperature was held constant at 70 °C for 2 min and then ramped at 12.52@min
320 °C at which it was held constant for 5 min; resulting in a total run time of 27 minutes. Metabolites
were ionized with an electron impact source atW@nd 200 °C source temperature and recorded in a

mass range of m/z 60 to m/z 800 at 20 scans per second.

Owing to degradation by acid hydrolysis, the amino acids tryptophan, arginine and cysteine could not
be analysed. Furthermore, acid hydrolysatiod te the conversion of glutamine and asparagine to
glutamate and aspartate. Therefore, results for aspartate and glutamate correspond to

asparagine/aspartate and glutamine/glutamate, respectively.

Metabolites were identified via MassHunter Qualitative (@800, Agilent Technologies) by
comparison of spectra to the NIST14 Mass Spectral Library (https://www.nist.gov/srsfaisiard

referencedatabaselavl4). A standard mixture containing all target compounds at a concentration
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of 5 UM was processed in mlel to the samples as a response check and retention time reference.
Peaks were integrated using MassHunter Quantitative (v b08.00, Agilent Technologies). Isotopologue
data was corrected for natural isotope abundance using the Rtool Isocorigtedmrichet al., 2018)

Data analysis was performed accordindAmtoniewicz, Kelleher and Stephanopoulos, 260Y6 for

each metabolite were calculated based on the tifition of each individual isotopologue based on

the analyzed fragments. Supplemental Figurg.1

3.5.5. Quantification of total N using Elemental Analysidsotope Ratio Mass
Spectrometry (EARMS)

Plant material was collected in 2 mL reaction tubes cioirtg 3 glass beads and dried for 20 days at

60 °C. Dry samples were homogenized using an Omni Bead Ruptor 24 3D (Omni International, USA)
and centrifuged at max. speed for 10 min to collect the plant material at the bottom of the tube. Using

a XP6 Excelee Plus XP (6.1g x 0.1Ug) micro balance (Mettler Toledo, USA) 1.8 to 2.2 mg of plant
material was weighed into small tin caps. The caps were folded, pressed, placed in a seatdd 48

plate and stored until analysis on silica gel at 60 °C. Elementgkénalas performed in collaboration

with the CEPLAS Plant Metabolism and Metabolomics Platform at HehheiceUniversitat

Dusseldorf using an IsoPrime100 isotope ratio mass spectrometry system.

3.5.6. Quantification of 1N uptake using Isotope Ratio Mass Sperhetry (GG
IRMS)

5N feeding was performed withs@nd G Cleomeplants as described in 3.2.%amples for measuring
uptake of'®N were taken 4 h after transfer to either nutrient solutid?lant tissue was collected in 2

mL reaction tubes containing Jdags beadsSample preparation was performed as described for
Elemental analysis of total N (see 3.6.6.), except for weighing 2.8 to 3.2 mg of plant material into each
tin cap. Measurement of total N artéN content was performed ahe University of Bonin the lab of

Prof. Dr. Gabriel SchaasingGCIRMS.

3.6. Expression Analysis

3.6.1. Phylogenetic analysis of nitrate reductase genes

The OrthoDB database was used to identify orthologatdflAland AtNIA2from various species.
Coding sequences of orthologs franassica napus, Brassica rapa, Zea naaykC. hasslerianaere

downloaded from the NCBI and CoGe databases, respectively. Sequericegyofandraorthologs
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were obtained using the CoGe BLAST too. All sequences were aligned using MAFFT alignment online
tool. Phylogenetic trees were build using RAXMLGui tool based on MaximumLikelihood method (100
bs).

3.6.2. RNA extraction

Approximately 50 mg of frozen plant material was homogenized in 500 uL extraction buffer (80 mM
Tris pH 9.0, 5 % SDS, 150 mM LiCl, 50 mM)Ed@lextracted with 500 uL of a pheradlloroform:

isoamyl alcohemmix. After centrifugation at 14,000 g at RT for 25 min the upper aqueous phase was
transferred to a new reaction tube. The extraction was subsequently repeated two more times. After
the third extraction RNA was precipitated using 130 pL 8 Mamdlincubated overnight a0 °C. The

next day the RNA was pelleted by centrifugation at 14,000 g and 4 °C for 20 min. The pellet was
dissolved in 300 pL-B by shaking at 65 °C for 10 min. Afteldemg 100 pL Li€lhe samples were

mixed and incubated overnight a20 °C. The RNA was centrifuged at 14,000 g at 4 °C for 20 min. The
pellet was washed in 400 pL ethanol (70 %) before being centrifuged at max. speed for 5 min. Finally,
the supernatant msremoved,and the pellet was dried and resolved in 30 uL water at 65°C for 20 min.

wb! &l YLX S&a 6SNB &ai2NBR 4 bHnc/ @

3.6.3. cDNA synthesis (Reverse Transcription)

The concentration of nucleic acids was measured spectrophotometrically, using a NanoPhotometer

N60 (ImplenGermany). RNA concentration was adjusted to 800 ng/ul. 4 ul RNA was mixed with 0.5 ul
DNAse buffer and 0.5 ul DNAse and incubated for 7 min at 37 °C. DNAse was inactivated via incubation

at 70 °C for 5 min and subsequently stored on ice. cDNA was syethé&simn the RNA using the High

[ LI OAdGe O5b! wWSOSNBS ¢NIYaONRLIIAZ2Y VYAUG 0¢KSN):

instructions.
3.6.4. Reattime quantitative PCR (RGPCR)
The RIGPCR was performed using a CFX96 TouchTireal PCR Detection Systemof@ad, USA).

¢CNF YAONRLIG fS@Sta gSNBE OFfOdAFGiSR NBtFGAGBGS G2 !/

Sequences of primers used for the amplification of various genes are listed iMTable
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Table4: Oligonucleotdes used in this study

Arabidopsis Name Sequence Name Sequence
Locus
AT2G37620 | ACTI1R2 ACTTCCCCATGCCATCC] ACT1_R2| GCTCGTAGTCAAGGGCA/
AT1G12110 | NFP6.3_F| GTCGTCAACTGGGCATG| NFP6.3_R| TGGACAAAGCAGCCATCA
AT2G38290 | AMT2.1_F2 GGAGTCACCGGAAGAGA, AMT21_R2| GCAAAAGTGGAGACGAA(Q
NIA2_1 F| GAGACCCACAACAAGAA( NIA2_1 R| TCCCTGTGAGACGGACC
AT1G37130
NIA2_2 F GCACTACGTCCGCAACO NIA2 2 R GCTCCCCAGTTGAAGCC
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4. Results

4.1.Nitrogen deficiency response varies between closely relai@ssicéesspecies
with different photosynthesis types

4.1.1. Photosynthetic efficiency and biomass of Cleomeplants is less affected by
N deficiency

To investigate the effect of nitrogen deficiency in the context gblidtosynthesis, £€and G Cleome
plants were grown in controlledutrient conditions using a vermiculdeased hydroponic systelfs.
2.1). Plants were bottom watered with Hoagland medium with different nitrate concentrations (4 mM,
1 mM, 0.5 mM, 0.25 mM, 0.125 mM*). After 2 weeks the effect of N deficiency on the pimiketic
efficiency was determined by measuring@8similation rates using an infrared gas exchange analyser

(IRGAJFigure 5).
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Figure5: Comparative gas exchange measurements revealed a significant reduction of the photosyintrete

in G but not in G species in response to N deficienc-Ci curves (A), maximal assimilation (B) and CO
compensation points (C) &@. hassleriangG) and C. gynandrgG) plants grown on Hoagland solution with
different nitrate concentrationg4 mM, 1 mM, 0.5 mM) (n=5).

Carbon assimilation was reduced @ hassleriangrown in 0.5 mM nitrate medium compared to
control conditions (4mM N§&), while no change was observed in thesfeciesC. gynandrgFigure
5A). Moreover, the maximal assimilat and C@compensation points were significantly reduced and
increased, respectively, under N deficiency in theg@cies while these parameters were not affected
in the G species (Figur&éB+C). Taken together these findings suggest that the photostinth

efficiency of the €species is less affected by N deficiency.
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To investigate the effect of nitrogen deficiency on the biomass of then@ G Cleomespecies, the
fresh weight of roots and shoots of plants grown in medium containing 4 mM, 1 mivhN).&nd 0.25

mM nitrate was measured after 2 weeks of treatments. The total fresh weight was significantly
reduced in all low nitrate conditions (1 mM, 0.5 mM, 0.25 mM) in thepEcies. In contrast, the
biomass of the £species was not statistically recked in response to the nitrate availability (Figure

6A).
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Figure6: Biomass of £Cleomespecies is less affected by N deficiency than closee@tive. Biomass (A) and
Root/ShootRatio (B) oC. hasslerian&G) andC. gynandrdG) plants grown on Hoagland solution with different
nitrate concentrations (4 mM, 1 mM, 0.5 mM, 0.25 mM) (n=5).

The Root/ShoceRatio of C. hassleriandG) showed a significant increase with decreasing nitrate
concentration in the medium. In thesGpedes, the Root/ShoeRatio also increased, however, this

increase was only significant in plants treated with the lowest nitrate concentration (Fég)ire

C. gynandras the most closely related.@pecies to the model organisi. thaliana.While the
Brassicaceadamily, which Arabidopsis is part of, does not contain angpEcies, it includes multiple
genera in which £Cr-intermediate photosynthesis evolved independentlyC&ntermediate species
represent a first step towardss@hotosynthesis and thefore offer a great opportunity to study and
characterize the early steps in the evolution ap@otosynthesis. For this reason, ongdpeciesD.
viminea, M. moricandioidg¢sand two @C-intermediate speciesd. muralis, D. tenuifolia, M.
suffruticosaM. arvensi¥ from the DiplotaxisandMoricandiagenera, respectively, were also included

in this study.Similar to theCleomespecies changes in biomass in response to N deficiency were

analysed after two weeks (Figurg
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Figure7: Fresh weight and Root/ShoeRatio of (A)D. viminea(G), D. muralis(GCy) andD. tenuifolia (GG)
and (B)M. moricandioides(G), M. suffruticosa (GCy) and M. arvensis(GCy) under full and low nitrogen
conditions. Plants were bottom watered withloagland solution with different nitrate concentrations (4 mM, 1
mM, 0.5 mM). Biomass was measured after 2 weeks. (n=5)

The total fresh weight of all threPiplotaxisspecies was reduced in the lowest nitrate condit{Orb
mM), whereas among thioricanda species, this was the case only for thesecies (FiguréA+B).

In the Diplotaxisgenus, the Root/ShoeRatio increased in all species under low nitrate conditions
(Figure7A). However, in the twodGi-intermediate species, this increase was more geddiban in the

G species and only significant in response to the lowest nitrate concentration (Figjrén contrast,

of the Moricandia species, only the two intermediates showed a significant increase in their

Root/ShootRatio in response to N deficien

Due to these surprising differences in biomass changes under N deficiency conditions between the
CleomeandMoricandiaG species, C&assimilation rates were also measured in the thikdericandia
species. Since thdoricandiaspecies were overall lssensitive to N deficiency, plants grown in 0.125

mM nitrate nutrient solution were used to investigate the effect on the photosynthetic efficiency.

Carbon assimilation was reduced in all three species grown in 0.125 mM nitrate nutrient solution

comparedto control conditions (Figur8A).
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Figure8: Comparative gas exchange measurements reveathffering CQ response between species and
treatments. A-Ci curves (AMaximal Assimilation (B) ar@Q compensation points (C) 8. moricandioidegG),

M. suffruticosa(GCs) andM. arvensifGG) plants grown on Hoagland solution with high (4 mM) and low (0.125
mM) nitrate concentrations (n=5).

Consistent with this, the maximal assimilation was significantly lower under N deficikan in
control conditions (Figur8B). Surprisingly, while the maximal assimilation of ta&-termediate

M. arvensisvas also reduced in response to the reduced N availability, it was significantly higher than
the maximal assimilation of both thelwtr GGi-intermediate specieb. suffruticosaand the Gspecies

M. moricandioidesn both conditions (Figur8B). The calculated G@ompensation points in control
conditions showed no significant difference between the species (Figjurlh response tdhe N
deficiency treatment, the CQompensation points increased significantly in all three species, with a

stronger increase observed in the $pecies compared to the two intermediates.

4.1.2. Quantification of anion content shows a higher allocation of hi@om roots
to shoots in G species

To further investigate the underlying metabolic mechanisms causing these different growth patterns
in response to N deficiency, anion content of roots and shoots was measured using IC. Anion contents
in roots and shootsf individual species were then grouped by photosynthesis type and correlated to
the different treatments (concentration of nitrate in the nutrient solution in which the plants were
grown) (Figure®). The correlation analysis revealed differences in th&uenulation or distribution of
nitrate, phosphate and sulphate in shoots and roots between all photosynthesis types; 3jhec@s

did not show any strong correlation besides the positive correlation between nit@teentrationin
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the nutrient solutionand nitrate content inboth shoots and roots (Figu@A+B). In contrast, in the
intermediates, a strong negative correlation was observed between the nitrate concentration in the
nutrient solution and phosphate and sulphate content in both roots and shoBisally, the
correlations of anion content and nitrate concentration in nutrient solution differed between roots

and shoots in the £3pecies.
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Figure9: Correlation analysis of biomass and anion content af GC-intermediate and @ Brassicdesspecies

to nitrate deficiency.Correlation between N@concentration in the nutrient solution and shoot (A) and root (B)
anion content grouped by photosynthesis types (C. hassleriana, D. viminea, M. moricandio)de3Cs-
intermediae (D. muralis, D. tenuifolia, M. suffruticosa, M. arvehsisd G (C. gynandra(n=>5).

While root nitrate content showed a strong positive correlation to nitrate treatment, as observed in C
and intermediate species, the shoot nitrate content was ne@gdyicorrelated to the nutrient solution

nitrate concentration.

4.1.3. Distribution of total N content between roots and shoots differs i &nd G
Cleomespecies with higher relative N levels in shootstbe G, species

Next, we asked whether the;sCycle afects total N distribution between shoots and roots. EA IRMS

analysis revealed that while the N contents in roots and shoots were similar inztbpeCiesC.

hasslerianain the G species significantly more N was found in the shoots (Fibo#¢. The ovall N

content, however, was comparable in both species. N deficiency led to a decrease in total N in both

species. Unlike in thesGpecies, which was affected already at the mild deficiency of 1 mM nitrate,
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shoot N content inC. gynandrawvas significanyl reduced only in response to the lowest nitrate
concentration (0.25 mM). In contrast, the percentage of N in roots was already significantly reduced
in the 1 mM condition. Overallhe G species showed a more gradual decrease in total N content, that

wasequally distributed between both tissues.

A C. hassleriana (C;) C. gynandra (C,)
a a
61 d
a a
ab
— b
ﬁ | Tissue
z 4 bc
= bc root
° cd cd leaf
cd-d
C
d
2 cd
4mM 1mM 0.5mMO0.25 mM 4mM 1mM 0.5mMO0.25 mM
Nitrate concentration in medium
B C. hassleriana (C,) C. gynandra (C,)
a
301
b a
;9.. a a Tissue
¥ ab ab root
-4
5 20 c leaf
bc
cd
d d d
1071 € c
d

4mM 1mM 0.5mM0.25 mM 4mM 1mM 0.5mMO0.25 mM
Nitrate concentration in medium

FigurelO: Total N content (A) and C/xatio (B) of roots and leaves df. hassleriangG) andC. gynandra(G,)
under full and low nitrogen conditionsPlants were bottom watered withHoagland solution with different
nitrate concentrations (4 mM, 1 mM, 0.5 mM, 0.25 mM). Total N content was measured after 2 weeks. (n=5)

C/Nratios were calculated as an indicator of the nitrogen limitation of plants. Consistent with the
decrease in totaN content, the C/Natio in the G species gradually increageiith decreasing nitrate
availability in the nutrient solution in both tissues, whereas in thep@cies, the shoot CAtio only

increasel significantly in the most severe N deficiency codit(Figurel0B).
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4.1.4. Metabolic profiling reveals differential regulation of the TCA cycle between
G and G Cleomespecies in both normal and low N condition

Previous analyses of biomass and anion content indicated an improved N deficiency toleraree of th
G species possibly caused bg specificdistribution of nutrients between roots and shoots. The
observed negative correlation between the nitrate concentration in the nutrient solution and both
NG; and PQ* accumulation points to an increase in thalfocation to the shoots in response to low
nitrate conditions. Consistently, EA IRMS analysis showed that in, gpedes, significantly more N
was found in the shoots while the overall N content, however, was comparable in both species. Unlike
in the G species, N content i€. gynandravas only significantly reduced in response to the lowest
nitrate concentration (0.25 mM). Taken together, the increased allocation of N to the shoois in C
species indicates the presence of a more efficient4toeshod N transport mechanism compared to

G plants. To identify specific metabolites that show differences in either accumulation or allocation
between the @and G species and to subsequently understand which pathways might be altered in
their respective N diiciency responses, metabolic profiling using GCMS was performed with roots and

shoots of @and G Cleomeplants grown in normal and low N condition.

Metabolic profiling revealed clear differences between the species regarding the abundance of various

groups of metabolites between roots and shoots in both normal and low N conditions (Bitjure
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Figure 11: Heatmap representing the relative amounts of various metabolites in leaves and rootLof
hassleriana(G) andC. gynanda (G) under full and low nitrogen conditionsRelative amounts of metabolites
were normalized using-gcores. Plants were bottom watered with Hoagland solution with different nitrate
concentrations (4 mM, 1 mM, 0.5 mM, 0.25 mM). Metabolite profiling weriggmed after 2 weeks of treatment
using GCMS. (n=4)

In both Cleomespecies, most metabolites were more abundant in leaves compared to roots. GABA,
ethanolamine and the amino acids glycine, leucine, and isoleucine are an exception to this pattern as
they accumulated in similar or in the case of the former three, in higher amounts in loatsntrast,
ethanolamine and glycerglycoside were detected in significantly higher amounts.ite&es. Most

amino acids except glutamine, phenylalanine and metimenvere more abundant in the leaves of the

G species in both control and N deficiency conditions.

As part of the metabolite profiling intermediates of the tricarboxylic acid (TCA) cycle alsye
quantified. Citrate and malate were the most abundant Ta@éle intermediates in the shoots and
roots of both species. Unlike the sugars, the TCA cycle intermediates did not show a uniform pattern

in response to N deficiency (Figur®).
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Figurel2: Heatmap representing the relative ammts of tricarboxylic acid cycle (TCA) intermediates in leaves
of C. hasslerianaG) and C. gynandra(C) under full and low nitrogen conditionsRelative amounts of
metabolites were normalized usingszores. Plants were bottom watered with Hoagland mediwith different
nitrate concentrations (4 mM, 1 mM, 0.5 mM, 0.25 mM). Metabolite profiling was performed after 2 weeks of
treatment. (n=4)

The analysis revealed a significant increase in relative levels of citrate, isocitrate and aconitate in shoots
of the G species during N deficiency. In contrast, in thes@ecies the amount of these three
compounds did not change significantly (FigugA#B). Succinate and 20G levels increased with
decreasing N availability in both species. Malate content increaggufisantly with decreasing
amounts of N in the medium in leaves of thes@ecies but not the {Zpecies. Fumarate levels did not
change in the £species but showed a significant peak in 1 mM nitrate conditions indkpegies. €
leaves accumulated ame pyruvate in 4 mM and 1 mM N conditions when comparedtte&ves in

the same treatments. While the relative amount of pyruvate decreased in both species in low N
conditions, the decrease was almost 10 times stronger in thep€cies. Under control oalitions,

more pyruvate, fumarate, succinate and 20G accumulated in the roots gias compared to £
plants (Figure 2B). Levels of all TCA cycle intermediates were reduced in the strongest N deficiency
treatment in G but not G roots. Only the amournof pyruvate and fumarate decreased in response to
low N conditions while malate, citrate and isocitrate accumulated and levels of succinate and 20G

remained unchanged.

As part of the metabolic profiling, 15 of the 20 proteinogenic amino acids were mezhggsing GCMS.
Glutamate and aspartate were the most abundant amino acids in the roots and shoots of both species.
Amino acid content in general was significantly higher in shoots compared to roots. Therefore, relative
amounts of amino acids detected irhaots were normalized and presented in heatmap form

separately(Figurel3).
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Figure13: Heatmap representing the relative amounts of amino acids in leavesothassleriandG) and C.
gynandra(Cy) under full and low conditionsRelative amounts of metabolites were normalized usirsgares.
Plants were bottom watered with Hoagland medium with different nitrate concentration (4 mM, 1 mM, 0.5 mM,
0.25 mM). Metabolite profiling was performed after 2 weeks of treatment. (n=4)

Higherlevels of leucine, threonine, glutamate, valine, isoleucine, asparagine, aspartate and alanine
were found in leaves of thesEpecies when compared tg [eaves Amongst these, leucine, valine and
alanine are derived from pyruvate which was found to bdueed in both roots and shoots &.

hasslerianan response to N deficiency but only in roots in thesfeciegnot shown)

Under normal conditions, pyruvate levels are higherdpl@nts (see above) but also show a stronger
decreasehan in G plantsunder low N conditions. The pyruvatierived amino acids show opposite
trends in the @and G species in response to N deficiency. Relative amounts of leucine and valine
decrease in the £Species but increase in the §pecies with decreasing N avail@pilFigurel3). In
contrast, alanine levels increased and decreased in low N conditionaimd@ leaves, respectively.
Also overallpresentin higher amounts in the [ &pecies were aspartate and the aspartaterived
amino acids isoleucine, threonia@d asparagine. Methionine and lysine howevlarstrateddifferent
responses to low N conditions. Lysine, while also more abundant in control conditions ifsfiecies,
decreased in Jeaves to levels similar ta;€pecies in N deficiency conditiof@s25 mM). Even though,
Methionine levels were similar in both species, they increased stronglybot@ot G leaves under

low N conditions. Alanine, phenylalanine, methionine, glutamine and glutamate were present in
similar amounts in roots of:@nd G species under control conditions while all other amino acids were
found in higher amounts in thesGpecies. Amounts of all detected amino acids were reduced in roots
of G plants in low N conditions, while in §pecies, this was only the case for gigciysine, aspartate,
alanine, phenylalanine, glutamate and glutamine. Glycine and serine, both derived from 3

phosphoglycerate (PGA) accumulated in the €pecies under low N conditions but showed opposing
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trends in the ¢species with glycine decreagi and serine increasing in response to N deficiency
(FigureldA).
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Figure14: Metabolite profiling of C. hassleriandG) and C. gynandra(G) shoots under decreasing nitrogen
conditions reveals differences in glycine and seriegels in response to N deficiencéraphs show the amount
of (A) glycine and serine and (B) Serine/Gly&tadio in leaves ofs@nd G Cleomespecies. Plants were bottom

watered with Hoagland solution medium with different nitrate concentrations (4 mmMM, 0.5 mM, 0.25 mM).
Metabolite profiling was performed after 2 weeks of treatment. (n=4)

Serine/GlycineRatio in leaves was calculated from serine and glycine content within each biological
replicate. In control conditions (4 mM) the Serine/GlyeRa&tb is higher in £species compared tosC

species. With decreasing N availability ratios increased more strongly in shoots isihect@s than

in the G species (Figur&4B).

Metabolic profiling further revealethe accumulation of various sugars inth species mainly in the

leaves during N deficiency (Figurs).
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Figurel5: Heatmap representing the relative amounts of sugars in leave€ohassleriangG) andC. gynandra

(G) under full and low conditionsRelative amants of metabolites were normalized usingeores. Plants were
bottom watered with Hoagland medium with different nitrate concentration (4 mM, 1 mM, 0.5 mM, 0.25 mM).
Metabolite profiling was performed after 2 weeks of treatment. (n=4)

Except for raffinos, sugar levels were generally higher in thesfecies when compared to the C
species (Figureb). Raffinose was found in significantly lower amounts than the other sugars and only
increased significantly in roots and shoots@f gynandran the 0.25 mMtreatment (Figure ).
Pentose levels showed a significant increase with decreasing nitrate concentration in the medium in
G shoots and ©roots, respectively (Figure5L The shoot pentose content also increased in the C
species in the two lowest N defency treatments, howevethis change was not significant. Both
glucose and fructose levels increased only significantly in tlspeéies. Levels of these two sugars in
roots did not show any clear trends or significant changes in either speciese(EjuSucrose was

the only sugar found to be significantly increased in shoots of both species and also showed an increase

in roots in response to N deficiency (Figug. 1

Various other metabolitealsoshowed different responses to N deficiency yaf G species (Figure

16).
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Figure16: Heatmap representing the relative amounts of various metabolites in leaveohassleriandG)

and C. gynandrgG) under full and low nitrogen conditionskelative amounts of metabolitagere normalized
using zscores. Plants were bottom watered with Hoagland medium with different nitrate concentrations (4 mM,
1 mM, 0.5 mM, 0.25 mM). Metabolite profiling was performed after 2 weeks of treatment. (n=4)

A group of metabolites including shikate, glycerate, myoinositol, threonate, sitosterol and
sinapinate accumulated significantly only in shoots of thgpgecies in low N conditions (Figure 16).
Under low N conditions, GABA shoot content was reduced in both species. Ethanolamine legéls, whi

were higher in the £species under control conditions, decreased only in thie&ves.

Overal] the metabolite profiling revealed differences in the amounts of a broad variety of metabolites
including amino acids, sugars and TCA cycle intermediathey tnoth normal and low N conditions.
Furthermore, differences between the changes in metabolite levels between the control and N
deficiency treatments observed between thedbd G species could indicate differential regulation in

response to N deficienc

4.2. Ammonium tolerance/sensitivity varies between genera

Plants can take up inorganic N in the form of nitrate {IN&d ammonia (N&) (Miller and Cramer,
2005) but differ in the preference of these sources. Due to their higher rates of photorespjr@iio
plants generally have a bigger NHool relative to @plants. Regarding their N source preference, this
could mean that they are better adapted to using/N&t an N source than theis €ounterparts since
their metabolism might already be adaptéd higher NH* levels. However, the increased pool of

photorespiratory N could also limit the amount of additional WHG plants can withstand and
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potentially make them more sensitive to MHT o testwhich of thesewo hypothese is true €and G

Ckomeplants were grown in a gradient of hitdoncentrations.

4.2.1. Biomass of €and G Cleomespecies is unaffected by increasing ammonium
concentration

To investigate whether the ability to use different nitrogen sources varies betwganddG species,

G and G Cleomeplants were grown innutrient solutions containing both nitrate(NG&) and
ammonium (NH*) in different compositions, including 0 %, 10 %, 25 %, 50 %, 90 % and 100 %
ammonium. Biomass was measured after 2 weeks. No significant changes asfiemveen the 0 %

and 100 % NFinutrient solutionswere observed(Figure 17)
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Figurel7: Biomass ofC. hassleriandG) and C. gynandra(Cy) grown in media with different compositions
containing both nitrate and ammonium asitmogen sources.Plants were bottom watered with Hoagland
solution with different amounts of nitrate and ammonium, percentages indicate the portion of overall nitrogen
in the nutrient solution made up of ammonium (0 %, 10 %, 25 %, 50 %, 90 %, 100 %3sRiananeasured
after 2 weeks. (n=5)

Both species achieved the highest biomass when provided with a mixture PENDNH" and the
lowest when grown in the 100 % itdolution (Figure 17). Both species grew best in the 25 % nutrient

solutions the strongst and only significant decrease was observed between the 25 and 100 %.
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However, the decrease in biomass in the 50 % and 90 % treatments was stronger intttzen the G

species, which could imply th@. gynandranight be more sensitive to high Wrtoncentrations.

4.2.2. Biomass oMoricandiaand Diplotaxisspecies is reduced when grown with
ammonium as their main N source

In GCrintermediate species, photorespiration is restricted to &%s while photorespiratory N¢s
recaptured via the photorespiratg nitrogen cycle in the mesophyll celighich results in the necessity

of metabolic rerouting to balance these changes and might allow for more efficient use or higher
tolerance to additionaNH:* supplied in the nutrient solutionNH:" supply experimerd were also
conducted using ones@nd two GG, intermediate species from th®oricandiaand Diplotaxisgenera

to address how NFi assimilation in € intermediates differs from that of {plants. Biomass was
measured after 2 weeks of treatment. Exceptlib tenuifoliawhich has the lowest G@ompensation

point (CQCP) of all tested species, a decrease in total biomass with increasingddeentration was

observed (Figure8).
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Figurel8: Biomass of (AM. moricandioides(G), M. suffruticosa(GGCi), M. arvensis(GG) and (B)D. viminea

(&), D. muralis(GG), D. tenuifolia(GGCi) grown in media with different compositions containing both nitrate

and ammonium as nitrogen sourceflants were bottom watered with Hoagland stibn with different
amounts of nitrate and ammonium, percentages indicate the portion of overall nitrogen in the medium made up
of ammonium (0 %, 10 %, 25 %, 50 %, 90 %, 100 %). Biomass was measured after 2 weeks. (n=5)

While not significantD. tenuifola showed a slight increase in biomass in the 25 % and 50 % treatments
and relatively lower fresh weights in the two treatments with the highestdbhcentration (Figure
18B).The two GspeciedM. moricandioidesndD. vimineashowed a slight increase momass in the

10 % and 25 % treatments compared to the standard Hoagland solution (0 %).
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4.2.3. Anion content is significantly altered in the presence of ammonium

Anion content in roots and shoots of plants grown in the different nutrient solutions was sathly
after 2 weeks using ICevels of N®, PQ* and SG in shoots and roots of{@nd G Cleomespecies
changed significantly when grown in nutrient solutions containing both nitrate{/d@d ammonium
(NH) in different compositions, including 0 %8 %, 25 %, 50 %, 90 % and 100 % (ffjure 19). The
NGs content significantly decreased in the two treatments with the highesi'ldercentage (90 %,
100 %) in roots and shoots of both species (Figure 19A).
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Figurel19: Anion @ntent of C. hassleriandG) andC. gynandra(Gy) grown in nutrient solutions with different
compositions of nitrate and ammonium as nitrogen source3lants were bottom watered with Hoagland
solution with different amounts of nitrate and ammonium, pertages indicate the portion of overall nitrogen

in the medium made up of ammonium (0 %, 10 %, 25 %, 50 %, 90 %, 100 %). Nitrate (A), phosphate (B) and
sulphate (C) content was measured after 2 weeks. (n=5)

While the G species does not show any significaritanges inNGs levels between the first 4
treatments, significantly highedOs content was observed in the 10 % Ntieatment in the shoots

and roots ofC. hasslerianéG) (Figure 2A). In GleavesPQ* content,similar tothe NQcontent, was

highest in the 10 % NHitreatment and decreased witincreasing Nk concentration ofthe nutrient
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solution, while thePQ?* content of the roots did not change (FigureB). In contrast, Zoots showed
a significant gradual increase in rd®©* content with the increasing amount of NHn the nutrient
solution. The leaPQ* content of the Gspecies was significantly increased only in 100 ¥3dHition
LeafSQ? content increased with increasing MNidercentage in both species (Figur@C). Howeverin

C. hasslerian8Q? content in the 100 % Nitreatment was reduced compared to the 90 % treatment.

To better understand how the underlying mechanisms might differ between thend GGC:-
intermediate species, the anion content in roots and shoothefMoricandiaand Diplotaxisspecies
wasalsomeasured. Plants grown in the differemaitrient solutionswere analysed after 2 weeks using
IC NQ content and its distribution differed between species and treatmehtg overall decreased
with increasingNH:" concentration i.e. decreasing NfDconcentration in the nutrient solution as

expected (Figure 20).
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Figure20: Nitrate content of (A)M. moricandioides(G), M. suffruticosa(GG), M. arvensis(GG) and (B)D.
viminea(G), D. muralis(GCy), D. tenuifolia(GG) grown in media with different compositions containing both

nitrate and ammonium as nitrogen source®lants were bottom watered with Hoagland media with different
amounts of nitrate and ammonium, percentages irdécthe portion of overall nitrogen in the medium made up

by ammonium (0 %, 10 %, 25 %, 50 %, 90 %, 100 %). Nitrate content was measured after 2 weeks using IC. (n=5)

In contrast to the Moricandiaspecieswhich all showed their highest N@ccumulationn the full NG
treatment (0 %) (Figur@0A), the N@ concentration was highest in the 10 % NHeatment in all

three Diplotaxisspecies (Figur20B. In both genera, the decrease in Névels between the 50 % and

90 % treatment was smaller in the tvi@ specieghanthe GG-intermediates.

Unlike in the twoCleomespecies no clear trends were observedRfd* and SG levels (not shown).

However, the leaf chloride (Tllevels showed a strong increase in response to highes” NH
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concentrations in th nutrient solution (Figur@1A). Root chloride content also increased, albeit not

significantly in all species.
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Figure21: Chloride content of (AM. moricandioides(G), M. suffruticosa(GGCs), M. arvensis(GG) and (B)D.
viminea(G), D. muralis(GG), D. tenuifolia(GCy) grown in media with different compositions containing both

nitrate and ammonium as nitrogen sourceBlants were bottom watered with Hoagland media with different
amounts of nitrate and ammonium, percemgas indicate the portion of overall nitrogen in the medium made up

by ammonium (0 %, 10 %, 25 %, 50 %, 90 %, 100 %). Chloride content was measured after 2 weeks using IC. (n=5)

As shown in the N deficiency experimedtl(2,Figure9), shoot and root aniogontent (NQ, SQ?,
PQ?*) of individual species was then grouped by photosynthesis type and correlated to the different
treatments (concentration of nitrate in thautrient solutionin which the plants were grown). The
nitrate concentration was inverge proportional to the amount of ammonium. Therefore, the effect
of ammonium can be further investigated by comparing the correlation to the results from the N
deficiency experiment (Figuz?).
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Figure22: Correlation analysisf anion content of G, GG-intermediate and GBrassicaeceaspecies to nitrate
concentration in growth medium with and without ammoniumCorrelation between Nfconcentration in the
medium and shoot (A) and root (B) anion content grouped by photoswighigpe: €(C. hassleriana, D. viminea,
M. moricandioidey GGC-intermediate O. muralis, D. tenuifolia, M. suffruticosa, M. arvehsi&d G (C.
gynandrg (n=5).
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Compared to the experiment without NKla stronger positive correlation between Bl€onaentration
of the nutrient solution and N@content in shoots was observed igfants grown in NiH-containing
nutrient solution. The correlation analysis further revealed a strong negative correlation betwegn PO

and S@¥ levels in shoots, only presein plants grown in NFfimedium (Figur@2A). As seen in shoots,
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the positive correlation between the available N@nd root N@ content was increased in the;C
species compared to the plants grown on medium withoutNNeither PG> nor S@Q* contert was

strongly correlated to N©concentration as was the case in the absence of [Hihure22B).

In GG intermediate species nitrate content in both roots and shoots showed a weaker positive
correlation to the N@ concentration in the medium (Figg22A+B). The presence of Nideems to

increase and decrease $@ndPQ* uptake, respectively (FigukeB).

In G species, the strong negative correlation ofN€dntent in shoots to the NOmedia concentration
observed in N© only medium is invéed when NH" was added to the medium (Figur22A).
Furthermore, PG and S@ content showed a strong negative correlation to the nitrate concentration
in the nutrient solution, which was only observed for,P{ the previous experiment. Root N@vels
showed a strong positive correlation to the availablesNCboth experiments. PO and SG content

in roots was strongly negatively and positively correlated to the; N@spectively (Figur@2B).
Similarly in analysis of the shoots, this waslpthe case for S®in the previous experiment without
NHy;*. Taken together this implies that WHhot only affects N@uptake and assimilation but also the

assimilation of P¢¥ and S@ under nitrate starvation

4.2.4. G Cleomespecies profit less frommmonium supplementation than their €
relatives

The previous experiments showed thaitrient solutioncontaining 25 % N#improved the growth

of both Cleomespecies relative to growth with NCas their sole N source. However, the species
responses to igher NH* concentrations differed between the species indicating differences isf NH
sensitivity.Changes in the correlation of the anion content compared to M@ -only experiment
point to these changes being related to differences in the assimilatiodH,". Taken together these
findings could indicate a lower MHolerance of ¢plants due to changes in N metabolism resulting
from G photosynthetic evolution e.g. a smaller pool of photorespiratory™NHhe interplay between
NH,* sensitivity and N eficiency tolerance was further investigated by combining these factors in one
experiment. Plants from 6 treatments were analysed: (1) nitrate only (4 mM N), (2) ammonium only (4
mM A), two N deficiency treatments ((3) 1 mM N; (5) 0.5 mM N) and two treatisnidat contained

the same amount of nitrate as the deficiency treatments but were supplemented with ammonium to

reach a combined concentration of 4 mM ((4) 1 mM N+ 3 mM A); (6) 0.5 mM N+ 3.5 mM A).

44



To test whether changes observed in anion content ia ghesence oNH;" are directly linkedto
photosynthesis typeCQ assimilatiorrates of Gand G Cleomeplants grown in different compositions

of NHy*andNGO; were measured after 2 weeks using IRGA (Figaye
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Figure23: Comparative gas exchange measurements revealed a significant reduction of the photosynthesis
rate in G but not in G species in response to ammonium treatmentitial slopes (A), maximal assimilation (B)
and CQcompensation points (C) &. hassleriané&z) and C. gynandrdG) plants grown on Hoagland solution
with different compositions of nitrate (N) and ammonium (A) including (1) nitrate only (4 mM N), (2) ammonium
only (4 mM A), N deficiency (3) 0.5 mM N and a treatment substituted with ammonium (\\N0.8+ 3.5 mM

A. In this and all following graphs the letters N and A indicate nitrate and ammonium, respediivedy.

The Gspecies achieved the highest maximab@ssimilation rates in treatments with a combination

of both N@Q and NH"while in theG species, the CQassimilation rate was highest in the NOnly
treatment. However, NIH supplementation increased assimilation rates compared to the
corresponding N deficiency treatment (Figu28B). Initial slopes were highest in mixed treatments
(Figure 23A) In the G species, they were, however, not reduced in response to N deficiency unlike in
the G species. IrC. gynandrathe initial slope was reduced in all treatments when compared to the
full NG treatment (Figure23A). While C@compensatiorpoints of G plants grown in nutrient solution

containing Nk were lower than in plants not treated with NHthis reduction was not significant. In
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contrast, significantly increased €& mpensation points were observed for flants grown in low N
conditions but not in response to any WHreatments (Figure23C).Overallthese results show that
the photosynthetic efficiency ofs@nd G Cleomespecies is differently affected by supplementation

with ammonium.

Previously, alBrassicaceaspecies testedn the ammonium gradient experiment were able to grow

in any combination oNH:" andNG; nutrient solutionas well asn nutrient solution in whiclNH,* was

the only N source. The experiment further showed that most species grewirbestrient solution
containinga combination ofboth NH* and NQ. This suggests that the plants can idg,* as an
alternative N sourceto some extent In contrast, the IRGA measurements demonstrated that
ammonium negatively affected the photosynthetic efficiency of theQzomespecies and only
partially reversed the reduction of photosynthetic efficiency due to N deficiency while improving the
photosynthetic performance of thes;Gpecies. To allow for direct comparison of the effects of N
deficiency andNH," toxicity thebiomass of plants grown in various compositiondlbk* and NQ (see

above was measured after 2 weeks of treatment (Figué 2
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Figure 24: Biomass ofC. hassleriangG) and C. gynandra(G) grown in nutrient solution with dfferent
compositions of nitrate and ammonium as nitrogen source3lants were bottom watered with Hoagland
solution with different compositions including (1) nitrate only (4 mM N), (2) ammonium only (4 mM A), two levels
of N deficiency (3) 1 mM N, (5) M N and two treatments substituted with ammonium to reach a combined
concentration of 4 mM: (4) 1 mM N + 3 mM A, (6) 0.5 mM N + 3.5 mM A. Biomass was measured after 2 weeks.
(n=6)

The biomass of plants grown in nutrient solution containing only Mis $ightly but not significantly
reduced compared to those grown in the NOnly nutrient solution in both species. Furthermore,
both species showed a significant decrease in biomass in response to the two N deficiency conditions

(Figure24). Additional Nkf in thenutrient solution(treatment 4 and 6) significantly increased the total
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fresh weight of the €but not the G species. As observed in previous experiments, thepEcies

achieved the highest biomass when watered with nutrient solution containirty NG and NH*.

Tofurther investigatethese differences in biomass betweéme speciesanion content in roots and
shoots was measured using IC (FiguB. 2n the G speciesC. hassleriana NO; content was
significantly reduced in both roots and shiedan response to N deficiency as well as in the treatments

containing ammonium in the nutrient solution (Figl2gA).
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Figure25: Anion content ofC. hassleriangG) andC. gynandrgG) grown in nutrient solution with differen
compositions of nitrate and ammonium as nitrogen sourceBlants were bottom watered with Hoagland
solution with different compositions including (1) nitrate only (4 mM N), (2) ammonium only (4 mM A), two levels
of N deficiency (3) 1 mM N, (5) 0.5 mM hdawo treatments substituted with ammonium to reach a combined

concentration of 4 mM: (4) 1 mM+ 3 mM A, (6) 0.5 mM N+ 3.5 mM A. Samples for measuring nitrate (A), chloride
(B) and malate (C) content were taken after two weeks. (n=5)
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In contrast, in the £species N@ levels decreased in roots in all treatments but only changed
significantly in shoots in response to the strongest N deficiency treatment. sfbet€ showed a clear
increase in N® content in both mixed treatments when compared to the resfpee N deficiency
treatment (Figure 8A). In both species, chloride accumulated mainly in roots and increased in low N
conditions (Figure %B). Chloride content further increased with increasingsNH the nutrient
solution. The increase between the IdWwtreatments and their respective combined treatment was
much more pronounced in thesGpecies (Figure5B). Malate levels in the shoots of the $pecies

increased in N deficiency conditions but decreased in all A treatments (FigQje 2

RuBisCQs the most abundant enzyme in plants making up 5 to 40 % of the total protein content
depending on the species. Due to their improved, @ssimilation rates, £5pecies generally have a
reduced demand foRuBisCGnd thereforenitrogen To test whether this islso the case in the
Cleomegenus total soluble protein content was measured using the Bradford method. Analysis of the
total soluble protein content of the twe&leomespecies showed that thesGpecies had an overall
higher protein content in leaves. Inmiast, root protein content was similar in both species and was

significantly reduced in both N deficiency treatments (Fid6e
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Figure26: Total soluble protein concentration o€. hassleriangG) and C. gynandra(Cy) grown in nutrient
solution with different compositions of nitrate and ammonium as nitrogen sourceBlants were bottom
watered with Hoagland solution with different compositions including (1) nitrate only (4 mM N), (2) ammonium
only (4 mM A), two levels of N fleiency (3) 1 mM N, (5) 0.5 mM N and two treatments substituted with
ammonium to reach a combined concentration of 4 mM: (4) 1 mM+ 3 mM A, (6) 0.5 mM N+ 3.5 Rribtdin
content was measured after 2 weeks of treatment. (n=6)
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4.2.5. Effects of ammonium suppleentation vary between @and GCx-
intermediate species

To see whether the positive effect on biomass in plants substituted with ammonium observed in the
G specie<C. hassleriane conserved in{3pecies of other genera the experiment was repeated with

the G- and GC-intermediate species from th®loricandiaand Diplotaxisgenus used in the previous
experiments. After two weeks of treatment, the biomass of the tw@htermediate Diplotaxis
species showed a significant decrease in both N deficiereagtnients and all N treatments
compared to the medium containing only BOwhile the fresh weight oD. viminea(G) was only
significantly reduced in response to strong N deficiency (0.5 mM N). The biomass of the intermediates
in the mixed treatmentg4,6) was, however, significantly higher than in the fullk’Nithd strong N

deficiency treatment. (Figure7a).

Figure27: Biomass oD. viminea(G), D. muralis(GCy) andD. tenuifolia(GCs) grown in nutrient solution with
different compositions of nitrate and ammonium as nitrogen sourceBlants were bottom watered with
Hoagland solution with different compositions including (1) nitrate only (4 mM N), (2) ammonium only (4 mM
A), two levels of N deficiency (3) 1 mM N, (5)raM N and two treatments substituted with ammonium to reach

a combined concentration of 4 mM: (4) 1 mM N + 3 mM A), (6) 0.5 mM N+ 3.5 mM A. Biomass was measured
after 2 weeks. (n=6)
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