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1.Summary-Zusammenfassung
1.1 Summary
Phosphorus (P) is an essential macronutrient for the growth and development of plants, which is required
as the structural component of nucleic acids, phospholipids, phospho-proteins and metabolites and plays an
important role in the transport of cellular energy with ATP. However, plants can only absorb P directly as
phosphate (Pi) in the soil solution, and the Pi concentration in soil solution is normally quite low, so plants
often suffer from P deficiency, which affects the crop yield and quality. In agriculture, farmers massively
apply P fertilizer to maintain high yield. Due to the long-term high fertilization rates and long-term organic
residue accumulation, the total P pool per hectare has increased between 1900 and 2020. Since modern
varieties have often been selected in high-nutrient input conditions for high yields, concerns are being raised
that the beneficial traits for P uptake under a limited P supply will gradually decline in elite varieties. Regarding to maize (Zea mays L.), thousands of varieties have been bred since it was domesticated as a food
product. It is an open question whether traits and genes related to P deficiency in European maize have
changed since the Green Revolution, the start of hybrid breeding and high-intensity fertilization. This is the
core research question of this dissertation. Here I present the analysis of roots in response to P deficiency
using a diverse panel of European maize genotypes via several experiments.
In Chapter I, we focus on whether maize seedlings of the flint and dent heterotic pools vary in the P acquisition and utilization since the onset of hybrid breeding using 34 genotypes in mini-rhizotrons. These genotypes included 16 flint lines that were released over more than five decades ago, 7 doubled haploid lines
from the flint landraces (DH_LR), 8 dent lines, and 3 hybrids. Seedling P use efficiency (PUE) and related
traits were measured and compared at two P levels in a calcareous soil. Seedling PUE and P acquisition
efficiency (PAE) from founder flint to representative elite flints declined over the last decades, which was
associated with smaller root systems and their reduced ability to exploit external P, were paralleled by
decreased rhizosphere pH and shorter root hairs in low P. Comparing flints with preselected DH_LR, old
and more recently released dent elite varieties, elite dent seedlings and their hybrids revealed improved
PUE and earlier start to acquire exogenous P. DH_LR were similar to modern elite flints. When evaluating
early root traits associated with high P efficiency, seed P should also be considered, and it is important to
stack different root traits to optimize PUE, Phosphorous utilization efficiency (PUtE) and PAE in breeding
programs. The root hair length, the ability to acidify rhizosphere and root diameter in maize flint and dent
pools may be utilized to further improve P use in maize agroecosystems.
In Chapter II, we compared the root exudated organic acids and mycorrhizal fungi colonization degree
among 24 genotypes which have been evaluated in Chapter I. These genotypes included 16 flint lines, 6
DH_LR and 2 old dent lines. Seedling colonization with arbuscular mycorrhizal fungi (AMF) and organic
1
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acid anion release were measured. P-uptake-related root traits were compared under P-sufficient and Pdeficient conditions. Weak trends for the loss of AMF colonization or changes in organic acid anion release
at low P supply were detected in modern varieties. One DH_LR was found with increased mycorrhization,
whereas others were similar to modern elite lines. Overall, substantial genetic variance was encountered for
these traits.
In Chapter III, using nearly isogenic maize lines, the B73 wild type and the rth3 root hairless mutant, we
quantified the effect of root hairs and AMF infection in a calcareous soil under P deficiency. Wild-type root
hairs extended the rhizosphere for acid phosphatase activity by 0.5 mm compared with the rth3 hairless
mutant. Total root length of the wild type was longer than that of rth3 under P deficiency. Higher AMF
colonization and mycorrhiza-induced phosphate transporter gene expression were identified in the mutant
under P deficiency, but plant growth and P acquisition were similar between mutant and the wild type. The
mycorrhizal dependency of maize was 33 % higher than the root hair dependency. The results identified
larger mycorrhizal dependency than root hair dependency under P deficiency in maize. Root hairs and AMF
inoculation are two alternative ways to increase Pi acquisition under P deficiency, but these two strategies
compete with each other.
In Chapter IV again two nearly isogenic maize lines, the B73 wild type and the rth2 root hairless mutant,
were used to address the importance of root hairs during drought and under P deficiency. The results indicate that drought and P deficiency synergistically impair maize growth; while P concentrations were little
affected by the loss of root hairs, the P content was massively reduced at combined stress, showing that P
deficiency is much more severe under drought.
In Chapter V, we first compared the root traits response to low P and high P of six preselected genotypes
in European flint in Chapter I. We then generated RNA libraries from the roots of these lines under both
low P and high P. Using an expressed genes matrix, we conducted a Weighted Genomic Coexpression
Network Analysis (WGCNA), and detected general low P-induced modules and modules that were higher
in founder flints. The P deficiency-responsive metabolic processes common to all six genotypes included:
(1) acceleration of carbon supply for organic acid synthesis through glycolysis and TCA cycle; (2) alteration
of lipid metabolism; (3) changes of activity of transmembrane transporters; (4) carotenoid metabolism.
Additionally, the founder flint line EP1, F2 and doubled haploid landrace SM1 have their specific strategies
and mechanism to cope with low P. Our findings well support other studies with transcriptome, proteome
and metabolome experiments in maize and other species, and point to molecular events involved in the
efficient alleviation of P stress in efficient maize accessions.
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Altogether, this study presents informative analyses in how maize genotypes with distinct breeding history
adapt to P deficiency in regard of root, rhizosphere traits and root transcription. It showed correlation between phenotypic traits and gene transcription, which is much more complex than previously reported. It
also opened a novel insight into molecular regulation on Pi utilization, resulting in promotion of vegetative
biomass in P deficiency. These findings will also provide precious knowledge for plant breeders and agronomists who work on P research in maize and other cereal crops.
1.2 Zusammenfassung
Phosphor (P) ist ein essentieller Makronährstoff für das Wachstum und die Entwicklung von Pflanzen, der
als Strukturbestandteil von Nukleinsäuren, Phospholipiden, Phosphoproteinen und Metaboliten benötigt
wird und eine wichtige Rolle beim Transport von Zellenergie mit ATP spielt. Pflanzen können P jedoch
nur direkt als Phosphat (Pi) aus der Bodenlösung aufnehmen, und die Pi-Konzentration in der Bodenlösung
ist normalerweise recht niedrig, sodass Pflanzen häufig unter P-Mangel leiden, was sich auf den Ernteertrag
und die Qualität auswirkt. In der Landwirtschaft düngen die Landwirte massiv P-Dünger, um den Endertrag
zu erhalten. Aufgrund der langfristig hohen Düngung und der langfristigen Anreicherung organischer Rückstände hat sich der Gesamt-P-Pool pro Hektar zwischen 1900 und 2020 erhöht. Da moderne Sorten häufig
unter Bedingungen mit hoher Nährstoffversorung für hohe Erträge ausgewählt wurden, werden Bedenken
laut, dass vorteilhafte Eigenschaften für die P-Aufnahme bei einem begrenzten P-Angebot bei Elite-Sorten
allmählich abnehmen. In Bezug auf Mais (Zea mays L.) wurden Tausende von Sorten gezüchtet, seit er als
Lebensmittel domestiziert wurde. Inwiefern sich seit der Grünen Revolution durch Hybridzüchtung und
hochintensive Düngung entsprechende Merkmale und Gene des P-Mangels bei europäischem Mais verändert haben, ist ungeklärt. Dies herauszufinden ist die zentrale Forschungsfrage in dieser Dissertation. Ich
untersuche dazu Wurzeln in Reaktion auf einen P-Mangel in einem Panel europäischer Maisgenotypen in
mehreren Experimenten.
In Kapitel I konzentrieren wir uns darauf, ob sich die frühe Maisentwicklung von Genotypen der heterotischen Pools Flint/Dent seit Beginn der Hybridzüchtung verändert hat. Dabei kamen 34 Genotypen in MiniRhizotron bei zwei P-Stufen zum Einsatz. Diese Genotypen umfassten 16 Flintlinien, die zum Teil vor
mehr als sechs Jahrzehnten zugelassen wurden, 7 doppelte haploide Linien, die aus den Flint-Landrassen
entwickelt wurden (DH_LR), 8 Dentlinien und 3 ihrer Hybride. Die Effizienz der P-Nutzung (PUE) von
jungen Pflanzen und zugehörige Merkmale wurden in einem kalkhaltigen Boden verglichen. Die Effizienz
der PUE und -P-Akquisition (PAE) der ersten selektierten Flint Linien, auf denen die Hybridzüchtung beruht, bis hin zu repräsentativen neusten Elite-Flint Linien ging in den letzten Jahrzehnten zurück, was mit
kleineren Wurzelsystemen und ihrer verringerten Fähigkeit zur Nutzung von externem P verbunden war.
Der Vergleich von Flint mit ausgewählten DH_LR, alten und neueren Dent-Elite-Sorten und ihren
3
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Hybriden zeigte verbesserte PUE in alten, aber nicht DH_LR Linien, welche modernen Elite-Flintlinien
ähnelten. Bei der Bewertung von Wurzelmerkmalen, die mit einer hohen P-Effizienz verbunden sind, muss
auch Samen-P berücksichtigt werden. Die Wurzelhaarlänge, die Fähigkeit zur Ansäuerung der Rhizosphäre
und der Wurzeldurchmesser können in Mais-Flint- und Dent-Pools genutzt werden, um die P-Verwendung
in Mais-Agrarökosystemen weiter zu verbessern.
In Kapitel II verglichen wir den Besiedlungsgrad der Wurzel mit Mycorrhizapilzen und die Menge und Typ
der exudierten organischen Säuren anhand von 24 Genotypen, die bereits in Kapitel I untersucht wurden.
Diese Genotypen umfassten 16 Flintlinien, 6 DH_LR und 2 alte Dentlinien. Die Wurzelbesiedlung mit
arbuskulären Mykorrhizapilzen (AMF) und die Ausschüttung von organischen Säureanionen wurden gemessen. P-Aufnahme und Wurzelmerkmale wurden unter ausreichendem P und unter P-defizienten Bedingungen verglichen. Bei modernen Sorten wurden schwache Trends für den Verlust der AMF-Besiedlung
und der geringe Verlust der Zitratausschüttung bei niedriger P-Düngung festgestellt. In einer DH_LR wurde
er höchste Mycorrhizierungsgrad gefunden, während andere modernen Elite-Linien ähnlich waren. Insgesamt wurde für diese Merkmale eine erhebliche genetische Varianz festgestellt.
In Kapitel III haben wir unter Verwendung nahezu isogener Maislinien, des B73-Wildtyps und der rth3wurzelhaarlosen Mutante, die Wirkung von Wurzelhaaren und von AMF-Infektionen in einem kalkhaltigen
Boden unter P-Mangel quantifiziert. Wildtyp-Wurzelhaare vergrößerten die Rhizosphäre für die Aktivität
der sauren Phosphatase um 0,5 mm im Vergleich zur rth3-Mutante ohne Haare. Die Gesamtwurzellänge
des Wildtyps war länger als die von rth3 unter P-Mangel. Eine höhere AMF-Kolonisierung und Mykorrhiza-induzierte Phosphattransporter-Genexpression wurden in der Mutante unter P-Mangel identifiziert,
aber das Pflanzenwachstum und die P-Akquisition waren zwischen Mutante und Wildtyp ähnlich. Die Mykorrhiza-Abhängigkeit von Mais war 33% höher als die Wurzelhaar-Abhängigkeit. Die Ergebnisse identifizierten eine größere Mykorrhiza-Abhängigkeit als die Wurzelhaar-Abhängigkeit bei P-Mangel bei Mais.
Wurzelhaare und AMF-Inokulation sind zwei alternative Möglichkeiten, um die Pi-Akquisition bei P-Mangel zu erhöhen, aber diese beiden Strategien konkurrieren miteinander.
In Kapitel IV wurden erneut zwei nahezu isogene Maislinien verwendet, der B73-Wildtyp und die rth2Wurzelhaarlose Mutante, um die Bedeutung von Wurzelhaaren während Wassermangel und unter P-Mangel zu untersuchen. Die Ergebnisse zeigen, dass Trockenheit und P-Mangel das Maiswachstum synergistisch beeinträchtigen. Während die P-Konzentrationen durch den Verlust von Wurzelhaaren wenig beeinflusst wurden, war der P-Gehalt bei kombiniertem Stress massiv verringert, was zeigt, dass der P-Mangel
sich unter Trockenheit viel schwerwiegender auswirkt.
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In Kapitel V haben wir zuerst die Reaktion der Wurzelmerkmale auf niedrigen P und hohen P von sechs
vorausgewählten Genotypen in europäischem Flint aus Kapitel I verglichen. Anschließend haben wir
mRNA-Transkriptome aus den Wurzeln dieser Linien sowohl unter niedrigem P als auch unter hohem P
isoliert. Mit diesen Daten führten wir anschließend eine gewichtete Koexpression-Netzwerkanalyse
(WGCNA) durch und entdeckten allgemeine Module, die mit niedriger P-Versorgung höher exprimiertwurden. Die auf P-Mangel reagierenden Stoffwechselprozesse und genetische Anpassungen, die allen sechs
Genotypen gemeinsam sind, umfassten: (1) Veränderung des Kohlenstoffwechsels für die Synthese organischer Säuren durch Glykolyse und TCA-Zyklus; (2) Veränderung des Lipidstoffwechsels; (3) Aktivitätsänderungen von Transmembrantransportern; (4) Carotinoidstoffwechsel. Zusätzlich haben die effizienten
Flint Linien EP1, F2 und die doppelt haploide Landrasse SM1 ihre spezifischen Strategien und Mechanismen, um mit niedrigem P Angebot fertig zu werden. Unsere Ergebnisse stimmen gut mit bestehenden Transkriptom-, Proteom- und Metabolom-Studien in Mais und anderen Arten überein. Darüber hinaus können
sie helfen, die molekularen Ereignisse zu verstehen, die für P Effizienz bei Mais von Bedeutung sind.
Insgesamt präsentiert diese Arbeit Details, wie sich Maisgenotypen mit unterschiedlicher Zuchtgeschichte
hinsichtlich Wurzel-, Rhizosphären-Merkmalen und Wurzeltranskription an P-Mangel anpassen. Die Korrelation zwischen phänotypischen Merkmalen und der Gentranskription, die viel komplexer ist als zuvor
berichtet, bietet Hinweise darauf, welche Gennetzwerke P Effizienz ausmachen. Dies eröffnet einen Einblick in die molekulare Regulation der Pi-Nutzung, um vegetative Biomasse bei P-Mangel zu steigern.
Diese Erkenntnisse werden auch Pflanzenzüchtern und Agronomen wertvolles Wissen liefern, die an der
P-Forschung in Mais und anderen Getreidekulturen arbeiten.
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2. Introduction
2.1 Phosphorus and adaptive responses to phosphorus deficiency
Phosphorus (P) is an essential macronutrient in plant growth and development, which is required as a
structural component in nucleic acids, phospholipids, phospho-proteins and metabolites and plays a
major role in transporting cellular energy with ATP. Plants can only directly absorb P as phosphate (Pi)
in the soil solution and the dry weight of plants may contain up to 0.5% P (Marschner and Marschner,
2012). However, previous studies reported that over 40% of the world soils are in a P deficient level
and the acid-weathered soils of tropical and subtropical regions of the world are particularly prone to P
deficiency (Vance et al. 2003). Owing to its low availability and slow diffusion in soil, the Pi concentration in soil solution is normally quite low, ranging from 2 to 10 μM (Raghothama, 1999), which
affects the crop yield and quality. Thus, it is vital to discover mechanisms and further exploit the adaptions to increase plant efficiency and manage the crop yield stability under P-limited conditions.
Under Pi limiting conditions, plants maintain cytosolic Pi levels in several ways: promoting the availability of external Pi, increasing its absorption, recycling and consumption of non-essential phosphoruscontaining molecules (Pratt et al., 2009). These processes mainly occur in three parts, namely shoot,
root and rhizosphere (Fig. 1), but the exact order in which they function and integration remains unclear
(Ajmera et al., 2019). In the case of roots, these reactions occur on different biological scales, such as
morphology, anatomy, physiology and biochemistry. Deferent plant species may adopt different mechanisms to gain access to soil low available Pi by altering root morphology, secreting Pi mobilizing
compounds into rhizosphere and associating with mycorrhiza (Raghothama, 1999; Vance, 2001; Vance
et al., 2003; Lambers et al., 2006).

2.1.1 Root morphology adaptation
To optimize the Pi acquisition in response to Pi deficiency, different plant species have evolved divergent adaptations to root morphology. Root System Architecture (RSA), with highly plasticity, including
the shape and structure of the root system often varies among plant species (Hodge, 2004). Pi deficiency
will change the RSA traits by stimulating lateral root branching, increasing the length and density of
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root hairs and in some species, formation of cluster roots and inhibition primary root elongation
(Carswell et al., 1996; Lambers et al., 2010).

Figure 1. Integrated overview of phosphate starvation responses. The responses and signaling mechanisms operate at a range of
scales and different locations which are depicted in nine connected panels: (a) denotes the whole plant and field scale; (b) denotes
the whole plant scale with systemic signals; (c) denotes cells from any part of the plant which respond to phosphate deprivation
altering the lipid content, releasing phosphate stores from the vacuole where Pi is liberated from esters by Acid Phosphatases
(APase). (d) denotes the epigenetic effects (principally chromatin modification) that influence transcription of Phosphate Starvation Response genes. (e) denotes the pyrophosphate-dependent glycolytic bypass enzymes and metabolic Pi recycling system. (f) denotes rhizosphere activities, specifically the exudation of acid phosphatases (P-ases), Strigolactones (SLs) and Low
Molecular Weight Organic Acids (LMWOA) which stimulate bacterial activity and attract Arbuscular Mycorrhizal Fungi (AMF);
(g) denotes a close-up view of the rhizosphere boundaries between the root, soil sheath (SS), microbes and soil where exudates
and sugars (Glu–glucose, Suc–sucrose and Fru–fructose) are secreted through efflux transporters respectively to solubilize Pi
(h) denotes the alteration in meristem and elongation zone length and the formation of root hairs. (i) denotes a cross section
through a root and the paths taken during Pi uptake: the positions of different tissues within a root, namely, epidermis, exodermis, sclerenchyma plus cortex, endodermis, pericycle, phloem, cambium and xylem are marked respectively by red, blue,
green, pink, yellow, orange, pale brown and purple; and transport of shoot-to-root signal molecules, symplastic/inter-organellar
Pi and apoplastic Pi are depicted respectively by red, blue and dashed yellow arrows (Ajmera et al., 2019).
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Lateral root branching is a key RSA trait in response to Pi deficiency. Lateral roots originate from
pericyclic cells close to the xylem pole and trigger a series of asymmetric and transverse divisions
(Torrey, 1950). Low Pi stress could result in a decrease of cell division rate, while the cell growth in
the root elongation zone is simultaneously inhibited (Sánchez-Calderón et al., 2006). Since the soil P is
frequently absorbed by the soil partials, plant species with larger root system contribute more in access
to available Pi in the soil for uptake (Jungk, 2001). The response of lateral root to Pi deficiency is plant
species and genotypes dependent. Some Pi-efficient plant species/genotypes within a species may grow
the lateral root from the basal root at an angle that allow more roots to explore the topsoil likely to
contain more available Pi (Lynch and Brown, 2001) or develop an RSA that places active root area
relatively rich in Pi (Smith, 2001). Some maize genotypes increase the number and length of lateral
roots by distributing more roots in the sub-soil, while common beans and soybeans (Glycine max) with
shallow roots prefer to enhance the capacity of topsoil P forage (Zhu and Lynch, 2004; Bayuelo-Jiménez
et al., 2011).
Root hairs - the tubular-shaped outgrowths from root epidermal cells - are one of the most important
root morphologic adaptations to P deficiency (Peterson and Farquhar, 1996), because they can strongly
increase the root surface area. Root hairs play an important role in acquisition of poorly mobile nutrients
such as Pi by effectively extending the width of the Pi depletion zone around the root (Föhse et al.,
1988). Parker et al. (2000) pointed that root hairs form as much as 77% of the root surface area of field
crops. Evidence from barley (Hordeum vulgare) suggested that genotypes with longer root hair took up
more Pi, and tended to yield better when Pi was limiting crop growth (Singh Gahoonia and Nielsen,
2004). In P deficiency, maize root hairs were responsible for a >30% increase in biomass and P shoot
content, but did not affect the shoot P concentration and were even more important under drought
(Klamer et al., 2019), which proved in the case of the limited solubility and mobility of Pi in soils, the
area next to roots and the overall root surface area are most important for Pi acquisition.

2.1.2 Rhizosphere adaptation
The rhizosphere, the soil that is in close contact with the root surface is strongly influenced by exudates
from the plant, is massively extended in the root hair regions compared to hairless areas in individual
8
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plants (Ma et al., 2018). Plants can alter the biochemical environment of the rhizosphere and solubilize
organic and inorganic phosphate compounds through increasing the root exudates into rhizosphere
(Johnson et al., 1996) or formation of mycorrhizal symbionts to trap Pi for the plants in the rhizosphere
(Richardson et al., 2011).
Organic anions (malate, citrate and oxalate), enzymes (phosphatase, phytase), phenolic acids and proton
are the main components of the root exudates involved in P deficient response (Richardson et al., 2011).
In general, these exudates mainly promote solubilization of insoluble phosphate compounds, by competitively binding with the cationic phosphate partners and liberating the Pi ions from organic compounds (Dakora and Phillips, 2002). The secretion of organic acids from root is highly environmental
stress and plant species specific. Usually, the amounts and components varied between plant species/genotypes and even different zone of root segments (Neumann et al., 1999; Liao et al., 2006).
Generally, dicots, particularly legumes, are more efficient in releasing organic acids to the rhizosphere
for Pi mobilization than monocots (Lyu et al., 2016; Wen et al., 2019). Citric acid and malic acid are
the predominant acids released by roots under Pi starvation conditions. For example, the roots of rape
(Brassica napus) and white lupin excrete mainly citrate and malate for efficiently use of rock phosphates
(Hoffland et al., 1992; Neumann et al., 1999). Root exudates of citrate increased two-fold in alfalfa that
helps them solubilizing more Pi under low P conditions (Lipton et al., 1987). Al induced a large amount
release of malate and citrate from root tips in maize and wheat (Triticum aestivum) plants.
Arbuscular mycorrhizal fungi (AMF) are one of the most important beneficial microorganisms, which
colonize 72% of the vascular plant species (Brundrett and Tedersoo, 2018; Bonfante, 2018). AMF play
an important role in the acquisition of nutrients by their symbionts, especially P (Smith and Read, 2008).
The majority of plant species, including crop species, are responsive to mycorrhizal symbiosis. AMF
intimately connect with the root and transfer nutrients in cortical cell layers and can extend up to several
centimeters away from the root and form a dense hyphal network (Smith et al., 2011). The hyphae
greatly increase the surface area and soil volumes exploited by the root and play a vital role in nutrient
acquisition, especially for the sparingly soluble and poorly mobile Pi (Finlay, 2008). Previous studies
have concluded that arbuscular mycorrhizal plants have two pathways for the uptake of Pi from the soil
solution: the direct Pi uptake pathway via the root epidermis including root hairs, and the indirect
9
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arbuscular mycorrhizal pathway where Pi is initially taken up by external AMF hyphae (Grace et al.,
2009). These different pathways are associated with distinct molecular Pi uptake transporters of the
PHT1 Pi transporter family that play specific roles to the two pathways (Benedetto et al., 2005; Javot
et al., 2007). When mycorrhizal fungi colonize plants, the mycorrhiza-specific Pi transporter gene expression (ZmPht1;6 in maize and variously named orthologs in other species) was greatly enhanced
compared to the non-colonized roots (Nagy et al., 2006; Liu et al., 2016; Sawers et al., 2017).

2.1.3 Root morphology and rhizosphere interaction
Both root morphology adaptation and microbial cooperation require plants to allocate photosynthetic
carbon belowground to competing sinks, either to promote cellular hair growth or for transfer to the
symbiotic partner (Lynch, 2015). The formation and maintenance of root hairs appear to be a relatively
cheap process with respect to carbon and energy demand (Jungk, 2001), while AMF colonization is
associated with a costly delivery of up to 15-20% photosynthetic carbon to fungi in exchange for nutrients (Wright et al., 1998; Jakobsen et al., 2005; Ryan et al., 2012). There is compelling evidence of a
general trade-off between root hairs and mycorrhizal symbiosis: plant species and genotypes with long
and dense root hairs rely less on mycorrhizal fungi for P acquisition (Chen et al., 2005; Brown et al.,
2012; Brown et al., 2013). The comparison of various plant species with different root hair length and
mycorrhizal dependence demonstrated that root hairs and mycorrhiza are typically inversely correlated,
which the benefits of AMF were significantly less pronounced in plants with longer root hairs
(Schweiger et al., 1995). In maize, the importance of arbuscular mycorrhiza formation compared with
root hairs under low P availability is still unclear. The AMF also influence root system architecture,
most prominently, by enhancing lateral root formation (Chen et al., 2017).
Meanwhile, some exudates also promote recruitment of soil microorganisms by providing a carbon
source, and/or acting as a chemo-attractants (Czarnecki et al., 2013). AMF colonization depends on
release of such signaling compounds into the rhizosphere to germinate spores and attract hyphae for
root contact; a radially extended rhizosphere was expected to be beneficial for the number of AMF-root
contact sites. In response to low phosphate, exuded strigolactones, in both Lotus japonicus and rice,
play an important role in the establishment of root and arbuscular mycorrhizal symbiosis interaction
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and enhance hyphal branching and root colonization of AMF, consequently increasing the exploration
for Pi (Akiyama et al., 2005; Besserer et al., 2006; Chagas et al., 2018).

2.2 Spatial-Temporal phosphate starvation response and the molecular signaling in phosphate
starvation response
All the above Phosphate Starvation Responses (PSRs) act at different temporal and spatial-physical
scales, i.e., field, rhizosphere, plant, organ, tissue, cell and sub-cell (Ajmera et al., 2019). Plants integrate internal and external factors to trigger such responses to Pi deficiency, which relies on both local
and systemic sensing/signaling mechanisms (Fig.2). External Pi is sensed by a local system around the
root-tip, particularly in the root cap (Svistoonoff et al., 2007; Bonnot et al., 2016). This independently
slows the growth of primary-root and promotes root-hair development in Arabidopsis (Chiou and Lin,
2011). In addition to genetic regulation, the dynamics modulation of different hormones, such as auxin
(AUX), ethylene (ET), gibberellin (GA) and strigolactone (SL), also plays an important role in such
local responses, leading to altered RSA (Chien et al., 2018). The internal Pi status is monitored by
systemic signals to improve the availability, recycling, absorption and transportation of Pi (Lin et al.,
2014).
Lateral and cluster root growth is partially regulated at a systemic level (Zhang et al., 2014). By trafficking various signals through the vasculature, systemic signaling integrates the local responses of the
entire plant (Fig. 1b). This includes phloem-mediated shoot-to-root signals (microRNAs, sugars and
CAX-Ca2+/H+ transporters) and xylem-mediated root-to-shoot signals (Pi, cytokinin and strigolactones).
These signals collectively trigger a cascade involving a large number of Phosphate Starvation Induced
(PSI) genes (Lin and Chiou, 2008; Liu et al., 2016). Most of these are described in Fig. 2 and reviewed
in detail in Zhang et al. (2014). PSI genes are classified as early or late in expression (i.e., within a few
hours or after one day of Pi starvation), and whether they are shoot-, root-or non-specific. In Arabidopsis,
the early genes encode transcription factors belonging to MYB, ERF, WRKY and bHLH families, Pi
transporters, protein kinases and proteins/enzymes initiating exudation, membrane remodeling and lateral root formation (whose emergence is not until later times). The late-responsive genes mainly encode
the downstream regulators for Pi transport, recycling and metabolic bypass processes (Lin et al., 2009;
11

Introduction

Chiou and Lin, 2011). In roots, persisting low Pi elicits genes involved in Pi uptake, exudate synthesis
and importantly, hormone regulation leading to altered RSA.
Most PSRs aim, at least in part, to increase Pi uptake and transport in the plant. Furthermore, the tissuespecific and phosphate-responsive gene expression reveals a greater level of complexity in the system.
The core pathway of transcriptional regulation of Pi acquisition involves the dissociation and sequential
sumoylated activation of a major transcription factor of PSRs, named PHR1 in Arabidopsis, and its
orthologue PHR2 in rice (Rubio et al., 2001; Miura et al., 2005; Lv et al., 2014; Puga et al., 2014). This
triggers a network of molecular responses, including gene activation, microRNA-mediated repression,
a reduction in directed ubiquitination and active trafficking of Pi transporters to the plasma membrane
(Liu et al., 2014). PHR1/2 and its associated pathways have been extensively studied (Figure 2) and
reviewed (Zhang et al., 2014; Briat et al., 2015; Pant et al., 2015).

2.3 Breeding effect on strategic aspects in adaptation to phosphorus deficiency
Recently, increasing evidence has been obtained that root functional traits change together with evolution history (Reinhart et al., 2012; Ma et al., 2018). Because of long-term agricultural practices, especially high fertilization and long-term organic residue accumulation, the total P pool per hectare has
increased between 1900 and 2010 (Sattari et al., 2012; Zhang et al., 2017). As modern varieties have
often been selected under high-nutrient input conditions to provide high yields, concerns are being
raised that the beneficial traits for P uptake under a limited P supply will gradually decline in elite
varieties. Genes or traits related to efficient nutrient acquisition may become lost when all nutrients are
directly available to plants, as plant adaptive traits to nutrient deficiency often result in additional carbon
costs (Wissuwa et al., 2009; Wang et al., 2010). Indeed, in rice, a low-P tolerance QTL, Pup1 has been
genetically identified for the improved P acquisition of landraces via larger roots. The PSTOL1 gene in
the QTL, Pup1, has been cloned and transferred to modern varieties and this gene enhanced early root
growth, enabling more uptake when incorporated into Pi-sensitive varieties (Gamuyao et al., 2012;
Heuer et al., 2017). By comparing older varieties or landraces with modern lines, the loss of root traits
contributing to P uptake has also been reported in wheat cultivars, especially for traits dealing with
mycorrhizal competence. High nutrient availability within selection sites is thought to reduce the benefit
12
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of symbiotic interactions (Hetrick et al., 1993; Egle et al., 1999; Zhu et al., 2001). However, recent
research with modern soybean cultivars selected by conventional breeding approaches for higher yield
has unintentionally led to plants that are adapted better to soil P fluctuations and that acquire more P
from the P-rich zones (Zhao et al., 2004).

Figure 2 Hierarchical signaling pathways in response to Pi availability in plants. The pyramid represents Pi signaling pathways. From the top, Pi serves as a primary signal to trigger downstream signaling cascades. A number of molecules generated
according to Pi availability act as the subsequent signals, involved in local and/or systemic signaling. Root system architecture
(RSA) is altered in response to deprivation of external Pi, suggesting regulation by local signals. These local responses include
suppression of primary root (PR) growth by PDR2-LPR1, STOP1-ALMT1 and CLE14-CLV2/PEPR2 modules and enhancement of root hair (RH) and lateral root (LR) growth regulated by root growth factor (RGF) peptides and hormones, including
auxin (AUX), ethylene (ET), gibberellin (GA) and strigolactone (SL). On the other hand, the mobile signal molecules, such as
Pi, SL and cytokinin (CK), move from roots to shoots modulating shoot growth, whereas Pi-, sugar-, miRNA- and possibly
Ca2+-derived signals move from shoots to roots regulating Pi uptake, remobilization and recycling. PHR1, a major transcription
activator of PSRs, plays a role in regulating systemic responses. By integrating the local and systemic signaling, plants develop
coordinated physiological responses to exploit the use of Pi. The question marks indicate uncertain roles of gibberellin in root
growth and Ca2+ and miR827 in systemic signaling (Chien et al., 2018).

13

Introduction

Maize, as a major worldwide crop, have been bred thousands of varieties that can be grouped into three
broad categories: landraces, open-pollinated populations, and hybrids. There are already studies implied
breeding had affected on the related root traits of maize. Various maize genotypes (bred in P-rich or Ppoor environments) perform differently in homogeneous and heterogeneous P soils. The genotypes bred
in the P-rich environment have a competitive advantage under the heterogeneous P pattern, whereas the
genotype bred in a P-poor environment has a stronger competitive ability under homogeneous P soil
distribution (Li et al., 2019). A comparison of the mycorrhizal colonization of 141 inbred lines, 38
hybrids, and 76 landraces of maize has revealed that the percent of colonization varies greatly. Inbred
lines that have been released in particular locations and years show significantly larger colonization
than other lines. Modern hybrids exhibit significantly greater colonization than inbred lines and older
landraces (An et al., 2010), but the year-of-release effect on colonization depends on the origin of the
cultivar.
On the field scale, improvements in Phosphorus Use Efficiency (PUE) have been achieved through
improved soil management (Simpson et al., 2015), cultivar screening (Haling et al., 2018) and selective
breeding based on improved root systems (Jia et al., 2018; Strock et al., 2018). However, during the
last decades of maize breeding, little attention has been paid on plant performance on low Pi soils, as
high fertilizer loads were used and selection was performed under high available Pi conditions. Potential
ways to improve Phosphate Acquisition Efficiency (PAE) include modification of RSA, rhizospheremicrobial interaction and Pi uptake. Phosphate Utilization Efficiency (PUtE) involves reducing plant
phosphorus demand and/or enhancing its internal utilization/recycling. PAE and PUtE combine to give
an overall PUE for a plant. Far more progress has been achieved toward understanding the mechanisms
underlying PAE than PUtE, perhaps because of the greater complexity of the processes involved.
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2.4 Objectives
In maize, RSA and rhizosphere traits are major components of maize PUE, especially PAE. Using a
diverse panel of European maize genotypes, the individual contribution of these traits to improved PUE
could be determined. Beneficial RSA (i.e., root hairs), rhizosphere traits (i.e., root exudated organic
acids, mycorrhiza symbiosis) and combinations thereof may be identified.
We hypothesize that:
(1) As the consequence of breeding under high fertilizer loads, beneficial RSA and/or rhizosphere
traits for high PUE may be lost in elite varieties under low Pi conditions.
(2) The contribution of AMF to plant growth and Pi acquisition is generally larger and more critical
than that of root hairs, and cannot be compensated by root hairs.
(3) Genotype with different breeding history has a general molecular mechanisms of LP adaptation
and its specific potential molecular mechanisms of LP adaptation.
The Chapter I and II address the first hypothesis. We determined RAS and rhizosphere traits related
PUE using a panel of European maize genotypes (Chapter I 34 genotypes and Chapter II 24 genotypes)
under low Pi and high Pi conditions.
The Chapter III and IV address the second hypothesis. We checked the mycorrhizal colonization, phosphatase activity and organic acids in root exudates using B73 and its root hairless mutant rth3 under
low Pi conditions, and clarified the contribution of AMF and root hairs to Pi acquisition. We also
checked organic acids in root exudates and phosphatase activity using B73 and its root hairless mutant
rth2 under low Pi and water limited conditions, and clarified the contribution of root hairs to Pi acquisition.
The Chapter V address the third hypothesis. We tried to find the key genes, key pathways, and potential
molecular mechanisms of LP adaptation in maize with different breeding history.
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Abstract
Phosphorus (P) deficiency is a global problem in maize production. Although macro/microarray technologies have significantly increased our general knowledge of maize responses to P deficiency, an integrative
and deeper understanding of the diversity of responses in maize genotypes is still needed.
In this study, we first compared the root traits response to low P (LP) and high P (HP) of six preselected
genotypes in European flint in a mini-rhizotron experiment for three weeks. We then generated RNA libraries from the roots of these lines under both LP and HP. Using the expressed gene matrix, we subsequently conducted Weighted Genomic Coexpression Network Analysis (WGCNA). The P deficiency-responsive metabolic processes common to all six genotypes included: (1) acceleration of carbon supply for
organic acid synthesis through glycolysis and TCA cycle; (2) alteration of lipid metabolism; (3) changes of
activity of transmembrane transporters; (4) carotenoid metabolism. Additionally, the founder flint line EP1,
F2 and doubled haploid landrace SM1 have their specific strategies and mechanism to cope with LP. Our
findings could help to understand of the molecular events involved in the diversity and efficiencies of P
stress responses among maize accessions.
Keywords: maize (Zea Mays. L), Phosphorus, RNAseq, WGCNA

68

Chapter V
1. Introduction
Phosphorus (P) is essential for the normal growth and development of plants because it is vital for regulating
energy metabolism, enzymatic reactions and signal transduction processes (Raghothama 1999). P is readily
taken up by the roots as (di-)hydrogen phosphate (H2PO4- or HPO42-), and almost all P in soils is found in
fully oxidized form as orthophosphate (Pi). P is typically least bioavailable in soils of all essential macroelements for plants, despite high total P amounts within soils. Because it usually forms insoluble complexes,
especially with aluminum and iron under acidic conditions and calcium under alkaline conditions (Péret et
al. 2011), the free Pi concentration even in agricultural soil solution is rarely above ten µM, and sparingly
soluble P-forms are converted into insoluble forms with time (Bieleski 1973). So, plants always suffer from
P deficient stress under natural conditions.
Plants have evolved diverse strategies to adapted to P deficiency, including morphological modification to
access a large soil area (Postma et al. 2014; Haling et al. 2018); chemical modifications of the rhizosphere
(Hinsinger 2001; Pang et al. 2018); microbial interactions with arbuscular mycorrhizal fungi to help access
P from the labile soil P pool (Smith et al. 2011; van der Heijden et al. 2015); and bypassing the metabolic
steps that require ATP (Ganie et al. 2015). These adaptations to variable P availability depend at least in
part on changes in gene expression. Some key regulators of P homeostasis, mainly been characterized by
Arabidopsis (Arabidopsis thaliana L.) and rice (Oryza sativa L.), include the MYB transcription factor
PHOSPHATE STARVATION RESPONSE REGULATOR 1 (PHR1), which acts as a central regulator by
binding to the P1BS cis-element (GNATATNC) in the target genes (Chiou and Lin 2011); members of
WRKY (Devaiah et al. 2007; Chen et al. 2009; Dai et al. 2016; Wang et al. 2014) and PHO families
(Hamburger et al. 2002; Bari et al. 2006); the miRNAs miRNA399 and miRNA827 (Fujii et al. 2005; Kant
et al. 2011); E3 ligase NLA and SIZ1 (Kant et al. 2011; Miura et al. 2005); and IPS1/At4 (Franco-Zorrilla
et al. 2007; Hou et al. 2005). In contrast, only the bHLH transcription factor ZmPTF1 has been shown to
increase the low P tolerance of maize (Zea mays. L); it does so by regulating carbon metabolism and root
growth (Li et al. 2011). Many phytohormone were found to be related to plant P deficient responses. Wang
et al. (2013) found that heterologous expression of ZmPHR1 in Arabidopsis increased the shoot biomass
and inorganic Pi content. Huang et al. (2018) found that auxin response factors ARF7 and ARF19 function
upstream of PHR1 to modulate its transcription in Arabidopsis roots. Pi loading into the xylem or root-toshoot translocation were also important in low P tolerant plants, which was mediated by PHO1 (Poirier et
al. 1991). PHO2, a gene in the same family as PHO1, was found to be regulated by PHR1 and miRNA399
at the transcription level, and could degrade PHO1 and Pi transporters to down-scale Pi absorption and
translocation (Bari et al. 2006). PHOSPHATE TRANSPORTER 1 (PHT1) family plays crucial roles in
both Pi acquisition and Pi translocation (Nussaume et al. 2011). In Arabidopsis, the knockout of AtPHT1;1
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significantly reduced Pi uptake, and AtPHT1;5 regulated Pi translocation to maintain Pi homeostasis (Shin
et al. 2004; Nagarajan et al. 2011).
Maize is not only an important food and feed crop in the worldwide, but also an important raw material in
energy production and many other industries (McLaren 2005). In maize, efficient P use is critical between
planting and the six-leaf stage, when the young root is still too small to sustain shoot nutrient supply. Pdeficiency during that stage reduced grain yield (Barry & Miller, 1989). Our previous study has found
different strategies to cope with P deficiency between old European landraces and modern flint maize seedlings, which may also differ in changes in gene expression.
In recent decades, the development of molecular biological methods has promoted the potential genotypic
response mechanisms of physiological metabolic responses of plants under biotic and abiotic stresses. In
these molecular biological methods, RNA sequencing (RNA-seq) has showed advantages in quickly and
comprehensively obtaining the gene expression to abiotic stresses in different developmental stages, tissues,
and organs (Martin et al. 2013). RNA-seq results could provide insights into the discovery of new genes,
including annotation genes and differentially expressed genes (DEGs), and molecular markers (Zhang et al.
2018). Compared with traditional sequencing methods, RNA-seq can provide high-throughput sequencing
results with lower cost but high sensitivity, and can detect low abundance expressed genes. A large quantity
of DEGs associated with P deficient response have been reported in various species by RNA-seq, such as
wheat (Wang et al. 2019), maize (O'Rourke et al. 2013; Du et al. 2016; Sun et al. 2016; Yu et al. 2018), rice
(Deng et al. 2018), and soybean (Zeng et al. 2016). Another method, Weighted Gene Co-expression Network Analysis (WGCNA) has also been used to analyze large gene data sets like micro-array and RNA-seq
data sets. In WGCNA, a matrix of all the genes or filtered genes is built first and soft threshold of the matrix
is performed, and then the scale-free network is established through the soft threshold (Langfelder and
Horvath 2008). These genes are clustered into different modules in scale-free networks, and the genes in
the same module have the same expression pattern. After correlating these modules with the external phenotypic traits of the sample, modules with a high correlation with the sample traits are selected. Finally,
vital genes with high connectivity in the module could be identified. These genes play key roles in the
concerning traits and development.
In this study, we selected 6 representative maize genotypes from the flint heterotic pool of a public temperate maize breeding program that spans the breeding progress since the onset of hybrid breeding from the
1950s to 2010s (Li et al., submitted). Through an oligonucleotide microarray platform, a total 1179 Pdeficient responsive genes (high P vs. low P) in the roots of a low P-tolerant genotype were detected in
maize by Calderon-Vazquez et al. (2008); among the genes, at least 33 % lack an orthologue in the Arabidopsis genome, implying that some P-deficiency responsive pathways are unique in maize (Calderón70

Chapter V
Vázquez et al. 2011). Therefore, the purpose of the present study was to find the key genes, key pathways,
and potential molecular mechanisms of efficient P adaptation in maize.
2.Materials and Methods
2.1 Plant Materials
Six maize genotypes, of which seeds obtained from Institute of Plant Breeding of University of Hohenheim
(UHOH), had been selected from previous study in the climate chamber. These six genotypes were: two
flint founder lines (EP1, F2) originating from landraces, two elite flint lines (F160, F142) developed by the
maize breeding program of UHOH, and two doubled haploid lines from landraces (SF1 produced from the
German population Strenzfelder, SM1 produced from the Romanian population Satu Mare).
2.2 Plant growth conditions
The experiment was conducted in a growth chamber at the University of Hohenheim, Stuttgart Germany
(48°42'44"N, 9°12'30"E). Seeds were surface-sterilized by rinsing them in 10%(v/v) H2O2 solution for 20
minutes afterwards they were put in the aerated 10 mM CaSO4 solution at 25 ºC in the dark overnight.
The next day seeds were placed between filter paper soaked in a 4mM CaSO4 solution for around three
days to germinate and then transferred one seedling to soil-sand substrate gently as described (Li et al,
submitted). Plants were grown in half-cylinder rhizotrons (height 25 cm; diameter 10 cm) and the rhizotrons were arranged in an unblocked randomized design with five biological replicates for each treatment
in the climate chamber. The climate chamber temperature was maintained 25 ºC during the day and 20 ºC
at night, air humidity was set to 60%, day time was from 8 a.m. to 10 p.m. P content, root and rhizosphere
traits were measured as discussed previously (Li et al, 2021).
2.3 RNAseq Analysis
The roots of maize plants were washed and harvested in five replicates, one plant per replicate, at 3 weeks
after transferring into the rhizostron. Total RNA was extracted from ground root tissues with an innuPREP
Plant RNA Kit (Analytik Jena AG, Jena, Germany) following the manufacturer instructions. The RNA
concentration was determined by Nanodrop 2000c Spectrophotometer (Thermo Fisher Scientific, US).
Three of the replicates were sent to Novogene Co., Ltd where the RNAseq libraries were constructed using
NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) and the Novaseq 6000 instrument
was used for sequencing. Reads were aligned to B73 genome RefGen_v4 with HISAT2 and counted using
HTSeq.

71

Chapter V
2.4 Differential Expression Analysis
Differentially expressed genes were analyzed with DESeq2 package in R (Love et al. 2014; McCarthy et
al. 2012). Genes with readcount fewer than two counts per million reads were filtered out, and analysis was
carried out under False Discovery Rate < 0.05 as the significant measure.
2.5 Weighted Coexpression Network Analysis
WGCNA package was necessary to construct the co-expression network (Langfelder and Horvath, 2008).
The correlation between genes was performed by Tukey’s Biweight correlation (Horvath 2011), and the
correlation results were used to calculate the distance matrix. The calculations were done using WGCNA
package in R (Langfelder and Horvath 2008). The distance matrix was later used for the dynamic hierarchical clustering and to build the edges (connections) between nodes (genes) in the network.
2.5.1 Co-expression Network Construction
First, unqualified genes of samples were excluded from subsequent studies. Then, an appropriate softthresholding power (sft, in our study sft was 7) based on a scale-free topology criterion was chosen according to the function pickSoftThreshold and the weighted adjacency matrix was built using the sft. The correlation between one gene and all other ones was incorporated into an adjacency matrix, and the adjacency
matrix was later transformed into the topological matrix (TOM) (Yip and Horvath 2007). These genes
demonstrated hierarchical clustering according to the TOM-based dissimilarity (1-TOM) measure. After
hierarchical clustering, highly correlated genes were assigned to the same module (Ravasz et al. 2002).
2.5.2 Identification of Significant Modules and Functional Annotation
After the samples’ trait information imported into the network, the module eigengene (ME), module membership (MM), and gene significance (GS) were calculated. Eigengenes were representative gene of the
principal component 1 in a module, ME representing the expression pattern of eigengenes in the module.
MM was the degree of correlation between eigengenes and module. If MM is close to 1, the eigengene is
highly correlated with the module. GS could be considered as the association of individual genes with
samples’ trait information. The module could be a candidate key module if it has a high ME valve with the
samples’ trait information (Langfelder and Horvath 2008).
2.5.3 Identification and visualization of Hub gene
Hub genes are defined as genes with a high correlation in candidate modules. The hub gene was filtered to
meet the absolute value of the geneModuleMembership >0.80 and geneTraitSignificance >0.60. After identifying hub genes highly associated with P utilization related traits, the annotating the function of relevant
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modules was preformed to the potential mechanisms for the effects of corresponding trait. Gene ontology
(GO) functional annotation and the Kyoto encyclopedia of genes and genomes (KEGG) were analyzed by
gProfiler2 (Kolberg et al. 2020) and visualized the results by clusterProfiler, enrichplot, DOSE (Yu 2020)
packages in R. Meanwhile, search tool for the retrieval of interacting genes (STRING) (Szklarczyk et al.
2015) database was used to construct a Protein-protein-interaction (PPI) prediction analysis and Cytoscape
(Shannon et al. 2003) visualize the PPI network. If a gene has high degrees in a PPI network, it will be
defined as playing a critical role in the module.
3. Results
3.1 Transcriptomic analyses of P response in the seedling maize root
Previous analyses demonstrated of P response related traits of 24 European flint maize released from the
onset of hybrid breeding. Under Pi limitation, founder flint EP1 and F2 showed higher Pi uptake and biomass accumulation compared with the other four genotypes (Fig. 1 a-d). In general, root hair length and
root to shoot ratio increase under low P compared to high P condition were larger in founder flint lines (Fig.
S1); and doubled haploid landrace SM1 has relatively higher mycorrhizal colonization (Li et al, 2021). To
capture the transcriptional changes coinciding with these physiological and morphological changes in maize
roots, plants roots harvested in the same experiment were used for RNAseq analysis.
Principal component analysis (PCA) clarified two principal components (PCs), which altogether explain
59% of the total sample variance in the transcriptomic data. Specifically, the first PC corresponded to the
P treatments and explained 39% of the total sample variation, whereas the second PC (PC2; 20% of sample
variance) delineated six genotypes analyzed (Fig. 1e). These results showed that in addition to a response
to P treatments, the gene expression of samples also exhibited a genotypic difference.
The gene expression levels were analyzed and normalized using the VST method in DEseq2; |log2(FoldChange)| ≥ 1 and adjusted p-value < 0.05 were set as the threshold for significant differential expression.
We found with a range of 3293 to 5863 genes which showed differential expression between LP and HP in
the six genotypes. SF1 had the most DEGs and F160 had the least DEGs among these six genotypes. EP1
and F2 had similar numbers of DEGs, which a total of 2332 and 2575 DEGs were upregulated, whereas
2215 and 2499 DEGs were downregulated in EP1 and F2, respectively. F142, SF1 and SM1 had similar
numbers of DEGs (Fig. 2a).
To identify common genes in different genotypes, the overlaps of all genotypes and unique genes were
shown in a Venn diagram (Figs. 2b and c). A total of 144 downregulated genes (Fig. 2b) and 594 upregulated genes (Fig. 2c) overlapped with those of six genotypes, respectively. The unique downregulated genes
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were more than the shared DEGs in every genotype, suggesting different plant strategies after P deficiency
stress (Fig. 2b). The unique upregulated genes varied in every genotype, which SM1 had the most unique
upregulated DEGs and SF1 had the least unique upregulated DEGs (Fig. 2c).

Figure 1. Biomass and P content of six genotypes (a-d). (e)PCA identified two PCs corresponding to the P treatments
(PC1) and genotypes (PC2) in our RNA-seq analysis. Each point corresponds to one RNAseq sample. Dots correspond
to high P treatment, triangle points correspond to low P treatment; Each color corresponds to a specific genotype.
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Figure 2. Up- and downregulated DEGs and venn diagrams across six genotypes. (a) Numbers of Differently Expressed Gene
(DEG) under low P condition (LP) relative to high P condition (HP) of genotypes in our RNAseq analysis. (b-c) Venn plots
showing numbers of unique up- or down-regulated genes in each genotype (in the petals), and shared up- or down-regulated gene
number of all genotypes (in the center).

3.2 A Weighted Coexpression Network Analysis (WGCNA) identifies candidate regulatory genes for
P response
Genes differentially expressed were queried for relationships to known P starvation response genes identified previously in Arabidopsis (Table S1). In general, maize presented two or more duplicate loci with high
homology to individual Arabidopsis P starvation response genes. Detailed summaries of the pathways for
plant P starvation response and in-depth transcript accumulation patterns of predicted maize candidate
genes expressed during P deficiency are summarized according to previous reviews (Calderón-Vázquez et
al. 2011; Ajmera et al. 2019) and provided in Table S1. We next used a gene coexpression network analysis
(Langfelder and Horvath 2008, 2012) to identify additional candidate genes involved in regulating the P
utilization of the maize. In a WGCNA, each edge (correlation between gene expression levels) was calculated to indicate the strength of its co-expression relationship with every other node in the network. In this
way, a WGCNA was constructed based upon the expression-level correlations of all 22764 transcribed
genes identified in our RNAseq analysis.
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Figure 3. The expression levels of eigengenes within the 24 modules identified in our WGCN analysis at each of the six genotypes analyzed under LP and HP.

Our WGCNA partitioned the transcriptome of six genotypes into 24 coexpression modules. Fig. 3 illustrates
the expression levels of eigengenes (idealized representative genes) within these 24 modules at each of the
six genotypes analyzed under LP and HP conditions. Expression levels of genes within modules 15 and 16 are
associated with the P treatments (Fig. 3). Thus, comparisons of transcript accumulation levels between P
treatments at each genotype (Fig. 2) reveal interesting correlations, clearly identifying a set of “suppressed”
by P deficiency (1 to 5), “induced” by P deficiency (15 to 16) and “genotype-specific” modules (6 to 14
and 17 to 24). Modules which are significantly correlated with specific root traits contain genes from known
P starvation response and regulatory genes were collected. Within module 16, for example, the PHT1;1
homologs Zm00001d004305 showed correlation coefficients of 0.76 with Root/Shoot and 0.63 with Root
hair length, whereas the PHR1 homolog Zm00001d029020, found in module 14, has a correlation coefficient 0.51 with rhizosphere pH. Most known P starvation response and regulatory genes (Table S1) could
be found in Module 16. Moreover, Module 16 was highly corelated to PUtE, PUE, root/shoot, root hair
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length and root exudated organic acids (Fig. 4), so it was selected to investigate the molecular mechanism
of P adaptation under P deficiency.

Figure 4. Heat map depicting the correlation of each trait (x axis) to the 24 coexpression modules (y axis) identified in transcriptomic analyses of the six maize genotypes. Colors (red to blue) correspond to the values of the Pearson’s pairwise correlations,
where red (+1) is positively correlated and blue (−1) is negatively correlated.

3.3 Functional analysis of module 16
Module 16 is one of the modules “induced” by P deficiency. GO term analysis of the eigengenes in coexpression module 16 showed significant enrichment for oxidation-reduction process, transmembrane
transport and cellular response to phosphate starvation (Fig. S1). KEGG term analysis of the eigengenes in
coexpression module 16 showed significant enrichment for biosynthesis of secondary metabolism and carbon related metabolism (Fig. S1). Hub genes related to PUtE of Module 16 were selected to meet the absolute value of the geneModuleMembership >0.80 and geneTraitSignificance for PUtE >0.60 (Fig. 5a). GO
term analysis of hub genes related to PUtE in coexpression module 16 showed significant enrichment for
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cellular response to phosphate starvation, including 89 genes (Fig. 5b). KEGG term analysis of hub genes
related to PUtE in coexpression module 16 showed significant enrichment for Glycerolipid metabolism,
Glycerophospholipid metabolism, Carotenoid biosynthesis and ABC transporters (Fig. 5c). The PPI network found top 10 key genes related to PUtE, which is Zm00001d005925 (1_Glucose-6-phosphate isomerase), Zm00001d041243 (2_Malate dehydrogenase), Zm00001d010038 (3_CASP-like protein 5),
Zm00001d026156 (4_Putative glycerol-3-phosphate transporter 1), Zm00001d031428 (5_Monogalactosyldiacylglycerol synthase 2 chloroplastic), Zm00001d022496 (6_ Anther-specific proline-rich protein
APG), Zm00001d027936 (7_15-cis-phytoene desaturase chloroplastic/chromoplastic), Zm00001d043442
(8_Carotenoid cleavage dioxygenases8), Zm00001d050428 (9_NADP-dependent glyceraldehyde-3-phosphate dehydrogenase) and Zm00001d048835 (10_ Phosphatidate phosphatase PAH2) (Fig. 5d).

Figure 5. Net-work analysis the hub genes in Module 16 which had the highest correlation coefficient (0.81) with PUtE. (a) Hub
genes of the Module 16. Hub genes were genes having a gene significance over 0.6 and a module membership over 0.8.; (b) Top
20 GO categories of the hub genes involved in Module 16; (c) KEGG categories of hub genes involved in Module 16; (d) Proteinprotein-interact (PPI) prediction analysis of the hub genes in Module 16. Node size means the degree of genes.
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3.4 Functional analysis of module 17
Module 17 is one of the modules which specifically expressed higher in founder flint. GO term analysis of
the eigengenes in coexpression module 17 showed significant enrichment for peptidase complex, endopeptidase complex and proteasome complex (Fig.6a). KEGG term analysis of the eigengenes in coexpression
module 17 showed significant enrichment for proteasome and Glutathione metabolism (Fig.6a). The PPI
network found top 10 key genes related to SDW, which is Zm00001d035136 (1_Succinate-CoA ligase),
Zm00001d008245 (2_ribosomal protein L30), Zm00001d027514 (3_Ubiquitin domain-containing protein
DSK2b), Zm00001d022573 (4_26S proteasome regulatory subunit 4 homolog A), Zm00001d034667
(5_Fes1A), Zm00001d005248 (6_ Dolichyl-diphospho-oligosaccharide--protein glycosyltransferase 48
kDa subunit), Zm00001d020506

(7_ 26S proteasome non-ATPase regulatory subunit 9),

Zm00001d015788 (8_proteasome component4), Zm00001d021020 (9_ 60S ribosomal protein L32) and
Zm00001d037700 (10_Heat shock protein 4) (Fig. 6b).

Figure 6. Network analysis the genes in Module 17 which had the highest correlation coefficient (0.86) with SDW. (a) GO categories and KEGG categories involved in Module 17; (b) Protein-protein-interact (PPI) prediction analysis in Module 17. Node size
means the degree of genes.
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4. Discussion
4.1 General molecular mechanism to LP response in the six maize genotypes
The adaptations to variable P availability depend at least in part on changes in gene expression, including
morphological modification to access a large soil area (Postma et al. 2014; Haling et al. 2018); chemical
modifications of the rhizosphere (Hinsinger 2001; Pang et al. 2018); the establishment of symbiotic relations with AMF to help access P from the labile soil P pool (Smith et al. 2011; van der Heijden et al. 2015);
recycling and mobilization of internal Pi (Cruz-Ramírez et al. 2006); and bypassing the metabolic steps that
require ATP (Ganie et al. 2015). Previous research in maize reported changes in some specific proteins'
response to Pi starvation by altering the balance of carbohydrate, protein, nucleotide, and secondary metabolites (Li et al. 2007). Pi deficiency's effect on the expression of genes encoding proteins that mediate
these pathways in maize roots remains to be determined.
4.1.1 Pi deficiency integrates P and C metabolism in maize roots
The protein modification in the alteration of the balance of carbohydrate mainly happened in the pathway
of glycolysis and tricarboxylic acid (TCA) cycle (Li et al. 2007), which is consistent with gene expression
pattern (Calderon-Vazquez et al. 2008) and our functional enrichment in module 16. Identifying changes
in the expression of several sugar-related genes, including genes involved in sugar synthase, photosynthate
product distribution and glycolysis in Pi-deficient maize roots, proved that there is direct crosstalk between
sugar metabolism and Pi deficiency in plants (Hammond and White 2011). Tesfaye et al. (2007) noted a
dark/light directed expression of several carbohydrate and metabolism genes in response to Pi stress in
white lupin roots. Glycolysis is modified through bypassing reactions that require ATP, as reflected by the
cluster of genes encoding phosphoglycerate mutase (PGM), phosphoenolpyruvate carboxylase (PEPCase),
and PEPcase kinase (PEPK) in module 16. However, increased gene expression in the transcription levels
were observed only PEPK in all genotypes, probably to provide the carbon skeletons necessary for the next
intermediary reactions in C metabolism. In addition, the synthesis and excretion of organic acids have been
documented in maize as a response to Pi deficiency (Gaume et al. 2001). Significant induction of several
genes encoding Aluminum-activated malate transporter 10 (ALMT10) and malate dehydrogenase 2
(MDH2) in all genotypes were observed, whose activity are necessary for the synthesis of malate and citrate,
indicating that in maize roots ALMT10 or MDH2 is a limiting step for the exudation of citrate/malate.
4.1.2 P recycling under Pi deficiency
P recycling changes in these maize roots in the gene expression level was related to the lipid metabolism,
cell wall organization and transmembrane transporter. Internal Pi recycling involves phospholipid

80

Chapter V
degradation and sulfolipids/galactolipid synthesis (Essigmann et al. 1998; Hammond et al. 2004). The expression increased phospholipid degradation related genes included phospholipase A2 (PLA2), phospholipase C (PLC), phospholipase D (PLD), phosphatidate phosphatase 2 (PAH2) and glycerophosphodiester
phosphodiesterase (GPPDs), in which PLC and PLD were also found to mediate phospholipid degradation
in Arabidopsis (Cruz-Ramí
rez et al. 2006) and PLA2 and PAH2 was stronger induced in maize (CalderonVazquez et al. 2008). The expression increased sulfolipids/galactolipid synthesis included UDP-sulfoquinovose synthase, Sulfoquinovosyl transferase SQD2 and Monogalactosyldiacylglycerol synthase 2
(MGD2). Similarly, transport systems were strongly affected under Pi deficiency (Supplementary Database
S1). The alterations in the transcript level of phosphate, sulphate, Fe, and ABC transporters as well as sugars
and oligo-peptides encoding genes was identified. In addition, the genes related to establishment of the
Casparian strip membrane domain (CSD) and the subsequent formation of Casparian strips was found in
module 16, which in rice also determined similar genes under Pi deficiency (Wasaki et al., 2003).
4.1.3 Carotenoid metabolism under Pi deficiency
Carotenoid metabolism related genes were found to be induced under Pi deficiency in module 16. Carotenoid cleavage dioxygenases (CCDs) drive carotenoid catabolism to produce various apocarotenoids and
immediate derivatives with particular developmental, ecological, and agricultural importance. Carotenoids
can be sequentially cleaved by plastid CCD7 and CCD8, generating carlactone as the strigolactone precursor (Alder et al. 2012), which were highly induced under low P in all the six genotypes. Strigolactones
coordinate shoot and root development, promote germination of parasitic seeds, and trigger AMF branching
(Umehara et al. 2008). Loss-of-function mutation of CCD7 or CCD8 leads to dramatically more axillary
branches in Arabidopsis. OsCCD8b also regulates rice (Oryza sativa) tillering, whereas ZmCCD8 plays
essential roles in root and shoot development, with smaller roots, shorter internodes, and longer tassels in
Zmccd8 mutant plants (Arite et al. 2007; Guan et al. 2012). According to our WGCNA analysis, ZmCCD8
is one key genes in coexpression Module 16, which is typically a set of genes highly expressed under LP
and significantly correlated with P utilization of all the six preselected maize genotypes (Fig. 6d). A particularly interesting feature of a number of CCD genes is their active involvement in P-deficiency responses.
Upon Pi limitation, enhanced CCD8 expression boosts strigolactone production, reducing tiller proliferation and stimulating AMF-mediated Pi acquisition (Umehara et al. 2008; Czarnecki et al. 2013).
4.2 Specific molecular mechanism to LP response in founder flint
In founder flint EP1 and F2 showed higher biomass and Pi content in LP and can be considered efficient.
The results in our study suggested that the enhanced biomass accumulation maybe related to the ability of
integrating C and N metabolism. The ability of these two maize roots to preserve N- and C containing
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metabolites under Pi starvation is notable. An extensive repression of genes related to proteasome and peptidase involved in protein degradation was found in module 17, the up-regulation of protein degradation in
a low Pi tolerance maize was also found under LP by microarray (Lin et al. 2013). Possible reasons could
be the low Pi tolerance maize uses amino acids as an alternative C source to maintain biomass (CalderonVazquez et al.,2008). It was also found that genes involved in glutathione transferase were induced under
Pi deficiency. Glutathione was widely studied and found to be involved in stress management like drought,
oxidative stress, chilling, high temperature (Kocsy et al. 2001; Štolfa et al. 2016; Pardo-Hernández et al.
2020). A previous study linked low P availability in the soil with photo-oxidative stress in plants
(Hernández and Munné-Bosch 2015), which implies that glutathione transferase accumulation played a role
as antioxidant regulator in founder flints.
5. Conclusions
In maize, as in other crops, the general mechanism of regulating P utilization under LP is related to balance
of carbohydrate through glycolysis and TCA cycle, alteration of lipid metabolism, changes of gene expression of transmembrane transporters and carotenoid biosynthesis. Additionally, the P use efficient founder
flint lines EP1, F2 and doubled haploid landrace SM1 have their own specific strategies and mechanism to
cope with LP. This may help to identify network constraints for efficient P use. Gene networks identified
in this study and their proposed role in Pi adaptation are supported by the analysis of the data available from
existing transcriptome, proteome and metabolome experiments conducted in maize and the other species.
These genes provide an opportunity to identify different alleles involved in the adaptive response to Pi
deficiency; they also provide a basis for identifying candidate genes and processes that may improve the
tolerance to Pi deficiency in maize and other cereal crops. This work also provides a framework for the
production of Pi-specific maize arrays to study global gene expression changes between Pi high-efficiency
and low-efficiency maize genotypes.
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Supplemental materials
Table S1. Phosphate Starvation-Induced genes in Arabidopsis and their respective orthologs in maize. (n.d. means not detected.)
Gene
ARP6
IPS1

Arabidopsis
At3g33520
At3g09922

Maize
Zm00001d024059
Zm00001d022669

Module
1
16

bHLH32

At3g25710

Zm00001d047878

3

Zm00001d039764

13

Gene name
lncRNA819, pilncr1 - pideficiency-induced long
non-coding RNA1
bhlh143 - bHLH-transcription factor 143

bhlh104

CAX1
CAX3

At1g08960
At3g51860

Zm00001d023377
Zm00001d044533

4

IPK1

At5g42810

Zm00001d001974

6

LPR1

At1g23010

Zm00001d040035

21

mco1 - multicopper oxidase1

Zm00001d040034

10

pza02427

Zm00001d008528

16

myb22 - MYB-transcription factor 22

MYB62

At1g68320

13

cax3 - calcium exchanger3
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Description
uncharacterized
inhibits ZmmiR399-guided
ZmPHO2

cleavage

of

Locus designated and assigned to a transcription factor family by the GRASSIUS project
(Yilmaz et al 2009) , which also provided the
mappings to the B73_Reference Genome sequence v2 gene models.
Locus designated and assigned to a transcription factor family by the GRASSIUS project
(Yilmaz et al 2009), which also provided the
mappings to the B73_Reference Genome sequence v2 gene models.
Cation/calcium exchanger 5
Expression affected by ABP4, auxin, and
Ca++. Homolog of Arabidopsis CAX1 involved in auxin transduction pathway.
Uncharacterized
Protein: inositol-pentakisphosphate 2-kinase 1
LiPocalin-Related (LPR), LOW PHOSPHATE ROOT (LPR), LPR1b (per Zhang,
XR), (LPR1) Cupredoxin superfamily protein
(per Zhang, XR), LPR2 (per NCBI), multicopper oxidase LPR1 homolog 1 (per NCBI)
candidate gene for root system architecture and
nitrogen use efficiency
Locus designated and assigned to a transcription factor family by the GRASSIUS project
(Yilmaz et al 2009), which also provided the
mappings to the B73_Reference Genome sequence v2 gene models.
similar to myb domain protein 116 of A. thaliana
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Zm00001d040019

23

myb137 - MYB-transcription factor 137

PHF1

At3g52190

Zm00001d019048

16

pco144169

PHO1

At3g23430

Zm00001d051945

16

PHO2

At2g33770

Zm00001d038972

16

phos2 - phosphate transporter2
PHO1-like
phosphate
transporter
uce10 - ubiquitin conjugating enzyme10

PHR1

At4g28610

Zm00001d029020

14

glk17 - G2-like-transcription factor 17

Zm00001d019536

10

glk15 - G2-like-transcription factor 15

Zm00001d004305

16

pht13 - phosphate transporter protein13

PHT1;1

At5g43350
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Locus designated and assigned to a transcription factor family by the GRASSIUS project
(Yilmaz et al 2009), which also provided the
mappings to the B73_Reference Genome sequence v2 gene models.
similar to myb domain protein 62 of A. thaliana
pco144169(539), SEC12-like protein 1 (per
NCBI)
phosphate transporter PHO1-2-like (per
NCBI), ZmPHO1, ZmPho1;2a (per Sawers,
RJH)
similar to Arabidopsis Ubiquitin-conjugating
enzyme family protein
AY109797 (per Old Canonical Name),
CL10211_1, phosphate2 (per Du, QG), putative ubiquitin-conjugating enzyme E2 24 (per
NCBI), ZmPHO2 (per Du, QG)
Locus designated and assigned to a transcription factor family by the GRASSIUS project
(Yilmaz et al 2009), which also provided the
mappings to the B73_Reference Genome sequence v2 gene models.
GLK17 putative MYB DNA-binding domain
superfamily protein (per NCBI), PHR1 (per
NCBI), ZmMYB-CC1 (per Bai, JR), ZmPHR1
(per Xu, YJ)
Locus designated and assigned to a transcription factor family by the GRASSIUS project
(Yilmaz et al 2009), which also provided the
mappings to the B73_Reference Genome sequence v2 gene models.
CDPK substrate protein 1 (per NCBI),
pco106271(668)
Protein
PHOSPHATE
STARVATION RESPONSE 1 (per NCBI),
ZmMYB-CC9 (per Bai, JR), ZmPHR15 (per
Xu, YJ)
Annotation: can completely or partly complement the yeast Pi-uptake mutant
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PHT1;4

At2g38940

Zm00001d004301

n.d.

pht3 - phosphate transporter protein3

Zm00001d032850

16

pht2 - phosphate transporter protein2

PHT2;1

At3g26570

Zm00001d017069

n.d.

PLD1

At3g16785

Zm00001d037946

1

pld13
D13

PTF1

At5g58010

Zm00001d045046

n.d.

ptf1 - Pi starvation-induced transcription factor1
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-

phospholipase

Expression: induced under low Pi conditions
Expression: up-regulated by arbuscular mycorrhizal fungi (AMF)
Map Note: Genetic coordinate based on bp
coordinates in B73 v4 (EHC Aug 2019)
Pht1;2 (per NCBI), ZmPHT1;4 (per Liu, F),
Zmpt4 (per Liu, F)
similar to Arabidosis inorganic phosphate
transporter 1-4, PT3 (per Wright, DP),
ZmPHT1;8 (per Liu, F), Zmpt8 (per Liu, F)
Map Note: Genetic 2 coordinate based on bp
coordinates in B73 v4 (EHC Nov 2017)
Annotation: can completely or partly complement the yeast Pi-uptake mutant
Expression: induced under low Pi conditions
Pht1;1 (per Nagy, R), pt2 (per Wright, DP),
PT2 (per Wright, DP), ZmPHT1;9 (per Liu, F),
Zmpt9 (per Liu, F)
History: Mapped in silico by inference from
BAC sequence match (EH Coe Jul 2008)
Annotation: can completely or partly complement the yeast Pi-uptake mutant
Expression: up-regulated by arbuscular mycorrhizal fungi (AMF)
Expression: induced under low Pi conditions
Map Note: Genetic 1 coordinate based on bp
coordinates in B73 v4 (EHC Sep 2017)
Inorganic phosphate transporter 2-1 chloroplastic
phospholipase D p1 (per NCBI), phospholipase D zeta 1 (per NCBI), ZmPLDζ (per
Chen, L), ZmPLDZeta
single copy, may be involved in regulating carbohydrate metabolism
bhlh171 (per Grassius), bHLH transcription
factor PTF1 (per NCBI), putative transcription
factor (ptf) (per Hawkins, JS), umc2362,
ZmbHLH194 (per Gramene)
Annotation: bhlh171 locus designated and
assigned to a transcription factor family by
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SPX1

At5g20150

Zm00001d053626

16

SPX3

At2g45130

16
16
16

SQD2

At5g01220

Zm00001d044541
Zm00001d029460
Zm00001d033047
Zm00001d018595

16

GRMZM2G100652

Zm00001d028539

9

IDP329

Zm00001d029586

4

ZAT6

At5g04340

cl49602_1

the GRASSIUS project (Yilmaz et al 2009) ,
which also provided the mappings to the
B73_Reference Genome sequence v2 gene
models.
Map Note: Genetic coordinate based on recombination mapping and bp coordinates in
B73 v4 (EHC May 2019)
Expression: overexpression allows improved
root system; increased ABA content; and activated ABA-, CBF4-, ATAF2-and NAC30mediated stress responses; increased drought
tolerance (Li et al., 2019)
cl49602_1(357), IDS4-like protein (per
NCBI), SPX domain-containing protein 1 (per
Benfey, PN)
SPX domain-containing protein 3
SPX domain-containing protein 3
SPX domain-containing protein 3
ortholog associated with root‐to‐shoot ratio in
A. thaliana
pco094720a (per NCBI), Sulfoquinovosyl
transferase SQD2 (per NCBI)
sulfoquinovosyl transferase SQD2 (per NCBI)
zinc finger protein 36
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Figure S1. Root traits of six genotypes between low P and high P. (a) total root length; (b) specific root length; (c) root to shoot ratio; (d) rhizosphere soil solution

pH; (e) root hair length; (f) average root diameter; (g) root secreted acid phosphatase activity; (h) root exudated oganic anions.
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Figure S2. Net-work analysis the eigengenes in Module 16 which had the highest correlation coefficient (0.81) with PUtE.
(a) Top 20 GO categories of the eigengenes involved in Module 16; (b) Top 20 KEGG categories of eigengenes involved in Module
16; (c) Net-work analysis of the eigengenes in Module 16. Node size means the degree of genes; (d) Correlation between representative root traits and key eigengenes.
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9. General discussion
The application of mineral P fertilizers increases plant-available P in the soil and improves crop growth
and yield, but its success dependents on many different factors such as type of fertilizer, application form,
the timing of fertilization, weather conditions, various soil properties and plant factors (Holford, 1997;
Shen et al., 2011). As P is a finite resource, breeding of major crops with improved P efficiency may have
large effects on the sustainability of the agroecosystems (Ludewig et al., 2019). Efforts in breeding tropical maize for P-deficient, acid soils with high loads of toxic Aluminum have identified candidate loci for
important root traits (Azevedo et al., 2015), which gave a good example that breeding indeed has an impact on root traits. But it is still ambiguous how the breeding affected maize root traits for P-deficient,
neutral or alkaline soils, and the molecular mechanism of LP tolerance was lack of an integrative understanding. In this dissertation, we will discuss the breeding effect on European maize root traits and the
trade-off of different root traits under LP first, then try to summarize an integrative understanding of
maize Pi utilization molecular mechanism.
9.1 Root and rhizosphere related responses of European maize flint lines to P deficiency
There are substantial variability and distinct genetic architectures in dent and flint maize diversity panels
(Messmer et al., 1992; Cartea et al., 1999; Rincent et al., 2014), which is consistent with different P efficiency trends of the two panels showed in Chapter I. Due to different geographic separation and contrasting
environmental conditions, phenotypic differences between these two germplasm pools are expected (Brown
and Anderson, 1947; Unterseer et al., 2016). In Chapter I, the PUE, PUtE and PAE of elite flints released
from the 1950s to 2010s decreased dramatically under both low P and high P. Most DH-LRs, surprisingly,
preformed similar to moderately modern elite flints. However, most dent elite varieties in the study performed superior. Those selected in the same public breeding program released from the 1990s to 2010s
generally had higher biomass, PUE, PUtE and PAE, comparable to some flint founder lines.
Much of the large variation in seedling biomass differences between these two germplasm pools was probably due to different P mobilization from seeds and a delayed switch to exogenous P acquisition. Especially
under LP, seedlings of several genotypes (especially some in the Elite Flint2 and Elite Flint3 groups) even
contained less P than originally stored P in the seed. It suggested that during germination they were not able
to utilize the seed P and translocate it into the seedling, resulting in a seed P loss. Massive losses of macronutrients and micronutrients during germination have been reported and can be prevented by silicon treatments (Moradtalab et al., 2018). In those juvenile plants have a seed P loss, re-uptake of transiently lost P
from internal sources could appear as a major function of the root system. Indeed, previous research showed
the measurable P uptake by maize roots begins with a delay of around five days after germination, but the
P uptake rate was shown to be independent of the initial seed P content (Nadeem et al., 2011; White and
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Veneklaas, 2012). For the different genetic backgrounds analyzed here, there was a strong correlation of
total dry mass with exogenous P taken up, especially in HP, but not with the seed P content. Some dent
elite lines (and hybrids) apparently switched earlier or more robustly to acquisition from exogenous P pools
so that they had already acquired substantial external P at the time of harvest, consequently produced more
biomass.
Although the internal remobilization of stored P was dominant in LP at the investigated juvenile stage, all
root traits except APase were significantly correlated to PAE in LP. When only focusing on the flint pool,
the decline of PUE and PAE of flint were accompanied with smaller seedling root biomass in elite flint
varieties despite the breeding progress, while Root/Shoot had no considerable change. This implies for flint,
investment into the roots may be less important when all nutrients are amply available, as in typical breeding
scenarios. Several root traits of flints were associated with the decrease of PUE in the breeding process,
Rhizos-pH and RootHairLen in LP and to a lesser extent RootDiam in HP were accompanied with the
decline of PUE of flint, which means founder flints have a weaker ability to acidify the rhizosphere and
grow longer root hairs under limited P conditions.
In Chapter II, we grew European flint maize genotypes with distinct breeding histories in two soil mixtures
under two P levels and observed that seedling biomass was more substantially determined genetically at
HP compared with LP, whereas shoot P content was similarly correlated between both experiments at both
LP and HP. The group of founder flints had higher seedling biomass compared with that of elite flints,
whereas recently developed DH from landraces were, on average, similar to Elite Flint2 and Elite Flint3.
Despite limited relevance for larger quantities of dissolution of soil P, root organic acid anion exudation
(Pearse et al., 2006; Oburger et al., 2011; Wang et al., 2016; Lyu et al., 2016) for the mobilization of
adsorbed P from soil particles can increase the absorption of phosphorus by plants (Gerke et al., 2000). The
volume of carboxylates secreted from root tips varied in the 24 maize genotypes under both LP and HP
conditions, but on average, citrate was the only major carboxylate that was more released under LP. Citrate
was correlated with shoot dry weight and shoot P accumulation, together with succinic acid and transaconitic acid. Importantly, the mobilization efficiency of Pi by the organic acid anions in many soils is
citrate > oxalate > malate > trans-aconitate > succinate > acetate (Jones, 1998; Gaume, 2000), and interestingly, the amount of citric acid and trans-aconitic acid in exudates has declined during the breeding process
under LP conditions. This suggests that modern elite genotypes release less beneficial organic anions to
mobilize P under limited P supply than old genotypes. Other functions of root exudation, such as attracting
other beneficial microbes may be related to the trends to release more malate under HP conditions or other
changes in root organic acid anion exudates. The release of malate and citrate by Aluminum-Activated
Malate Transporters (ALMT) and Multidrug and Toxic Compound Extrusion (MATE) families are among
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the well-understood transporter candidates involved in exudation (Sasse et al., 2018). Previous findings
also showed that AM induces malic acid accumulation in the roots of water-stressed maize plants (Hu and
Chen, 2020), but the organic acid in exudates do not increase.
AMF colonization, a typical response to coping with P deficiency in native environments and crops (Smith
et al., 2011), modulates the relationship between root growth and nutrient acquisition in maize (Ramí
rezFlores et al., 2019). In Chapter II, all genotypes in our study showed increased colonization under LP, and
only under this condition was the mycorrhizal colonization correlated with shoot P content. Concern has
been expressed that, on evolutionary time scales, plants have clearly reduced their dependence on symbiotic
mycorrhizal fungi since they first emerged in land ecosystems (Ma et al., 2018). Indeed, a comparison of a
landrace with hybrid maize varieties has revealed a better response to AMF mycorrhization (Londoño et
al., 2019), whereas mycorrhizal infection was even more pronounced in a modern European elite line compared with an African line (Wright et al., 2005). Even during the relatively short period of breeding selection from the 1950s to 2000s, mycorrhizal colonization and responsiveness have decreased, although only
a very limited number of lines has been evaluated for this trait (Chu et al., 2013; Chu et al., 2020). Here,
no obvious trend for a loss of mycorrhization during the breeding process for European flint genotypes was
observed, although the founder line EP1 showed particularly high mycorrhization. Furthermore, the DH
line SF1 had the highest mycorrhization degree/intensity and SM2 the highest arbuscular abundance of the
root system, but interestingly, several other DH lines from the same landrace were even less colonized than
the modern flints. SF1 or SM2 may therefore be good candidates for breeding for superior AMF mycorrhization or can be used as parents for quantitative trait loci (QTL) studies to identify genetic components of
mycorrhization. However, although such material might contribute interesting genetics to modern elite lines,
DH lines from landraces are not generally superior with regard to AMF colonization than modern elite lines.
9.2 Tradeoffs of root traits related to PUE under low P
A wide variation and co-variation of key root and rhizosphere traits have been found to create multiple P
acquisition strategies that may be similarly efficient in an ecosystem (Zemunik et al., 2015; Brundrett and
Tedersoo, 2018; Lambers et al., 2018). Previous studies showed in controlled experimental conditions,
different plant species showed different P acquisition strategies with different root and rhizosphere trait
tradeoffs, while maize with its fibrous root system investing relatively little into rhizosphere traits (Lyu et
al., 2016; Wen et al., 2019). In our study in Chapter I, only TRL and SRL (morphological traits) are not
significantly affected by P treatment, and all the traits (morphological traits and rhizosphere traits) showed
variation among genotypes. TRL was important under both LP and HP to PUE; RootDiam, Rhizos-pH,
Carboxylates and RootHairLen were more important under LP to PUE. While under HP, TRL was negatively correlated to RootHairLen (r = -0.32); and under LP, TRL was positively correlated to RootHairLen
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(r = 0.37). Moreover, the correlation between PUE and TRL decreased from 0.50 under HP to 0.39 under
LP, meanwhile, the correlation between PUE and RootHairLen increased from -0.19 to 0.45. This can be
taken as one kind of trade-off among the root traits, which verified our third hypothesis. The variation and
co-variation still exist when only considering the flint pool. Under HP, there is a large variation of all these
eight root functional traits; under LP, there is a visible co-variation among TRL, RootHairLen, Root/Shoot,
Rhizos-pH and Carboxylates. The trade-off between TRL and RootHairLen is also still found in the flint
pool. As only young roots were considered here, field trials with the investigated genotypes are required to
confirm the importance of juvenile PUE traits for adult plants and final grain yield. Such experiments should
also consider other traits that are important for P efficiency in adult plants, such as the presence of cortical
root aerenchyma (Postma and Lynch, 2011).
The genotypes in Chapter II were grouped into four categories, according to the definitions of agronomic
use efficiency and their responsiveness to P, with the founder line EP1 being exceptionally efficient. The
increase in the Root/Shoot ratio is a well-known strategy of plants for coping with P-deficiency and was
consistently found in our experiments. However, the P-efficiency was not significantly affected by the ratio.
In terms of P-efficiency and P-responsiveness, root traits associated with physiology and architecture are
more important than the root biomass itself. Root traits associated with efficient P use (such as in EP1) were
characterized by a large investment into not only long laterals, but also thick shoot-borne roots. Roots
thicker than 0.2 and thinner than 0.4 mm are thought to be lateral roots (Tai et al., 2016), and these were
promoted most strongly under low P, irrespective of genotype and class. Because of the different root types
contributing to P-efficiency in maize, the SRL, a typically valuable measure of the high P use efficiency of
plants, was studied and shown to be low in the most P-efficient genotypes. Rhizosphere pH and root length
were associated with P-efficiency and contributed similarly to the prediction of the P-efficient genotypes
under LP conditions, e.g., TRL and RootDiam. The latter two criteria contributed in an opposite under HP
conditions, revealing the dilemma that beneficial traits under LP conditions may be different from those
under HP and underpinning the importance of the environment in which crops are selected during the breeding process.
In Chapter IV, the rth2 maize mutant apparently had, in addition to the root hair phenotype, altered root
architecture. Roots thinner than 0.4 mm are lateral roots (Tai et al., 2016), indicating an increased number
of laterals in rth2. However, the genotype ×environment effect on the root dry weight was apparently low
or absent, suggesting the root architecture changes were seemingly not a response to short root hairs under
P-limiting conditions. However, changes in the root architecture of rth2 and the barley mutant brb (Dodd
and Diatloff, 2016) may also affect P uptake. Therefore, these mutants must be used cautiously to draw
conclusions on root hair function. Surprisingly, the mutant rth2 performed better than the wild type in well99
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supplied hydroponics, which may reflect a substantial energy cost of building root hairs in conditions where
they are not required.
9.3 Maize root hair and mycorrhizal interaction under P limiting conditions
As root hairs play an important role in Pi acquisition (Jungk, 2001; Lambers et al., 2006; Lynch, 2015), it
was expected that the hairless mutant performed much worse than the wild type under P-deficient conditions in Chapter III. The primary role of root hairs is to extend the root surface area and to increase the
radial rhizosphere diameter to explore a larger soil volume (Ma et al., 2001; Pang et al., 2018). This was
confirmed by up to 0.5 mm broader rhizosphere extent of acid phosphatase activity in the wild type compared to that of the hairless mutant, irrespective of AMF inoculation. Our study further verified that the
root hair dependency of maize growth was 57%. The root hair dependency of barley, by contrast, was according to results shown in Chen et al., (2005) and Jakobsen et al., (2005) around 75%, which is notably
higher than our results in maize, indicating root hairs play more important roles in barley than in maize.
Furthermore, the root hairs enhanced the P content by 44%, but this increase was not significant and the P
concentration was similar or tended to be even slightly decreased in plants with root hairs, which is in line
with previous research (Weber et al., 2018; Klamer et al., 2019; Ludewig et al., 2019). However, root
hairless plants were severely depressed in biomass formation compared with the wild type, meaning that
any additionally acquired Pi was immediately invested in producing more shoot and root biomass, leading
to bigger shoots and longer roots. Maize wild type had a higher SRL than rth3, which indicated that the
wild type has longer root length for a per-unit invested dry-mass. This further allowed a greater soil volume to be explored per unit C invested and thus enhanced P uptake efficiency (Lalibertéet al., 2015).
Therefore, maize root hairs not only improved PAE but also indirectly improved root morphology, with
longer total root length and higher SRL that further improved plant growth compared to the rth3 hairless
mutant.
AMF inoculation increased the plant growth and Pi acquisition of both wild type and rth3 root hairless
mutant 1.8-7.4 times. The P nutritional status, i.e., the shoot P concentration, was massively improved by
AMF, facilitating maize growth and further Pi acquisition by AMF and by roots. The root hairless mutant
rth3 particularly profited more from the AMF inoculation than the wild type, which is consistent with previous studies where root hair length negatively correlated with mycorrhizal dependency of various species, because root hair length contributed to plant Pi uptake (Tawaraya, 2003). Thus, root hairs and AMF
provide alternative, inversely correlated pathways for Pi foraging. Although root hairs and AMF provide
alternative mechanisms to increase the contact with soil, the 33% higher mycorrhizal growth dependency
than root hair dependency strongly argues that AMF provide a more efficient way to acquire Pi even in
young maize. Furthermore, the total colonized root length was similar in the two genotypes under AMF
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inoculation condition and was accompanied with almost the same final biomass, indicating that AMF
played a more important role than root hairs for Pi acquisition in maize (Wen and Schnable, 1994;
Cozzolino et al., 2013). However, similar studies in barley showed that the root hairs play more important
roles than AMF (Jakobsen et al., 2005; Chen et al., 2005; Li et al., 2014). This is probably due to the fact
that the root hair length of barley wild type was almost doubled under the P-deficient condition compared
to that under higher P condition (Brown et al., 2012), while the root hair length in maize B73 wild type
was not significantly different between under P deficient (this study 0.90 mm) and sufficient condition
(0.83 mm) (Weber et al., 2018). This explanation is supported by observations in Plantago lanceolata L.,
whose root hair length was not responsive to P availability, but was highly dependent on AMF for Pi acquisition under P deficiency (Brown et al., 2013). It is also noteworthy that root hairs are already endogenously found in young seedlings from the first days of growth, while AMF establishment requires several
weeks to be functionally established (Smith and Read, 2008). Ultimately, AMF could compensate the loss
of root hairs and even played a more critical role than root hairs for Pi acquisition under P-deficiency
even for juvenile maize. As a consequence, the plant biomass and Pi uptake were induced by AMF colonisation in rth3 by 1.6-2.5 times compared to that in the wild type. The phytohormone strigolactone plays
an important role in the establishment of the root and AM symbiosis interaction (Akiyama et al., 2005;
Besserer et al., 2006; Chagas et al., 2018). AMF colonisation depends on the release of such signaling
compounds into the rhizosphere to germinate spores and attract hyphae for root contact; a radially extended rhizosphere was expected to be beneficial for the number of AMF-root contact sites. However,
root hairs expand the soil volume into which strigolactone is released, but had only a minor role in maize,
as the AMF colonisation was higher in the hairless mutant than in the wild type. Molecular signals such
as CLE peptides also play a key role in AMF colonisation of various plants (Handa et al., 2015; Karlo et
al., 2020). Future investigations about genetic and molecular pathways such as the relationship between
the release of strigolactones and CLE peptides with AMF colonization are needed to reveal the contrasting mycorrhizal colonisation between wild type and rth3 in maize.
9.4 Different molecular mechanism patterns of flint maize roots under low P
In Chapter IV, the adaptations to low P availability in the expression in roots of six preselected genotypes
in European maize flint depended mainly on bypassing the metabolic steps that require ATP (Ganie et al.,
2015); and recycling and mobilization of internal Pi (Cruz-Ramí
rez et al., 2006). Glycolysis is modified
through bypassing reactions that require ATP, as reflected by the cluster of genes encoding phosphoglycerate mutase (PGM), phosphoenolpyruvate carboxylase (PEPCase), and PEPcase kinase (PEPK) in a module
induced by P deficiency in WGCNA result. P recycling changes in these maize roots in the gene expression
level was related to the lipid metabolism, cell wall organization and transmembrane transporter. Internal Pi
recycling involves phospholipid degradation and sulfolipids/galactolipid synthesis (Essigmann et al., 1998;
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Hammond et al., 2004). The expression increased phospholipid degradation related genes included phospholipase A2 (PLA2), phospholipase C (PLC), phospholipase D (PLD), phosphatidate phosphatase 2
(PAH2) and glycerophosphodiester phosphodiesterase (GPPDs), in which PLC and PLD were also found
to mediate phospholipid degradation in Arabidopsis (Cruz-Ramírez et al. 2006) and PLA2 and PAH2 was
stronger induced in maize (Calderon-Vazquez et al., 2008). The expression increased sulfolipids/galactolipid synthesis included UDP-sulfoquinovose synthase, Sulfoquinovosyl transferase SQD2 and Monogalactosyldiacylglycerol synthase 2 (MGD2). Similarly, transport systems were strongly affected under Pi
deficiency. The alterations in the transcript level of phosphate, sulphate, Fe, and ABC transporters as well
as sugars and oligo-peptides encoding genes was identified. In addition, the genes related to establishment
of the Casparian strip membrane domain (CSD) and the subsequent formation of Casparian strips was found
in module 16, which in rice also determined similar genes under Pi deficiency (Wasaki et al., 2003).
Founder flint EP1 and F2 showed specific molecular mechanism to LP response. The higher biomass of
these two genotypes maybe related to the ability of integrating C and N metabolism. A relatively higher
expression of genes related to proteasome and peptidase involved in protein degradation was found in these
two genotypes under LP. It was also found that genes involved in glutathione transferase were induced
under Pi deficiency. Glutathione was widely studied and found to be involved in stress management like
drought, oxidative stress, chilling, high temperature (Kocsy et al., 2001; Štolfa et al., 2016; PardoHernández et al., 2020). Previous study linked low P availability in the soil with photo-oxidative stress in
plants (Hernández and Munné-Bosch, 2015), which imply that glutathione transferase accumulation played
a role as antioxidation under low Pi conditions in founder flints.
Maize general mechanism of regulating P utilization under LP is related to balance of carbohydrate through
glycolysis and TCA cycle, alteration of lipid metabolism, changes of gene expression of transmembrane
transporters and carotenoid biosynthesis. Additionally, the founder flint line EP1, F2 and doubled haploid
landrace SM1 have their own specific strategies and mechanism to cope with LP. The genes identified in
this study and their proposed role in Pi adaptation are supported by the analysis of the data available from
existing transcriptome, proteome and metabolome experiments conducted in maize and the other species.
These genes provide an opportunity to identify different alleles involved in the adaptive response to Pi
deficiency; they also provide a basis for identifying candidate genes and processes that may improve the
tolerance to Pi deficiency in maize and other cereal crops. This work also provides a framework for the
production of Pi-specific maize arrays to study global gene expression changes between Pi high-efficiency
and low-efficiency maize genotypes.
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9.5 Future perspectives
Improving PUE is vital to increase the nutritional value of grains, improve farm economies and reduce
environmental burden. However, due to insufficient understanding of the molecular mechanisms underpinning traits and their interactions, current breeding strategies have hardly been successful (Veneklaas et
al., 2012). Therefore, it’s important to clarify the components of (and their relative contributions to) traits
of interest from molecular to field scales, and provide a starting point for integrative research to improve
PUE.
From the outset, we should keep in mind that different growth conditions (light regimes, growth matrices,
etc.) influence the plant response to the same external Pi treatment. So, it would be good to collaborate
with other groups, modellers and statisticians to capture the related processes in different growth conditions or scales. The comparison of these processes within relevant genotypes (particularly, those performing well in low-P landscapes) or multiple conditions, for example, a certain range of constant external Pi
levels, will also be both informative and closer to field conditions. Using novel drugs (such as Phostin and
Phosphatin) and Pi analogs (such as phosphite and methylphosphonate (Arnaud et al., 2014; Jost et al.,
2015)) may help to further decipher plant responses to Pi starvation. Regarding to the phosphate-starvation responses, many core gene regulatory networks involving PHR1/2 have been identified in Arabidopsis and rice, and there are some genes seem to be conserved in a variety of plant species (Fang et al.,
2009; Ajmera et al., 2019), which provides a set of candidate genes/molecular components for maize research for improving PUE.
Furthermore, we have used transcriptomic technique to identify the components of the system concerned
but note that at the molecular scale, individual omics techniques may give only one-side of which players
are important. This could be resolved by using multiple omics techniques on the same samples (Wilson et
al., 2015). This will help to refine and prioritize the regulatory pathways and provide the interactive topology on which dynamic models can be developed. The initial dynamic models should focus on a
smaller part of the entire network, these models can be integrated later to discover the different aspects of
the PSR affect each other.
Taking all together, to get deeper understanding of phosphate research, interdisciplinary team working is
a good choice. Interdisciplinary team working on the different aspects of phosphate research (especially
of different scales) must come together and share terminology, skills and concepts in order to be able to
build models that link genotypes to desirable traits or genes. In addition, interdisciplinary cooperation is
likely to accelerate output, strengthen understanding, and promote the transformation of purely scientific
endeavors into practical applications.

103

References

10. References
Ajmera I, Hodgman TC, Lu C. 2019. An Integrative Systems Perspective on Plant Phosphate Research.
Genes 10.
Akiyama K, Matsuzaki K, Hayashi H. 2005. Plant sesquiterpenes induce hyphal branching in arbuscular mycorrhizal fungi. Nature 435, 824–827.
Arnaud C, Clément M, Thibaud M-C et al. 2014. Identification of phosphatin, a drug alleviating phosphate starvation response in Arabidopsis. Plant physiology 166, 1479–1491.
Azevedo GC, Cheavegatti-Gianotto A, Negri BF et al. 2015. Multiple interval QTL mapping and
searching for PSTOL1 homologs associated with root morphology, biomass accumulation and phosphorus content in maize seedlings under low-P. BMC Plant Biology 15, 172.
Bayuelo-Jiménez JS, Gallardo-Valdéz M, Pérez-Decelis VA, Magdaleno-Armas L, Ochoa I, Lynch
JP. 2011. Genotypic variation for root traits of maize (Zea mays L.) from the Purhepecha Plateau under contrasting phosphorus availability. Field Crops Research 121, 350–362.
Benedetto A, Magurno F, Bonfante P, Lanfranco L. 2005. Expression profiles of a phosphate transporter gene (GmosPT) from the endomycorrhizal fungus Glomus mosseae. Mycorrhiza 15, 620–627.
Besserer A, Puech-Pagès V, Kiefer P et al. 2006. Strigolactones stimulate arbuscular mycorrhizal fungi
by activating mitochondria. PLoS Biology 4, 1239-1247.
Bonfante P. 2018. The future has roots in the past: the ideas and scientists that shaped mycorrhizal research. New Phytologist 220, 982–995.
Bonnot C, Pinson B, Clément M et al. 2016. A chemical genetic strategy identify the PHOSTIN, a synthetic molecule that triggers phosphate starvation responses in Arabidopsis thaliana. New Phytologist
209, 161–176.
Briat J-F, Rouached H, Tissot N, Gaymard F, Dubos C. 2015. Integration of P, S, Fe, and Zn nutrition
signals in Arabidopsis thaliana: potential involvement of PHOSPHATE STARVATION RESPONSE
1 (PHR1). Frontiers in plant science 6, 290.
Brown LK, George TS, Dupuy LX, White PJ. 2013. A conceptual model of root hair ideotypes for future agricultural environments: what combination of traits should be targeted to cope with limited P
availability? Annals of botany 112, 317–330.
Brown LK, George TS, Thompson JA et al. 2012. What are the implications of variation in root hair
length on tolerance to phosphorus deficiency in combination with water stress in barley (Hordeum
vulgare)? Annals of botany 110, 319–328.
Brown WL, Anderson E. 1947. The northern flint corns. Annals of the Missouri Botanical Garden 34,
1–29.
104

References
Brundrett MC, Tedersoo L. 2018. Evolutionary history of mycorrhizal symbioses and global host plant
diversity. The New phytologist 220, 1108–1115.
Calderon-Vazquez C, Ibarra-Laclette E, Caballero-Perez J, Herrera-Estrella L. 2008. Transcript
profiling of Zea mays roots reveals gene responses to phosphate deficiency at the plant- and speciesspecific levels. Journal of experimental botany 59, 2479–2497.
Carswell C, Grant BR, Theodorou ME, Harris J, Niere JO, Plaxton WC. 1996. The Fungicide Phosphonate Disrupts the Phosphate-Starvation Response in Brassica nigra Seedlings. Plant physiology
110, 105–110.
Cartea ME, Revilla P, Butrón A, Malvar RA, Ordás A. 1999. Do second cycle maize inbreds preserve
the European flint heterotic group? Crop Science 39, 1060–1064.
Chagas FO, Pessotti RdC, Caraballo-Rodríguez AM, Pupo MT. 2018. Chemical signaling involved in
plant-microbe interactions. Chemical Society Reviews 47, 1652–1704.
Chen B, Roos P, Borggaard OK, Zhu Y-G, Jakobsen I. 2005. Mycorrhiza and root hairs in barley enhance acquisition of phosphorus and uranium from phosphate rock but mycorrhiza decreases root to
shoot uranium transfer. New Phytologist 165, 591–598.
Chen W, Li J, Zhu H, Xu P, Chen J, Yao Q. 2017. Arbuscular Mycorrhizal Fungus Enhances Lateral
Root Formation in Poncirus trifoliata (L.) as Revealed by RNA-Seq Analysis. Frontiers in plant science 8, 2039.
Chien P-S, Chiang C-P, Leong SJ, Chiou T-J. 2018. Sensing and signaling of phosphate starvation:
From local to long distance. Plant & cell physiology 59, 1714–1722.
Chiou T-J, Lin S-I. 2011. Signaling network in sensing phosphate availability in plants. Annual review
of plant biology 62, 185–206.
Chu Q, Wang X, Yang Y, Chen F, Zhang F, Feng G. 2013. Mycorrhizal responsiveness of maize (Zea
mays L.) genotypes as related to releasing date and available P content in soil. Mycorrhiza 23, 497–
505.
Chu Q, Zhang L, Zhou J et al. 2020. Soil plant-available phosphorus levels and maize genotypes determine the phosphorus acquisition efficiency and contribution of mycorrhizal pathway. Plant and Soil
449, 357–371.
Cozzolino V, Di Meo V, Piccolo A. 2013. Impact of arbuscular mycorrhizal fungi applications on maize
production and soil phosphorus availability. Journal of Geochemical Exploration 129, 40–44.
Cruz-Ramírez A, Oropeza-Aburto A, Razo-Hernández F, Ramírez-Chávez E, Herrera-Estrella L.
2006. Phospholipase DZ2 plays an important role in extraplastidic galactolipid biosynthesis and phosphate recycling in Arabidopsis roots. Proceedings of the National Academy of Sciences of the United
States of America 103, 6765–6770.
105

References
Czarnecki O, Yang J, Weston DJ, Tuskan GA, Chen J-G. 2013. A dual role of strigolactones in phosphate acquisition and utilization in plants. International journal of molecular sciences 14, 7681–7701.
Dakora FD, Phillips DA. 2002. Root exudates as mediators of mineral acquisition in low-nutrient environments. Plant and Soil 245, 35–47.
Dodd IC, Diatloff E. 2016. Enhanced root growth of the brb (bald root barley) mutant in drying soil allows similar shoot physiological responses to soil water deficit as wild-type plants. Functional Plant
Biology 43, 199-206.
Essigmann B, Güler S, Narang RA, Linke D, Benning C. 1998. Phosphate availability affects the
thylakoid lipid composition and the expression of SQD1, a gene required for sulfolipid biosynthesis in
Arabidopsis thaliana. Proceedings of the National Academy of Sciences of the United States of America 95, 1950–1955.
Fang Z, Shao C, Meng Y, Wu P, Chen M. 2009. Phosphate signaling in Arabidopsis and Oryza sativa.
Plant Science 176, 170–180.
Finlay RD. 2008. Ecological aspects of mycorrhizal symbiosis: with special emphasis on the functional
diversity of interactions involving the extraradical mycelium. Journal of experimental botany 59,
1115–1126.
Föhse D, Claassen N, Jungk A. 1988. Phosphorus efficiency of plants. Plant and Soil 110, 101–109.
Ganie AH, Ahmad A, Pandey R et al. 2015. Metabolite Profiling of Low-P Tolerant and Low-P Sensitive Maize Genotypes under Phosphorus Starvation and Restoration Conditions. PLOS ONE 10,
e0129520.
Gaume A. 2000. Low-P tolerance of various maize cultivars: the contribution of the root exudation. Doctoral Thesis, ETH Zurich.
Gerke J, Römer W, Beißner L. 2000. The quantitative effect of chemical phosphate mobilization by
carboxylate anions on P uptake by a single root. II. The importance of soil and plant parameters for
uptake of mobilized P. Journal of Plant Nutrition and Soil Science 163, 213–219.
Grace EJ, Cotsaftis O, Tester M, Smith FA, Smith SE. 2009. Arbuscular mycorrhizal inhibition of
growth in barley cannot be attributed to extent of colonization, fungal phosphorus uptake or effects on
expression of plant phosphate transporter genes. New Phytologist 181, 938–949.
Haling RE, Brown LK, Stefanski A et al. 2018. Differences in nutrient foraging among Trifolium subterraneum cultivars deliver improved P-acquisition efficiency. Plant and Soil 424, 539–554.
Hammond JP, Broadley MR, White PJ. 2004. Genetic responses to phosphorus deficiency. Annals of
botany 94, 323–332.
Handa Y, Nishide H, Takeda N, Suzuki Y, Kawaguchi M, Saito K. 2015. RNA-seq Transcriptional
Profiling of an Arbuscular Mycorrhiza Provides Insights into Regulated and Coordinated Gene
106

References
Expression in Lotus japonicus and Rhizophagus irregularis. Plant & cell physiology 56, 1490–1511.
Hernández I, Munné-Bosch S. 2015. Linking phosphorus availability with photo-oxidative stress in
plants. Journal of experimental botany 66, 2889–2900.
Hodge A. 2004. The plastic plant: root responses to heterogeneous supplies of nutrients. New Phytologist
162, 9–24.
Hoffland E, Boogaard R, Nelemans J, Findenegg G. 1992. Biosynthesis and root exudation of citric
and malic acids in phosphate-starved rape plants. New Phytologist 122, 675–680.
Holford ICR. 1997. Soil phosphorus: its measurement, and its uptake by plants. Soil Research 35, 227.
Hu Y, Chen B. 2020. Arbuscular mycorrhiza induced putrescine degradation into γ-aminobutyric acid,
malic acid accumulation, and improvement of nitrogen assimilation in roots of water-stressed maize
plants. Mycorrhiza.
Jakobsen I, Chen B, Munkvold L, Lundsgaard T, Zhu Y-G. 2005. Contrasting phosphate acquisition
of mycorrhizal fungi with that of root hairs using the root hairless barley mutant. Plant, Cell and Environment 28, 928–938.
Javot H, Pumplin N, Harrison MJ. 2007. Phosphate in the arbuscular mycorrhizal symbiosis: transport
properties and regulatory roles. Plant, Cell and Environment 30, 310–322.
Jia X, Liu P, Lynch JP. 2018. Greater lateral root branching density in maize improves phosphorus acquisition from low phosphorus soil. Journal of experimental botany 69, 4961–4970.
Johnson JF, Vance CP, Allan DL. 1996. Phosphorus deficiency in Lupinus albus. Altered lateral root
development and enhanced expression of phosphoenolpyruvate carboxylase. Plant Physiology 112,
31–41.
Jones DL. 1998. Organic acids in the rhizosphere – a critical review. Plant and Soil 205, 25–44.
Jost R, Pharmawati M, Lapis-Gaza HR et al. 2015. Differentiating phosphate-dependent and phosphate-independent systemic phosphate-starvation response networks in Arabidopsis thaliana through
the application of phosphite. Journal of Experimental Botany 66, 2501–2514.
Jungk A. 2001. Root hairs and the acquisition of plant nutrients from soil. Journal of Plant Nutrition and
Soil Science 164, 121–129.
Karlo M, Boschiero C, Landerslev KG et al. 2020. The CLE53-SUNN genetic pathway negatively regulates arbuscular mycorrhiza root colonization in Medicago truncatula. Journal of experimental
botany.
Klamer F, Vogel F, Li X et al. 2019. Estimating the importance of maize root hairs in low phosphorus
conditions and under drought. Annals of botany 124, 961–968.
Kocsy G, Ballmoos P von, Rüegsegger A, Szalai G, Galiba G, Brunold C. 2001. Increasing the glutathione content in a chilling-sensitive maize genotype using safeners increased protection against
107

References
chilling-induced injury. Plant Physiology 127, 1147–1156.
LalibertéE, Lambers H, Burgess TI, Wright SJ. 2015. Phosphorus limitation, soil-borne pathogens
and the coexistence of plant species in hyperdiverse forests and shrublands. New Phytologist 206,
507–521.
Lambers H, Albornoz F, Kotula L et al. 2018. How belowground interactions contribute to the coexistence of mycorrhizal and non-mycorrhizal species in severely phosphorus-impoverished hyperdiverse
ecosystems. Plant Soil 424, 11–33.
Lambers H, Brundrett MC, Raven JA, Hopper SD. 2010. Plant mineral nutrition in ancient landscapes: high plant species diversity on infertile soils is linked to functional diversity for nutritional
strategies. Plant and Soil 334, 11–31.
Lambers H, Shane MW, Cramer MD, Pearse SJ, Veneklaas EJ. 2006. Root structure and functioning
for efficient acquisition of phosphorus: Matching morphological and physiological traits. Annals of
botany 98, 693–713.
Li T, Lin G, Zhang X, Chen Y, Zhang S, Chen B. 2014. Relative importance of an arbuscular mycorrhizal fungus (Rhizophagus intraradices) and root hairs in plant drought tolerance. Mycorrhiza 24,
595–602.
Liao H, Wan H, Shaff J, Wang X, Yan X, Kochian LV. 2006. Phosphorus and aluminum interactions
in soybean in relation to aluminum tolerance. Exudation of specific organic acids from different regions of the intact root system. Plant physiology 141, 674–684.
Lin S-I, Chiou T-J. 2008. Long-distance movement and differential targeting of microRNA399s. Plant
signaling & behavior 3, 730–732.
Lin W-Y, Huang T-K, Leong SJ, Chiou T-J. 2014. Long-distance call from phosphate: systemic regulation of phosphate starvation responses. Journal of experimental botany 65, 1817–1827.
Lin W-Y, Lin S-I, Chiou T-J. 2009. Molecular regulators of phosphate homeostasis in plants. Journal of
experimental botany 60, 1427–1438.
Lipton DS, Blanchar RW, Blevins DG. 1987. Citrate, Malate, and Succinate Concentration in Exudates
from P-Sufficient and P-Stressed Medicago sativa L. Seedlings. Plant physiology 85, 315–317.
Liu F, Xu Y, Jiang H et al. 2016. Systematic Identification, Evolution and Expression Analysis of the
Zea mays PHT1 Gene Family Reveals Several New Members Involved in Root Colonization by Arbuscular Mycorrhizal Fungi. International journal of molecular sciences 17.
Liu T-Y, Lin W-Y, Huang T-K, Chiou T-J. 2014. MicroRNA-mediated surveillance of phosphate
transporters on the move. Trends in plant science 19, 647–655.
Londoño DMM, Meyer E, González D, Hernández AG, Soares CRFS, Lovato PE. 2019. Landrace
maize varieties differ from conventional and genetically modified hybrid maize in response to
108

References
inoculation with arbuscular mycorrhizal fungi. Mycorrhiza 29, 237–249.
Ludewig U, Yuan L, Neumann G. 2019. Improving the efficiency and effectiveness of global phosphorus use: focus on root and rhizosphere levels in the agronomic system. Frontiers of Agricultural Science and Engineering 6, 357–365.
Lv Q, Zhong Y, Wang Y et al. 2014. SPX4 Negatively Regulates Phosphate Signaling and Homeostasis
through Its Interaction with PHR2 in Rice. The Plant cell 26, 1586–1597.
Lynch JP. 2015. Root phenes that reduce the metabolic costs of soil exploration: opportunities for 21st
century agriculture. Plant, Cell and Environment 38, 1775–1784.
Lynch JP, Brown KM. 2001. Topsoil foraging–an architectural adaptation of plants to low phosphorus
availability. Plant and Soil 237, 225–237.
Lyu Y, Tang H, Li H et al. 2016. Major crop species show differential balance between root morphological and physiological responses to variable hosphorus supply. Frontiers in Plant Science 7.
Ma JF, Goto S, Tamai K, Ichii M. 2001. Role of Root Hairs and Lateral Roots in Silicon Uptake by
Rice. Plant physiology 127, 1773–1780.
Ma X, Zarebanadkouki M, Kuzyakov Y, Blagodatskaya E, Pausch J, Razavi BS. 2018. Spatial patterns of enzyme activities in the rhizosphere: Effects of root hairs and root radius. Soil Biology and
Biochemistry 118, 69–78.
Marschner P, Marschner HMnohp. 2012. Marschner’s mineral nutrition of higher plants, 3rd ed. Amsterdam, London: Academic press.
Messmer MM, Melchinger AE, Boppenmaier J, Herrmann RG, Brunklaus-Jung E. 1992. RFLP
analyses of early-maturing European maize germ plasm I. Genetic diversity among flint and dent inbreds. Theoretical and Applied Genetics 83, 1003–1012.
Miura K, Rus A, Sharkhuu A et al. 2005. The Arabidopsis SUMO E3 ligase SIZ1 controls phosphate
deficiency responses. Proceedings of the National Academy of Sciences of the United States of America 102, 7760–7765.
Moradtalab N, Weinmann M, Walker F, Höglinger B, Ludewig U, Neumann G. 2018. Silicon Improves Chilling Tolerance During Early Growth of Maize by Effects on Micronutrient Homeostasis
and Hormonal Balances. Frontiers in plant science 9, 420.
Nadeem M, Mollier A, Morel C, Vives A, Prud’homme L, Pellerin S. 2011. Relative contribution of
seed phosphorus reserves and exogenous phosphorus uptake to maize (Zea mays L.) nutrition during
early growth stages. Plant Soil 346, 231–244.
Nagy R, Vasconcelos MJV, Zhao S et al. 2006. Differential regulation of five Pht1 phosphate transporters from maize (Zea mays L.). Plant Biology 8, 186–197.
Neumann G, Massonneau A, Martinoia E, Römheld V. 1999. Physiological adaptations to phosphorus
109

References
de®ciency during proteoid root development in white lupin. Planta 208, 373–382.
Oburger E, Jones DL, Wenzel WW. 2011. Phosphorus saturation and pH differentially regulate the efficiency of organic acid anion-mediated P solubilization mechanisms in soil. Plant and Soil 341, 363–
382.
Pang J, Bansal R, Zhao H et al. 2018. The carboxylate-releasing phosphorus-mobilizing strategy can be
proxied by foliar manganese concentration in a large set of chickpea germplasm under low phosphorus supply. New Phytologist 219, 518–529.
Pant BD, Burgos A, Pant P, Cuadros-Inostroza A, Willmitzer L, Scheible W-R. 2015. The transcription factor PHR1 regulates lipid remodeling and triacylglycerol accumulation in Arabidopsis thaliana
during phosphorus starvation. Journal of experimental botany 66, 1907–1918.
Pardo-Hernández M, López-Delacalle M, Rivero RM. 2020. ROS and NO Regulation by Melatonin
Under Abiotic Stress in Plants. Antioxidants (Basel, Switzerland) 9.
Parker JS, Cavell AC, Dolan L, Roberts K, Grierson CS. 2000. Genetic interactions during root hair
morphogenesis in Arabidopsis. The Plant cell 12, 1961–1974.
Pearse SJ, Veneklaas EJ, Cawthray GR, Bolland MDA, Lambers H. 2006. Carboxylate release of
wheat, canola and 11 grain legume species as affected by phosphorus status. Plant and Soil 288, 127–
139.
Peterson RL, Farquhar ML. 1996. Root hairs: Specialized tubular cells extending root surfaces. The
Botanical Review 62, 1–40.
Postma JA, Lynch JP. 2011. Root cortical aerenchyma enhances the growth of maize on soils with
suboptimal availability of nitrogen, phosphorus, and potassium. Plant Physiology 156, 1190–1201.
Pratt J, Boisson A-M, Gout E, Bligny R, Douce R, Aubert S. 2009. Phosphate (Pi) starvation effect on
the cytosolic Pi concentration and Pi exchanges across the tonoplast in plant cells: an in vivo 31P-nuclear magnetic resonance study using methylphosphonate as a Pi analog. Plant Physiology 151, 1646–
1657.
Puga MI, Mateos I, Charukesi R et al. 2014. SPX1 is a phosphate-dependent inhibitor of Phosphate
Starvation Response 1 in Arabidopsis. Proceedings of the National Academy of Sciences of the United
States of America 111, 14947–14952.
Raghothama KG. 1999. Phosphate acquisition. Annual review of plant physiology and plant molecular
biology 50, 665–693.
Ramírez-Flores MR, Bello-Bello E, Rellán-Álvarez R, Sawers RJH, Olalde-Portugal V. 2019. Inoculation with the mycorrhizal fungus Rhizophagus irregularis modulates the relationship between root
growth and nutrient content in maize (Zea mays ssp. mays L.). Plant Direct 3.
Richardson AE, Lynch JP, Ryan PR et al. 2011. Plant and microbial strategies to improve the
110

References
phosphorus efficiency of agriculture. Plant and Soil 349, 121–156.
Rincent R, Nicolas S, Bouchet S et al. 2014. Dent and Flint maize diversity panels reveal important genetic potential for increasing biomass production. Theoretical and Applied Genetics 127, 2313–2331.
Rubio V, Linhares F, Solano R et al. 2001. A conserved MYB transcription factor involved in phosphate starvation signaling both in vascular plants and in unicellular algae. Genes & development 15,
2122–2133.
Ryan MH, Tibbett M, Edmonds-Tibbett T et al. 2012. Carbon trading for phosphorus gain: the balance
between rhizosphere carboxylates and arbuscular mycorrhizal symbiosis in plant phosphorus acquisition. Plant, Cell and Environment 35, 2170–2180.
Sánchez-Calderón L, López-Bucio J, Chacón-López A, Gutiérrez-Ortega A, Hernández-Abreu E,
Herrera-Estrella L. 2006. Characterization of low phosphorus insensitive mutants reveals a crosstalk
between low phosphorus-induced determinate root development and the activation of genes involved
in the adaptation of Arabidopsis to phosphorus deficiency. Plant Physiology 140, 879–889.
Sasse J, Martinoia E, Northen T. 2018. Feed your friends: Do plant exudates shape the root microbiome? Trends in plant science 23, 25–41.
Sawers RJH, Svane SF, Quan C et al. 2017. Phosphorus acquisition efficiency in arbuscular mycorrhizal maize is correlated with the abundance of root-external hyphae and the accumulation of transcripts
encoding PHT1 phosphate transporters. New Phytologist 214, 632–643.
Schweiger PF, Robson AD, Barrow N. J. 1995. Root hair length determines beneficial effect of a Glomus species on shoot growth of some pasture species. New Phytologist 131, 247–254.
Shen J, Yuan L, Zhang J et al. 2011. Phosphorus dynamics: from soil to plant. Plant Physiology 156,
997–1005.
Simpson RJ, Stefanski A, Marshall DJ, Moore AD, Richardson AE. 2015. Management of soil phosphorus fertility determines the phosphorus budget of a temperate grazing system and is the key to improving phosphorus efficiency. Agriculture, Ecosystems & Environment 212, 263–277.
Singh Gahoonia T, Nielsen NE. 2004. Root traits as tools for creating phosphorus efficient crop varieties. Plant and Soil 260, 47–57.
Smith FW. 2001. Plant Responses to Nutritional Stresses. In: Hawkesford MJ, Buchner P, eds. Molecular Analysis of Plant Adaptation to the Environment. Dordrecht: Springer Netherlands, 249–269.
Smith SE, Jakobsen I, Gronlund M, Smith FA. 2011. Roles of arbuscular mycorrhizas in plant phosphorus nutrition: interactions between pathways of phosphorus uptake in arbuscular mycorrhizal roots
have important implications for understanding and manipulating plant phosphorus acquisition. Plant
Physiology 156, 1050–1057.
Smith SE, Read DJ. 2008. Mycorrhizal symbiosis, 3rd ed. New York, London, Burlington, San Diego:
111

References
Academic press.
Štolfa I, Špoljarić Maronić D, Žuna Pfeiffer T, Lončarić Z. 2016. Glutathione and Related Enzymes in
Response to Abiotic Stress. In: Gupta DK, Palma JMe, Corpas FJe, eds. Redox state as a central regulator of plant-cell stress responses. Switzerland: Springer, 183–211.
Strock CF, La Morrow de Riva L, Lynch JP. 2018. Reduction in Root Secondary Growth as a Strategy
for Phosphorus Acquisition. Plant physiology 176, 691–703.
Svistoonoff S, Creff A, Reymond M et al. 2007. Root tip contact with low-phosphate media reprograms
plant root architecture. Nature genetics 39, 792–796.
Tai H, Lu X, Opitz N et al. 2016. Transcriptomic and anatomical complexity of primary, seminal, and
crown roots highlight root type-specific functional diversity in maize (Zea mays L.). Journal of experimental botany 67, 1123–1135.
Tawaraya K. 2003. Arbuscular mycorrhizal dependency of different plant species and cultivars. Soil Science and Plant Nutrition 49, 655–668.
Torrey JG. 1950. The Induction of Lateral Roots by Indoleacetic Acid and Root Decapitation. American
Journal of Botany 37, 257.
Unterseer S, Pophaly SD, Peis R et al. 2016. A comprehensive study of the genomic differentiation between temperate Dent and Flint maize. Genome biology 17, 137.
Vance CP. 2001. Symbiotic Nitrogen Fixation and Phosphorus Acquisition. Plant Nutrition in a World of
Declining Renewable Resources. Plant Physiology 127, 390–397.
Vance CP, Uhde-Stone C, Allan DL. 2003. Phosphorus acquisition and use: critical adaptations by
plants for securing a nonrenewable resource. New Phytologist 157, 423–447.
Veneklaas EJ, Lambers H, Bragg J et al. 2012. Opportunities for improving phosphorus-use efficiency
in crop plants. New Phytologist 195, 306–320.
Wang Y, Krogstad T, Clarke JL et al. 2016. Rhizosphere organic anions play a minor role in improving
crop species’ ability to take up residual phosphorus (P) in agricultural soils low in P availability.
Frontiers in Plant Science 7, 1664.
Wasaki J, Yonetani R, Kuroda S et al. 2003. Transcriptomic analysis of metabolic changes by phosphorus stress in rice plant roots. Plant, Cell and Environment 26, 1515–1523.
Weber NF, Herrmann I, Hochholdinger F, Ludewig U, Neumann G. 2018. PGPR-induced growth
stimulation and nutrient acquisition in maize: Do root hairs matter? Scientia Agriculturae Bohemica
49, 164–172.
Wen T-J, Schnable PS. 1994. Analyses of mutants of three genes that influence root hair development in
Zea mays (Gramineae) suggest that root hairs are dispensable. American Journal of Botany 81, 833–
842.
112

References
Wen Z, Li H, Shen Q et al. 2019. Tradeoffs among root morphology, exudation and mycorrhizal symbioses for phosphorus-acquisition strategies of 16 crop species. The New phytologist 223, 882–895.
White PJ, Veneklaas EJ. 2012. Nature and nurture: the importance of seed phosphorus content. Plant
Soil 357, 1–8.
Wilson MH, Holman TJ, Sørensen I et al. 2015. Multi-omics analysis identifies genes mediating the
extension of cell walls in the Arabidopsis thaliana root elongation zone. Frontiers in cell and developmental biology 3, 10.
Wright DP, Read DJ, Scholes JD. 1998. Mycorrhizal sink strength influences whole plant carbon balance of Trifolium repens L. Plant, Cell and Environment 21, 881–891.
Wright DP, Scholes JD, Read DJ, Rolfe SA. 2005. European and African maize cultivars differ in their
physiological and molecular responses to mycorrhizal infection. The New phytologist 167, 881–896.
Zemunik G, Turner BL, Lambers H, LalibertéE. 2015. Diversity of plant nutrient-acquisition strategies increases during long-term ecosystem development. Nature Plants 1, 15050.
Zhang Z, Liao H, Lucas WJ. 2014. Molecular mechanisms underlying phosphate sensing, signaling, and
adaptation in plants. Journal of integrative plant biology 56, 192–220.
Zhu J, Lynch JP. 2004. The contribution of lateral rooting to phosphorus acquisition efficiency in maize
(Zea mays) seedlings. Functional plant biology FPB 31, 949–958.

113

Acknowledgement

Acknowledgement
Firstly, I would like to thank my supervisor, Prof. Dr. Uwe Ludewig. I acknowledge his support and guidance throughout my Ph.D. and offer me a platform to develop myself. I appreciate all his contributions of
time, patience, ideas and funding to make my Ph.D. experience productive and stimulating. I also thank the
China Scholarship Council (CSC) and the Sino-German International Research Training Group “Adaptation of maize-based food-feed-energy systems to limited phosphate resources” (AMAIZE-P) for their financial support.
I thank Prof. Dr. Günter Neumann and Prof. Albrecht Melchinger, for giving me valuable suggestions in
the experiments designing, results discussion and data interpretation. I thank Prof. Dr. Hans-Peter Piepho,
for the kind help of the statistical analysis. I thank Prof. Dr. Torsten Müller and all their group members for
their valuable discussions and suggestions during the regular colloquiums.
I am very grateful for our administrative staff: Ursula Berghammer and Angelika Flad for their administrative support; Béatrice Reh and Marco Roelcke for their patient and kind help during the project. Thanks
also go to our professional technicians, they are Hinrich Bremer, Charlotte Haake, Helene Ochott, Heidi
Zimmermann, Elke Dachtler, Deborah Schnell, Zehra... Special thanks to Helene, she really helped me a
lot and I was never disappointed with her professional support.
Many thanks belong to my nice and friendly group members, especially Narges Moradtalab, who helped
me a lot from very beginning in a practical way. Without her assistance, I even don’t know how to start my
PhD life.
I would like to thank all the other colleagues and friends, Benjamin Neuhäuser, Makus Weinmann, Xiaochao Chen, Svenja Mager, Yaping Zhou, Xiuhao Quan, Mellisa Mang, Philipp Olt, Wenli Ding, Yuan Liu,
Pascal Ganz, Emil Vatov, Toyosi Ijato, Romano Porras murillo, Andres Hernandez Pridybai, for all the
happy memory in the lab. Thanks to my Chinese friends Xudong Zhang, Yawen You and Mingjie He for
the help from both the daily life and scientific life.
Finally, with all my heart, I would like to thank my parents, my brother, my family members and my husband for their understanding and support. This work would not have been possible without their constant
encouragement throughout my life.

114

Affidavit

Affidavit

115

Curriculum Vitae

Curriculum Vitae
Personal information
Name:

Xuelian Li

Date of Birth:

January 20, 1989

Place of Birth:

Heilongjiang, China

Nationality:

Chinese

Email:

xuelian.li@uni-hohenheim.de /
xuelianli0120@gmail.com

Address:

Gammertinger Str. 6, 70567 Stuttgart, Germany

Education
2016.12- 2021.06

Ph.D. candidate, Institute of Crop Science, University of Hohenheim, Stuttgart,
Germany

2014.09-2016.07

Master of Science, College of Resources and Environmental Sciences, China
Agricultural University, Beijing, China

2009.09-2013.07

Bachler of Science, College of Plant Sciences, Jilin University, Changchun,
China

Academic activity
2018.03

RegioPlantScience Meeting of Stuttgart-Tübingen-Ulm, Stuttgart. Poster presentation, entitled “Dissecting rhizosphere related traits for phosphate acquisition efficiency in European elite lines and landraces under low phosphate condition”

2019.06

Rhizosphere 5, Saskatoon, Canada. Poster presentation and short 3 min talk, entitled “Dissecting rhizosphere related traits for phosphate acquisition efficiency in
European elite lines and landraces under low phosphate condition”

2018.11- 2021.03

Six regular seminars in Sino-German International Research Training Group "Adaptation of maize-based food-feed-energy systems to limited phosphate resources"
in 2018.11 (Beijing, China), 2019.03 (Stuttgart, Germany), 2019.11(Beijing,
China), 2020.03 (Stuttgart, Germany), 2020.11 (via Zoom), 2021.03 (via Zoom),
respectively. Oral presentations.

2021.05

Root Biology Never Sleeps! - 9th International Symposium on Root Development
&11th Symposium of the International Society of Root Research joint, entirely virtual conference, attendee
116

Curriculum Vitae

Language proficiency
Mandarin (native speaker), English (C1), German (A2.2)

Computer skills
Transcriptome data analysis
Data analysis and visualization using R and Python, Basic Linux

Full publications


First authorship:

Li, Xuelian*; Mang, Melissa*; Piepho, Hans-Peter; Melchinger, Albrecht; Ludewig, Uwe (2021): Decline
of seedling phosphorus use efficiency in the heterotic pool of flint maize breeding lines since the onset
of hybrid breeding. Journal of Agronomy and Crop Science: In press, DOI: 10.1111/jac.12514.
Li, Xuelian; Quan, Xiuhao; Mang, Melissa; Neumann, Günter; Melchinger, Albrecht; Ludewig, Uwe
(2021): Flint maize root mycorrhization and organic acid exudates under phosphorus deficiency:
trends in breeding lines and doubled haploid lines from landraces. Journal of Plant Nutrition and Soil
Science 184: 346-359. DOI: 10.1002/jpln.202000471.
Ma, Xiaomin*; Li, Xuelian*; Ludewig, Uwe (2021): Arbuscular mycorrhizal colonization outcompetes
root hairs in maize under low phosphorus availability. Annals of botany 127: 155–166. DOI:
10.1093/aob/mcaa159.
Li, Xuelian; Ludewig, Uwe: Transcriptomic network analyses of the response to low phosphate supply in
roots of maize with distinct breeding history. (in preparation)
He, Mingjie*; Li, Xuelian*; Mang, Melissa; Ludewig, Uwe; Schulze, Waltraud X.: A systems-biology
approach to identify regulatory modules in response to low phosphate supply in maize-lines of different
breeding history. (submitted to The Plant Journal)
* These authors contributed equally to this work.


Co-authorship:

Klamer, Florian; Vogel, Florian; Li, Xuelian; Bremer, Hinrich; Neumann, Günter; Neuhäuser, Benjamin
et al. (2019): Estimating the importance of maize root hairs in low phosphorus conditions and under d
rought. Annals of botany 124: 961–968. DOI: 10.1093/aob/mcz011.

117

Curriculum Vitae

118

