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I. Summary-Zusammenfassung
I.1 Summary

Maize (Zea mays) is an important crop in global for human food, animal feed and industrial usage. 
Suboptimal phosphorus (P) availability is one of the primary constraints for maize growth and productivity 
(Jianbo Shen et al., 2011; López-Arredondo et al., 2014). Over 70% arable land suffers from P-deficiency, 
and plants can take up small amounts of P from the soil due to P-fixation. However, over-application of P 
fertilizer has frequently happened in last decades and resulted in environmental pollution (López-
Arredondo et al., 2014). Modern agriculture calls for maintaining productivity while reducing synthetic-P 
fertilizer inputs and losses, thus, requiring breeding of novel cultivars to increase phosphate use efficiency 
(PUE) (Balemi and Negisho, 2012; X., Li, Mang, et al., 2021; Mardamootoo et al., 2021). Understanding 
the regulation of maize to low phosphate(LP)-availability at the molecular level will offer unlimited 
potential for the development of selection markers and engineering targets in breeding programs. 
Nowadays, “OMIC” approaches and computational science are developing rapidly. They are advanced 
tools for investigation of molecular adaptations on a large-scale and in a systemic view. Thereby, the major 
research task within this thesis is to reveal P-deficiency induced responsive components and regulations 
at protein level based on proteomic profiles, aiming to provide promising candidate genes/proteins for 
research on the molecular mechanisms of adaptation to LP-stress, and potentially to provide promising 
candidate gene/proteins for development of selection markers and engineering targets to obtain desired 
traits, in the long term goal of improving PUE in novel cultivars. 

In Chapter 1, we focused on six genotypes (EP1, F2, F142, F160, SF1, SM1) with close genetic background 
but several contrasting traits to LP-stress, such as PUE (X., Li, Mang, et al., 2021). They were cultured in 
pot with either sufficient or inefficient P-fertilizer in a climate chamber for one month. The young 
seedlings were sampled by root and shoot for analysis of multiple traits, transcriptome and proteome. 
Firstly, we constructed the co-expression network of proteins and transcripts separately using WGCNA 
method (Langfelder and Horvath, 2008), which predicted potential protein-protein interactions or their 
co-regulations. Secondly, we categorized proteins/transcripts to modules according to their different co-
expression patterns, thus, identified potential determining relationships of modules-traits. Thirdly, we 
compared the responses between transcripts and proteins, presenting their responses being concordant 
or dis-concordant. Fourthly, we identified common and genotype-specific P-starvation response modules 
and biological processes. Finally, we focused on protein kinases, which play roles as regulators, to 
demonstrated protein kinases-centered network and validated protein interactions between mitogen-
activated protein kinase-kinase 1 (MEK1, Zm00001d043609) either with sucrose synthase1 
(SH1,Zm00001d045042) or translation elongation factor 1-gamma 3 (eEF1B-γ, Zm00001d046352). MEK1 
is a potential genotype-specific regulator via sucrose metabolism and translation elongation process.  

In Chapter 2, we aimed to adapted an experimental workflow for phosphoproteome analysis in maize, 
addressing the interference to phosphoproteome quantification by fibers, secondary metabolites and low 
abundant of phosphorylated proteins. In this manuscript, we described a rapid and universal protocol for 
both proteome and phosphoproteome analysis that is suitable for cereal crops. The results of 
phosphoproteome in maize root testing samples showed that proteins within kinase-centered network in 
Chapter 1 can be largely quantified based on this workflow. It provides a possible way to analyze 
phosphorylation dynamics to P-starvation responses, it allows further investigation for kinase-centered 
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network in Chapter 1 to identify phosphorylation pairs of “protein kinase – protein substrate”, which will 
largely expand a view on P-starvation regulations through posttranslational modifications. 
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I.2 Zusammenfassung 
Mais (Zea mays) ist weltweit eine wichtige Kulturpflanze für die menschliche Ernährung, Tierfutter und 
industrielle Nutzung. Die suboptimale Verfügbarkeit von Phosphor (P) ist eines der wichtigsten 
Hemmnisse für das Wachstum und die Produktivität von Mais (Jianbo Shen et al., 2011; López-Arredondo 
et al., 2014). Mehr als 70 % der Ackerflächen leiden unter P-Mangel, und die Pflanzen können aufgrund 
der Immobilität von P-Verbindungen nur geringe Mengen an P aus dem Boden aufnehmen. Dennoch hat 
eine übermäßige Ausbringung von P-Dünger in den letzten Jahren häufig zu einer Umweltverschmutzung 
geführt (López-Arredondo et al., 2014). Die moderne Landwirtschaft verlangt die Aufrechterhaltung der 
Produktivität bei gleichzeitiger Verringerung des Einsatzes synthetischer P-Dünger und der Verluste, was 
die Züchtung neuer Sorten zur Steigerung der Phosphatverwendungseffizienz (PUE) erfordert (Balemi und 
Negisho, 2012; X., Li, Mang, et al., 2021; Mardamootoo et al., 2021; Mi et al., 2021). Das Verständnis der 
Regulierung von Mais auf niedrige Phosphat(LP)-Verfügbarkeit auf molekularer Ebene bietet ein 
unbegrenztes Potenzial für die Entwicklung von Selektionsmarkern und technischen Zielen in 
Zuchtprogrammen. Die molekularen Reaktionen und Regulationsmechanismen in Antwort auf niedrige P-
Versorgung bei Mais sind jedoch noch weitgehend unerforscht. Heutzutage sind "OMIC"-Ansätze und 
computergestützte Wissenschaften fortschrittliche Werkzeuge für die Untersuchung molekularer 
Anpassungen in großem Maßstab und mit systematischem Blick. Die Hauptforschungsaufgabe im Rahmen 
dieser Arbeit besteht darin, die durch P-Mangel induzierten Reaktionskomponenten und -regulationen 
auf Proteinebene anhand von Proteomikprofilen aufzudecken, um vielversprechende Kandidatengene/-
proteine für die Erforschung der molekularen Mechanismen der Anpassung an LP-Stress bereitzustellen 
und potenziell vielversprechende Kandidatengene/-proteine für die Entwicklung von Selektionsmarkern 
und technischen Zielen zur Erzielung der gewünschten Eigenschaften zu liefern, mit dem langfristigen Ziel, 
den PUE-Wert in neuen Sorten zu verbessern. 

In Kapitel 1 konzentrierten wir uns auf sechs Genotypen (EP1, F2, F142, F160, SF1, SM1) mit ähnlichem 
genetischen Hintergrund, aber mehreren kontrastierenden Merkmalen gegenüber LP-Stress, wie z. B. PUE 
(X., Li, Mang, et al., 2021). Sie wurden einen Monat lang in Töpfen mit ausreichendem oder ineffizientem 
P-Dünger in einer Klimakammer kultiviert. Die Wurzeln und Sprosse junger Sämlinge wurden für die 
Analyse mehrerer Merkmale, des Transkriptoms und des Proteoms entnommen. Zunächst 
rekonstruierten wir das Koexpressionsnetzwerk von Proteinen und Transkripten separat mit der WGCNA-
Methode (Langfelder und Horvath, 2008), die potenzielle Protein-Protein-Interaktionen oder deren Ko-
Regulationen vorhersagte. Zweitens kategorisierten wir Proteine/Transkripte nach ihren 
unterschiedlichen Koexpressionsmustern in entsprechende Module und identifizierten so potenziell 
bestimmende Beziehungen zwischen Modulen und Merkmalen.  Drittens haben wir die Reaktionen 
zwischen Transkripten und Proteinen verglichen und ihre Reaktionen als abhängig oder unabhängig 
dargestellt. Viertens identifizierten wir gemeinsame und genotypspezifische P-Magelreaktionsmodule 
und die entsprechenden biologische Prozesse. Schließlich konzentrierten wir uns auf Proteinkinasen, die 
eine Rolle als Regulatoren spielen, um in einem auf Proteinkinasen zentrierten Netzwerk potenzielle 
Substrate aufzuzeigen. Wir konnten Proteininteraktionen zwischen Mitogen-aktivierter Proteinkinase-
Kinase 1 (MEK1, Zm00001d043609) entweder mit Saccharose-Synthase1 (SH1, Zm00001d045042) oder 
Translationsdehnungsfaktor 1-gamma 3 (eEF1B-γ, Zm00001d046352) experimentell validieren. MEK1 ist 
ein potenzieller genotypspezifischer Regulator über den Saccharosemetabolismus und den Regulation 
von Translation.  
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In Kapitel 2 zielten wir darauf ab, einen experimentellen Arbeitsablauf für die Phosphoproteomanalyse in 
Mais anzupassen und dabei die Störungen der Phosphoproteom-Quantifizierung durch Fasern, 
Sekundärmetaboliten und die geringe Häufigkeit phosphorylierter Proteine zu berücksichtigen. Wir haben 
ein schnelles und universelles Protokoll sowohl für die Proteom- als auch für die Phosphoproteomanalyse 
entwickelt, das sich insbesondere für Material aus Getreidepflanzen eignet. Die Ergebnisse der 
Phosphoproteomanalyse in Maiswurzelproben zeigten, dass Proteine innerhalb des in Kapitel 1 
beschriebenen kinase-zentrierten Netzwerks mit diesem Arbeitsablauf weitgehend quantifiziert werden 
können. Es bietet eine Möglichkeit zur Analyse der Phosphorylierungsdynamik im Zusammenhang mit P-
Mangelreaktionen und ermöglicht eine weitere Untersuchung des kinase-zentrierten Netzwerks in Kapitel 
1 zur Identifizierung von Phosphorylierungspaaren "Proteinkinase - Proteinsubstrat", was den Blick auf 
die P-Starvationsregulierung durch posttranslationale Modifikationen erheblich erweitern wird. 
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II. Introduction 
Phosphorus (P) is an essential nutrient for crop growth, development and reproduction. However, the 
supplied synthetic P fertilizer is rapidly immobilized in soil, leading to less than 30% of the applied P can 
be used by crops  (López-Arredondo et al., 2014; Hans Lambers, 2015). Subsequently, unavailable P for 
crops runs off from farms, contributing to widespread water pollution (Stroud, 2015; Liu et al., 2021). The 
strong P immobilization also is a major reason for over 70% of global arable land suffers from P limitation 
(López-Arredondo et al., 2014; Hans Lambers, 2015; Wang et al., 2017). Suboptimal P availability will 
constrain crop yields. Although increased P-fertilizer inputs can improve crop yields, they can also 
exacerbate environmental pollution. Meanwhile, P rock is the major resource of P fertilizer, which is non-
renewable and limited (Li et al., 2018; B., Li et al., 2020). Therefore, to meet these challenges, breeders 
are developing new cultivars of crops that not only increase yields but also improve P use efficiency (PUE).  

Maize is one of the most important crops worldwide. Breeding new cultivars to improve PUE is under 
developing as well. This calls for in-depth knowledge of how maize adapts to low P (LP) availability from 
multiple perspectives. In terms of physiological studies, the acquisition, storage and recycling of P nutrient 
under different P availability have been investigated in maize. The maize root acquires P nutrient from 
soil and symbiotic arbuscular mycorrhizal fungi (AMF) (F., Liu et al., 2016; Wang et al., 2017; Sawers et al., 
2017). The maize have been known to adapt to suboptimal P availability by alterations in the root system 
architecture, root exudates and root-microbe interactions (Shen et al., 2006; Zhang et al., 2011). The 
overview of metabolism behind the phenotypic changes in plants has been generally discussed as well 
(Usuda and Shimogawara, 1992; Plaxton and Tran, 2011). In model plant Arabidopsis, several genes have 
been well studied on their functions and regulations under P-starvation (Ii, 2015; Chien et al., 2018). In 
maize, however, only a few genes, e.g. genes encoding phosphate transporters, are to some extent known 
that playing roles in adaptation to LP availability (Calderón-Vázquez et al., 2011; López-Arredondo et al., 
2014). Meanwhile, previous multi-OMIC studies indicated that over hundreds or thousands of genes are 
responsive to P-starvation in maize (Chen et al., 2008). This suggests further studies to understand the 
functions and regulatory networks of more genes in maize under LP availability. Therefore, exploring 
molecular-level regulatory network, hence to provide candidate genes who may play fundamental roles 
in LP-adaptations for further functional studies is one of research tasks in presented work.  

What’s more, the existing diverse maize germplasms have showed different PUE under various P supply. 
Genotypes with different PUE also showed different responses in various traits, such as root hair length 
(X., Li, Mang, et al., 2021). This indicates potential associations between PUE and various traits. Genotype-
wise differential responses in traits under LP are mainly caused by different regulatory strategies in the 
molecular level, which ultimately could be determined by genetic variations. Thus, the diverse maize 
genotypes make themselves ideal models for exploring the molecular components and mechanisms 
underlying different PUE. While genetic studies have used hundreds of genotypes to analysis the 
associations between the genetic variations and multiple traits, the genetic potentials for PUE 
improvement in maize is still under discovering and verifying (Luo et al., 2019; Q.,-J., Wang et al., 2019; 
D., Li et al., 2021). In presented work, we used six genotypes with close genomic background but 
contrasting P efficiency to identify PUE-associated molecular components. The six genotypes are named 
by EP1, F2, F142, F160, SF1 and SM1, they are important germplasms in European breeding programs 
(Brauner et al., 2019a). 
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To explore the molecular regulatory network under LP and PUE-associated components, we mainly 
focused on proteome level. Because proteins play various enzymatic, structural and functional roles that 
are directly involved in shaping phenotypic traits. More importantly, proteins are known to be directly 
involved in plant stress responses as sensors of environmental stimuli. Protein kinases are crucial 
regulators for stress response, because they mediate signal transduction by phosphorylating their target 
substrate proteins (Lamers et al., 2020). Proteins achieve their functions relying on many factors, such as 
their abundance, modifications and protein-protein interactions (Braun et al., 2013). These basic 
characteristics of proteins are the biological rationales for our use protein-protein co-expression analysis, 
association analysis between protein abundance and determined values of traits, protein kinases 
investigation within their centered networks and experimental verification of protein interactions. These 
analysis using six genotypes were presented in Chapter 1. In addition, we also included these analysis 
using transcriptomic data. Because proteins are translated from mRNAs, plants cope with stress 
environment also in transcriptional level, and quantitative transcriptome analysis using RNA-seq has been 
well developed and widely used (Klepikova et al., 2016). The co-expression analysis using WGCNA 
(weighted gene co-expression network analysis) has been successfully applied in transcriptomic analysis 
in other cases (Langfelder and Horvath, 2008). Nowadays, developed proteomic quantitation platform has 
largely improved quantification coverage per sample to over thousands of proteins (Schulze et al., 2021), 
which opened opportunities for us to apply WGCNA for proteome profiles. Therefore, in Chapter 1, we 
constructed the networks in two different molecular levels, compared two OMIC profiles, and presented 
them mainly in a systemic view. In discussion section of this dissertation, we firstly improved prediction 
of co-expression networks by integrating public interactome database STRING (Szklarczyk et al., 2021). 
We then provided strategies and examples of investigation for individual proteins of interest, and further 
discussed certain proteins about their roles in LP adaptations and associations with PUE. In overall, we 
propose the LRR-VIII-1 kinase (Zm00001d038522) in root as a regulator that may play a fundamental role 
in adaptations to LP stress. We suggest it might play roles in ROS cleavage, anthocyanin synthesis, and 
secondary cell wall organization. We propose MAPK-kinase (MEK1, Zm00001d043609) in root as a 
regulator showing different regulatory strategies under LP among six genotypes. We propose the 
genotype specific responses of MEK1, sucrose synthase 1 (SH1, Zm00001d045042) and their highly co-
expressed proteins might together shape genotypic contrasting PUE, root hair length and specific root 
length under LP. We propose genetic variation of SH1 is interesting for further examination of its 
contribution to PUE and traits. We find clues that PHT1;1 (zm00001d014116) and PHT1;9 
(zm00001d032850) could respond at translational level under LP, but not PHT1;13 (Zm00001d027700). 
We additional provides some hints that might be helpful in deciphering cross talks between P and other 
nutrients out of presented works. 

The protein modifications, such as phosphorylation status, is also one of the dependencies for protein 
function in cellular regulations (Schwessinger et al., 2011; Millar et al., 2019). Among the proteome, we 
found four proteins were responsive to LP stress by altering their phosphorylation status, which were 
presented in the last discussion section. They were uridylate kinase (Zm00001d052108), UDP-D-glucose-
6 dehydrogenase (Zm00001d034072), phenylalanine ammonia lyase 3 (PAL3, Zm00001d051161), and 
mitochondrial ATP-dependent zinc metalloprotease (FTSH4, Zm00001d044266). In Chapter 2, we 
compiled and discussed an experimental workflow for phosphoproteome analysis in maize. Using testing 
samples, we successfully quantified thousands of phosphopeptides, which provide possibilities in future 
studies to expand discoveries of phosphorylation dynamics presented in the last discussion section. 
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II.1 Phosphorus (P) in maize 
II.1.1 P is an essential nutrient for maize  

Phosphorus (P) is a macronutrient for plants. It is one of the elements that constitute energy carriers, 
nucleotide acids and phospholipids. P-containing energy carriers include Adenosine 5'-Triphosphate (ATP) 
and Nicotinamide Adenine Dinucleotide Phosphate Hydrogen (NAPH). ATP works as “energy currency” 
that generated by photosynthesis to store and transfer energy from light. ATP, as well as NADPH, can 
provide driving force for anabolic reactions, such as Calvin-Benson cycle, lipid synthesis, protein synthesis 
and nucleic acid synthesis. ATP is required in energy-dependent transport of molecules, such as ions. ATP 
is involved in protein phosphorylation and signal transduction, which is essential for plants to cope with 
environmental stress. NADPH provides reducing power by donating electrons to various chemical redox 
reactions. DNA and RNA are two main types of nucleic acids requiring plenty of P elements. They carry 
and convert genetic information in cells. Phospholipid are the major component of cell membranes, they 
are required for membrane structural stability and function. Thus, P is indispensable and irreplaceable for 
many biological processes and affect plant growth, development and reproduction.  

When maize suffers from a shortage of P, the symptoms are usually visible at the young seedling stage. P-
deficient seedlings are short, thin and with dark green leaves, reddish-purplish leaf margins and veins, 
especially on older leaves, as well as on the stalks (Figure 1). The appearance of purple color is caused by 
accumulation of anthocyanin, the content of anthocyanin is frequently increased under LP stress in maize, 
as well as in other plants such as Arabidopsis, the anthocyanin may function to protect chloroplast from 
photoinhibition (Tran et al., 2010; Sun et al., 2016; Nie et al., 2021). However, the appearance of purple 
pigment differs among different maize genotypes. This symptom also has been reported in some 
genotypes under P-sufficient conditions. While for some genotypes, P-deficiency caused purple color can 
disappear at a later stage. P-deficiency also leads to declined growth, slowed development and delayed 
reproductive stage and reduced yield (Mollier and Pellerin, 1999). 

 
Figure 1. P-deficiency symptom in maize. Purpling and brown necrosis appear on the leaf margins starting 
on the older leaves and stalks. 

-P 

7



II.1.2 P-nutrient acquisition in maize and responses to P-limitation 

Plants absorb P-nutrient in the form of orthophosphate ions (Pi) e.g. H2PO4
– and H2PO4

-2 (Schachtman et 
al., 1998; J. Shen et al., 2011). Absorption of Pi is conducted by transmembrane proteins of the Phosphate 
Transporter1 (PHT1) family that is mainly located in the root hairs, root epidermis and cortex (Nakanishi 
and Thibaud, 2011; F., Liu et al., 2016; Wang et al., 2017). In maize, a total number of 13 genes have been 
identified as putative Pi-transporters, they were classified into PHT1 family (ZmPHT1;1 to ZmPHT1;13) (F., 
Liu et al., 2016). Six members, including ZmPHT1;1 (Zm00001d014116), ZmPHT1;3 (Zm00001d031875), 
ZmPHT1;5 (GRMZM2G041595), ZmPHT1;7 (Zm00001d027549), ZmPHT1;8 (Zm00001d004301), and 
ZmPHT1;13 (Zm00001d027700), encoding transporters that were predicted to directly uptake Pi from soil 
(F., Liu et al., 2016; Wang et al., 2017; Sawers et al., 2017). All 13 putative PHT1 members increased their 
transcripts under LP except for ZmPHT1;1 (Zm00001d014116) (Nagy et al., 2006; Q.,-J., Wang et al., 2019). 
Further studies have confirmed the central role of ZmPT7 in Pi acquisition and redistribution, eventually 
affected vegetative growth in maize (Wang et al., 2020).  

Additionally, nearly 90% of all plant species, including maize, obtain bonus Pi from symbiotic arbuscular 
mycorrhizal fungi (AMF) (Smith et al., 2015; Begum et al., 2019). The host plants exchange reduced carbon 
for mineral nutrients from its fungal partner. In this way, the available P-nutrient is largely increased for 
plants. Because the very fine and thin fungal hyphae can explore Pi sources from larger and deeper area 
of soil beyond rhizosphere (Rosewarne et al., 1999; Bucher, 2007; Cozzolino et al., 2013; Battini et al., 
2017; Priyadharsini and Muthukumar, 2017; Liu et al., 2018). Maize have been known to enhanced 
mycorrhizal symbiosis under P-limitation, however, the profits from the trade-offs of symbiosis varied in 
maize depending on the genotypes of host and types of fungi (Sawers et al., 2017; Liu et al., 2018). P-
deficiency and/or AMF can induce increases in the expression of certain PHT1 members in maize, which 
then transport AMF-released Pi into root cells (Karandashov and Bucher, 2005; Stroud, 2015; F., Liu et al., 
2016). Further studies on ZmPHT1;6 in maize have revealed its pivotal role in establishing mycorrhizal Pi 
uptake pathway under LP supply. Studies also have revealed essential role of ZmPHT1;6 for shoot biomass 
and cob production in maize (Willmann et al., 2013). Studies on ZmPHT1;9 over-expression in Arabidopsis 
thaliana and rice (Oryza sativa) suggested its ability of Pi absorption, it can compensate P concentration 
of over-expression lines under LP supply to the level they normally required (Liu et al., 2018; Xu et al., 
2018).  

II.1.3 P-storage and recycling in maize under P supply fluctuations 

Once Pi enters the plant roots, it could be stored in the roots or transported to the shoots (Conn and 
Gilliham, 2010). Vacuole is the main intracellular compartment for Pi storage and remobilization. Under 
adequate P supply, over 70% of the intracellular Pi is stored in the vacuole. While under LP supply, the Pi 
can be kept relatively constant in the cytosol at the expense of vacuolar Pi (T., Y., Liu et al., 2016). The 
important players managing vacuolar Pi storage are SPX domain-containing proteins located on tonoplast 
(Wang et al., 2018). The SPX-Major Facility Super Family (SPX-MFS) proteins mediate vacuolar Pi influx 
and the Vacuolar Phosphate Efflux Transporters (VPEs) mediate vacuolar Pi efflux, which have been 
identified in Arabidopsis and rice (Wang et al., 2012; Liu et al., 2015; Wang et al., 2015; T., Y., Liu et al., 
2016; Luan et al., 2019; Xu et al., 2019). In maize, seven putative SPX-MFS proteins were identified by 
bioinformatic and phylogenetic analysis, and of two members responded in transcriptional level to 
different P-supply (Xiao et al., 2021), however, their functions in Pi transport and maintaining Pi 
homeostasis in cytosol are unknown yet.  
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When plants are suffering from P-starvation, they can scavenge and recycle Pi from intracellular P-
containing compounds (Calderón-Vázquez et al., 2011; Plaxton and Tran, 2011). For instance, a typical 
process is replacing their membrane phospholipids with sulfolipids and galactolipids, which has been 
widely reported in many plant species, including maize (see in section II.3.3). Additional essential process 
is scavenging phosphate from phospho-esters by acid phosphatases (APase), The well-known enzyme is 
purple acid phosphatases (PAPs), which catalyzing the hydrolysis of a wide range of phosphomonoesters 
and anhydrides under acidic condition (Tran et al., 2010; Tian and Liao, 2015; Younessi-Hamzekhanlu et 
al., 2016). Coordination with Fe3+ and other divalent metal ions, such as Fe2+, Mn2+, and Zn2+ is necessary 
for PAPs to form their binuclear centers (Tian and Liao, 2015). In maize, bioinformatic analysis reported 
33 putative PAPs members in B73 (González-Muñoz et al., 2015), and several PAPs have been found 
differentially expressed under LP both at transcriptional and post-transcriptional levels (Y., Sun et al., 
2018). However, their exact functions have rarely been explored in detail (Dionisio et al., 2011).  

II.2 Root system architecture and rhizosphere of maize 
II.2.1 Root system architecture modifications of maize under P-limitation  

P-nutrient is usually more available in the topsoil, and P-starved plants can enhance topsoil foraging by 
modifying their root system architecture (Zhu et al., 2005b;Péret et al., 2014). In general, P-limitation 
leads to a decrease in the elongation of primary roots, while the density and length of lateral roots and 
root hairs increase. Such changes in root system architecture have been reported for Arabidopsis, rice, 
Barley (Hordeum spp.), wheat (Triticum aestivum L.), bean (Phaseolus vulgaris), lupin and tomato 
(Solanum lycopersicum) (Péret et al., 2011; Niu et al., 2013; Péret et al., 2014; Crombez et al., 2019). 
Meanwhile, the root responsive plasticity to LP-stress substantially varies among species and genotypes, 
suggesting different resilience to P-limitation among plant individuals (Plant et al., 1994; Niu et al., 2013). 
P-deficiency leads to increased root-to-shoot ratio, this phenomenon has been widely reported in plants 
and stably found in maize (Gaume et al., 2001). Further studies reported stronger increase of root-to-
shoot ratio in response to P-shortage may contribute to the relatively higher P-efficiency in some 
genotypes (Bayuelo-Jiménez et al., 2011; X., Li, Quan, et al., 2021).  

LP-induced arrest of primary root elongation is a typical phenotype in Arabidopsis and rice (Svistoonoff et 
al., 2007; Péret et al., 2011), however, this was not found in maize (Mollier and Pellerin, 1999; Li et al., 
2012). The responses of seminal roots, nodal roots, lateral roots and crown roots to LP stress in maize 
vary considerably among genotypes. Typically, genotypes with greater increase or sustain proliferation 
and elongation of these roots showed better PUE and growth (Zhu and Lynch, 2004; Péret et al., 2011; Li 
et al., 2012; Gonçalves et al., 2017; Jia et al., 2018; B., Sun et al., 2018). This is thought to be mainly due 
to shallower and broader root system which works better for topsoil foraging (Zhu, Shawn M. Kaeppler, 
et al., 2005b). The enhancement of root hairs (length and/or density) represents one of the earliest 
morphological responses of maize to LP stress. For example, the increase in root hairs length and density 
was observed in 10-day-old seedlings cultured comparing Pi-deprivation to full nutrients (Li et al., 2015). 
The root hair length and density also showed genetic variations under LP environment, and genotypes 
with longer and denser root hairs usually showed significantly higher P-efficiency (Zhu et al., 2010; 
Bayuelo-Jiménez et al., 2011; X., Li, Quan, et al., 2021; X., Li, Mang, et al., 2021). Furthermore, a maize 
mutant with few root hairs was more seriously restricted in growth under LP supply compared to WT, 
furthermore supporting the important role of the root hairs during LP adaptations in maize (Sousa et al., 
2012; Wang et al., 2021). In addition, anatomical studies have reported that LP-induced formation of root 
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cortical aerenchyma (RCA) in maize. More RCA enables maize to remobilize P from the cortex and reduce 
the metabolic costs of soil exploration (Fan et al., 2003; Johannes Auke Postma and Lynch, 2011; Johannes 
A Postma and Lynch, 2011). The formation of RCA also has shown genotypic variation and was synergistic 
with the formation of lateral roots under LP stress (Fan et al., 2003; Johannes Auke Postma and Lynch, 
2011). Genotypes with a stronger reduction of living cortical area through formation of aerenchyma were 
superior in soil exploration, capturing of P, and obtaining biomass and grain yield under LP supply 
(Galindo-Castañeda et al., 2018). 

II.2.2 Rhizosphere and root exudates alterations under P-limitation 

Due to the P immobilization in the soil, the concentration of Pi that can be directly taken up by plant is 
very low, usually less than 10 µM (Schachtman et al., 1998; Raghothama, 1999). Immobilized-P is usually 
in the form of precipitates with cations, organic molecules, or adsorption on clay surface (Schachtman et 
al., 1998; Raghothama, 1999). Plants have evolved certain abilities to scavenge and recycle inaccessible P 
in the rhizosphere, such as by releasing organic acids (OAs), enzymes and H+ (Yan et al., 2002; Vance et al., 
2003; Shen et al., 2006; Zhang et al., 2011; Balemi and Negisho, 2012). While the capacity to scavenge 
and recycle inaccessible P in plants is limited, and this capacity could be different among individual plants 
depending on genotypes, species and soil environments. 

OAs exudation – OA anions can chelate precipitated cations and compete with P-sorption sites on clays, 
hence to release Pi (Wu et al., 2018). What’s more, OAs can function as P-deficiency signal to shape root 
architecture and to recruit microbial communities, exemplified by malate and γ-aminobutyric acid (GABA) 
(Gilliham and Tyerman, 2015; Mora-macías et al., 2017; Gutiérrez-Alanís et al., 2018; Brisson et al., 2022). 
OAs translocation across plasma membrane (PM) require transporters, such as Aluminum-activated Anion 
Transporters (ALMT) to transport malate, Multidrug and Toxic Compound Extrusion (MATE) transporters 
to transport citrate. The transport activities increase in response to P-deficiency (Yan et al., 2002; Diatloff 
et al., 2004; Meyer et al., 2009; Zhou et al., 2020). Recent studies in Arabidopsis have revealed that LP 
stress post-transcriptionally activates transcription factor SENSITIVE TO PROTON RHIZOTOXICITY1 (STOP1) 
to induce ALMT expression. This STOP1-ALMT1 pathway can be negatively regulated by ALUMINUM 
SENSITIVE3 (ALS3/STAR1), and the exuded malate then functions as an apoplasmc inhibitor for cell wall 
expansion, leading to arrest of primary root growth in an Fe and peroxidase-dependent manner 
(Balzergue et al., 2017; Godon et al., 2019; X., Wang et al., 2019). In maize, it has been reported that LP 
stress led to enhancement of OAs accumulation and exudation, as well as to a shift of OAs composition. 
The LP-inducible components of OAs in maize were found to be citric acid, malic acid, acetic acid, lactic 
acid, GABA and cis-aconitic acid (Gaume et al., 2001; Fischer et al., 2010; Carvalhais et al., 2011; Brisson 
et al., 2022). However, the responsive patterns and the benefits from OAs exudation varied among 
genotypes. For instance, P-shortage induced OAs accumulation is stronger in root than in shoot, and 
exudation is stronger in LP-tolerant than in LP-sensitive genotypes (Gaume et al., 2001; Li et al., 2008; Luo 
et al., 2019). The root exudate profiles varied between modern cultivars and teosinte (Brisson et al., 2022).  

Secreted enzymes – The organic-P accounts for 30 ~ 80% of total soil-P, with inositol-P constitute over 60% 
of organic-P pools (Dalal, 1977; Turner et al., 2002). Many P-starved plants can secrete enzymes such as 
acid phosphatases (APase), phytase, or RNAse to the rhizosphere, enabling decomposition of organic-P to 
liberate Pi for plant uptake (Yun and Kaeppler, 2001; Vance et al., 2003; Balemi and Negisho, 2012). 
Although P-starved maize also has been reported to increase activities of both intracellular and 
extracellular APases (Yun and Kaeppler, 2001), response of secreted APases were highly variable among 
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genotypes, with certain genotypes showing no response and even some genotypes showing an opposite 
response to LP stress (Lyu et al., 2016; Wen et al., 2017). APase secretion showed a spatiotemporal niche 
differentiation along the soil profile, suggesting P-starved maize is able to locally sense P-rich patches and 
induce APases (Ma et al., 2021).  

H+ efflux – H+ extrusion to the rhizosphere can increase solubility of Pi in soil, and H+ efflux in root can 
loosen the cell wall to promote root elongation hence increasing P uptake (George et al., 2002; Yuan et 
al., 2017). In addition, the H+ concentration and electrical gradients across plasma membrane (PM) 
provide the driving force for plant to take up Pi via PHT1, which functions as a H+/Pi symporter to mediate 
Pi influx across PM against over 2000-fold concentration gradients (Karandashov and Bucher, 2005; J. Shen 
et al., 2011; Stroud, 2015; J., Zhang et al., 2017). H+ extrusion is mediated by PM H+ ATPase, which is 
essential for maintaining cytosolic pH, maintaining the charge gradients across PM, and balancing 
secondary ion transports (J., Zhang et al., 2017). PM H+ ATPase activity is enhanced under LP stress 
through regulation of ATPases expression abundance and/or phosphorylation status (Yan et al., 2002; 
Shen et al., 2006; Chang et al., 2009; Zhang et al., 2011; Falhof et al., 2016). For instance, genes AtAHA2 
and AtAHA7 encoding PM H+ ATPase in Arabidopsis, their expression were increased under LP stress, they 
acted to modulate primary root elongation and root hair formation by mediating H+ efflux in the root, 
these modulations were affected by the 14-3-3 proteins and auxin regulatory pathway (Yuan et al., 2017). 
The proteins encoded by AtAHA1/AtAHA2 were activated to mediate H+ efflux when they were 
phosphorylated by a receptor kinase AtPSY1R, which belongs to LRR-RKs family and recognizes peptide 
PSY1 (Fuglsang et al., 2014). In addition, LP induced activation of PM H+ ATPase was required for increased 
OAs exudation (Yan et al., 2002; Diatloff et al., 2004), this may due to OAs transporters ( e.g. MATE) were 
coupled with H+ ATPase for its transport activities, which has been reported in Arabidopsis and lupin 
(Lupinus albus) (Meyer et al., 2009; J., Zhang et al., 2017). The activations of PM H+ ATPase is also involved 
in regulating rhizosphere pH (Yang et al., 2011). Although P-deficiency in maize have been reported to 
induced H+ efflux and resulted in a decline of pH in nutrient solution (Vance et al., 2003; Yan et al., 2002; 
Diatloff et al., 2004), no significant alterations in rhizosphere pH have been found in maize, displaying 
great difference from species such as Lupin, soybean, and fafa bean (Yan et al., 2002; Rubio et al., 2012; 
H., Liu et al., 2016).  

II.3 General view of metabolism responses in plants under P-limitation 

P-deficiency induced multiple metabolism changing in plants. For example, photosynthesis, cellular 
respiration, carbon metabolism, lipid metabolism, amino acid metabolism, protein metabolism, and 
secondary metabolism. 

II.3.1 Photosynthesis activity dramatically declines 

Pi deficiency in plants can lead to a dramatic decrease in photosynthetic activity (Usuda and Shimogawara, 
1992). Pi deprivation leads to lower levels of ADP+, Pi, ATP in chloroplasts, as well as decline in 
photosystem II (PS II) quantum yield and CO2 fixation, while the production of NADPH is increased (JACOB 
and LAWLOR, 1993; Carstensen et al., 2018). Additional studies on barley showed that lacking of Pi in 
chloroplast resulted in a decrease in ATP synthase activity, subsequently causing H+ accumulation in the 
thylakoid and lumen acidification, further retarded electron transport to cytochrome b6f (Cyt b6f) complex 
(Carstensen et al., 2018).  
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II.3.2 Carbohydrate metabolism is characterized by bypass reactions 

Regulation of glycolysis under P-deficiency in many plant species – including maize – is characterized by 
so-called bypassing reactions. These reactions result in a shift in glycolysis from a predominant 
dependence on ATP and Pi to the use of pyrophosphate (PPi) to save energy (Plaxton and Tran, 2011). 
Bypass enzymes, such as PPi-dependent phosphofructokinase (PPi-PFK), phosphoenolpyruvate 
carboxylase (PEPC), pyruvate Pi dikinase (PPDK), the tonoplast H+-PPiase, sucose synthase, and UDP-Glc 
pyrophosphorylase are reported to be upregulated during Pi starvation (Calderon-Vazquez et al., 2008; 
Plaxton and Tran, 2011; Lan et al., 2012; Alexova and Millar, 2013). Sugar phosphates like Glc6P and Fru6P, 
phosphatidyl glycerol, as well as 3-phosphoglycerate (3-PGA) decreased strongly during P limitation either 
in root or shoot of Arabidopsis. The TCA cycle is enhanced as evidenced by the increased abundance of 
participated OAs and enzymes, which has been reported in maize as well (Alexova and Millar, 2013; Luo 
et al., 2019), as exemplified by increased pyruvate accumulation in maize leaves (Luo et al., 2019). Besides, 
PEPC that connecting glycolysis with TCA cycle has been reported to be up-regulated in plants and 
considered to correlate with enhanced synthesis of OAs (Gaume et al., 2001; Yan et al., 2002; Calderon-
Vazquez et al., 2008; Plaxton and Tran, 2011; Lan et al., 2012). Although high starch and sugar levels have 
been considered to be typical P-starvation responses in other plants (Rouached et al., 2010), reports about 
the patterns of sugar and starch accumulation in maize are fluctuating, possibly due to influences by 
harvest tissue type, growth stage and light intensity (Luo et al., 2019; Wang and Ning, 2019).  

II.3.3 Lipid metabolism remobilizing Pi from phospholipids  

Remodeling of membrane to scavenge and recycle Pi is a universal and effective strategy to accommodate 
LP conditions in plants. Remodeling of membrane results in reducing phospholipids, increasing 
galactolipids and sulfolipids, particularly digalactosyldiacylglycerol (DGDG) and 
sulfoquinovosyldiacylglycerol (SQDG). Increased accumulation of MGDG and DGDG has been reported in 
maize as well (Calderon-Vazquez et al., 2008). This remodeling enables acquisition of  Pi from internal 
sources, which counts for one-third of total Pi reserves in plant body (Siebers et al., 2015; Nakamura, 
2013). The relevant P-starvation inducible genes primarily encode phospholipid hydrolases that remove 
polar head group and fatty acid chains from backbone, as well as enzymes involved in DGDG and SQDG 
synthesis (Nakamura, 2013). For example in Pi-starved Arabidopsis, phospholipase C (PLC) (e.g. NPC4, 
NPC5) were up-regulated for cleavage of glycerophosphate bond, phospholipase D (PLD) (e.g. PLDζ1, 
PLDζ2) were up-regulated and contributed to the accumulation of DGDG (Nakamura et al., 2005; Gaude 
et al., 2008; Li et al., 2006).  

II.3.4 Secondary metabolism enhances biosynthetic pathways of phenolics and carotenoids  

The biosynthetic pathways producing phenolic compounds, flavonoids, anthocyanins and carotenoids 
have been known to increase their activities in plants under P-limitation (Verma and Shukla, 2015; Plaxton 
and Tran, 2011; Zhong et al., 2020). For example, enzymatic assays have reported that the activity of 
phenylalanine ammonia lyase (PAL) largely increased in P-starved bean plants (Juszczuk et al., 2004). 
Increased activity of phenolics biosynthesis pathway under LP has been reported in maize as well, 
indicating by metabolite profiles (Luo et al., 2019). The increased anthocyanins accumulation was found 
in P-starved maize, which caused rendering shoots a dark-green or purple color (Tran et al., 2010; Sun et 
al., 2016; Nie et al., 2021). This phenomenon is even visible obviously (Figure 1). Phenolic compounds play 
roles in defense against different biotic or abiotic stress by modulating cell signaling (Verma and Shukla, 
2015). They possess antioxidant activity as hydrogen donors, reducing agents and singlet oxygen 
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quenchers, and are associated with metabolic processes of photosynthesis, protein synthesis, as well as 
nutrient uptake in plants (Falcone Ferreyra et al., 2012; Verma and Shukla, 2015). Anthocyanins can be 
triggered by ROS signal, which in turn are involved in the cleavage of ROS (Xu et al., 2017). Genes involved 
in anthocyanin biosynthesis could be regulated by transcription factors such as PHR1, MYBs, WD40 and 
bHLHs in plants (Petroni and Tonelli, 2011; Nilsson et al., 2012; Xu et al., 2017). These transcription factors 
are well-known as regulators of accommodation to P limitation in plants (see in section II.4). Anthocyanin 
accumulation is further affected by the gibberellin-DELLA pathway (Jiang et al., 2007), mitochondrial ATP 
synthesis and the sugars status (Lloyd and Zakhleniuk, 2004; Leong et al., 2018). Carotenoids serve as 
photo-protectants, antioxidants, and accessory pigments. Biosynthesis of carotenoids increases under P-
limitation has been reported in maize (Zhong et al., 2020). P-starvation response-associated 
phytohormones including gibberellins, abscisic acid (ABA), strigolactones (SLs) are generated through 
carotenoid biosynthesis pathway (Verma and Shukla, 2015). SLs have been reported to act as early signal 
and modulators in P-starvation response, coordinating shoot and root development and triggering AMF 
branching (Gamir et al., 2020). 

II.4 Well-known genes/proteins in regulation to P-deficiency in plants 

Proteins encoded by PHT1s are high-affinity Pi transporters which can be induced by P deficiency in plants. 
Expression of ZmPHT1s have been known altered under P-deficiency in maize (see in section II.1.2). PHF1 
is an endoplasmic reticulum (ER)-located SEC12-related protein that facilitates the trafficking of PHT1 to 
plasma membrane, thus PHT1 can translocate Pi into root cells (González et al., 2005; Chen et al., 2011). 
The root apical meristem of primary roots is a site for sensing of Pi fluctuations in the soil (Chien et al., 
2018). Studies in Arabidopsis implicated importance of PDR2 and LPR1/2 in root tip for local Pi sensing  
(Ticconi et al., 2004; Ii, 2015). The protein PDR2 is a P5-type ATPase and LPR1 is a ferroxidase, they were 
found to functionally interacting for facilitation of cell-specific apoplastic Fe and callose deposition in the 
primary root (Svistoonoff et al., 2007; Mu et al., 2015). The regulatory network of microRNA399 (miR399), 
PHO1 and PHO2 is a pivotal mechanism of long-distance signaling to maintain Pi homeostasis in P-starved 
plants. PHO1 functions in Pi loading into the xylem, therefore, it is essential for Pi translocating from root 
to shoot (Hamburger et al., 2002; Salazar-Vidal et al., 2016; Hellmann, 2020). PHO2 is a ubiquitin-
conjugating E2 enzyme (UBC24) that modulates the degradation of protein PHO1 and PHT1 (Anuj et al., 
2022). The miR399 can be generated in the shoot under P-deficiency, subsequently is translocated to the 
root for repression of PHO2 (Lin et al., 2008; Liu et al., 2012). Repression of PHO2 may result in 
maintenances of PHO1 and PHT1, which benefits to Pi acquisition into plants (Anuj et al., 2022). Additional 
long-distance communication is found in the crosstalk between LP signals and sugar level. PHO3 (SUC2) is 
a sucrose/H+ symporter for sucrose transport into the phloem. The sucrose then play a role as global 
regulator to trigger expression of many genes (Zakhleniuk et al., 2001; Lloyd and Zakhleniuk, 2004; Lei et 
al., 2011). Some transcription factors have been found to activate P starvation inducible genes. For 
instance, those members in the family of MYB, WRKY, C2H2 zinc finger, and bHLH (Calderón-Vázquez et 
al., 2011; López-Arredondo et al., 2014). PHR1 is a well-known MYB-type transcription factor that can be 
induced under P-deficiency. PHR1 then activates the expression of many genes which contain GNATATNC 
P1BS (PHR1-specific biding sequence) motif (Li et al., 2015). Furthermore, PHR1 is regulated by SIZ1 
(SUMO E3 ligase) through SUMOylation (Miura et al., 2005; Augustine et al., 2016). A recent study in 
Arabidopsis reported a vascular bHLH heterodimer TMO5/LHW might control root hair density under LP. 
TMO5/LHW may act downstream of auxin signaling pathway in xylem cells, it could induce cytokinin 
biosynthesis and diffusion hence to regulate roots foraging for Pi (Wendrich et al., 2020).  
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II.5 Breeding potential to improve PUE and product yields 
II.5.1 Genetic associations with different traits in maize under various P-supply 

A quantitative trait loci (QTL) is a region of DNA that is associated with a particular phenotypic trait, the 
QTL mapping has been extensively conducted for genetic dissection to identify potential loci that 
associated with traits of interest. In the last decades, QTL mapping has been applied to identify QTLs of 
different traits under different P supply in maize, using traditional methods of bi-parental populations and 
advanced methods of genome-wide association studies (GWAS) (Maharajan et al., 2018; Li et al., 2019). 
For instance, numerous QTLs have been found to associated with different traits under variant P supply, 
such as traits of lateral root branching and length (Zhu, Shawn M. Kaeppler, et al., 2005a), root hair length 
(Zhu, Shawn M Kaeppler, et al., 2005), seminal root traits (Zhu et al., 2006), root morphology, biomass, P 
content and PUE (Chen et al., 2008; Azevedo et al., 2015; Gu et al., 2016; Luo et al., 2019; D., Li et al., 
2021), leaf age, fibrous root number, acid phosphatase activity, P-efficiency and LP-tolerance (Chen et al., 
2008; H., Zhang et al., 2014), plant height, kernel number, grain yield and P utilization efficiency (Zhang 
and Wang, 2013; D., Li et al., 2021; Ouma and Samuel, 2021).  

The QTL mapping uses traditional methods of bi-parental populations and ends up with long region QTLs 
of a particular trait. Each identified QTL usually contains from hundreds to over a thousand genes. To 
predict which of these genes might actually be responsible for the specific trait, a homology search of 
QTLs against functionally characterized genes in other species was often applied (H., Zhang et al., 2014; 
Azevedo et al., 2015). For example, the best known gene in Arabidopsis and rice is a serine-threonine 
receptor-like kinase Phosphorus-Starvation Tolerance 1 (PSTOL1), which is a validated gene loci affecting 
LP-induced root morphology, grain yield and LP-tolerance (Gamuyao et al., 2012; Hufnagel et al., 2014). 
In maize, four genes with the ID number GRMZM2G448672 (Zm00001d043798), AC193632.2_FG002 
(Zm00001d049727), GRMZM2G172396 (Zm00001d008584, Zm00001d008585), GRMZM2G451147 
(Zm00001d011628) are homologous genes to rice OsPSTOL1, at the same time, they co-localize with maize 
QTLs of root morphology, biomass and P content (Azevedo et al., 2015). GRMZM2G467671 
(Zm00001d039920), GRMZM2G426917 (Zm00001d040094) are another two orthologous to OsPSTOL1 
and co-localize with maize QTLs of leaf area, shoot biomass and acid phosphatase activity under LP stress 
(H., Zhang et al., 2014). The plasma membrane (PM) located AtPht1;1 and AtPht1;4 have been known 
significantly responded to LP stress and played important roles in Pi acquisition in Arabidopsis (Mudge et 
al., 2002; Samuel et al., 2004). In maize, four genes with ID number GRMZM2G045473 (ZmPHT1;8, 
Zm00001d004301), GRMZM2G170208 (ZmPHT1;4, Zm00001d004305), GRMZM2G009779 (ZmPHT1;11, 
Zm00001d004306), GRMZM2G009800 (ZmPHT1;12, Zm00001d004308) are orthologous to AtPHT1;1 and 
co-localize with maize QTLs of lateral root number, leave length, shoot biomass under LP stress, as well 
as LP-tolerance (H., Zhang et al., 2014).  

The GWAS using genome-wide SNPs to identify favorable alleles for traits of interest, the mapping 
resolution have been largely improved relative to bi-parental populations-based mapping. The GWAS 
analysis usually yields dozens to hundreds of genes that are significantly associated with traits of interest. 
A GWAS analysis on maize has identified over a hundred genes that are significantly associated with 
different traits under different P supply. For instance, the variation in SNPs of ZmPHT1;1 
(GRMZM2G326707/Zm00001d014116, a homologous gene to AtPHT1;4 in Arabidopsis) and AFB2 (Protein 
auxin signaling F-box 3, GRMZM5G848945/Zm00001d003911) were found significantly associated with 
shoot P-utilization efficiency under LP-supply (D., Li et al., 2021). The variation in SNPs of a putative 
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transcriptional regulator SLK2 (GRMZM2G076630/Zm00001d018890) and a calcium-dependent protein 
kinase CDPK (GRMZM2G104125/Zm00001d034562) were found highly associated with the LP induced 
changes in shoot P-concentration, shoot P-utilization efficiency and yield (D., Li et al., 2021). Another study 
combing GWAS, metabolites and transcripts profiles identified five LP-responding genes, which 
significantly associated with different traits under different P-supply. The variation in SNPs of a 
phosphoglucomutase (GRMZM2G025854/Zm00001d044211),   threonine synthase 
(GRMZM2G050570/Zm00001d043780), FAD-dependent urate hydroxylase 
(GRMZM5G841893/Zm00001d048417) were found significantly associated with LP induced alterations in 
root weight (Luo et al., 2019). The variation in SNPs of a hexokinase (GRMZM2G051806/Zm00001d037689) 
and glucose-6-phosphate1-epimerase (Glc6P , GRMZM2G039588/Zm00001d001999) were found 
significantly associated with root fresh weight under normal-P supply, with Glc6P has been validated to 
mediate yield in recombinant inbred line (RIL) populations (Luo et al., 2019). Additional GWAS-based study 
reported 23 genes are most significantly associated with different traits under LP. For instance, the 
variation of SNPs in two G-type lectin S-receptor-like serine/threonine-protein kinases with ID number 
GRMZM2G117250/Zm00001d031785 and GRMZM2G301738/Zm00001d006471 were found significantly 
associated with root traits, they are homologous genes to OsPSTOL1 in rice (Q.,-J., Wang et al., 2019). The 
Hap5 haplotype of SNPs in an unknown gene with ID number Zm00001d033730 (GRMZM2G009544) could 
enhance root systems and P absorption under LP (Q.,-J., Wang et al., 2019). These identified SNPs with 
their known favorable alleles are useful for designing marker-assisted selection strategies, however, 
confirmation of their biological functions is required. 

II.5.2 Genomic modification (GM) potential to improve grain yield under LP-supply 

The identified QTLs are also useful for designing genomic modification strategies. For example, one of the 
most successful cases of transgenic rice that improving LP tolerance and yield is the overexpression of 
OsPSTOL1 from traditional to modern varieties, as this gene has been lost in modern varieties along the 
breeding program, and led to P-starvation-intolerance in modern varieties. The overexpression lines was 
characterized by significantly enhanced grain yield in P-deficient soil due to enhancement of early root 
length and Pi-acquisition (Gamuyao et al., 2012). However, new maize cultivars with improved PUE 
developed from genetic variation of QTLs have not been reported. 

II.6 Six genotypes of maize EP1, F2, F142, F160, SF1 and SM1 in current study 

Dent and Flint are two main germplasm pools in maize breeding, and their names refer to different kernel 
phenotypes (Ellis, 1959). The Flint germplasms are early maturing and cold tolerant lines and play 
foundation role in European maize breeding (Unterseer et al., 2017). Most of the early maturing hybrids 
grown in Central and Northwestern Europe are single crosses between Flint and Dent inbred lines. For 
these reasons, the flint germplasms are essential for maize breeding programs in Europe. 

The six genotypes we evaluated in Chapter 1 are inbred lines of flint germplasms, termed EP1, F2, F142, 
F160, SF1, SM1. They span over 60 years of breeding history in Europe. The EP1 and F2 were released at 
1940s and 1950s, during the beginning of hybrid breeding program in Europe, and have played foundation 
role of hybrid breeding in Europe since then (Cartea et al., 1999). The F142, F160 are modern elite lines, 
the SF1, SM1 are doubled haploid lines produced from landrace populations. All these lines are developed 
by the breeding institute of University Hohenheim (UHOH) (Brauner et al., 2019b; Hölker et al., 2019), and 
have been improved in testcross performance regarding grain yield and dry matter content compared to 
EP1 and F2 (Hölker et al., 2019). In contrast, the EP1 and F2 were more responsive to LP stress and showed 
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significantly higher PUE, especially under LP availability, and thus were defined as P-efficient lines (X., Li, 
Mang, et al., 2021; X., Li, Quan, et al., 2021). We may speculate that modern elite cultivars lost beneficial 
traits under P-limited environment, possibly due to selection and breeding process under ample P supply 
(X., Li, Mang, et al., 2021). Such phenomena has been also reported in wheat (Zhu et al., 2001). Therefore, 
the six genotypes are promising research materials enabling identification of PUE associated components. 

Table 1. Basic information about six genotypes in presented study.  

1.The genotypes were classified based on their P-efficiency and P-response. E: efficient, R: responsive, NE: 
non-efficient, NR: non-responsive (X., Li, Quan, et al., 2021). 

Genotype Group Class1 Registered Year Background/Origin 

EP1 Founder flint E-NR 1949 Landrace Lizargarotte (Spain) 

F2 E-R 1953 Landrace Lacaune (France) 

SF1 Doubled haploid 
landrace 

NE-NR 1959 Landrace Strenzfelder (Germany) 

SM1 NE-NR 1960 Landrace Satu Mare (Romanian) 

F160 Elite flint NE-NR 2015 UHOH breeding program 

F142 NE-NR 2016 UHOH breeding program 
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III. Objectives, hypotheses and research questions
Using six genotypes of European maize breeding program that differentiate in their P use efficiency (PUE) 
characteristics and responsiveness to LP-availability on multiple traits, the protein co-expression modules 
that confer responsive traits would be identified. We aim to specify protein/gene regulators who play 
primary roles in LP-adaptation and which could be used as targets for further functional studies. 
Protein/gene candidates that determine distinct adaptation to traits may be identified, hence providing 
potential candidates to develop biomarkers or targets for breeding program to obtain desired traits. 

We hypothesize that: 

1) LP-responsive genes or proteins would be found as with significant abundance changes and these
changes correlate to the observed traits.

2) A good relationship in the abundance of paired proteins/transcripts across genotypes and P-
availability indicates co-regulations.

3) High correlation between abundance of proteins/transcripts and determined quantitative values
of traits may indicate their contribution to the respective traits.

4) Common responses among genotypes potentially play primary roles in regulation of LP-stress in
maize.

5) Genotype-specific responses of proteins represent differential regulations, which confer distinct
PUE among different genotypes through contrasting traits.

6) Protein kinases are potential regulators mediating responsive reactions to LP-stress.

Based on proteomic analysis, combining analysis of multiple traits, transcriptomes and experimental 
validation, Chapter 1 addresses hypotheses that mentioned above. In detail, research of Chapter 1 focuses 
on the following questions: 

1) What are the responsive components of transcripts and proteins to LP-stress?
2) What is the relationship between protein abundance and transcript abundance?
3) Which transcript/protein modules are responsive to LP-stress in a common pattern among

genotypes?
4) Which transcript/protein modules are responsive to LP-stress in a different pattern among

genotypes?
5) Which transcript/protein modules and biological processes may contribute to which traits in

adaptation to LP-stress?
6) Which genes/proteins are putative key regulators and how could they be involved in the

regulation to LP-stress?
7) Which genes/proteins are promising markers or targets to improve PUE through which traits?

Chapter 2 compiles an experimental workflow protocol for proteomic and phosphoproteomic analysis. It 
addresses the problem of low quantification of phosphorylated proteins among total proteins by 
improving phospho-peptides enrichments. Furthermore, the optimized protocol provides an approach for 
further investigation of dynamics of protein phosphorylation in adapt to LP-stress. This will allow us to 
extend the identification of “protein kinase – substrate protein” relationship in future studies that out of 
presented work, further addressing research question 6 of Chapter 1.  

The protocol of optimized  phosphoproteome analysis with maize samples addresses the questions: 

1) To which extend the quantification of phospho-peptides improved with protein clean-up and
phospho-peptide enrichment?

17



2) Whether results differed between two different methods used for proteins clean-up and
phosphor-peptide enrichment?

3) For promising regulatory protein kinases and their potential substrate proteins in Chapter 1,
whether their phospho-peptides could be quantified using this protocol?

18
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SUMMARY

Plants cope with low phosphorus availability by adjusting growth and metabolism through transcriptomic

and proteomic adaptations. We hypothesize that selected genotypes with distinct phosphorous (P) use effi-

ciency covering the breeding history of European Flint heterotic pool provide a tool to reveal general and

genotype-specific molecular responses to P limitation. We reconstructed protein and gene co-expression

networks by weighted correlation network analysis and related these to phosphate deficiency-induced

traits. In roots, low phosphate supply resulted in a decreasing abundance of proteins in the oxidative pen-

tose phosphate pathway and a negative correlation with root and shoot phosphate content. We observed

an increase in abundance and positive correlation with root and shoot phosphate content for proteins in

sucrose biosynthesis, lipid metabolism, respiration and RNA processing. Purple acid phosphatases, superox-

ide dismutase and phenylalanine ammonia lyase were identified as being upregulated under low phosphate

in all genotypes. Overall, correlations between protein and mRNA abundance changes were limited, with

ribosomal proteins and the ubiquitin protein degradation pathway exclusively responding with protein

abundance changes. Carbohydrate, phospho- and sulfo-lipid metabolism showed abundance changes at the

protein and mRNA levels. These partially non-overlapping proteomic and transcriptomic adjustments to low

phosphate suggest sugar and lipid metabolism as metabolic processes associated with improved P use effi-

ciency specifically in Founder Flint lines. We identified a mitogen-activated protein kinase-kinase as a poten-

tial genotype-specific regulator of sucrose metabolism at low phosphate in Founder Flint line EP1. We

conclude that, during breedingt of Elite Flint lines, regulation of primary metabolism has changed to result

in a distinct low phosphate response in Founder lines.

Keywords: co-expression network, Flint heterotic pool, maize, phosphorus, protein abundance regulation,

nutrient uptake, RNA-seq.

INTRODUCTION

Phosphorus (P) is an essential macronutrient for growth

and reproduction of plants and is mainly taken up in the

form of phosphate. It is one of the three elements (nitrogen,

phosphorus and potassium) abundantly used in commer-

cial fertilizers. P is contained in biological macromolecules

such as nucleic acids, ATP and phospholipids. Phosphate is

the main chemical form of P that is taken up and utilized by

plants but, at the same time, it is difficult to solubilize from

its mineral context in soil. As a fertilizer, less than 30% of

the applied phosphate was absorbed by crops (Lambers

and Plaxton, 2015; Lopez-Arredondo et al., 2014). Moreover,

phosphate rock reserves are limited and will have strong

impacts on phosphate fertilizer production within the next

few hundred years (Li et al., 2020). Future agriculture

requires reduced P fertilizer application, as well as engineer-

ing and breeding maize cultivars with better phosphate

uptake efficiency (PUE) or phosphate utilization efficiency

(Ludewig et al., 2019).

Understanding the physiological, biochemical and

molecular mechanisms of the phosphate starvation

response (PSR) in plants is essential for PUE improvement.

Storage and recycling and PSR gene expression results in

metabolically adjusted growth under low phosphate

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial
and no modifications or adaptations are made.

1

The Plant Journal (2021) doi: 10.1111/tpj.15630

21

mailto:wschulze@uni-hohenheim.de
http://creativecommons.org/licenses/by-nc-nd/4.0/


conditions (Calderon-Vazquez et al., 2011; Hander et al.,

2019). First, in response to low P, plants enhance their

phosphate acquisition ability through various mechanisms,

such as modifying root system architecture to enhance

topsoil foraging (Peret et al., 2014; Zhu et al., 2005),

increasing the affinity and capacity of their transport sys-

tems (Poirier and Jung, 2015; Wang et al., 2017), and

enhancing symbiosis with arbuscular mycorrhizal fungi,

thereby activating a transport system to facilitate phos-

phate acquisition at the periarbuscular membrane (Battini

et al., 2017; Bucher, 2007; Cozzolino et al., 2013; Liu et al.,

2018; Priyadharsini and Muthukumar, 2017). Second, to

scavenge and recycle inaccessible P in soils, P-starved

plants secrete organic acid anions and enzymes such as

acid phosphatases, ribonucleases, nucleases and phospho-

diesterases into the rhizosphere to release phosphate from

immobilized sources (Vance et al., 2003). Phosphate defi-

ciency also results enhanced activities of plasma mem-

brane H+-ATPases, leading to rhizosphere acidification

(Shen et al., 2006; Yan et al., 2002; Zhang et al., 2011).

Third, the plant metabolism allows multiple bypass path-

ways that give flexibility and adaptability to environmental

stimuli. Alternative reactions are also found in the PSR,

such as the shift in glycolysis from a predominant depen-

dence on ATP and inorganic phosphate (Pi) to the

enhanced utilization of pyrophosphate (PPi) and the

engagement of the non-energy conserving pathways of the

mitochondrial electron transport chain (Hander et al.,

2019). Cross-talk between phosphate deficiency and other

nutrient deprivations were reported, including nitrogen,

potassium, iron and sulfur (Li et al., 2015; Ruffel, 2018;

Schachtman and Shin, 2007).

The PSR arises in part from the coordinated induction of

hundreds of phosphate-starvation induced (PSI) genes that

encode enzymes, which reprioritize internal use of inor-

ganic phosphate reserves and maximize external phos-

phate acquisition (Hander et al., 2019). However, the PSR

also involve regulatory pathways at the post-transcriptional

level, such as protein degradation, allosteric regulation and

protein post-translational modifications (PTMs). For exam-

ple, induction of phosphate transporter PHT1;4 under low

phosphate availability in maize occurs both at transcrip-

tional and post-transcriptional levels (Li et al., 2015; Liu et al.,

2016; Nagy et al., 2006; Sun et al., 2018). PHOSPHATE TRANS-

PORTER TRAFFIC FACILITATOR 1 (PHF1) is an endoplasmic reticulum

(ER)-located SEC12-related protein that facilitates the traffick-

ing of phosphate transporter proteins to the plasma mem-

brane during and after translation (Gonzalez et al., 2005;

Chen et al., 2011). Furthermore, the proteins, PLEIOTROPIC DRUG

RESISTANCE 2 (PDR2) and LOW PHOSPHATE ROOT 1 (LPR1) function

together in an ER-resident pathway that adjusts root meri-

stem activity to external phosphate availability (Ticconi et al.,

2004, 2009). The protein PDR2 is a P5-type ATPase and LPR1

is a multicopper oxidase, with the gene identified as a

quantitative trait locus involved in primary root growth. The

primary root tips, including the meristem region and root

cap, may constitute a site to sense local phosphate availabil-

ity (Svistoonoff et al., 2007).

Protein PTMs such as phosphorylation and ubiquitina-

tion have a foremost role in plant P-starvation signal trans-

duction pathways and the regulation of PSI gene

expression (Love et al., 2014). The long-distance signaling

of phosphate status and maintenance of phosphate homeo-

stasis in shoots and roots is achieved by a regulatory net-

work of microRNA 399, PHOSPHATE 1 (PHO1) and E3-ubiquitin

ligase PHO2 (Pant et al., 2008). PHO1 is a protein with SPX

and EXS domain that is involved in phosphate loading into

the xylem (Hamburger et al., 2002; Hellmann, 2020; Salazar-

Vidal et al., 2016). PHO2 encodes a ubiquitin-conjugating E2

enzyme that activates the degradation of PHO1 and of

members of the PHOSPHATE TRANSPORTER (PHT) protein family.

PHO2 abundance is reduced by the action of miRNA399

(Lin et al., 2008; Liu et al., 2012) and miRNA399 expression

increases under phosphate limitation. Additional long-

distance communication involves an integration of low

phosphate signals with the sugar level. SUCROSE CARRIER 2

(SUC2) is a sucrose transporter involved in phloem loading

and its activity affects carbon supply needed for energiza-

tion of phosphate uptake in roots (Lei et al., 2011a; Lloyd

and Zakhleniuk, 2004; Zakhleniuk et al., 2001).

Maize is one of the most important crops for production

of biomass, human food and animal feed worldwide. How-

ever, previous work conducted on 34 maize lines showed

that, throughout the breeding process, some essential root

traits required for adaptation to low phosphate availability

have been lost as a result of the high application of P fertil-

izer (B€untgen et al., 2021; Calderon-Vazquez et al., 2008). In

the present study, we selected six genotypes with contrast-

ing PUE and different breeding history. EP1, F2 are old

Founder Flint lines that had high PUE, whereas F142 and

F160 represent recently released modern Elite Flint lines

with lower PUE. SF1 and SM1 represent doubled-haploid

landraces with PUE similar to modern Elite Flints. Land-

races represent native genetic diversity not subjected to

extensive breeding selection formodern cultivars and are

considered to potentially carry beneficial genetic relicts.

The molecular mechanisms underlying differential PUE of

the different genotypes remain largely unknown. We

hypothesized that these six genotypes covering the breed-

ing history of the European Flint heterotic pool with dis-

tinct P use efficiencies will allow us to reveal general and

genotype-specific molecular responses which connect with

low phosphate induced traits. We used proteomic and

transcriptomic co-expression networks to identify key P-

scavenging/recycling traits responsible for maize PUE. We

aimed to highlight both the common proteome and tran-

scriptome PSR response in the six genotypes and, from

these results, define specific PSRs in the individual
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genotypes. These candidate genes/proteins serve as pri-

mary targets to explain genotype-specific differences in

PUE and low phosphate induced traits.

RESULTS

Physiological responses to low phosphate supply in six

maize genotypes

In total, 31 phenotypic indicators were recorded (B€untgen

et al., 2021; Calderon-Vazquez et al., 2008) and 17 traits

were significantly affected by both phosphate supply and

genotype (Table S1). These were shoot P content and con-

centration, total plant P content, root hair length or aver-

age root diameter. Traits that showed differences between

individual genotypes but were not affected by the phos-

phate supply included rhizosphere pH, total organic acid

anions released, and shoot calcium (Ca) and manganese

(Mn) concentrations. Root P concentration and root-to-

shoot ratio depended on phosphate supply, but were inde-

pendent of genotype impacts (Table S1).

The P content and P concentration were reduced in

shoots and roots upon low phosphate supply, whereas the

reduction in the shoot was much greater than that in the

root (Figure S1). Genotypes EP1 and F2 had lower P con-

centrations under low phosphate conditions than the other

genotypes, but maintained higher biomass under these

conditions and were thus classified as ‘phosphate efficient’

and determined with high PUE (B€untgen et al., 2021). Elite

Flint line F142 and doubled-haploid line SM1 were more

phosphate-responsive regarding their phosphate utilization

efficiency than F160 and SF1 (B€untgen et al., 2021). Low

phosphate supply slowed down shoot growth to different

degrees, but had a lesser effect on root dry weight, and so

the reduction in the whole plant biomass under low phos-

phate supply approximated the reduction in shoot dry

weight (Figure S1). An exception was genotype EP1, which

had significantly larger roots under low P and, as a conse-

quence, root P content in EP1 was substantially larger than

in F2 and the other four lines. Generally, the dry weight of

the Founder Flint lines EP1 and F2 was significantly higher

than that of the other lines, both in low and high P supply.

Founder Flint lines had more alkaline rhizosphere pH than

Elite Flint lines, and doubled-haploid line SM1 had the low-

est rhizosphere pH.

In addition to P, the concentrations of other mineral

nutrients in shoots were measured. We observed a general

increase in the concentration of Ca, copper (Cu), iron (Fe)

and zinc (Zn) at low phosphate. Interestingly, potassium

(K) concentration showed an opposite response between

Founder Flint lines and the other lines, with the K concen-

tration increasing in Founder Flints but decreasing in the

other lines. The Founder Flints showed increase in magne-

sium (Mg) concentration at low phosphate which was not

observed in the other genotypes. The content of mineral

nutrient for the whole tissue, including P, was mostly

determined by tissue biomass, except for Fe content.

Protein co-expression networks in shoots and roots

The shoot proteomics data set consisted of 6453 proteins

quantified in at least one sample across six genotypes and

two phosphate treatments. From roots, 5146 proteins were

quantified. In total, 8219 proteins from two data sets were

analyzed (Table S2A).

To identify proteins with concordant abundance changes

(co-expressed) across genotypes and phosphate condi-

tions, we applied a weighted gene co-expression network

analysis (WGCNA) analysis (Plaxton and Tran, 2011) using

2714 proteins from shoots and 1677 proteins from roots

that were quantified in all genotypes under both phos-

phate conditions with at least one quantification among

biological replicates. The protein–protein co-expression

network was generated based on the topological overlap

matrix in which protein interconnectivity was indicated in a

heatmap (Figure 1). The WGCNA analysis inferred 19

protein co-expression modules in shoots and 11 co-

expression modules in roots that were inferred from hier-

archical clustering and represented by different colors

(Figure 1a,d). Representative enrichment of protein func-

tions within each module was based on MAPMAN4 annota-

tion (Schwacke et al., 2019) and Fisher’s exact test.

Representative functional enrichments for each module are

shown in a global network visualization containing all pro-

teins from shoots and roots (Figure 1b,e).

The most prominent co-expression module within the

shoot proteome (shoot module ‘black’) was over-

represented with proteins from photophosphorylation in

photosynthesis (bin 1.1), glycolysis (bin 2.1), oxidative

phosphorylation (bin 2.4) and primary carbohydrate

metabolism (bin 3). Furthermore, ribosomes and other pro-

teins involved in protein biosynthesis (bin 17) were over-

represented in shoot module ‘black’. Shoot module ‘red’

was enriched in proteins from photophosphorylation (bin

1.1), Calvin–Benson cycle (bin 1.2), amino acid metabolism

(bin 4), fatty acid biosynthesis (bin 5.1) and the 26S protea-

some pathway (bin 19.2) (Table S3). Shoot module ‘dark

green’ was highly over-represented with transport proteins

(bin 24), such as aquaporins and primary proton pumps

(Figure 1b).

In the root proteome, the most prominent co-expression

module (root module ‘brown’) was over-represented with

ribosomes (bin 17), proteins of the 26S proteasome (bin

19), and also proteins of the respiratory chain (bin 2.4), oxi-

dative pentose phosphate pathway (bin 3.9) and amino

acid metabolism (bin 4). A smaller group of proteins from

redox homeostasis (bin 10) was also over-represented in

the root module ‘brown’. Root module ‘midnight blue’ was

over-represented with proteins from sucrose biosynthesis

(bin 3.1), protein degradation via the proteasome and other
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pathways (bin 19.2), and glutathione S-transferases (bin

18.8) (Figure 1e). Root module ‘light cyan’ was over-

represented with proteins in amino acid metabolism (bin

4), especially shikimate and pyruvate family, as well as

acetyl-CoA generation (bin 5.2.1). Root module ‘greenyel-

low’ was characterized by proteins of glycolysis (bin 2.1),

tricarboxylic acid (TCA) cycle (bin 2.3), citrate shuttle of

lipid metabolism (bin 5.1), as well as cytoskeleton

organization (bin 20.2) and transcription elongation (bin

17.5). Root module ‘cyan’ was highly over-represented

with oxidoreductases (bin 50) and proteins from nucleotide

metabolism (bin 6) (Table S3).

Proteins with high intramodular connectivity co-

expressed with a wider range of other proteins within a

module, were termed hub proteins. Among all proteins in a

module, the pattern of hub protein abundance in the

Transriptome Root

(a)

(b)

(d)

(e)

(f)

(g)

(h)

(i)(c)

Figure 1. Overview of co-expression network and identified modules. Heatmap plot for (a) Shoot protein co-expression matrix, (d) root protein co-expression

matrix and (g) root transcript co-expression matrix. In (a), (d) and (g), each row represents a single protein. branches in the hierarchical clustering dendrogram

correspond to co-expressed modules. Color-coded module membership is indicated in the color bars next to the dendrograms. In the heatmap, high co-

expression interconnectedness is indicated by a progressively more saturated red color. (b, e, h) Co-expression network containing all proteins and their corre-

sponding modules labeled with representative enrichment terms in MAPMAN4 annotation for (b) shoot protein, (e) root protein and (h) root transcript. Heatmaps

of hub protein abundances for (c) shoot proteins, (f) root proteins and (i) root transcripts across samples and their corresponding modules. The abundance was

standardized by rows by subtracting the minimum and dividing each by its maximum, clearly showing protein abundance change across genotypes and phos-

phate conditions.
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different genotypes and phosphate conditions was closest

to the pattern of Eigenvalues (Langfelder and Horvath, 2008;

Li and Horvath, 2009). Altogether, 323 proteins in shoots and

241 proteins in roots were defined as hub proteins

(Figure 1c; Table S4). By comparing these Eigenvalues

(Table S5), genotype- and condition-specific changes of pro-

tein abundances in each module became visible. Positive

Eigenvalues represent higher than average protein abun-

dances, whereas negative Eigenvalues represent lower than

average protein abundances. In shoots, proteins of the

‘black’ modules had positive Eigenvalues in all genotypes

under high phosphate conditions and negative Eigenvalues

under low phosphate (Figure S2a). This pointed to higher

abundance of proteins from shoot module ‘black’, such as

proteins from photophosphorylation, oxidative phosphory-

lation, carbohydrate metabolism and ribosomes under high

phosphate growth conditions compared to low phosphate.

In roots, the module ‘brown’, containing proteins from

oxidative phosphorylation, oxidative pentose phosphate

pathway and ribosomes showed positive Eigenvalues

under high phosphate and negative values under low

phosphate for all genotypes. Eigenvalues for proteins in

root module ‘midnight blue’ with sucrose metabolism, pro-

teasome and S-glutathionylation were negative for all

genotypes under high phosphate and positive for all geno-

types at low phosphate. Thus, under low phosphate, root

carbohydrate metabolism changed by decreasing abun-

dance in oxidative pentose phosphate pathway (‘brown’

module) to an increase in abundance of proteins sucrose

biosynthesis (‘midnight blue; module) (Figure S2b).

Transcript co-expression network in root

We also analyzed gene expression changes by RNA-

sequencing (RNA-seq). Thereby, we focused on the roots

because, based on previous research (B€untgen et al.,

2021), root processes in some genotypes appeared more

critical for adaptations to low P than processes in shoots.

The high quality of our triplicate RNA-seq datasets per

genotype and P treatment allowed robust comparisons

between individual conditions. To remove the noise asso-

ciated with poorly expressed transcripts, we considered

genes expressed above a minimal threshold for normalized

fragments per kilobase million reads (FPKM). This yielded

23 382 protein coding genes. Small RNAs and long inter-

genic non-coding RNA represented only a small fraction of

the total RNA reads (<4%); thus, the majority of reads was

protein coding. Different splice variants played a minor

role and were neglected. Gene expression changes associ-

ated with phosphate limitation were overall similar to the

responses in other maize genotypes (De Bigault et al.,

2016) and in other plant species.

To obtain a number of co-expression modules similar to

that for the much smaller proteome dataset, the WGCNA

analysis settings for gene expression modules were

adjusted to the proteome data. This revealed 14 co-

expression modules for root transcripts of which the mod-

ule ‘turquoise’ and ‘brown’ were the largest. The transcript

module ‘turquoise’ contained genes coding for proteins

with functions in protein biosynthesis, solute transport,

nutrient uptake cell wall and lipid metabolism. The tran-

script module ‘brown’ contained genes coding for proteins

in vesicle trafficking, protein biosynthesis, protein modifi-

cation and photosynthesis (Figure 1g,h). In the transcrip-

tome network, 2915 transcripts from 12 modules were

considered as hub genes (Figure 1i).

The co-expression module ‘turquoise’ showed larger

Eigenvalues for all genotypes under low phosphate com-

pared to high phosphate. Eigenvalues of the transcript mod-

ule ‘blue’ and ‘brown’ showed larger Eigenvalues under

high phosphate than under low phosphate. No strong and

consistent differences in Eigenvalues were observed with

phosphate treatment in other modules (Figure S3c).

Co-expression modules correlated with traits

The Eigenvalues of identified co-expression modules from

proteome and transcriptome were then correlated with

morphological and biochemical traits measured for each

genotype at low and high phosphate (Table S5). This

allowed us to quantify the contribution of the protein or

transcript abundances in each co-expression module to the

observed traits, and it was visualized in form of a network

(Figure S3). In detail, we further focused on proteins/tran-

script modules connected with the major trait of shoot and

root P concentrations and with traits affecting root

architecture.

Among all modules, the Eigenvalues of shoot protein

modules ‘black’, ‘blue’ and ‘lightgreen’ were highly corre-

lated with shoot and root P concentrations (Figure 2a,

Figure S3a). These traits were significantly affected by

phosphate availability, but also showed significant varia-

tions between genotypes. The Eigenvalues of root prote-

ome modules ‘black’, ‘brown’ and ‘midnight blue’,

correlated with shoot and root P concentrations, root-to-

shoot ratio, root hair length and specific root length

(Figure 2b, Figure S3b). Interestingly, proteins of the root

module ‘brown’ showed positive correlations with P con-

centrations, whereas proteins in the root module ‘midnight

blue’ were negatively correlated with P concentrations

(Figure 2b). Roots transcriptome module (Figure S3c) ‘tur-

quoise’ showed negative correlation with root and shoot P

concentration, whereas transcript modules ‘blue’, ‘brown’,

‘black’ and ‘green’ showed positive correlation with P con-

centrations in shoots and roots (Figure 2b).

Proteins of the co-expression module ‘midnight blue’ in

roots attracted our attention, because proteins in this mod-

ule were highly connected to traits that affected root archi-

tecture (Figure 2c). Eigenvalues of this module were

positively correlated with root-to-shoot ratio, root hair
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length and iron content in shoots (Figure S3b). This mod-

ule contains 56 proteins with strong abundance changes

upon low P, supporting the conclusion that proteins from

this module (over-represented by the pathways of sucrose

metabolism, protein degradation via the proteasome, S-

glutathionylation) were highly involved in low phosphate

adaptations (Table S6). Thus, the ‘midnight blue’ protein

co-expression module in all genotypes seemed central to a

coordinated response to low phosphate supply. A cytosolic

UDP-glucose pyrophosphorylase (Zm00001d021421) from

the pathway of sucrose and starch metabolism was identi-

fied as a hub protein (Figure 2d). This is central in the

bypass pathway of the phosphate starvation response

(Plaxton and Tran, 2011). Further hub proteins from the

root module ‘midnight blue’ with positive correlation to

respective traits were two acid phosphatases

(Zm00001d018653, Zm00001d038136), a superoxide dismu-

tase (Zm00001d022505), a phenylalanine ammonia lyase

(Zm00001d051161) and a histone chaperone (Zm00001d

011130) (Figure 2d).

Proteomic versus transcriptomic responses to low

phosphate

The most representative responses of plant self-regulation

and adaptation to the environment are manifested in sig-

nificant changes in protein abundance or gene expression,

caused by shifts in phosphate availability. Thereby, individ-

ual up- and downregulated proteins or transcripts were

defined by pairwise comparisons of protein or transcript

abundances under low versus high phosphate conditions.

This pairwise comparison revealed differentially expressed

proteins (DEPs) (Figure S4a, Table S2b) and differentially

expressed genes (DEGs) (Figure S4b). The number of

DEGs was larger than the number of DEPs in each geno-

type, but the number of either DEGs or DEPs was similar

among different genotypes. Significantly and consistently

more up- than downregulated was observed for DEGs. By

contrast, a quite balanced number of up- and downregu-

lated was found for DEPs. The log2-fold changes in protein

or and transcript abundance allowed comparisons of phos-

phate starvation response between these two layers of reg-

ulation (Figure 3a). However, this comparison was only

performed for 7.7% of the expressed genes which were

also quantified as proteins (Table S7). Although this lim-

ited overlap bears the possibility of some bias in the analy-

sis, it also opened the possibility to uncover and quantify

the distinct differences at the respective cellular transcrip-

tional and post-transcriptional regulation levels.

Interestingly, the transcriptome module ‘tuquoise’

showed notable functional overlap with the root proteome

modules ‘brown’ and ‘midnight blue’ (Figure 3b). It is

important to note that these colors assigned to proteome

or transcriptome co-expression modules were arbitrarily

chosen by the algorithm; the same module colors do not

mean that these contain the same genes or proteins.

Indeed, transcriptome module ‘tuquoise’ and the root pro-

teome module ‘midnight blue’ were quite distinct and

common loci to these two modules were rare (Figure 3c).

(a) (b) (c)

(d)

Figure 2. Detailed view of modules correlated with P concentration and P content. (a) Shoot protein modules correlated with P content and concentration. (b)

Root modules (transcript and protein) correlated with P content and concentration. (c) Root protein module ‘midnight blue’ connected with six traits. (d) Repre-

sentative hub proteins from protein module ‘midnightblue’ in roots. Solid edges, positive correlation; dotted edges, negative correlation. Edge thinckness is pro-

portional to the Pearson’s correlation coefficients.
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This was unexpected because these two modules were

apparently functionally equivalent by showing strong neg-

ative correlations with the common P concentration

changes in all genotypes induced by the low P treatment

(Figure 2b). Furthermore, only five loci were identified in

all six genotypes as commonly responding to low P and

with significant upregulation both at mRNA and protein

levels. These included a putative flavodoxin-like quinone

reductase (Zm00001d005251), a putative chloroplastic

UDP-sulfoquinovose synthase involved in galacto- and sul-

folipid biosynthesis (Zm00001d009967), a purple acid phos-

phatase PAP11 (Zm00001d018653), a putative PYL protein

involved in ABA regulation (Zm00001d019895), and the

phenylalanine ammonia lyase (PAL) encoding gene

(Zm00001d033286). These five genes/proteins may define

the robust core gene set in Flint maize that is unambigu-

ously related to P availability and upregulated at low P

both at transcriptional and post-transcriptional levels.

Observed protein abundance changes could in the end

be a result of increased mRNA abundance which directly

translated into elevated protein abundance. Alternatively,

protein abundance changes could resulting from changes

in protein stability or translation efficieny, which would

result in protein abundance changes independently of

mRNA levels. Indeed, we found that transcript and protein

abudances generally changed in parallel, but there was a

rather moderate correlation of protein abundances with

mRNA abundances across all genotypes and at both P

levels (Figure S5). The correlation coefficient between pro-

teome and transcriptome ranged between 0.37 (high P, F2)

and 0.46 (low P, F142) (Figure S5). This likely suggests sub-

stantial regulation of the protein abundances through pro-

tein stability, post-transcriptional and post-translational

control. Indeed, we found the contribution of regulation at

mRNA and protein level was different for the different met-

abolic and regulatory processes that overall were related

to the collective response to low P (Figure 4). For example,

central metabolism (sucrose metabolism, glycolysis,

secondary metabolism, lipid metabolism) showed a high

degree of co-regulation by mRNA changes and protein

changes. For major carbohydrate metabolism (starch,

sucrose), glycolysis and lipid metabolism, there was also a

strong contribution of mRNA regulation. Several genes

and proteins with functions in phytohormone action, redox

homeostasis, kinases and nutrient uptake also showed

strong concordant regulation on mRNA and protein level.

By contrast, responses to low phosphate in genes/proteins

involved in ribosome biogenesis and the ubiquitin-

proteasome system were mainly a result of differential pro-

tein abundances, rather than a result of changes of mRNA

levels (Figure 4), whereas protein kinases appeared to

show overall little abundance changes.

Moreover, we noted that those proteins, for which at

least one phosphopeptide was identified, showed a ten-

dency for not being regulated at mRNA and protein

abundance level (Figure 4). Altogether, 1154 phospho-

peptides were identified, matching to 544 different pro-

teins. Although we did not biochemically enrich for

phosphorylated proteins and thus did not add quantita-

tive information on these, it is satisfactory to find that

proteins with qualitative identification of at least one

phosphopeptide were generally located in the grey cen-

ter containing proteins regulated not by protein abun-

dance and transcript abundance, but possibly by

phosphorylation. Proteins with identified phosphopep-

tides were also frequently found in the orange sector

containing proteins regulated by protein abundance, and

possibly also by phosphorylation, and to lesser degree

by transcript abundance. Phosphorylated proteins in con-

text of the response to low P are thus less likely tran-

scriptionally regulated.

Genotype-specific proteome and transcriptome changes

Principal component analysis (PCA) of protein abundances

in shoots revealed separation of samples by phosphate

treatment along the first component (Figure 5a). By

root proteome

ro
ot

 tr
an

sc
rip

to
m
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18 1652 21657

proteome

transcriptome

109 52 4462

proteome module
„midnight blue“

transcript module 
„turquoise“

(a) (b)

(c)

Figure 3. Overlap between proteomic and tran-

scriptomic responses. (a) Overlap of number of root

proteins and transcripts subjected to WGCNA anal-

ysis. (b) Overlap of root proteome and root tran-

scriptome modules. (c) Overlap of the

transcriptome module ‘turquoise’ and proteome

module ‘midnight blue’.
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Figure 4. Log2-fold changes in protein abundance versus log2-fold changes in mRNA abundance for different metabolic and regulatory processes. Small black

dots indicate proteins with identified protein phosphorylation sites.
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contrast, root protein samples separated by phosphate

treatment along the second component, whereas separa-

tion by genotype followed along first component

(Figure 5b). Thus, the root proteome of Founder Flint (FF)

lines under low phosphate was very different from the root

proteome of Elite Flint (EF) lines or the double haploid

landraces (DH). For the transcriptome data set, the princi-

ple component analysis revealed major variance along the

first component attributed to differential expression as a

result of the phosphate treatment (explaining 39% of vari-

ance) (Figure 5c). The second component (explaining 20%

variation) accounted for genotypic differences and again

separating Founder Flint lines from Elite Flint lines and

double haploids. Comparison of the DEPs between geno-

types identified several proteins that were specifically reg-

ulated in one of the genotypes (Figure 5d). Thus, the root

transcriptome and especially the root proteome revealed

genotypic differences in the response to low P

environments.

These genotypic differences were manifested in the

Eigenvalues of the protein coexpression modules. For

some co-expression modules, the Eigenvalue varied

between high and low phosphate condition in each geno-

type with a differing intensity and direction, indicating that

the modules contained proteins with a genotype-specific

response to phosphate limitation. Eigenvalues of shoot

(d)(a)

(b)

(c)

Figure 5. Overview of quantified proteins. Principal

component analysis of (a) shoot and (b) root pro-

teomes of six lines grown under high phosphate

and low phosphate soils. (c) Venn diagrams of pro-

teins with increased (upregulated) or decreased

(downregulated) abundance under low phosphate

compared to high phosphate. (d) Principle compo-

nent analysis of transcript abundances. Green cir-

cles indicate phosphate responsive proteins specific

for groups of lines, blue circle indicates responsive

proteins common to all six lines. FF, Founder Flint

lines; EF, Elite Flint lines; DH, doubled-haploid

lines.
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protein co-expression modules ‘green, ‘salmon’, ‘yellow’

and ‘dark red’ showed strong genotype-specific differences

at low and high phosphate (Figure S2a). However, only

proteins from the ‘green’ and ‘salmon’ shoot module

showed significant correlation to traits (Figure 6a). The

functional diversity of DEPs among the breeding groups

was even higher for root proteins. The root protein co-

expression modules ‘tan’, ‘light cyan’, ‘magenta’ and ‘blue’

showed strong differences between genotypes under low

phosphate with positive Eigenvalues in the Founder Flint

lines, and negative Eigenvalues in Elite Flint lines and

doubled-haploid lines (Figure S2b). Proteins in root mod-

ule ‘green’ and ‘greenyellow’ showed opposite Eigen-

values between genotype under low phosphate: negative

Eigenvalues were observed for Founder Flint lines and pos-

itive values were found for Elite Flint lines and doubled-

haploid lines. This indicates genotype-specific adaptations

to low phosphate especially involving proteins of the TCA

(a)

(b)

(c)

Figure 6. Network of modules for which Eigen-

values show genotype-specific differences in

P-response for (a) shoot proteins and (b) root

proteins. Solid edges, positive correlation; dotted

edges, negative correlation. Edge width is propor-

tional to the Pearson’s correlation coefficients.

Heatmap: Mean value of module Eigenvalues for

the same breeding background. Upper: low P con-

dition; bottom: high P condition. From left to right:

Founder Flint lines, Elite Flint lines and doubled-

haploid lines. (c) Protein abundances of selected

hub proteins from the root module ‘greenyellow’.
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cycle, the citrate shuttle in lipid metabolism (root module

‘greenyellow’), sucrose metabolism (root module ‘green-

yellow’) or amino acid metabolism (root modules ‘light

cyan’ and ‘magenta’) in the Founder Flint lines EP1 and F2.

The Eigenvalues of the root modules with high genotypic

differences were correlated with root traits such as root

hair length, specific root length, root dry weight or root P

content (Figure 6b). These root traits were previously

shown to be highly correlated with PUE at low phosphate

supply (B€untgen et al., 2021; Calderon-Vazquez et al.,

2008). Consistently, hub-proteins of the root module

‘greenyellow’, such as alternative NADPH oxidase (Zm00

001d049697) or citrate lyase (Zm00001d009127), were

downregulated upon low phosphate specifically in the

Founder Flint lines, whereas they were upregulated in Elite

Flint lines and doubled-haploid lines (Figure 6c). Also

sucrose synthase (Zm0001d045042) and a translation elon-

gation factor (Zm00001d045362) were examples of proteins

specifically downregulated in Founder Flint lines under low

phosphate. These patterns confirmed the involvement of

proteins in cellular respiration/TCA cycle, citrate shuttle of

lipid metabolism, sucrose metabolism and protein biosyn-

thesis processes specifically in the low phosphate

response of Founder Flint lines.

Potential protein markers for low phosphate response and

breeding history

Eighteen upregulated and 16 downregulated proteins in

shoots, as well as seven upregulated and one downregu-

lated protein in roots, were differentially expressed in all

genotypes upon low phosphate supply and can be consid-

ered as individual marker proteins for the response to phos-

phate deficiency (Table S2). Among these proteins, a

putative purple acid phosphatase 3 (Zm00001d028367) was

upregulated in both tissues of all lines, suggesting that this

protein has a central role and manifests a stable potential

biomarker for the low phosphate response. In addition, the

putative glycerophosphodiester phosphodiesterase GDPD1/

GDPD2 (Zm00001d033187) and the probable glutathione

S-transferase BZ2 (Zm00001d032969) were upregulated or

induced (from undetectable to detectable) by LP in both tis-

sues across all six lines (Table S2).

Tissue-specific protein markers were also found, includ-

ing four upregulated and one downregulated protein in

shoots, as well as five upregulated and 17 downregulated

proteins in roots (Table S2). In shoots, PEP carboxylase

(Zm00001d020057) and anthocyanidin synthase (Zm000

01d014914) were among the proteins upregulated under

low phosphate in all genotypes. This agrees well with the

investment into C4 photosynthesis and the common visual

phenotype of anthocyanin coloration of leaves under low

phosphate. The downregulated proteins include eight pro-

teins of light-harvesting complex 1 and 2 or the ATP

synthase complex, and six proteins as components of large

ribosomal subunit. In roots, phenylalanine ammonia lyase

(Zm00001d033286), the rate-limiting enzyme for phenolics

production and an alcohol dehydrogenase superfamily

protein (Zm00001d046491) were examples of proteins upre-

gulated in all genotypes, whereas enhancer of mRNA-

decapping protein 4 (Zm00001d017883) was downregulated.

Protein kinases as potential regulators

Protein kinases regulate the activity of signaling pathways

and metabolic enzymes on the protein level. Despite other

protein regulatory principles exist (e.g. through the redox-

status, protein degradation or translation efficiencies), the

protein family of kinases is one of the largest in plants

(Zulawski and Schulze, 2015). Because the low abundance

of intracellular phosphate under deficiency conditions

might further aggravate signaling via kinases, we consid-

ered low phosphate-induced protein abundance differences

in kinases as potentially interesting genotypic variations in

the response to low phosphate. In shoots, three receptor-

like kinases, Zm00001d013914, Zm00001d029047 and

Zm00001d048053, were found as hub proteins. In roots, the

receptor protein kinase Zm00001d038522 was identified as

a hub protein connected with proteins from the module

‘midnight blue’.

The Founder Flint line EP1 upon low phosphate showed

significant protein abundance changes in 34 kinases, which

were not observed or not significant in other genotypes

(Figure 7a). This was especially apparent for the RLCK-IV

family kinase Zm00001d030173, the CDPK Zm0001d026018,

a mitogen-activated protein (MAP)-triple kinase Zm0000

1d045459, and MAP-kinase (MAPK) Zm00001d043609,

which showed a decrease in protein abundance (but not in

transcript abundance) upon low phosphate only in EP1.

Receptor kinase proteins Zm00001d026126 from the RLCK-

VIIa family and LRR-VIII-2 type kinase Zm00001d026306

were upregulated under low phosphate exclusively in EP1,

but transcripts of Zm00001d026126 were downregulated in

all genotypes in low P and the Zm00001d026306 transcript

was up in EP1 and F2, but down in F142, SF1 and SM1

(Table S7). Generally, the observed protein abundance

changes for the protein kinases were little related to their

transcript changes. We propose that the abundance of pro-

tein kinases as regulatory elements are likely important in

defining the general and genotype-specific protein abun-

dance differences observed in response to low phosphate

and that these are not well predicted from their transcripts.

To predict putative substrates of these kinases, for each

kinase, we extracted the most highly co-expressed proteins

from the protein co-expression network. In total, the top

1200 correlations associated with protein kinases within the

WGCNA network covered 16 protein kinases and 646 co-

expressed proteins (Figure 7b). For example, the receptor

kinase Zm00001d048053 of the ‘blue’ module was highly

co-expressed with RNA-regulatory proteins within the blue
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module. The receptor kinase Zm00001d038522, a hub-

protein in the ‘midnight blue’ module was co-expressed

with proteins from the glycolysis, secondary metabolism

(for example the enzyme phenylammonia lyases) and ribo-

somal proteins. The abundance changes in these pathways

were found to represent major contributions to the traits

induced by low phosphate supply. Thus, the kinases

highlighted here could be important proteins in explaining

the genotypic differences in response to low phosphate.

MAPK-kinase Zm00001d043609 (an ortholog to AT5G56580

MKK6), although not a hub protein itself, was connected

with hub proteins Zm00001d009127 (citrate shuttle)

Zm00001d010251 (vesicle trafficking.RAB-GTPase inhibitor),

sucrose synthase 1 (Zm00001d045042) and several

(b)(a)

(c) (d)

Figure 7. Changes in protein abundance of protein kinases in roots under low phosphate. (a) Heatmap of proteins belonging to the protein kinase family. Color

strength refers to the log2-fold change induced by low phosphate (LP) compared to high phosphate (HP). Distances were calculated by Pearson’s correlation

method and hierarchical clustering linkage based on average values. (b) Protein abundance correlation networks derived from WGCNA analysis for proteins

kinases in top 1200 co-expression weights. The proteins are color-coded according to the name of the module to which they belong. Hub proteins are

highlighted in larger sizes. Edge thickness refers to the co-expression weight in WGCNA analysis. Node symbols: circle, kinases; square, other proteins. Protein

names in bold are hub proteins of the WGCNA network; proteins names marked in orange refer to proteins discussed in the main text. (c) Protein abundances

of MAPK-kinase Zm000013043609. (d) Results of ratiometric bimolecular fluorescence complementation experiments confirming interaction of MAPK

zm00001d043609_p001 with putative substrates sucrose synthase and an elongantion factor.
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translation elongation factors and from the root module

‘greenyellow’ (Figure 7b).

Functional validation

To validate kinase–substrate relationships, we tested

whether MAPK-kinase Zm00001d043609 physically interacts

with its predicted substrates sucrose synthase and elonga-

tion factor1-gamma3 using the split YFP system. MAPK-

kinase Zm00001d043609 itself showed a strong decrease in

abundance in genotype EP1 in low phosphate environment

(Figure 7c). Putative targets from sucrose metabolism and

protein synthesis belonging to root protein module ‘green-

yellow’ were selected based on their strong genotypic

response patterns to low phosphate, which revealed an

abundance decrease in EP1 and F2, but no changes in geno-

types F142 and F160 (Figure 6c). Using the ratiometric

bimolecular fluorescence assays, and by calibatating the

system with the interaction of receptor kinase SIRK1 with its

co-receptor QSK1 as a positive control (Wu et al., 2019) and

the CIPK14 and CBL9 as a negative control (Cheong et al.,

2007), we obtained independent support for the physical

interaction of MAPK-kinase Zm00001d043609 with the elon-

galtion factor 1 and with sucrose synthase from EP1

(Figure 7d, Figure S6). Interestingly, no interaction of

MAPK-kinase Zm00001d043609 was found with sucrose

synthase from genotype F160 (Figure 7d). We detected a

single amino acid difference in the sequences of the cataly-

tical domain of sucrose synthase 1 (Zm00001d045042) from

EP1 and F160 (Figure S6), with EP1 being different from the

other genotypes. This site could be an interesting candidate

region defining interactions and/or activity of the enzyme in

further experiments. Based on the interaction data, we sug-

gest the MKK6-ortholog Zm00001d043609 as a candidate

regulator of genotypic responses to low P.

DISCUSSION

In the present study, we use state-of-the-art proteomic data-

sets and 31 different traits from six selected maize geno-

types in a WGCNA (Plaxton and Tran, 2011) to reveal a

co-expression network. Comparison with root RNA-seq tran-

scriptomes revealed only partial overlap in the responses

and of genotype-specific patterns. We identified the Founder

Flint lines EP1 and F2 with highly distinct molecular

responses to low P supply revealing the specific regulation

of central carbohydrate metabolism, specifically sucrose

metabolism, lipid metabolism and respiration processes.

WGCNA approach for deriving coexpression networks

This proteomic and transcriptomic analysis not only con-

firmed many known relationships of low-phosphate-

induced protein abundance differences and their correlation

to typical traits in response to low phosphate supply, but

also revealed further candidates. The WGCNA (Plaxton and

Tran, 2011) approach has initially been developed for

construction of transcript co-expression networks but, in

recent years, been applied to integrate different ‘OMICS’

data types, exemplified by studies of a developmental

series of maize kernels (Walley et al., 2016). This principle of

weighted co-expression was applied here to protein abun-

dance as well as mRNA abundance differences across two

phosphate conditions and six genotypes. Protein abun-

dance changes were integrated with low phosphate

induced phenotypes and revealed common responses of

old and new maize lines (Figures 1 and 2). Candidate pro-

teins and over-represented categories were obtained from

robust statistical tests and describe more categories than

DEPs only. More importantly, the WGNA converted the

association of thousands of proteins with traits into the

association of several protein sets (modules) with traits,

eliminating the problem of multiple hypothesis testing cor-

rection, and provided potential targets that played central

roles in these associations.

Different measures of co-expression include Pearson’s

or Spearman’s correlations, least absolute error regression

or a Bayesian approaches (Dam et al., 2018). The former

two methods were provided in WGNCA and we chose

Pearson’s correlation because it is robust with respect to

analyzing linear relationships and avoids the pitfall of over-

fitting. A weighted co-expression in WGCNA allowed all

proteins interconnected to be attributed with a measure of

different strength instead of partial connections repre-

sented by ‘1’ for each connection. A weighted co-

expression potentially allows construction of a network in

scale free topology. Our networks basically fitted this

scale-free topology with parameter 6 for the shoot prote-

ome and 10 for the root proteome (Figure S7). The topo-

logical overlap measure is a robust measure of

interconnectedness, which is based on shared network

neighbors and has previously been shown to yield biologi-

cally meaningful results (Li and Horvath, 2009). Modules

were defined using the Dynamic Tree Cut method from a

hierarchical cluster tree, with this method detecting clus-

ters in a dendrogram depending on their shape and having

certain advantages (Plaxton and Tran, 2011). For example,

compared to the popular method of k-means clustering, it

does not need to initial the number of clusters. By contrast,

Spearman’s rank correlation was successfully used to link

biochemical processes and metabolites with whole-plant

traits, such as biomass (Sulpice et al., 2010). Some traits

indicators were poor in normal distribution (Table S1),

indicating that Spearman’s rank correlation is a better

method for module-traits analysis. However, the results

obtained by Perason’s and Spearman’s correlation

methods were highly similar and consistent (Figure S8).

Screening for DEPs using classical statistical tests to fur-

ther discover biomarkers has been widely employed in

quantitative proteomics studies. We identified hundreds of

DEGs and DEPs by this method and found that only some
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of them were generally important for low phosphate adap-

tations because they were responsive to the low phosphate

in all genotypes. A substantial fraction of these proteins

could not be included in the co-expression analysis

because they were completely undetectable in one of the

experimental conditions. Thus, the classic DEP analysis is

an independent part of the results and completes and com-

plements the depiction of the low phosphate response

(Table S2). However, a weakness in our approach remains

in that we cannot distinguish protein abundance differ-

ences as a direct or indirect response to phosphate limita-

tion, or to what extent they are causal for a respective trait.

A comparison with gold standards defined by regulatory

interactions experiments suggests that methods attempt-

ing to derive regulatory networks from co-expression net-

works alone can only be reliable if perturbation experiment

data are used for network construction (Dam et al., 2018).

Compared to several other tools, WGCNA performed well

in constructing the global network structure (Allen et al.,

2012). Genotype-specific differences were also identified

and correlated with meaningful traits and P use efficiency

for the different genotypes (Figures 3 and 4).

Concordant and discordant responses on mRNA and

protein level upon low phosphate

The transcriptomic comparison revealed much larger num-

bers of regulated genes that, formally, were similarly repre-

sented by analogous WGCNA modules, although direct

comparisons with the proteome were biased (Figure 5).

Generally, on a proteome/transcriptome-wide scale, there

were only moderate correlations between log2-fold changes

of protein abundances and mRNA abundances. This limited

overlap between transcript abundance and protein abun-

dance had already been observed also for the Arabidopsis

root under low nitrogen (Menz et al., 2016), as well as in

mammalian cells, where mRNA and protein changes

showed a similar correlation coefficient of approximately

0.4 (Schwannh€ausser et al., 2011; Selbach et al., 2008). This

limited overlap, however, strengthens the importance of

parallel proteomic and transcriptomic studies for compre-

hensively understanding the physiological responses to

nutrient deficiencies. Despite a high degree of consistency

for individual genes, the module structures from transcrip-

tomes and proteomes were quite distinct and over-

represented categories differed between protein abundance

changes and mRNA abundance changes (Figure 6).

Protein biosynthesis largely declined under low phosphate

Ribosome biogenesis including large ribosomal subunit

(LSU) and small ribosomal subunit (SSU) were widely

downregulated in shoots and roots. Reduced ribosome

content under low phosphate is a well-described

phosphate-saving response as a result of the high content

of phosphate in the rRNA components of ribosomes

(Hander et al., 2019; Lambers et al., 2012; Sulpice et al.,

2014). Furthermore, ribosomal protein content was nega-

tively correlated with growth rates in Arabidopsis (Ishihara

et al., 2017). In roots, also several elongation factors (EF-Tu)

were found downregulated, but this was not the case in

shoots. Other proteins involved in the translation elonga-

tion (tRNA ligases and recycling) were identified as hub pro-

teins (root module ‘greenyellow’) with strong genotypic

differences in their response to low phosphate. Strikingly,

proteins with functions in protein synthesis (ribosomes,

elongation factors, etc.) were only apparent directly on the

protein abundance level, and not as a result of associated

changes in respective mRNA levels (Figure 7). However, it

must be kept in mind that rRNA was not analyzed in the pre-

sent study and, in other plant systems, adjustments of rRNA

levels have been observed in response to low phosphate

(Sulpice et al., 2014).

Global changes in central metabolism

Investigations in maize and other crops showed that Pi dep-

rivation leads to reduced levels of ADP+, Pi and ATP in chlo-

roplasts, as well as a decline in photosystem II quantum

yield and CO2 fixation, whereas the production of NADPH is

increased (Carstensen et al., 2018; Jacob and Lawlord, 1993;

Usuda and Shimogawara, 1992). Although high starch and

sugar levels are generally considered to be a typical phos-

phate starvation response in other plants (Rouached et al.,

2010), reports about the pattern of sugar and starch accu-

mulation in maize are diverse, possibly influenced by har-

vest tissue, growth stage and light intensity during the

experiment (Luo et al., 2019; Wang and Ning, 2019). How-

ever, it is well known that sugars play an essential role in

regulating phosphate starvation-induced genes expression

in terms of long-distance signaling from shoot to root via

the phloem, and they are involved in the regulation of root

morphology and anthocyanin accumulation (Chien et al.,

2018; Leong et al., 2018; Lopez-Arredondo et al., 2014). Reg-

ulation of glycolysis in maize at low phosphate supply is

characterized by bypass reactions. Indeed bypass enzymes

such as PPi-dependent phosphofructokinase, phosphoenol-

pyruvate carboxylase, pyruvate Pi dikinase, the tonoplast

H+-PPiase, sucrose synthase and UDP-Glc pyrophosphory-

lase were reported to be upregulated during Pi starvation

(Alexova and Millar, 2013; Calderon-Vazquez et al., 2008;

Hander et al., 2019; Lan et al., 2012), in agreement with our

data.

In the present study, 49 downregulated proteins

belonged to photosynthesis (bin 1), especially the photo-

phosphorylation, making the photosynthetic proteins

among the top downregulated proteins in shoots. In total,

eight proteins in all genotypes were found consistently

reduced to 10% to 47% under low phosphate supply in all

genotypes. These proteins mainly are components of light

harvest complexes of both photosystems (Pan et al., 2018)
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and an additional component of the ATP synthase complex.

All of these eight proteins belong to the shoot preoteome

module ‘black’; the correlation coefficients between each

protein and P concentration either in shoots or roots were

negative in all genotypes.

To reprioritize the use of internal phosphate, plants scav-

enge and conserve phosphate by replacing their mem-

brane phospholipids with sulfolipids and galactolipids,

increasing activities of enzymes to hydrolyze phosphate

from non-essential intracellular organic compounds, and

reducing ribosome content (Hander et al., 2019; Lambers

et al., 2012; Sulpice et al., 2014). Purple acid phosphatases

were shown to be upregulated to recover phosphate from

monoesters (Tian and Liao, 2015; Tran et al., 2010;

Younessi-Hamzekhanlu et al., 2016). SQD1 and SQD2

encode enzymes required for sulfolipid biosynthesis under

phosphate limitation (Essigmann et al., 1998; Wang et al.,

2006; Yu et al., 2002). PLDf1 and PLDf2 are involved in

phospholipid degradation and synthesis of galactolipids,

and they are also involved in regulation of alterations in

root architecture under phosphate derivation (Cruz-

Ramirez et al., 2006; Li et al., 2006a, 2006b). It is thus not

surprising that proteins of the citrate shuttle and lipid

metabolism (bin 5) were found to be highly correlated with

traits under low phosphate, and these classes of proteins

were also among those with strong genotypic differences.

Changes in the central metabolism occurred on the mRNA

level as well as on the protein level. At both levels, con-

comitant changes in nitrogen and iron acquisition and

assimilation were seen.

Redox homeostasis and peroxide scavenging

Many proteins belonging to the redox homeostasis cate-

gory (bin 10) were upregulated in both tissues. More than

10 peroxidase subtypes were classified to the unassigned

category (bin 35.1). Pronounced subcategories include low

molecular weight scavengers (bin 10.3), hydrogen peroxide

removal (bin 10.4) or cytosol/mitochondrion/nucleus redox

homeostasis (bin 10.6) that was found in both tissues. The

total number of upregulated proteins of these categories

was higher in shoots, suggesting that redox homeostasis

was more important in the light-exposed tissue at low

phosphate and was predominantly taking place in shoots.

Another class of enzymes also well represented among

hub proteins in roots was glutathione S-transferases.

These enzymes are known to be involved in xenobiotic

degradation and heavy metal detoxification. Glutathione,

besides ascorbate, is also a well known redox agent

involved in maintaining redox homeostasis upon depriva-

tion of various macro- and micronutrients (Foyer and Noc-

tor, 2011). More recently, the glutathione pathway was

reported as upregulated in response to abiotic stress in

maize (Ahmad et al., 2016). Superoxide dismutase

(Zm00001d022505), ascorbate peroxidase (Zm00001d

047757) and type-2 peroxiredoxin (Zm00001d011581) were

found as hub proteins in roots, highlighting the impor-

tance of peroxide scavenging processes during adaptation

to low phosphate and opening a link with other stress

responses.

Acid phosphatases and purple acid phosphatases for Pi

scavenging and recycling

Low phosphate induces the release of acid phosphatases

from roots to scavenge and recycle phosphate from immo-

bilized soil-P. This has been widely reported in plants,

including Arabidopsis, white lupin, wheat and maize (Cier-

eszko et al., 2011; Gaume et al., 2001; Gilbert et al., 1999;

Lei et al., 2011b; Wasaki et al., 2003; Yun and Kaeppler,

2001). However, studies on maize have also found that

phosphate deficiency did not enhance the activity of rhizo-

sphere acid phosphatases and even showed an opposite

response (Lyu et al., 2016; Wen et al., 2017). In the present

study, measurement of acid phosphatase activity on the

root surface showed that the low phosphate environment

tended to induce, but not significantly, an increase in acid

phosphatase activity in EP1, whereas it resulted in a signifi-

cant reduction of rhizosphere acid phosphatase activity in

F142 and SM1. No effect was observed in the remaining

three lines. No significant or strong correlation was found

between any root or shoot module and the trait of secreted

acid phosphatase activity. Taken together, increased acid

phosphatase activity in the rhizosphere seems not to be a

prominent low phosphate response in maize, and the

results were highly genotype-specific.

However, our proteomic data showed an enrichment of

certain phosphatases among the upregulated proteins

under low phosphate in both the root and shoot, with a

particularly strong enrichment of purple-acid phosphatases

(PAPs). PAPs catalyze the hydrolysis of a wide range of

phosphomonoester and anhydrides under acidic condition

and comprise the largest class of plant acid phosphatases.

They play an essential role in the phosphate starvation

response, although it remains unclear whether these are

secreted (Tian and Liao, 2015; Tran et al., 2010; Younessi-

Hamzekhanlu et al., 2016). In maize, bioinformatic analysis

reported 33 putative PAP members in B73 (Gonzalez-

Munoz et al., 2015) and several of these PAPs were found

differentially expressed under low P conditions both at

transcriptional and post-transcriptional levels (Sun et al.,

2018). The proportion of PAPs in root upregulated proteins

was 26-fold or 31-fold higher than the proportion of PAPs

in all translated proteins in roots and shoots, respectively.

For example, the purple acid phosphatase 3

(Zm00001d028367) was found to be stably upregulated in

roots and shoots of all six lines, purple acid phosphatase 1

(Zm00001d030765) was upregulated in roots and found in

all six lines except EP1, and purple acid phosphatase 2

(Zm00001d018653) was the most connected protein in the
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‘midnight blue’ module of roots. Taken together, our study

points to an abundance of changes of internal acid phos-

phatase activity being more predominant in maize PSR

than secreted acid phosphatases.

Outlook

Our analysis with maize lines differing in breeding history

and PUE demonstrated not only that a few genes are

altered between them, but also that genotypic protein and

transcript changes are large, despite robust common

responses. Clearly, the response to low phosphate in Foun-

der Flint lines, and especially genotype EP1, was more dis-

tinct compared to Elite Flint lines and double haploids.

Obviously, in the development of the Elite Flint lines, regu-

lation of primary metabolism (sucrose metabolism, respi-

ration, citrate metabolism, lipid metabolism) has changed

and resulted in a distinct response to low phosphate. Sur-

prisingly, at least regarding the response to low phos-

phate, the doubled-haploid lines derived from land races

showed proteome and transcriptome responses closer to

the Elite Flint lines rather than the Founder Flint lines. In

general, the low phosphate response of the root proteome

showed stronger genotypic variations than the low phos-

phate response observed in in shoots. In roots, we identi-

fied an ortholog to MAPK-kinase MKK6 (Zm00001d043609)

with putative regulatory importance. MKK6 in Arabidopsis

was found to be a negative regulator of anthocyanin

induction (Wersch et al., 2018), as well as required for

lateral root formation in Arabidopsis (Zeng et al., 2011).

Here, we confirmed the interaction of MAPK-kinase

Zm00001d043609 with sucrose synthase and an elongation

factor.

EXPERIMENTAL PROCEDURES

Plant growth

Six maize lines of different breeding histories were used, includ-
ing EP1, F2, F142, F160, SF1 and SM1 (B€untgen et al., 2021;
Calderon-Vazquez et al., 2008). Seeds were obtained from Profes-
sor Dr Albrecht Melchinger from the Institute of Plant Breeding,
University of Hohenheim (Stuttgart, Germany). The experiment
was conducted in a growth chamber at the University of Hohen-
heim, Stuttgart, Germany (48°42’44"N, 9°12’30"E). The plant
growth conditions were as described for previous studies
(B€untgen et al., 2021).

Experimental design

The experiment was conducted in a growth chamber at the Uni-
versity of Hohenheim, Stuttgart Germany. Plants were grown in
nutrient-poor subsoil [pH (CaCl2) 7.6, Corg < 0.3%, CaCO3 30%]
with the following mineral concentrations (mg�kg�1): 4.3 of P
extracted with calcium acetate lactate (CAL-P); 0.02% total N; 58
CAL-K; 15 CAL-Mn; 7.8 CAL-Fe; 0.6 CAL-Zn; 0.2 CAL-B; 0.7 CAL-Cu;
59.9 water-extractable Ca; 11.3 water-extractable Mg (Sch€uller,
1969). The growth substrate was classified as loamy sand (45.2%
sand, 42.0% silt, 12.8% clay). Soil water capacity was determined

to be 27.4% w/w, and soil water content was 2.9% w/w measured
as the difference between the moist soil and the soil dried at
105°C.

The soil was fertilized with 200 mg N (NH4NO3), 200 mg K
(K2SO4), 100 mg Mg (MgSO4�7H2O), 2 mg Fe (EDTA-Fe-2Na),
2.6 mg Zn (ZnSO4 7H2O) and 1 mg Cu (CuSO4 �5H2O) per kg dry soil
to obtain a nutrient-rich soil substrate. Then, the soil was mixed
with 30% (w/w) quartz sand for improved soil texture. Phosphorus
was added to the soil as Ca(H2PO4)2�H2O, with a rate of 32 mg
P�kg�1 soil for the low P treatment; the high P treatment received
132 mg P�kg�1. The P availabilities in these mixtures were deter-
mined by CAL extraction [9.8 mg kg�1 for low phosphate (LP) treat-
ment and 61.8 mg�kg�1 for high phosphate (HP) treatment,
respectively] and bicarbonate extraction (Olsen-P, 6.6 mg�kg�1 for
LP and 60.2 mg kg�1 for HP, respectively). The soil-sand substrate
was sieved to 5 mm particles prior to potting after adding the nutri-
ent solution. Soil moisture was set to 70% of the soil water holding
capacity and gravimetrically adjusted every 2 days.

Seeds were surface-sterilized by rinsing them in 10% (v/v) H2O2

solution for 20 min afterward they were put in the aerated 10 mM
CaSO4 solution at 25°C in the dark overnight. Seeds were then
placed between filter paper soaked in a 4 mM CaSO4 solution for
approximately 3 days to germinate and then transferred to soil-
sand substrate gently. Plants were grown in half-cylinder rhizo-
trons described (Mpanga et al., 2019). The open part of the half-
cylinders was covered with a transparent plexiglass observation
window and secured with tape. The rhizotrons were arranged in
an unblocked randomized design with five biological replicates for
each treatment in the climate chamber. The growth chamber tem-
perature was maintained at 25°C during the day and 20°C at night,
with air humidity set to 60% (day time was from 08.00 h to
22.00 h). Photosynthetic photon flux density was set to 300–
350 µmol m�2 s�1 by adjusting the table height. The plants were
harvested at 3 weeks after germination.

Harvesting and assessment of traits

Fresh weight of shoot and root material was determined at har-
vest, then a tissue aliquot was frozen for protein and RNA extrac-
tion. The remaining plant materials (shoots and roots) were oven-
dried at 60°C before determining dry weight. The dried material
was ground to a fine powder to measure mineral nutrient concen-
tration and content. For this, 250 mg shoot/root dry matter of each
sample was filled in a clay bowl and was incinerated in a muffle
furnace (K1253; Heraeus, Hanau, Germany) at a maximum temper-
ature of 500°C for 4 h. Subsequently, the samples were fumigated
with HNO3 to remove SiO2 and dissolved in dilute HCl (HCl:
H2O = 1:3). This solution was adjusted to 20 ml and filtered
through 90-lm mesh filter paper. Shoot/Root P was measured
spectrophotometrically via orthophosphate determination after
the addition of molybdate–vanadate reagent (Gericke and Kur-
mies, 1952). Shoot Cu, Fe, Mg, Mn and Zn were determined using
an atomic absorption spectrophotometer (iCE 3000; Thermo Fisher
Scientific, Waltham, MA, USA). Shoot K and Ca were determined
using a flame photometer (Elex 6361; Eppendorf, Framingham,
MA, USA). Mineral nutrient concentration refers to the milligram
of mineral nutrients per gram of dry weight, whereas mineral
nutrient content refers to the milligram of mineral nutrients per
plant. Total P concentration was defined by dividing total P con-
tent by total dry weight.

Maize root traits related to P acquisition were determined to
characterize the different strategies in response to LP and HP con-
ditions for different genotypes. Root related traits were measured,
which included total root length, specific root length, average root
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diameter, root hair length, root to shoot ratio, the amounts of
organic acid anions released from root tips, acid phosphatase
activity at the root surface and rhizosphere soil pH. The root trait
measurements have been described previously (B€untgen et al.,
2021; Calderon-Vazquez et al., 2008).

Protein extraction and digestion

Frozen tissues were roughly ground to powder in liquid nitrogen
using a mortar and pestle, 50 mg of powder in a 2-ml Eppendorf
tube was further disrupted with small balls to a fine powder in a
ball mill (Mixer Mill MM 400; Retsch, Haan, Germany). For each
tube, 1 ml of UTU (6 M urea and 2 M thiourea were dissolved in
10 mM Tris/HCl, pH 8.0) was added with 2% insoluble polyvinylpo-
lypyrrolidone, 5 mM DTT and 1 mM phenylmethylsulfonyl fluo-
ride. Tubes were kept on a vortex shaker for 1 h then transferred
for centrifugation at 20 817 g (Eppendorf) for 20 min. The superna-
tant containing the extracted proteins was precipitated in five vol-
umes of ethanol with 70 mM sodium acetate (pH 5.0) for 3 h. This
was followed by centrifugation at 20 817 g (model 5810R; Eppen-
dorf) for 20 min, the supernatant was discarded, and tubes were
kept open under room temperature until the walls and pallets
were dry. The pellets were resuspended in UTU with 0.5 mM DTT.
The protein concentration was measured using the Bradford pro-
tein assay (Bradford, 1976). Aliquots of 10 lg of protein were in-
solution digested with LysC (Wako Chemicals, Neuss, Germany)
and trypsin (Promega, Madison, WI, USA) as described previously
(Wu et al., 2017) and subsequently desalted over a C18 (Rappsilber
et al., 2003). Peptides were eluted from C18 with 80% acetonitrile
and 0.5% acetic acid; then the peptide-containing solution was
concentrated in a vacuum concentrator (RVC 2-25 Cdplus; Martin
Christ, Osterode am Harz, Germany) to completely dry. Peptides
were resuspended in 7 µl of buffer containing 5% acetonitrile and
0.1% formic acid, and 5 µl of the resuspended peptides were
loaded into 96-well plates for liquid chromatography-tandem
mass spectrometry (LC-MS/MS) detection.

Constructs

Total RNA was extracted from the root tissue using the innuPREP
Plant RNA Kit (Analytik Jena AG, Jena, Germany) in accordance
with the manufacturer’s instructions. The first-strand cDNA was
synthesized from RNA using the Quanti Tect Reverse Transcrip-
tion Kit (Quiagen, Hilden, Germany). The candidate cDNAs were
amplified using 2 9 CloneAmp HiFi PCR Premix (Takara Bio,
Shiga, Japan). cDNAs of the following genes were cloned into the
pBiFCt-2in1-CC plasmids (Grefen and Blatt, 2012) using the gate-
way technology via attL1/attL4 for cYFP fusion and attL3/attL2 for
nYFP fusions. The cDNAs were first cloned into the entry vector
pDONR221-P1/pDONR221-P3 with Gateway LR Clonase II (Invitro-
gen, Waltham, MA, USA), then were cloned from entry vector into
destination vector pBiFCt-2in1-CC with Gateway BP Clonase II
(Invitrogen). ZM00001d043609 (MKK6 homolog) amplified from
EP1 (with identical sequence in other genotypes) was cloned as
nYFP fusion, and ZM00001d045042 (Sucrose Synthase 1) ampli-
fied from EP1 and F160 and ZM00001d046352 (elongation factor
EF1B) amplified from F160 (with identical sequence in other geno-
types) were cloned as cYFP fusion. The primers for amplification
are listed in Table 1.

Ratiometric bimolecular fluorescence assay

Ratiometric bimolecular florescence complementation assays
were conducted in transiently transformed Nicotiana benthamiana
using a LSM700 confocal microscope (Zeiss, Wetzlar, Germany) as
described previously (Wu et al., 2019). YFP and RFP intensity from

10–50 different cells was measured using ZEN 3.4 (blue edition)
(Zeiss) and YFP/RFP ratios was calculated using FIJI (Schindelin et
al., 2012). The YFP and RFP fluorochromes were excited with
488 nm and 561 nm, respectively. Emitted light was collected at a
range of 500–560 nm for YFP and 575–625 nm for RFP. All images
were collected using exactly the same settings. Statistical signifi-
cance was determined using a Welch two sample t-test. The inter-
action of receptor kinase SIRK1 with its co-receptor QSK1 was set
as a positive control (Wu et al., 2019) and the interaction of CIPK14
and CBL9 was set as a negative control (Cheong et al., 2007).

Peptide analysis by LC-MS/MS

Tryptic peptide mixtures were analyzed by LC-MS/MS using a
nanoflow Easy-nLC1200 (Thermo Fisher Scientific) HPLC system
and a hybrid quadrupole-Orbitrap mass spectrometer (QExactive
HF; Thermo Fisher Scientific). Samples from shoots and roots
were run in two separate batches with all samples within a batch
in a continuous sample queue using the same analytical column.
Peptides were eluted from a 75 lm 9 50 cm C18 analytical column
(PepMan; Thermo Fisher Scientific) on a linear gradient running
from 4 to 64% acetonitrile in 135 min and sprayed directly into the
Q-Exactive mass spectrometer. Proteins were identified by MS/MS
using information-dependent acquisition of fragmentation spectra
of multiple charged peptides. Up to 10 data-dependent fragment
spectra were acquired at a resolution of 35 000 and with an isola-
tion width of m/z 1.2. The normalized collision energy was set to
27%. Full-scan spectra were acquired at 70 000 full-width at half-
maximum resolution. Singly charged ions were excluded, and
ions were dynamically excluded for 30 s within a 5 ppm mass
window.

Protein identification and statistical analysis

Protein identification, ion intensity normalization and quantitation
were determined using MAXQUANT, version 1.6.7.0 (Cox and Mann,
2008) (Tyanova et al., 2016). Spectra were matched against the
maize proteome (Zea_mays.B73_RefGen_v4.pep from Gramene,
Ensembl plants release-44 with 131 585 entries) using Andromeda,
with intensity quantification determined and normalized by the
LFQ procedure (Cox et al., 2014). Unmodified peptides were used
as well as peptides with oxidation (M), acetyl (Protein N-term).
Mass tolerance for the database search was set to 4.5 ppm on full
scans and 20 ppm for fragment ions. For label-free quantitation,
retention time matching between runs was chosen within a time
window of 0.7 min over a 20-min section. Peptide false discovery
rate (FDR) and protein FDR cutoffs were set to 0.01. Hits to contami-
nants (e.g. keratins) only identified by site and reverse hits identi-
fied by MAXQUANT were excluded from further analysis. Protein
function annotation was using X4.2 Zea mays, downloaded from
the MapManStore (https://mapman.gabipd.org/mapmanstore).

DEPs

Customized PYTHON scripts were written to carry out all calcula-
tions and visualizations. Proteins with differential abundances
between treatments were considered as DEPs and were defined
with at least a 2-fold change in abundance (log2 FC ≥ 1 or log2

FC ≤ �1) and FDR < 0.05 in the t-test under LP conditions com-
pared to HP conditions. Calculation and visualization were per-
formed for two tissues (shoot and root) in six genotypes,
respectively. Proteins in each genotype that were stably quanti-
fied in all biological replicates under either phosphate condition
and completely undetectable under another phosphate condition
were accepted as DEPs because they showed clearly different
protein abundances. Samples were clustered based on their
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Euclidean distance using hclust() to identify possible outliers.
However, no outlier samples were detected.

RNA extraction and transcript analysis

Total RNA was extracted from ground root tissues with an innu-
PREP Plant RNA Kit (Analytik Jena AG) in accordance with the man-
ufacturer’s instructions. The RNA concentration was determined
using a Nanodrop 2000c Spectrophotometer (Thermo Fisher Scien-
tific). Three replicates of each genotype, both at low and high P,
were sent to Novogene Co., Ltd (Beijing, China) where 36 RNAseq
libraries were constructed using the NEBNext� UltraTM RNA Library
Prep Kit for Illumina� (NEB, Ipswich, MA, USA). The Novaseq 6000
instrument was used for sequencing. Reads were normalized
using DESeq (https://bioconductor.org/packages/deseq2), which
accounted for differences in the sequencing depth of the samples,
dispersion values for each gene and fitted the model
counts ~ treatment + genotype + intercept across the 36 samples.
Reads were aligned to the B73 gene model RefGen_v4 release-44
available at Ensembl Plants (https://plants.ensembl.org/zea_mays/
info/index) with HISAT2 (Wurzinger et al., 2018) and counted using
HTSEQ (Anders et al., 2015). DEGs were analyzed with DESeq2 in R

(Lim et al., 2017). Only genes that were identified in least three sam-
ples with a summed FPKM read count of 10 or higher were consid-
ered. DEGs for each genotype were defined with at least a 2-fold
change in expression (log2 FC ≥ 1 or log2 FC ≤ �1) and FDR < 0.05
in the t-test under LP conditions compared to HP conditions.

Statistical analysis

Statistical analyses were implemented in the R or PYTHON environ-
ment. The R package WRS2 was adopted to apply robust two-way
ANOVA test using pbad2way() function with the ‘mom’ estimator and
to apply a post-hoc test using the mcp2 atm() function to analyze
each trait. An additional Kruskal–Wallis one-way test and Dunn’s test
were employed for multiple comparisons of between lines on each P
condition and a pairwise t-test was employed to compare high and
low phosphate conditions for each genotype. The t-test and Fisher’s
exact test of traits and protein abundance were performed using
SCIPY, version 1.4.1 (https://pypi.org/project/scipy/). P-values were cor-
rected for multiple testing using the Benjamini–Hochberg method
carried out in STATSMODELS, version 0.11.1 (https://pypi.org/project/
statsmodels/). Log2-LFQ intensities of each replicate were used for
PCA analysis, and only proteins quantified in all lines for each tissue
were loaded. PCA calculations were conducted using SCIKIT-LEARN, ver-
sion 0.23.1 (https://pypi.org/project/scikit-learn/). Scatter plots of PCA
analysis results were drawn using MATPLOTLIB, version 3.2.1 (https://
pypi.org/project/matplotlib/). Venn diagrams were drawn using the
pseudovenn library from VENN, version 0.1.3 (https://pypi.org/project/
venn/), conducted in a PYTHON environment.

Over/under-representation of MAPMAN4 bins were identified by
Fisher’s exact test in combination with the X4.2 Zea mays data-
base. Upregulated and downregulated proteins/genes were

analyzed separately. MAPMAN4 bins with FDR < 0.05 were listed and
visualized. Network of module over/under-representation was
visualized using CYTOSCAPE (https://cytoscape.org/), version 3.8.1
(details are provided in the Supporting information, Table S1).

Co-expression networks

The averaged log2-transformed LFQ-intensity of biological repli-
cates or the log2-transformed FPKMs and their corresponding trait
values were loaded into the WGCNA R package for analysis (Plax-
ton and Tran, 2011). Protein networks of shoots and roots were
constructed in parallel, where the data matrix consisted of 2714
proteins from shoot and 1677 proteins from root. Transcriptomic
network of root was constructed using 23 659 genes. The soft
thresholding power was set as 6 for the root proteome, 10 for the
shoot proteome and 7 for the root transcriptome based on the cri-
terion to approximate scale-free topology (Chan et al., 2013)
(Figure S7 ). Adjacency matrices were built using the adjacency()
function with Pearson correlation. The adjacency matrices were
turned into the topological overlap matrices (TOMs) using the
TOMsimilarity() function with default parameters. The TOM values
were used as edge weights in the networks. The corresponding
TOM dissimilarities were calculated as 1 � TOM, which were
loaded into the hclust() function with the ‘average’ method to
build hierarchical clusters. Modules were identified by branch cut-
ting using the standard method for DYNAMICTREECUT (https://cran.r-
project.org/web/packages/dynamicTreeCut/index.html). The mod-
ules with similar expression profiles, with correlation of 0.75, were
merged by applying mergeCloseModules() function. Each merged
module was coded by unique color and represented a list of co-
expressed proteins/genes.

Module–trait associations

A summary profile for each module represents by the Eigenvalue
calculated using the moduleEigengenes() function. The Eigen-
values were defined by singular value decomposition to summa-
rise the abundance patterns of all proteins or transcripts within
each module. Module Eigenvalues were calculated for each
genotype at low and high phosphate conditions. Module Eigen-
values allow comparison and visualization of all protein abun-
dances within a module for different genotypes and under
different phosphate conditions. Correlations of modules with
traits were calculated using the cor() function with Pearson corre-
lation method in R and significance of the correlations was evalu-
ated by a t-test. Correlations with P < 0.05 were considered
statistically significant and visualized in networks using CYTOSCAPE,
version 3.7.2.

Module hub proteins/genes

The hub proteins were identified by applying Pearson’s correla-
tion coefficient to abundance of proteins versus Eigenvalues of

Table 1 Primer list for cloning

Gene name/ID
Primer
direction Sequence 5´ to 3´

MEK homolog 1/Zm00001d043609 Forward GGGGACAACTTTGTATAATAAAGTTGTAATGAAGGGGAAGAAGCCGGTC
Reverse GGGGACCACTTTGTACAAGAAAGCTGGGTTTTCGGGTATATTCATTGG

Sucrose synthase 1/Zm00001d045042 Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTGCCAAGCTGAC
Reverse GGGGACAACTTTGTATAGAAAAGTTGGGTGATCGAAGGACAGCGGAACC

Elongation factor1-gamma3/
Zm00001d046352

Forward GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCGCTCGTATTGC
Reverse GGGGACAACTTTGTATAGAAAAGTTGGGTGCTTGAAGCATTTCGCGTC

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2021), doi: 10.1111/tpj.15630

18 Mingjie He et al.

38

https://bioconductor.org/packages/deseq2
https://plants.ensembl.org/zea_mays/info/index
https://plants.ensembl.org/zea_mays/info/index
https://pypi.org/project/scipy/
https://pypi.org/project/statsmodels/
https://pypi.org/project/statsmodels/
https://pypi.org/project/scikit-learn/
https://pypi.org/project/matplotlib/
https://pypi.org/project/matplotlib/
https://pypi.org/project/venn/
https://pypi.org/project/venn/
https://cytoscape.org/
https://cran.r-project.org/web/packages/dynamicTreeCut/index.html
https://cran.r-project.org/web/packages/dynamicTreeCut/index.html


the module to which they belong, and accepted proteins with
absolute values of coefficients > 0.9 as hub proteins. The hub
genes were identified by applying Pearson’s correlation coefficient
to gene expression versus Eigenvalues of the module to which
they belong, and accepted genes with absolute values of coeffi-
cients > 0.8 as hub genes.

ACKNOWLEDGEMENTS

This work was funded by the Deutsche Forschungsgemeinschaft
(DFG)—328017493/GRK 2366 (International Research Training
Group ‘Adaptation of maize-based food-feed-energy systems to
limited phosphate resources’). Open access funding enabled and
organized by ProjektDEAL.

AUTHOR CONTRIBUTIONS

MJH performed proteomics experiments, analyzed data

and wrote the manuscript. XL performed RNAseq experi-

ments and analzed data. MM performed trait analysis and

analyzed data. ZL contributed reatents and performed func-

tional validation. UL contributed the experimental setup,

analyzed data and wrote the manuscript. WXS conceived

the data analysis strategy, analyzed data and wrote the

manuscript.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

All relevant data can be found within the manuscript and

its supporting materials.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article.

Figure S1. Morphological and biochemical traits for the six geno-
types with growth under low and high phosphate. Small letters
indicate significant differences (P < 0.05) in the trait parameter of
each genotype between low and high phosphate conditions as
determined by a pairwise t-test.

Figure S2. The Eigenvalue represents a singular value decomposi-
tion that summarizes the proteomic features of a given module by
representing these features in that module as a single value for
each genotype. The Eigenvalues allow comparisons between
genotypes and phosphate supply within a module. (a) Eigenvalues
of each module in shoots. (b) Eigenvalues of each module in
roots. (c) Eigenvalues of root transcript modules for the six
genotpyes.

Figure S3. Correlation network of co-regulation modules with
traits. (a) Shoot proteome. (b) Root proteome. Solid edges, posi-
tive correlation; dotted edges, negative correlation. (c) Root tran-
script modules with positive or negative correlations with
phosphate starvation induced traits. Solid edges, positive correla-
tion; dotted edges, negative correlation. Edge width is propor-
tional to the Pearson’s correlation coefficients.

Figure S4. Volcano plots of log2-fold changes of protein abun-
dance under low phosphate (LP) compared to high phosphate
(HP) for (a) shoot and root proteins and (b) transcripts of each
genotype. Vertical axis shows the –log2(P-value) of a pairwise
t-test of each protein; P-values were adjusted for multiple testing

by the Benjamini–Hochberg method (Benjamini and Hochberg,
1995). Numbers at the top of each panel denote the number of
proteins in each category; the number in the right center of the
plot indicates the total number of proteins in each panel. Red, pro-
teins with increased abundance at low phosphate; blue, proteins
with decreased abundance at low phosphate; purple, proteins
with less than 2-fold change; gray: proteins without significant
abundance changes.

Figure S5. Correlation between protein abundance changes and
transcript abundance changes in roots under (a) high phosphate
and (b) low phosphate for the six genotypes under study.

Figure S6. Bimolecular florescence complementation of a MAPK-
kinase homolog with putative substrate proteins and alignment of
protein sequences of substrate protein sucrose synthase from dif-
ferent genotypes.

Figure S7. Power adjacency functions to define parameters in a
weighted gene network.

Figure S8. Correlation network of co-expression modules with
traits using Pearson’s and Spearman’s correlations for (a) shoots
and (b) roots. Solid edges, Pearson’s correlation coefficients; dash
edges, Spearman’s correlation coefficients; red edges, positive
correlation; blue edges, negative correlations. Only absolute
values of correlation coefficient higher than 0.7 and a t-test value
lower than 0.05 are shown.

Table S1. Statistical analysis for 31 traits: two-way ANOVA, one-
way ANOVA, Kruskal–Wallis test, normality test, Dunn’s test
between genotypes and t-test between phosphate conditions.

Table S2. List of all quantified proteins for shoots and roots across
the six genotypes. (A) LFQ values of each replicate (log2-trans-
formed). (B) Log2-fold changes of protein abundance upon low
phosphate versus high phosphate are indicated as well as –log P-
values of a pairwise t-test. (C) The unique FASTA-IDs used in our
analysis and their indistinguishable homologous protein compari-
son table in MAXQUANT.

Table S3. Over-representation of MAPMAN4 protein functions among
up- and down regulated proteins in shoots and roots of each
genotype, as well as in different co-regulatory modules in shoots
and roots.

Table S4. All proteins in WGCNA analysis and defining hub
proteins.

Table S5. Shoot and root module Eigenvalues of each genotype at
high and low phosphate.

Table S6. Module–trait correlations and P-values for shoot and
root, as well as lists of correlation values for each individual pro-
tein quantified in shoots and roots with the measured traits.

Table S7. Log2-fold changes upon low phosphate for mRNA and
protein levels across different genotypes.
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Proteomics and phosphoproteomics are robust tools to analyze dynamics of
post-transcriptional processes during growth and development. A variety of
experimental methods and workflows have been published, but most of them
were developed for model plants and have not been adapted to high-throughput
platforms. Here, we describe an experimental workflow for proteome and phos-
phoproteome studies tailored to cereal crop tissues. The workflow consists of
two parallel parts that are suitable for analyzing protein/phosphoprotein from
total proteins and the microsomal membrane fraction. We present phosphopro-
teomic data regarding quantification coverage and analytical reproducibility for
example preparations from maize root and shoot, wheat leaf, and a microsomal
protein preparation from maize leaf. To enable users to adjust for tissue spe-
cific requirements, we provide two different methods of protein clean-up: tra-
ditional ethanol precipitation (PC) and a recently developed technology termed
single-pot, solid-phase-enhanced sample preparation (SP3). Both the PC and
SP3 methods are effective in the removal of unwanted substances in total pro-
tein crude extracts. In addition, two different methods of phosphopeptide en-
richment are presented: a TiO2-based method and Fe(III)-NTA cartridges on
a robotized platform. Although the overall number of phosphopeptides is sta-
ble across protein clean-up and phosphopeptide enrichment methods, there are
differences in the preferred phosphopeptides in each enrichment method. The
preferred protocol depends on laboratory capabilities and research objective.
© 2022 The Authors. Current Protocols published by Wiley Periodicals LLC.

Basic Protocol 1: Total protein crude extraction
Basic Protocol 2: Total protein clean-up with ethanol precipitation
Alternate Protocol 1: Total protein clean-up with SP3 method
Basic Protocol 3: Microsomal fraction protein extraction
Basic Protocol 4: Protein concentration determination by Bradford assay
Basic Protocol 5: In-solution digestion with trypsin
Basic Protocol 6: Phosphopeptide enrichment with TiO2

Alternate Protocol 2: Phosphopeptide enrichment with Fe(III)-NTA car-
tridges
Basic Protocol 7: Peptide desalting with C18 material
Basic Protocol 8: LC-MS/MS analysis of (phospho)peptides and spectrum
matching
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INTRODUCTION

Maize (Zea mays), wheat (Triticum aestivum), and rice (Oryza sativa) are among the
most important cereals globally (Erenstein, Chamberlin, & Sonder, 2021). Productivity
and sustainability are constantly challenged by various abiotic and biotic stresses (Grote,
Fasse, Nguyen, & Erenstein, 2021), and the variability of the environment is becoming
increasingly challenging in the context of climate change. Proteins are known to per-
ceive stress stimuli as sensor proteins, are involved in signaling transduction, and par-
ticipate in the formation of the plant phenotype by regulating metabolism and develop-
ment (Lamers, Van Der Meer, & Testerink, 2020). Protein phosphorylation is the most
widespread and reversible modification in plants (Millar et al., 2019). It can be stimulated
by different stresses, and it modulates protein activity, integrates information from differ-
ent signaling pathways, and conducts signal transduction at the cellular level, resulting
in plant physiology changes (Millar et al., 2019; Schwessinger et al., 2011).

Nowadays, omics platforms provide an opportunity to quantify the stress responses of
proteins and their phosphorylation dynamics on a large scale, allowing one to gener-
ate a systemic view of stress regulation in plants with new discoveries in a highly effi-
cient manner. For example, proteome profiling revealed common and specific biologi-
cal responses to different mineral nutrient deficiencies in maize root hairs (Li, Phillip,
Neuhäuser, Schulze, & Ludewig, 2015) and suggested important processes involved in
drought-tolerant responses and their memory effects (Schulze, Altenbuchinger, He, Krän-
zlein, & Zörb, 2021). Integration of the transcriptome and proteome created a comple-
mentary profile of molecular responses to phosphate deficiency in maize (He et al., 2021;
Nie et al., 2021). Phosphoproteomic studies in maize discovered several proteins with dif-
ferential changes in phosphorylation state that may relate to salt-stress tolerance (Zhao,
Bai, Jiang, & Li, 2019) and provided insights into early phosphorylation events triggered
by water status (Bonhomme, Valot, Tardieu, & Zivy, 2012). Phosphoproteomic studies
also provided insights into phosphorylation dynamics induced by temperature stress in
maize and wheat (Hu et al., 2015; Vu et al., 2018) and identified phosphoproteins involved
in plant-pathogen iterations (Ding et al., 2016).

Analytical platforms for the proteome and phosphoproteome have been developed
and greatly improved over the last decades. The dominant platforms shifted from a
2D gel–based system to liquid chromatography (LC) with tandem mass spectrometry
(LC-MS/MS) (Cao et al., 2019; Luís, Alexandre, Oliveira, & Abreu, 2016). The basic
workflow of such a system involves protein extraction, protein digestion, phospho-
peptide enrichment, and analysis on large-scale mass spectrometry (MS) platforms.
Sample processing in each step can be quite diverse depending on the plant materi-
als, the biochemical properties of the materials, and laboratory capabilities. However,
specific challenges arise when processing tissues from crop plants: the tissues are
commonly rich in fiber and contain a high number of secondary metabolite compounds
that significantly interfere with protein extraction and phosphopeptide enrichment (Wu,
Gong, & Wang, 2014). After protein digestion, the phosphopeptides can be enriched by
charged metal ions (Fe3+, Ga3+, Zr3+) or by complexing with titanium dioxide (TiO2)
(Millar et al., 2019). Nowadays, the enrichment procedure has become simpler by usingHe et al.
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commercial beads or cartridges that are covered or filled with the phosphopeptide-
selective materials (Beltran & Cutillas, 2012). Robotized automation of the sample
handling process permits multiple-sample processing at high throughput. Here, we
compile a simple, rapid, and efficient experimental workflow that is universal for
bottom-up proteomic and phosphoproteomic studies in plants, with a special focus on
the properties of tissues from cereal crops. To meet the challenge of removing secondary
metabolite compounds, we provide two alternative protein clean-up methods, including
an ethanol (EtOH) precipitation (PC) method and the single-pot, solid-phase-enhanced
sample preparation (SP3) method (Hughes et al., 2019). Because each phosphopep-
tide enrichment material has different affinities for phosphopeptide subsets, we offer
two alternative phosphopeptide enrichment methods, one with a TiO2-based material
and one using Fe(III)-NTA cartridges. We have successfully applied this workflow
for proteome and phosphoproteome analyses, and the provided protocols also work
well with low amounts of tissue input (He et al., 2021; Li et al., 2015; Schulze et al.,
2021).

Membranes, especially proteins located in the plasma membrane (PM), are involved
in stress perception and play a key role in signal transduction to regulate different bi-
ological processes and cellular events. However, these proteins are low in abundance
and difficult to detect in total protein extracts. Therefore, microsomal fraction (MF)
protein isolation is included to offer a membrane-focused phosphoproteome. There-
fore, we adapted a highly efficient single-step method for enrichment of low-abundance
phosphopeptides from plant membranes (Wu et al., 2017) to the tissue properties of
cereals.

STRATEGIC PLANNING

A typical experimental workflow for phosphoproteome analysis consists of tissue dis-
ruption, protein extraction, protein clean-up, trypsin digestion, phosphopeptide enrich-
ment, desalination, and LC-MS/MS runs (Fig. 1). When omitting the phosphopeptide
enrichment step, the protocol is a typical workflow for whole proteome analysis, which
is usually followed by protein abundance profiling studies. Phosphorylated peptides usu-
ally make up a small percentage of all digested peptides in whole proteomes. Therefore,
for research questions focusing on phosphorylation events, phosphopeptide enrichment
is required to increase the depth and reproducibility of phosphopeptide quantification.
By including phosphopeptide enrichment, the focus is put on the proteome subset that is
potentially regulated by external treatment and/or active in signaling processes (Millar
et al., 2019).

Basic Protocol 1 describes total protein extraction, and Basic Protocol 2 is designed for
subsequent clean-up of the protein from Basic Protocol 1 by precipitation (PC method).
Alternate Protocol 1 describes protein clean-up using the SP3 method. Basic Protocol 3
describes MF protein isolation, which is independent from Basic Protocols 1 and 2 and
suitable for research questions focusing on membrane-located proteins.

Basic Protocol 4 is necessary for label-free-quantification MS analysis; we provide a
common protocol using Bradford reagent to determine protein concentration. Basic Pro-
tocol 5 provides a protocol for in-solution trypsin digestion. Basic Protocol 6 describes
phosphopeptide enrichment with a TiO2-based enrichment method to be performed man-
ually, and in Alternate Protocol 2, we provide an enrichment method using Fe(III)-NTA
cartridges with robotics manipulation. Thus, readers can select either method based on
accessibility and depending on their research aims.

NOTE: All solutions are in ultrapure water (∼0.055 μS/cm; e.g., Sartorius) unless oth-
erwise indicated. He et al.
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Figure 1 Workflow and corresponding protocols for proteome and phosphoproteome analysis.

BASIC
PROTOCOL 1

TOTAL PROTEIN CRUDE EXTRACTION

This protocol describes total protein crude extraction and requires total protein ex-
traction buffer, which contains the following. The compounds 6 M urea and 2 M
thiourea are high-concentration chaotropic compounds that disrupt hydrogen bonds
and hydrophobic interactions in proteins, thereby bringing insoluble proteins into
solution in an unfolded form. Phenylmethanesulfonyl fluoride (PMSF) is a pro-
tease inhibitor that prevents protein degradation during sample preparation. DL-
Dithiothreitol (DTT) reduces disulfide bonds to unfold protein complexes to im-
prove protein solubility. Polyvinylpolypyrrolidone (PVPP) has a high affinity toward
polyphenols and is used to remove them from crude extracts. For phosphoproteomics
applications, it is recommended to add protease and phosphatase inhibitors to pre-
vent phosphorylated proteins from undergoing dephosphorylation during sample
preparation.

He et al.

4 of 31

Current Protocols
56



Materials

Liquid nitrogen
Frozen plant sample: maize root and shoot or wheat leaf (about 200 mg to 1 g;

freshly harvested or frozen at −80°C)
Total protein extraction buffer (see recipe; make fresh)

Mortar and pestle of proper size
2-ml tubes (e.g., Eppendorf)
Vortex shaker (e.g., Scientific Industries Vortex-Genie 2 with microtube insert)
Refrigerated microcentrifuge (e.g., Eppendorf 5430R), 4°C
5-ml tubes (e.g., Eppendorf; optional)

1. Pre-cool a mortar and pestle of proper size with liquid nitrogen, place frozen plant
sample into the cold mortar, add liquid nitrogen to cool down sample, and then grind
tissue into fine powder with the cold pestle.

The better the powder, the more efficient the extraction. Choose a proper size of mortar
depending on the volume of the tissues, e.g., an 80-ml mortar for 200 mg tissues.

Optional: Grind the tissue with pre-cooled balls and containers using a ball mill (e.g.,
Retsch, MM400).

2. Pre-cool a 2-ml tube with liquid nitrogen and weigh 50 to 200 mg ground powder
into pre-cooled tube.

Different tissues have different protein extraction efficiency. For example, roots give lower
yields than leaves. Adjust the amount of input sample appropriately according to the tissue
type.

3. Add 0.5 to 1 ml total protein extraction buffer and mix on a vortex shaker for
1 hr at 4°C.

Avoid high temperatures and prolonged incubations because urea can cause carbamyla-
tion at the N-termini of proteins or peptides, which will impede LC-MS/MS quantification
(see Basic Protocol 8).

4. Centrifuge mixture for 10 to 20 min at 21,000 × g, 4°C. Transfer supernatant to a
fresh 2- or 5-ml tube.

The duration of centrifugation depends on the ground tissue type.

Transfer the supernatant to a 5-ml tube if the volume is >300 μl.

Store the supernatant for up to several months at –20°C if not using it immediately for
further processing in Basic Protocol 2.

BASIC
PROTOCOL 2

TOTAL PROTEIN CLEAN-UP WITH ETHANOL PRECIPITATION

The total protein crude extracts from Basic Protocol 1 contain large amounts of inter-
fering substances, such as phenolics, lipids, organic acids, carbohydrates, terpenes, and
pigments that are necessary to remove. A high concentration of EtOH can reduce protein
solubility, resulting in protein precipitation. Sodium acetate provides positively charged
Na+ to neutralize negatively charged residues on the surface of proteins and acidify the
solution environment to assist in reducing protein solubility.

Materials

EtOH, absolute (Sigma-Aldrich, cat. no. 34852-M)
Total protein extract supernatant (see Basic Protocol 1)
2.5 M sodium acetate, pH 5.0 (see recipe)
8 M UTU (see recipe; make fresh)

Microcentrifuge (e.g., Eppendorf 5430R)
Cleaning wipes (e.g., KIMTECH SCIENCE)

He et al.
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1. Add 5 volumes of EtOH to the total protein extract supernatant from Basic Protocol 1.

2. Add 100 to 300 μl (∼1/20 of the total volume) of 2.5 M NaOAc (pH 5.0). Mix gently
by inverting several times and incubate at room temperature (24°C) for 3 hr.

3. Centrifuge 20 min at 21,000 × g.

4. Discard supernatant, carefully removing the residual liquid from the tube wall with a
cleaning wipe.

5. Gently resuspend pellet with 100 to 300 μl of 8 M UTU as total protein.

The volume of resuspension buffer needed depends on the pellet size, which can differ from
tissue to tissue. Resuspension must be done very gently to avoid induction of air bubbles
in the tube. This can be achieved by gentle pipetting. Vortexing is not recommended, as it
results in air bubble formation.

6. Proceed to Basic Protocol 4 to determine protein concentration and make protein
aliquots.

ALTERNATE
PROTOCOL 1

TOTAL PROTEIN CLEAN-UP WITH SP3 METHOD

SP3 technology (Hughes et al., 2019) applies paramagnetic beads coated with carboxyl
to bind proteins by hydrophilic interaction. Unbound substrates in the solution will be
easily removed with a magnetic rack and pipet. This technique supports on-bead tryptic
digestion, so clean-up of proteins and protein digestion will be conducted in the same
tube. This protocol is a combined alternative to Basic Protocols 2 and 5.

Materials

SpeedBeads magnetic carboxylate-modified particles (GE Healthcare, cat. no.
45152105050250/65152105050250)

Ultrapure water (∼0.055 μS/cm; e.g., Sartorius)
Total protein extract supernatant (see Basic Protocol 1)
8 M UTU (see recipe; make fresh)
6.5 mM DTT (e.g., Sigma-Aldrich, cat. no. D0632)
27 mM iodoacetamide (IAA; e.g., Sigma-Aldrich, cat. no. I1149)
EtOH (e.g., Sigma-Aldrich, cat. no. 34852-M)
80% (v/v) EtOH (e.g., Sigma-Aldrich, cat. no. 34852-M)
100 mM ammonium bicarbonate (ABC; e.g., Sigma-Aldrich, cat. no. A6141; store

≤1 month in cool place)
Lys-C (e.g., Promega, cat. no. VA1170; optional)
0.4 μg/μl trypsin, modified sequencing grade (e.g., Promega, cat. no. V5113)
10% (v/v) trifluoroacetic acid (TFA; e.g., Thermo, cat. no. 85183)

1.5- and 2-ml tubes (e.g., Eppendorf)
Magnetic rack
Tube shaker (e.g., Thermo-Shaker, BioSan TS-100C), room temperature and 37°C
Microcentrifuge (e.g., Eppendorf 5430R)

Additional reagents and equipment for determining protein concentration and
making protein aliquots (see Basic Protocol 4)

CAUTION: Prepare the TFA solution in a fume hood.

Ready-to-use bead preparation
1. Calculate required amount of SpeedBeads magnetic carboxylate-modified particles

(abbreviated as “beads” below).

For example, 2 mg (40 μl) of beads is required for every 200 μg protein.

2. Resuspend beads well in the original bottle, immediately transfer required amount
of beads (according to the calculation in step 1) to a new 2-ml tube, place tube on aHe et al.
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magnetic rack for 2 min to make the beads settle to the bottom of the tube, and then
discard supernatant using a pipet.

3. Remove tube from the magnetic rack, add 400 μl ultrapure water and gently mix
beads and water by inversion, put tube back on the magnetic rack for 2 min, and
then discard supernatant using a pipet.

4. Repeat step 3 two more times.

5. Resuspend beads with 40 μl ultrapure water per 2 mg beads.

Prepared beads can be stored ≤1 month at 4°C.

Protein aliquots and pre-digestion
6. According to Basic Protocol 4, determine protein concentration and make protein

aliquots (e.g., 200 μg protein per aliquot) of the total protein extract supernatant
from Basic Protocol 1.

7. Bring up volume of each aliquot to 452 μl with 8 M UTU.

8. Add 4 μl of 6.5 mM DTT per 200 μg protein and incubate at room temperature for
30 min.

9. Add 4 μl of 27 mM IAA per 200 μg protein and incubate in the dark at room tem-
perature for 20 min.

Protein clean-up with ready-to-use beads
10. Add 40 μl ready-to-use beads from step 5 for every 200 μg protein.

11. Add 500 μl EtOH to induce protein-bead binding.

Avoid excessive mixing to minimize loss due to beads sticking to the upper region of the
tube.

12. Briefly shake to homogenize and incubate at room temperature (24°C) for 15 min
with shaking at 1000 rpm.

13. Place tube on the magnetic rack for 2 min and then discard supernatant using a pipet.

Pay attention to the binding pattern of beads on the interior bottom tube wall. If the beads
on the tube wall show a distributed spread, then it means the proteins bound to the beads
nicely.

14. Remove tube from the rack, add 1.5 ml of 80% EtOH, and mix by pipetting to wash
beads.

15. Place tube in the magnetic rack for 2 min and then discard supernatant using a pipet.

16. Repeat steps 14 and 15 two more times.

17. Remove tube from the rack and add 200 μl of 100 mM ABC to tube.

Protein-on-beads digestion
18. Optional: Add 4 μl Lys-C per 200 μg protein, gently shake tube to mix the solution

and beads, and incubate at room temperature for 3 hr.

Lys-C is recommended when phosphopeptide enrichment is desired, as trypsin often
fails to cleave near phosphorylated amino acids. For complex proteome analysis, pre-
digestion with Lys-C could increase the number of identified proteins by up to 10%. It is
optional as it depends on the researcher’s budget.

19. Add 4 μl of 0.4 μg/μl trypsin per 200 μg protein, gently shake tube to mix the solution
and beads, incubate at 37°C overnight with shaking at 1000 rpm. He et al.
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Using a 200-μl tip, gently push the beads not covered by liquid into the digestion solution.
Avoid mixing by pipetting up and down. Because the beads are very sticky at this point
in the protocol, they will attach to the pipet tip, resulting in protein loss.

20. Centrifuge tube for 1 min at 21,000 × g, at room temperature (24°C).

21. Place tube in the magnetic rack for 2 min.

22. Transfer supernatant to a fresh tube and add 20 μl of 10% TFA solution to acidify
sample.

23. Continue to Basic Protocol 6 for phosphoproteome analysis or go directly to Basic
Protocol 7 for proteome analysis.

BASIC
PROTOCOL 3

MICROSOMAL FRACTION PROTEIN EXTRACTION

MF extraction is a common procedure in studies involving membrane proteins. Here,
we provide an MF extraction protocol using a glass tissue homogenizer for disruption of
cereal plant tissue based on previous work (Pertl-Obermeyer & Obermeyer, 2014; Wu
et al., 2017).

Materials

Frozen plant sample: maize root and shoot or wheat leaf (about 200 mg to 1 g;
freshly harvested or frozen at −80°C)

MF extraction buffer (see recipe; make fresh), 4°C
8 M UTU (see recipe; make fresh)

Aluminum foil
Hammer or pestle
10-ml glass Potter-Elvehjem homogenizer with Teflon pestle (e.g., 10 ml)
Miracloth (e.g., EMD Millipore, cat. no. 475855)
Glass funnel (e.g., VWR)
50-ml Falcon tubes
Refrigerated high-speed benchtop centrifuge (e.g., Sigma-Aldrich 3-30KS), 4°C
Ultracentrifuge tubes (30-ml round-bottom tubes, screw cap, for rotor 12158;

Sigma-Aldrich 3-30KS)
Cleaning wipes (e.g., KIMTECH SCIENCE, cat. no. 05511)

1. Weigh 1 to 3 g frozen plant sample, wrap sample with aluminum foil, and smash
wrapped sample into smaller pieces with a hammer or a pestle.

Avoid grinding samples in liquid nitrogen. Keep the samples cool by performing this step
as quickly as possible.

2. Transfer frozen plant material into a 10-ml glass Potter-Elvehjem homogenizer with
a Teflon pestle and add 10 ml cold MF extraction buffer, and place homogenizer into
an ice bath. Slowly push and pull pestle while twisting it over the sample to generate
a homogenate as thoroughly as possible.

If the sample is >3 g, use a larger homogenizer (e.g., 30 ml) fully filled with extraction
buffer. For optimal homogenization, perform at least 200 strokes. An electric cordless
driver (e.g., Einhell TE-SD 3,6 Li, cat. no. 45.134.90) can be used to efficiently gener-
ate homogenate with less manual labor. Perform the homogenization in a gentle way to
avoid formation of air bubbles.

3. Place four layers of miracloth on a glass funnel, hold glass funnel atop a 50-ml Falcon
tube on ice, and filter homogenate through the miracloth and into the tube.

Nylon mesh (105 to 150 μm) can be used instead of miracloth.

4. Centrifuge filtered homogenate for 15 min at 7500 × g, 4°C, in a refrigerated high-
speed benchtop centrifuge.

He et al.
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5. Transfer supernatant to an ultracentrifuge tube and centrifuge 80 min at 48,000 × g,
4°C.

6. Discard supernatant and carefully remove residual liquid from the tube wall with a
cleaning wipe.

Alternatively, collect the supernatant into a fresh Falcon tube as cytoplasmic fraction (CF)
protein if it is useful for other experiments.

7. Gently resuspend pellet with 100 to 500 μl of 8 M UTU as MF protein.

The volume for resuspension depends on the size of the MF pellet. Resuspension must be
done very gently to avoid formation of air bubbles.

The MF proteins stay natively in the extraction buffer. To keep the proteins in native form
for other experiments, resuspension buffer containing 330 mM sucrose/mannitol, 25 mM
Tris-MES, pH 7.5, and 0.5 mM DTT is recommended instead of 8 M UTU. Addition of
0.1% dodecylmaltoside (DDM) to the resuspension solution would facilitate the MF solu-
bilization.

8. Proceed to determining protein concentration and making protein aliquots according
to Basic Protocol 4.

BASIC
PROTOCOL 4

PROTEIN CONCENTRATION DETERMINATION BY BRADFORD ASSAY

The Bradford assay (Bradford, 1976) is a colorimetric method to determine protein con-
centration based on the unspecific interaction of a dye (Coomassie brilliant blue G-250,
or CBB) with proteins. Upon binding to proteins, a shift in the absorption maximum
of CBB (from 465 to 595 nm) occurs, which can be detected via photometric measure-
ments. As there is a linear relationship between protein concentration and the shift in
the absorption maximum, it is an easy and precise tool for reliable protein quantification.
Please note that the Bradford assay is not tolerant to high detergent content in the sample.

Materials

Ultrapure water (∼0.055 μS/cm; e.g., Sartorius)

1 μg/μl bovine serum albumin (BSA; Sigma-Aldrich, cat. no. A9647)
8 M UTU (see recipe; make fresh)
Bradford reagent (Sigma-Aldrich, cat. no. B6916)
Total protein extract supernatant (Basic Protocol 1) or resuspended proteins (see

Basic Protocol 2 or 3)

Flat-bottom, transparent 96-well plate (e.g., microplate 96-well flat-bottom clear,
Greiner, cat. no. 655101)

Spectrophotometer (e.g., Tecan, Infinite M200 PRO)
1.5-ml Eppendorf tubes

Standard curve
1. Add reagents to wells of a flat-bottom, transparent 96-well plate as follows:

Reagent Example well position
A1 A2 A3 A4 A5 A6

Ultrapure water (μl) 24 23 22 21 20 19
1 μg/μl BSA (μl) 0 1 2 3 4 5
8 M UTU (μl) 1 1 1 1 1 1
Bradford reagent (μl) 200 200 200 200 200 200

The 8 M UTU is applied as blank buffer. For proteins resuspended in another resuspension
buffer, change the 8 M UTU to that resuspension buffer.

2. Incubate at room temperature in the dark for 15 min and then determine absorbance
at 595 nm using a spectrophotometer. He et al.
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3. Generate a standard curve with linear regression (absorbance read A595 = a × protein
concentration + b) and display equation and R2 value on the chart.

The regression fit to estimate a, b, and R2 can be performed in spreadsheet software
(e.g., Excel).

Resuspended protein concentration
4. To determine the unknown protein concentration, add the following reagents to an-

other well:

Reagent Example well position
A7

Ultrapure water (μl) 24
Total protein extract supernatant or resuspended proteins (μl) 1
Bradford reagent (μl) 200

5. Incubate at room temperature in the dark for 15 min and then determine absorbance
at 595 nm using a spectrophotometer.

A prolonged incubation time or exposure to light can alter the results, as CBB gets oxidized
naturally by the oxygen in the air.

6. Calculate unknown protein concentration.

Resuspended protein concentration (μg/μl) = (A595 – b)/a, where a and b are derived from
the standard curve in step 3.

In principle, unknown protein concentrations ranging from 1 to 5 μg/μl can be determined
relatively accurately. Concentrations outside this range may be measured with signifi-
cantly reduced accuracy. In this case, adjust the concentrations used in the standard curve
accordingly.

Protein aliquots
7. Make protein aliquots into fresh 1.5-ml Eppendorf tubes.

Typical amounts of protein in aliquots are 150 to 200 μg for phosphoproteome analysis and
5 to 7 μg for proteome analysis. Adjust the amount of protein in each aliquot according
to the availability of protein extracts and the quantitation ability of the LC-MS/MS (see
Basic Protocol 8). If less than the recommended protein amount is available, the protocol
will still work but will yield fewer protein/peptide identifications.

Store the supernatant for up to several months at –80°C if not used immediately.

BASIC
PROTOCOL 5

IN-SOLUTION DIGESTION WITH TRYPSIN

Before LC-MS/MS analysis (Basic Protocol 8), the protein should be digested into pep-
tides ideally ranging between 7 and 20 amino acids in length and that likely produce a
positive charge during electrospray ionization. The 8 M UTU provides a good buffer-
ing environment for protein resuspension and unfolding, making proteins accessible to
enzymatic digestion. The DTT and IAA prevent the formation of disulfide bonds from
cysteine residues and aid in the complete denaturation of proteins for enzymatic diges-
tion. Endoproteinase Lys-C cleaves peptide chains at the C-terminal side of lysine (K),
and trypsin cuts at the C-terminal side of lysine (K) or arginine (R). It is optional to add
Lys-C, which reduces the number of proteins identified with miscleavages by trypsin,
especially in the high-urea environment. Pre-digestion with Lys-C can increase the num-
ber of identified peptides by up to 10%, but on the whole-protein level, it rarely affects
the downstream analysis. For phosphopeptide analysis, pre-digestion is recommended,
as trypsin often misses cleavage near phosphorylated amino acids. The TFA acidifies the
buffer environment to stop the trypsin digestion reaction and adds positive charge to the
peptides.He et al.
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Materials

Aliquots of protein from Basic Protocol 2 or 3 (see Basic Protocol 4)
8 M UTU (see recipe)
6.5 mM DTT (e.g., Sigma-Aldrich, cat. no. D0632)
27 mM IAA (e.g., Sigma-Aldrich, cat. no. I1149)
Lys-C (e.g., Promega, cat. no. VA1170; optional)
10 mM Tris/HCl, pH 8.0 (see recipe)
0.4 μg/μl trypsin, modified sequencing grade (e.g., Promega, cat. no. V5113)
10% (v/v) TFA (e.g., Thermo, cat. no. 85183)

Tube shaker (e.g., Thermo-Shaker, BioSan TS-100C), 37°C
pH strips (e.g., Roth, cat. no. 0549.2)
Microcentrifuge (e.g., Eppendorf 5430R)
1.5-ml Eppendorf tubes
Rotary vacuum concentrator (e.g., Christ, RVC 2-25 CD plus; optional)
CAUTION: Prepare the TFA solution in a fume hood.

1. Bring up volume of the aliquots of protein from Basic Protocol 2 or 3 to the same
level using 8 M UTU.

This step enables adding an equal volume of dilution buffer to each aliquot in step 5, which
is more convenient when processing many samples and reduces reaction variance among
aliquots.

2. Add 4 μl of 6.5 mM DTT per 200 μg protein and incubate at room temperature for
30 min.

3. Add 4 μl of 27 mM IAA per 200 μg protein and incubate in the dark at room temper-
ature for 20 min.

4. Optional: Add 4 μl Lys-C per 200 μg protein and incubate at room temperature for
3 hr.

Lys-C is recommended when phosphopeptide enrichment is desired, as trypsin often fails
to cleave near phosphorylated amino acids. For complex proteome analysis, pre-digestion
with Lys-C could increase the number of identified proteins by up to 10%. It is optional as
it depends on the researcher’s budget.

5. Dilute solution with 4 volumes of 10 mM Tris/HCl (pH 8.0).

This step is absolutely necessary to dilute the urea concentration; trypsin is very sensitive
to high salt.

6. Add 4 μl of 0.4 μg/μl trypsin per 200 μg protein and incubate at 37°C overnight with
shaking at 1000 rpm.

7. Acidify solution with 0.02 volumes of 10% TFA. Test solution pH with pH strips to
verify it has been acidified to around pH 2.

If the sample pH remains more alkaline, carefully add more of the 10% TFA solution to
reach pH 2.

8. Centrifuge acidified solution for 10 min at 21,000 × g and then transfer supernatant
to a fresh 1.5-ml Eppendorf tube.

9. Dry supernatant in a rotary vacuum concentrator and then proceed to Alternate Pro-
tocol 2 for phosphoproteome analysis or go directly to Basic Protocol 7 for whole
proteome analysis of the supernatant.

He et al.
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BASIC
PROTOCOL 6

PHOSPHOPEPTIDE ENRICHMENT WITH TiO2

TiO2 has a high affinity toward phosphopeptides (and other rather acidic peptides) and
is water insoluble. Phosphopeptides can be loaded onto TiO2 beads in an acidic environ-
ment (loading buffer) and eluted from TiO2 beads into alkaline buffer (elution buffer).
When using TiO2 bulk material to enrich the phosphopeptides, the buffer exchanges
and removal of non-phosphopeptides are easily achieved by spinning and pipetting. The
formic acid in the final step is used to create positively charged phosphopeptides that can
bind to the C18 material in Basic Protocol 7.

Materials

TiO2 beads (e.g., GL Science, cat. no. 5020-75000)
Methanol (e.g., Sigma-Aldrich, cat. no. 34860)
Elution buffer: 1% (v/v) ammonia (NH4OH) solution (Sigma-Aldrich, cat. no.

5438300250)
Dried peptides (see Alternate Protocol 1)
Loading buffer (see recipe)
Wash buffer: 80% (v/v) acetonitrile (ACN; Sigma-Aldrich, cat. no. 34851) and 1%

(v/v) TFA (Thermo, cat. no. 85183)
10% (v/v) formic acid (FA; e.g., Roth, cat. no. 4724.1)

2-ml round-bottom Eppendorf tubes
Vortex shaker (e.g., Scientific Industries Vortex-Genie 2 with microtube insert)
Microcentrifuge (e.g., VWR MiniStar silverline)
1.5-ml Eppendorf tubes

CAUTION: Combine the ACN and TFA in the wash buffer in a fume hood and
prepare the FA solution in a fume hood.

Ready-to-use TiO2 preparation
1. Weigh 2 mg TiO2 beads per 200 μg protein into a 2-ml round-bottom Eppendorf

tube.

2. Add 200 μl methanol and suspend TiO2 beads by shaking on a vortex shaker for
60 s. Then, centrifuge 2 min at 2000 × g and carefully remove methanol with a
pipet.

CAUTION: Add the methanol in a fume hood.

3. Add 200 μl elution buffer to TiO2 beads and shake on vortex shaker for 10 min.
Then, centrifuge 2 min at 2000 × g and carefully remove buffer with a pipet.

4. Add 100 μl wash buffer to TiO2 beads and shake on vortex shaker for 2 min. Then,
centrifuge 2 min at 2000 × g and carefully remove buffer with a pipet.

5. Repeat step 4 two more times.

Now the TiO2 beads are ready to use.

Phosphopeptide enrichment with ready-to-use TiO2

6. Resuspend dried peptides from Alternate Protocol 1 with 200 μl loading buffer.

7. Transfer resuspended peptides to the ready-to-use TiO2 beads and incubate for
30 min with continuous shaking on a vortex shaker.

8. Centrifuge 2 min at 2000 × g and carefully transfer supernatant to a fresh tube with
a pipet or discard.

The buffer contains peptides that did not bind to the TiO2. If these unbound peptides
are required to also be quantified, collect the supernatant into a fresh tube; otherwise,
discard the buffer.

He et al.
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9. Add 100 μl loading buffer to TiO2 beads, briefly shake on vortex shaker for 60 s,
centrifuge 2 min at 2000 × g, and carefully transfer supernatant to a fresh tube with
a pipet or discard.

The buffer contains peptides that did not bind to the TiO2. If the unbound peptides are
required to be quantified, collect the supernatant into a fresh tube; otherwise, discard the
buffer.

To quantify the unbound peptides by LC-MS/MS, dry the collected buffer in a vacuum dry
evaporation system, resuspend the dried peptides with 10 mM Tris/HCl (pH 8.0), acidify
the buffer to pH 2 with 10% TFA, and desalt with C18 according to Basic Protocol 7.
Unbound peptides are then ready to be quantified by LC-MS/MS as in Basic Protocol 8.

10. Add 100 μl wash buffer to TiO2 beads, shake on vortex shaker for 2 min, centrifuge
2 min at 2000 × g, and carefully remove supernatant with a pipet.

11. Repeat steps 9 and 10 two more times.

12. Add 80 μl elution buffer to TiO2 beads and incubate for 15 min with continuous
shaking on vortex shaker.

13. Centrifuge 2 min at 2000 × g and carefully transfer supernatant to a fresh 1.5-ml
Eppendorf tube with a pipet.

The buffer in this step contains eluted phosphopeptides.

14. Repeat steps 12 and 13 for two more cycles.

15. Add 60 μl of 10% FA to 240 μl eluate.

16. Centrifuge acidified solution for 10 min at 21,000 × g, transfer supernatant to a fresh
tube, and directly proceed to Basic Protocol 7.

In the case that samples need to be stored before LC-MS/MS analysis (see Basic Protocol
8), we recommend storing the samples at –20°C after desalting (see Basic Protocol 7).

ALTERNATE
PROTOCOL 2

PHOSPHOPEPTIDE ENRICHMENT WITH Fe(III)-NTA CARTRIDGES

Robotized automation of sample preparation significantly reduces hands-on time and
improves sample handling consistency. This protocol (an alternative to Basic Protocol 6)
describes phosphopeptide enrichment using the Agilent Bravo Automated Liquid Han-
dling Platform. The Fe3+ can interact with negatively charged phosphate groups on the
peptides, and it has been widely applied as an immobilized metal-ion affinity-based en-
richment method. The Fe(III)-NTA cartridge is a standard product for phosphopeptide
enrichment using the Agilent Bravo platform (Russell & Murphy, 2016). Of course, other
cartridge materials as offered by other manufacturers can also be used following this pro-
tocol.

Materials

Robot buffers:
Reversed Phase S Priming buffer and Syringe Wash buffer (70% ACN, 0.1%

TFA)
Reversed Phase S Elution buffer (70% ACN, 0.1% TFA)
Reversed Phase S Equilibration and Cartridge Wash buffer (5% ACN, 0.1%

TFA)
FE(III)-NTA cartridges Priming buffer and Syringe Wash buffer (99.9% ACN,

0.1% TFA)
FE(III)-NTA cartridges Elution buffer (99% H2O, 1% NH3)
FE(III)-NTA cartridges Equilibration and Cartridge Wash buffer (80% ACN, 1%

TFA)
Dried peptides (see Basic Protocol 5)

He et al.
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Loading buffer (see recipe)
10% (v/v) FA (Roth, cat. no. 4724.1)

Bravo Automated Liquid Handling Platform (Agilent)
Labware (all Agilent):

96 AssayMAP Head (Agilent, cat. no. G5058A)
96 V11 LT 250 Tip Box (cat. no. 19477.002)
96AM Cartridge Seating Station (cat. no. G5409-20025)
96 AbGene 1127, 1 ml Deep Well, Square Well, Round Bottom
96 Greiner 650201, U-Bottom Standard, PolyPro
96 Eppendorf 30129300, PCR, Full Skirt, PolyPro
12 Column, Low Profile Reservoir, Natural PP (cat. no. 201280-100)

AssayMAP Reversed Phase S 5-μl cartridges (Agilent, cat. no. G5496-60033)
AssayMAP Fe(III)-NTA cartridges (Agilent, cat. no. G5496-60085)
CAUTION: Combine the ACN and TFA in the robot buffers in a fume hood and

prepare the FA solution in a fume hood.

Robot system initialization
1. Turn on water pump, robot, thermo controller, and computer for the Bravo Auto-

mated Liquid Handling Platform (Agilent).

Prepare the robot system according to the standard manuals from Agilent.

2. Open “Protein Sample Prep Workbench” application on the computer to connect the
robot and access the operation interface. Click on “Utility Library,” go to “System
Startup/Shut down v2.2,” and start program “Run Startup.”

Peptide clean-up
3. When the “Run Startup” program has finished, click “APP Library” button and go

to program “Peptide Cleanup v3.0.”

4. In the “Select method” area, click “…” button to browse the methods folder. View
ready-to-use methods located at “VWorks Workspace” > “Methods” > “AM Pep-
tide Cleanup v3.0.” Select method file with the default setting and click on “Load.”

As soon as the loading finishes, all the parameter boxes on the operation interface can
be filled with numbers from the default method setting.

5. Change parameters according to the experiment requirements. Select labware ac-
cording to the experiment in the “Labware Table” area on the interface.

Examples for the parameters are shown for reference (Fig. 2).

6. According to the “Deck Layout” and “Labware Table,” place corresponding labware
and AssayMAP Reversed Phase S 5-μl cartridges at the required deck position on
the robot stations.

7. Fill corresponding robot buffers in deck numbers 5, 6, and 8. Resuspend dried pep-
tides from Basic Protocol 5 in 200 ml loading buffer and transfer into appropriate
Labware (96 Greiner 650201, U-Bottom Standard, PolyPro) at deck position 4 (see
Fig. 2).

Always double-check that the layout on the robot is the same as described in the method
interface.

8. Click on “Run Protocol.”

Protein samples need to be acidified by 10% TFA (Thermo, cat. no. 85183) to pH 2 (step
7 in Basic Protocol 5) before loading on the reversed-phase cartridges.

The AssayMAP Reversed Phase S 5-μl cartridges can be stored in their priming buffer
and used up to five times.He et al.
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Figure 2 Screenshot presenting the reference parameters for the Agilent robot for phosphopeptide enrichment
preparation. (A) Peptide Cleanup program parameters. (B) Phosphopeptide Enrichment program parameters.

Phosphopeptide enrichment with Fe(III)-NTA cartridges
9. When the protocol program finishes, click “App Library” button and go to program

“Phosphopeptide Enrichment v2.1.”

In the program, the parameter boxes are prefilled with default settings.

10. Change parameters according to the experiment requirements. Select labware in the
“Labware Table” area.

Reference parameters and labware are shown in Figure 2.

11. Prepare corresponding labware plate and AssayMAP Fe(III)-NTA cartridges at the
right deck position on the robot stations.

He et al.
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12. Fill corresponding robot buffers into the labware at deck numbers 5, 6, and 8.

Double-check the layout on the robot. It should be the same as described in the method
interface.

13. Click on “Run Protocol.”

14. When the protocol program finishes, take final eluate plate off deck 9 and immedi-
ately add 20 μl of 10% FA to acidify samples.

The volume of 10% FA required for acidification depends on the elution volume. It is
recommended to use pH strips to measure sample pH. Acidified samples should be at
around pH 2 (see also step 7 of Basic Protocol 5).

Finalization and robot system shut-down
15. Save leftover buffers or discard into a special waste station and tidy up robot stations.

AssayMAP FE(III)-NTA cartridges can be washed and stored in their priming buffer
and used up to three times. However, if the used cartridge is found drying in the air for
>20 min or the filling of the cartridge has cracked, throw the cartridge away. Regenerated
cartridges should still be light yellow in color. If the phosphopeptides are in a solution
with colorful substance (e.g., plant secondary metabolites) and this changed the color of
the cartridge after use, throw the cartridge away.

16. Click “Utility Library” button and go to “System Startup/Shut down v2.2.” Run
program “Run Shutdown.” As soon as the program finishes, shut down system ac-
cording to the user manual from Agilent.

BASIC
PROTOCOL 7

PEPTIDE DESALTING WITH C18 MATERIAL

Salts can interfere with the column resolution, and peptide solutions containing high salt
are usually not suitable to run in LC-MS/MS (Basic Protocol 8) due to highly dominant
salt ions. This protocol describes using the Empore Disk C18 material for reversibly bind-
ing peptides for desalination and concentration (Rappsilber, Ishihama, & Mann, 2003).

Materials

Solution B: 80% (v/v) ACN (Sigma-Aldrich, cat. no. 34851) and 0.5% (v/v) acetic
acid (Thermo, cat. no. 85183; store at room temperature or 4°C)

Solution A: 0.5% (v/v) acetic acid (Thermo, cat. no. 85183; store at room
temperature or 4°C)

Supernatant (see Alternate Protocol 1 or 2 or Basic Protocol 5 or 6)

Empore Disk C18 (e.g., Varian, cat. no. 12145004)
Blunt-tipped hypodermic needle
Suitable-diameter stick (to allow passage through needle)
200-μl pipet tip (e.g., VWR, cat. no. 89041-378)
Centrifuge adapter (for 200-μl pipet tip; e.g., GL Sciences, 5010-21341)
2-ml round-bottom Eppendorf tube
Microcentrifuge (e.g., Eppendorf 5430R)
1.5-ml Eppendorf tube
Rotary vacuum concentrator (e.g., Christ, RVC 2-25 CD plus)

CAUTION: Prepare Solutions A and B in a fume hood.

Immobilization of C18 material in pipet tip
1. Place an Empore Disk C18 on a flat, clean surface (e.g., disposable plastic petri dish).

2. Press and twist a blunt-tipped hypodermic needle into Empore Disk C18 to punch
out two small pieces.

3. Push small pieces of disk out of the needle with a suitable-diameter stick and im-
mobilize it in taper of a 200-μl pipet tip.

He et al.
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One piece of disk can bind ∼100 μg protein. It can be stored for long periods of time at
room temperature.

Ready-to-use C18 tip preparation
4. Hold C18 tip with a centrifuge adapter and place it into a 2-ml round-bottom Eppen-

dorf tube.

5. Add 50 μl Solution B to C18 tip and centrifuge ∼5 min at 3000 × g, until solution
has completely passed through the C18 tip.

6. Discard waste solution in the tube.

7. Add 100 μl Solution A to C18 tip and centrifuge about 5 to 8 min at 3000 × g, until
solution has completely passed through the C18 tip.

8. Discard waste solution in the tube.

9. Repeat steps 7 and 8 once more.

Now the C18 tip is ready to bind peptides.

Peptide desalting
10. Transfer supernatant from Alternate Protocol 1 or 2 or Basic Protocol 5 or 6 to the

ready-to-use C18 tip and centrifuge about 5 to 10 min at 3000 to 6000 × g, until
solution has completely passed through the C18 tip.

Avoid aspiration of any pellet. The maximum loading volume for one centrifugation is
150 μl.

11. Discard waste solution in the tube.

12. Add 100 μl Solution A to wash peptides bound to the C18 tip and centrifuge about
5 to 10 min at 3000 to 6000 × g, until solution has completely passed through the
C18 tip.

13. Discard waste solution in the tube.

14. Repeat steps 12 and 13 once more.

15. Centrifuge C18 tip with bound peptides for 2 min at 3000 × g to remove residual
solution on the tip.

16. Place C18 tip in a fresh 1.5-ml Eppendorf tube.

17. Add 20 μl Solution B to elute peptides from the C18 tip and centrifuge 5 min at 3000
× g until solution has completely passed through the C18 tip.

18. Repeat step 17 once more.

19. Concentrate eluted peptides in a rotary vacuum concentrator until completely dry.

Dried peptides can be stored dry for a long time at –20°C.

BASIC
PROTOCOL 8

LC-MS/MS ANALYSIS OF (PHOSPHO)PEPTIDES AND SPECTRUM
MATCHING

The complex peptide mixture obtained at the end of Basic Protocol 7 is separated by
reversed-phase LC and is then directly detected and quantified by tandem MS (MS/MS).
We apply the Thermo EASY-nLC 1200 system as a nanoflow liquid ultra-high pressure
chromatography system (UHPLC). We use a C18 stationary phase packed into an EASY-
Spray analytical column (25 cm × 75 μm inner diameter). Eluting peptides are directly
sprayed into the mass spectrometer after ion spray ionization. The MS platform that we
use here is the Thermo Q-Exactive HF Hybrid Quadrupole-Orbitrap Mass Spectrometer.
The raw spectrum scans from MS are subjected to matching against proteome sequences
from the respective organism using the application MaxQuant (Version 2.0.3.0) (Cox & He et al.
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Table 1 LC-MS/MS Parameters for the Analysis of Phosphopeptides

Instrument Parameter Setting

LC system Sample loading
Gradient length (min)
Gradient flow rate (nl/min)
Linear gradient (% LC solvent B in LC solvent A)

At max. pressure 900 bar
90
250
2%-55% for 60 min
55%-95% for 10 min
95% for 5 min
95%-2% for 5 min
2% for 10 min

Ion source Column heater temperature (°C)
Spray voltage (kV)
Capillary temperature (°C)

35
2.0
250

Mass spectrometer:
full MS

Resolution (at m/z 200)
Automatic gain control target (ions)
Maximum injection time (ms)
Scan range (m/z)

60,000
500,000
60
300-1800

Mass spectrometer:
dd-MS2

Resolution (at m/z 200)
Automatic gain control target (ions)
Maximum injection time (ms)
Loop count
Isolation window (m/z)
TopN
Scan range (m/z)
Normalized collision energy ((N)CE)

15,000
100,000
60
20
1.6
20
200-2000
27

Mass spectrometer:
general

Polarity
Intensity threshold
Charge exclusion
Peptide match
Dynamic exclusion (s)

Positive
210,000
Unassigned, 1, 6-8, >8
Preferred
20

Mann, 2008; Tyanova, Temu, & Cox, 2016). The reference protein sequence database is
downloaded from EnsemblPlants (https://plants.ensembl.org/ index.html). We describe
the parameter settings for LC-MS/MS analysis and MaxQuant data processing for phos-
phoproteome analysis in Table 1. The settings for non-modified proteins can be found in
previous studies (He et al., 2021; Li et al., 2015; Schulze et al., 2021).

Materials

Dried (phospho)peptides (see Basic Protocol 7)
Resuspension buffer: 5% (v/v) ACN (Sigma-Aldrich, cat. no. 34851) and 0.1%

(v/v) TFA (Thermo, cat. no. 85183) (store ≤2 months at room temperature)

Microtiter plate (e.g., Thermo, cat. no. AB-0800)
Nanoflow UPLC system (e.g., Thermo, EASY-nLC 1200)
Packed column (C18 stationary phase packed into EASY-Spray analytical column,

25 cm × 75 μm inner diameter)
Mass spectrometer (e.g., Thermo, Q-Exactive HF)
MaxQuant application (e.g., Version 2.0.3.0)
CAUTION: Combine the ACN and TFA in the resuspension buffer in a fume hood.

1. Resuspend dried (phospho)peptides from Basic Protocol 7 with 5 μl resuspension
buffer and transfer them to a microtiter plate. Place microtiter plate into the nanoflow
UPLC system for LC detection.He et al.
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Table 2 MaxQuant Settings
a

for Phosphopeptide Identification and Quantification

Parameter type Parameter Setting

Group-specific
parameters

Version
Type
Multiplicity
Enzyme
Maximum missed cleavages
Variable modifications
Fixed modifications
Label-free quantification
First search p.p.m.
Main search p.p.m.

2.0.3.0 (or newer)
Standard
1
Trypsin/P
2
Oxidation (M)
Acetylation (protein N-term)
Phosphorylation (STY)
Carbamidomethyl (C)
Fast LFQ
20
4.5

Global parameter Include contaminants
Minimum peptide length (residues)
Maximum peptide mass (Da)
PSM FDR
Protein FDR
Site decoy fraction
Match between runs
Match time window (min)
Alignment time window (min)
MS/MS tolerance (Fourier transform MS, p.p.m.)
Top MS/MS peaks per Da interval

TRUE
7
4600
0.01
0.01
0.01
TRUE
0.7
20
20
12

a
In-depth information about MaxQuant settings is provided in Tyanova, Temu, & Cox (2016).

2. Run LC with a packed column using standard settings (see parameters in Table 1).

3. Set parameters for mass spectrometer data acquisition according to Table 1 and run
MS analysis.

The data acquisition parameters may need to be modified when alternative LC or MS
instruments are used.

4. Load LC-MS/MS output raw file into the MaxQuant application and set parameters
for fixed and variable modification quantitation and protein identification as proposed
in Table 2.

Default settings in MaxQuant are suggested to be left unchanged. For analysis of pro-
tein modifications, such as phosphorylation, variable modifications need to be defined
accordingly. In-depth information about MaxQuant settings is available (Tyanova, Temu,
& Cox, 2016).

5. Begin loading reference sequence into MaxQuant in the tab “Global parameters” >

“Sequence” > “Fastafiles.” Click on “Add” button to load the reference sequence
from a local folder where the reference sequence was downloaded from the web.

The latest download links for “fasta” files of maize and wheat are http:// ftp.
ensemblgenomes.org/pub/plants/ release-52/ fasta/zea_mays/pep/ and http:// ftp.
ensemblgenomes.org/pub/plants/ release-52/ fasta/ triticum_aestivum/pep/ , respectively.

6. Obtain output files and perform statistical analysis.

MaxQuant generates output files that can be used as input for project-specific statistical
analysis. The peptide quantification information is found in “evidence.txt” or “Phospho
(STY)Sites.txt,” which contain information on phosphopeptides, whereas the output file
“ProteinGroups.txt” table contains information on all proteins identified. An explanation
of column headers in each of the tables is provided by MaxQuant together with the output
tables.
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There are many software platforms and R-based or Python-based packages for down-
stream data processing. For example, popular software platforms include Perseus
(Tyanova, Temu, Sinitcyn, et al., 2016; see Current Protocols article: Yu et al., 2020)
and cRacker (Zauber & Schulze, 2012). Recently released packages for phosphoproteomic
analysis include the R-based packages PhosPiR (Hong et al., 2021) and PhosR (Kim, Kim,
Hoffman, et al., 2021; Kim, Kim, & Xiao, 2021) and the Python-based package PaDuA
(Ressa, Fitzpatrick, Van Den Toorn, Heck, & Altelaar, 2019).

REAGENTS AND SOLUTIONS

Homogenization buffer

• 330 mM sucrose (Roth, cat. no. 4621)
• 100 mM potassium chloride (Roth, cat. no. 6781)
• 1 mM ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA; Sigma-

Aldrich, cat. no. E5134)
• 50 mM Tris/MES, pH 7.5 (see recipe for 1 M)
• Store ≤1 week at 4°C

For experimental results that will be affected by sucrose in the buffer, e.g., analyzing samples
with sucrose treatment, 330 mM mannitol can be applied instead of sucrose.

Loading buffer

• 1 M glycolic acid (Sigma-Aldrich, cat. no. 124737)
• 80% (v/v) ACN (Sigma-Aldrich, cat. no. 34851)
• 5% (v/v) TFA (Thermo, cat. no. 85183)
• Store ≤3 months at 4°C

CAUTION: Add the ACN and TFA in a fume hood.

MF extraction buffer

• Homogenization buffer (see recipe) with freshly added inhibitors as follows:
• 0.5% (v/v) protease inhibitor cocktail (PIC; Sigma-Aldrich, cat. no. P9599; store

at –20°C)
• 5 mM DTT (Sigma-Aldrich, cat. no. D0632)
• 25 mM sodium fluoride (NaF; Roth, cat. no. P756)
• 1 mM sodium orthovanadate (Na3VO4; Sigma-Aldrich, cat. no. 450243)
• 1 mM benzamidine hydrochloride (Sigma-Aldrich, cat. no. 450243)
• 3 μM leupeptin (Sigma-Aldrich, cat. no. L2884)
• 1 mM PMSF (Sigma-Aldrich, cat. no. 78830) in EtOH
• Prepare fresh immediately before use

Sodium acetate (pH 5.0), 2.5 M

• 30 ml ultrapure H2O
• 10.254 g sodium acetate (NaOAc; Sigma-Aldrich, cat. no. S2889)
• Adjust pH to 5.0 with glacial acetic acid (Roth, cat. no. 3738.4)
• Place solution at 4°C overnight
• Adjust pH once more to 5.0 with glacial acetic acid (Roth, cat. no. 3738.4)
• Ultrapure H2O to 50 ml
• Store ≤3 months at 4°C

CAUTION: Adjust the pH in a fume hood.

Total protein extraction buffer

• 8 M UTU (see recipe) with freshly added inhibitors as follows:
• 5 mM DTT (Sigma-Aldrich, cat. no. D0632)
• 1 mM PMSF (Sigma-Aldrich, cat. no. 78830) in EtOH
• 2% (w/v) PVPP (Sigma-Aldrich, cat. no. 77627)
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• Addition for phosphoproteome analysis: 0.5% (v/v) protease inhibitor cocktail
(PIC; Sigma-Aldrich, cat. no. P9599; store at –20°C)

• Prepare fresh immediately before use

Tris/HCl (pH 8.0), 10 mM

• 80 ml ultrapure H2O
• 0.121 g Tris base (Sigma-Aldrich, cat. no. T1503)
• Adjust pH to 8.0 with 1 M HCl (Sigma-Aldrich, cat. no. H1758)
• Ultrapure H2O to 100 ml
• Store ≤1 year at room temperature or 4°C

Tris/MES (pH 7.5), 1 M

• 80 ml ultrapure H2O
• 12.114 g Tris base (Sigma-Aldrich, cat. no. T1503)
• Adjust pH to 7.5 with MES monohydrate (Roth, cat. no. 6066)
• Ultrapure H2O to 100 ml
• Store ≤1 year at room temperature or 4°C

UTU, 8 M

• Use 10 mM Tris/HCl, pH 8.0 (see recipe), as solvent to dissolve the following
reagents:

• 6 M urea (Sigma-Aldrich, cat. no. U5378)
• 2 M thiourea (Sigma-Aldrich, cat. no. T8656)
• Prepare fresh immediately before use

COMMENTARY

Background Information

Protein extraction
There are three major strategies of total

protein extraction for proteome or phospho-
proteome analysis. The first one involves ap-
plying organic solvents to isolate proteins,
for example, TCA/acetone and phenol (Bon-
homme et al., 2012; Chao et al., 2016; Ding
et al., 2016; Wang, Tai, & Chen, 2008; Wu
et al., 2015; Wu, Xiong, Wang, Scali, & Cresti,
2014). The second method involves solubiliz-
ing proteins with detergents. This approach is
frequently followed by 2D gel–based analy-
sis. The third method uses strong chaotropic
reagents to dissolve proteins, such as urea,
thiourea, and guanidine chloride. For example,
protein extraction with 6 M guanidine chlo-
ride was previously used in phosphoproteome
analysis in tomato (Hsu et al., 2018), and pro-
tein extraction with 8 M urea or 8 M UTU for
proteomic studies was applied in Arabidopsis
and maize (He et al., 2021; Li et al., 2015;
Schulze et al., 2021; Thakur et al., 2011).
Strong chaotropic reagents perform better than
organic solvents (Luís et al., 2016), and be-
cause 8 M UTU is widely used to resuspend
purified protein and is compatible with tryptic
digestion, we recommend 8 M UTU as a ba-
sic lysis buffer (Basic Protocol 1). By already
using the urea environment for protein extrac-
tion, protein digestion can be performed in

the same buffer, thereby reducing sample han-
dling steps and losses, especially when work-
ing with very low amounts of tissue (Li et al.,
2015).

Protein clean-up
Total protein extracts, especially from leaf

samples, contain large amounts of chloro-
phyll and secondary metabolites such as phe-
nolics, lipids, organic acids, carbohydrates,
terpenes, and pigments, which decrease the
accuracy of protein concentration determina-
tion and reduce the efficiency of tryptic di-
gestion and phosphopeptide enrichment (Niu,
Yuan, Gong, Wu, & Wang, 2018; Wu, Gong,
& Wang, 2014). Thus, removal of these sub-
stances is essential for good protein yield
and for high-quality protein to be subjected
to mass spectrometric analysis. Including the
protein clean-up steps (Basic Protocol 2 and
Alternate Protocol 1) results in an 18% in-
crease in quantified proteins compared to
when these steps are omitted. A previous
study reports a similar result for tomato tis-
sue (Hsu et al., 2018). Currently, the major
strategies for protein clean-up include protein
precipitation and spin-filter enrichment. The
most widely used precipitation solutions are
salt (e.g., ammonium sulfate) or organic sol-
vents (e.g., acetone, TCA/acetone, methanol-
chloroform, or EtOH). Filter-aided sample
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preparation (FASP) can be used for removal of
detergent from protein solutions and for buffer
exchange (Wiśniewski, Zougman, Nagaraj, &
Mann, 2009). Because we present a detergent-
free protein extraction based on chaotropic
reagents and because FASP can cause loss of
protein with sizes <30 kDa, we recommend
the PC method (Basic Protocol 2) as a suit-
able clean-up protocol. EtOH is one the most
easily accessible reagents with good efficiency
for protein precipitation (Yoshikawa, Hirano,
Arakawa, & Shiraki, 2012a, 2012b). Besides,
SP3 technology (Alternate Protocol 1) is avail-
able as a novel method to clean up the pro-
tein/peptide sample independent of solubiliza-
tion agents and quantity of input material. It
provides nonselective protein binding and al-
lows on-bead trypsin digestion (Hughes et al.,
2019). According to our results, both the PC
and SP3 methods effectively remove interfer-
ing substances and provide good protein yield
for quantification by MS.

Protein concentration determination
Having the same protein content is fun-

damental for comparing different LC-MS/MS
runs with label-free quantitation. Therefore,
protein concentration determination is nec-
essary and important in this workflow. The
commonly used methods include the Brad-
ford assay (Bradford, 1976), Lowry assay (see
Current Protocols article: Olson & Markwell,
2007), and BCA assay (Smith et al., 1985).
Different methods have specific advantages
and limitations, and compatibility with the ap-
plied extraction buffers is more crucial than
accuracy. We recommend the Bradford assay
(Basic Protocol 4), which is compatible with
high concentrations of urea. In cases when
protein extracts contain detergents, the Lowry
or BCA assay can be chosen instead of the
Bradford assay (see Current Protocols article:
Olson & Markwell, 2007).

Protein digestion with trypsin
Trypsin is widely used and has become

the gold standard for protein digestion (Alter-
nate Protocol 1 and Basic Protocol 5), which
is indispensable for bottom-up proteomics.
Trypsin is particularly suitable due to the fre-
quency of arginines and lysines in typical pro-
teomes, leading to the creation of positively
charged amino acids at the C-terminus of ev-
ery peptide due to its cleavage preference
for C-terminal arginines and lysines (Laskay,
Lobas, Srzentić, Gorshkov, & Tsybin, 2013).
However, trypsin digestion has some limi-
tations, for example, trypsin activity is de-

creased when acidic residues (e.g., phosphory-
lated amino acids) are present on either side of
a susceptible bond, resulting in missed cleav-
ages. Furthermore, trypsin has lower activ-
ity in higher-salt environments. Pre-digestion
of protein with addition of the enzyme Lys-
C decreases missed cleavages and thus in-
creases the number of identified peptides, and
it improves analytical reproducibility (Glatter
et al., 2012; Saveliev et al., 2013).

Phosphopeptide enrichment
Ion suppression by highly abundant non-

modified peptides will overwhelm the signals
of lower-abundance phosphopeptides, result-
ing in poor detection of the phosphopeptides
(Silva-Sanchez, Li, Chen, & Chen, 2015). Us-
ing our protocol workflow, we show that phos-
phopeptide enrichment in maize root results
in more than three times higher phosphopep-
tide quantification compared to preparations
in which this step was eliminated. The most
common phosphopeptide enrichment methods
are immobilized metal affinity chromatogra-
phy (IMAC), metal oxide affinity chromatog-
raphy (MOAC) and TiO2-based enrichment
(Beltran & Cutillas, 2012; Gates, Tomer, &
Deterding, 2010). These methods all take ad-
vantage of the negatively charged phosphate
groups on the phosphorylated peptides inter-
acting with positively charged metal ions and
compounds. For example, IMAC, which con-
sists of a metal ion such as Fe3+ chelated with
nitriloacetic acid (NTA) and immobilized onto
resin, has a high efficiency of phosphopep-
tide selection. These materials are commer-
cially available and immobilized on diverse
supporting matrices for different ways of han-
dling, such as in an agarose resin spin-down
column from Thermo Scientific

TM
Pierce

TM
,

the TiO2 resin column from Titansphere®,
or in the form of magnetic beads from Cy-
tiva. These different phosphopeptide enrich-
ment approaches result in different phospho-
peptides identified (Arribas Diez et al., 2021;
Gates et al., 2010; Liang et al., 2007), sug-
gesting that different matrices enrich slightly
different types of phosphopeptides. New sup-
porting matrices are continuously being devel-
oped (Kupcik et al., 2019). The TiO2-based
method for phosphopeptide enrichment that
we present in Basic Protocol 6 is efficient,
simple, and fast and requires smaller amounts
of starting proteins compared to the IMAC or
MOAC method (Wu et al., 2017). The devel-
opment of robot systems provides the poten-
tial of high-throughput and labor-saving sam-
ple processing, for example, with the Agilent
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Bravo Automated Liquid Handling Platform
we use here (Russell & Murphy, 2016), which
offers phosphopeptide enrichment via Fe(III)–
NTA cartridges (Alternate Protocol 2). Both
enrichment strategies result in abundant phos-
phopeptide detection.

Peptide desalting
The peptides or phosphopeptides obtained

after digestion are in a salt-containing buffer,
and this salt concentration may not be com-
patible with MS detection. Salts can inter-
fere with the action of reversed-phase ma-
terials, decreasing the column resolution in
LC-MS/MS. Particles can easily become irre-
versibly locked in analytical columns, result-
ing in complete sample loss. Furthermore, salt
ions result in ion suppression of peptide ions,
which will then not be detected. The Empore
Disk C18 is a material for reversibly binding
peptides; therefore, fixing the C18 membrane
into a pipet tip allows for desalination and
concentration of peptides (Basic Protocol 7)
(Rappsilber et al., 2003). Commercial C18 tips
or cartridges for desalting also are available, in
the form of tips or filter plates, and they can be
used as alternatives to Basic Protocol 7.

LC-MS/MS quantification and data
processing

LC-MS/MS (Basic Protocol 8) nowadays
is a commonly used analytical technique
for the analysis of biomolecules, such as
peptides and phosphopeptides. Stable-isotope
labeling and label-free quantitation are fre-
quently used strategies for comparative
proteomics. The stable-isotope approaches
offer greater quantitative precision, whereas
label-free quantitation performs better when
comparing large numbers of samples or con-
ditions at rather low cost (Schulze & Usadel,
2010). Label-free quantification analysis for
(phospho)proteomics can be performed by
either data-dependent acquisition (DDA) or
data-independent acquisition (DIA) (Bekker-
Jensen et al., 2020; Kelstrup et al., 2018;
Li, Zan, Zhu, Lu, & Krall, 2021; Lou et al.,
2021). Various types of software for raw data
processing are available (Almeida et al., 2020;
Li et al., 2021; Pang et al., 2020). Here, we
propose label-free quantitation based on the
instrument Q-Exactive HF (Thermo Fisher)
and a data analysis workflow in MaxQuant
(Version 2.0.3.0).

Critical Parameters

LC-MS/MS platform
Quantification coverage and reproducibil-

ity are affected by the capability of the LC-

MS/MS platform (Basic Protocol 8) and the
quality of sample preparation (Bittremieux
et al., 2018; Tuli & Ressom, 2009). Generally,
the higher the scan rate and resolution of the
LC-MS/MS platform, the better the quantifi-
cation of peptides.

Tissue disruption
In terms of experimental steps, it is impor-

tant to thoroughly disrupt tissues (Basic Pro-
tocol 1) because plants have rigid cell walls
formed by cellulose and lignification, making
mechanical disruption difficult. Previous stud-
ies have shown that protein extraction yield
greatly depends on the fineness of disrup-
tion: a finer ground powder will yield a higher
amount of total protein (Wang et al., 2008).
However, for MF protein extraction (Basic
Protocol 3), a gentler cell disruption method
using a tissue homogenizer is preferred, which
preserves larger membrane fragments in a
membrane-friendly buffer environment.

Sample handling steps before mass
spectrometry

To prevent proteins from undergoing
degradation and modification during sample
preparation (Basic Protocol 1), the major
critical points include collecting samples
fresh, keeping samples frozen before adding
extraction buffer, adding appropriate protease
and phosphatase inhibitors, and complet-
ing all steps as quickly and continuously as
possible, ideally in a cooled environment or
on ice. Some chemical side reactions might
occur during sample preparation, which
may affect spectra matching efficiency: urea
can cause carbamylation on protein during
prolonged incubation time and heating, and
overalkylation by IAA can cause N-terminal
carbamidomethyl modification at near-neutral
pH and prolong incubation time (Bittrem-
ieux et al., 2018; Luebker & Koepsell, 2016;
Sun, Zhou, Yang, & Zhang, 2014). Tryptic
peptides can be lost with prolonged digestion
time (Alternate Protocol 1 and Basic Protocol
5), leading to lower coverage of quantitative
peptides (Hildonen, Halvorsen, & Reubsaet,
2014). The pH environment is also critical in
many steps. For example, UTU at pH 8 is opti-
mal for protein solubility and tryptic digestion.
Additionally, binding of peptides to TiO2 and
reversed-phase C18 material (Basic Protocols
6 and 7) depends on correct acidification.
There is a good linear relationship between
quantification coverage and the input amount
of phosphopeptides in LC-MS/MS runs.
A previous dose-dependent experiment in
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Table 3 Troubleshooting Guide for Label-Free-Quantitation-Based Proteomic and Phosphoproteomic Studies in Cereals

Potential problem Possible cause Solution

Difficult or incomplete
tissue disruption

Strong cell walls Increase disruption time
Add grinding beads or quartz sand
Cut tissue into small pieces prior to
homogenization

Low yield of protein
extraction

Low amount of tissue, inefficient
extraction

More tissue input, lower extraction
buffer volume, finer grinding

Protein clean-up failed Redo protein clean-up

Low binding efficiency of
TiO2 to phosphopeptides

Decreased affinity of TiO2 toward
phosphopeptides

Baking TiO2 at 200°C for 5 hr prior to
using it

Low binding efficiency of
Fe (III)-NTA cartridges to
phosphopeptides

Wrong buffer used Double-check layout

Peptide clean-up failed Use new reversed-phase cartridges and
redo peptide clean-up

C18-tip block Supernatant contains invisible and
insoluble particles that block C18-tip

Increase centrifugation time and speed
before peptide clean-up

Figure 3 Basic quantification features for each single run. (A) Log2-transformed total intensity of quantitative phos-
phopeptides in single runs. (B) Count number of quantitative phosphopeptides in single runs. (C) Pearson’s correlation
coefficient values for two technical replicates in all pairs. *: p value < 0.05, ***: p value ≤ 0.001, result of one-way
ANOVA using the “anova_lm” function from “statsmodels” v 0.13.0.

Arabidopsis demonstrated that more protein
input yields higher quantification coverage
(Wu et al., 2017). The 200-μg protein aliquot
that we propose to be used in Basic Proto-
col 6 represents a generous protein amount
expected to yield over 1000 phosphopeptide
identifications. However, users can adjust
the input amount of protein according to the
accessibility of protein extracts and quantifica-
tion ability of LC-MS/MS (Basic Protocol 8).

Troubleshooting
Please see Table 3 for a troubleshooting

guide.

Statistical Analysis
Statistical analysis will depend on the re-

search question and usually involves respec-
tive software packages, as recommended in
Basic Protocol 8, step 6. Here, we provide a
few simple measures that may be used to de-

scribe the dataset and that can be used for qual-
ity control.

Sum intensity of quantitative
phosphopeptides for each replicate

The summed intensity values in each injec-
tion (i.e., each sample) indicate the amount of
phosphopeptide obtained from each sample.
A view of these phosphopeptide ion intensi-
ties typically shows variation across samples
from different tissues, clean-up methods, and
enrichment methods and also among technical
replicates (Fig. 3). A significant difference in
these values, as, for example, found between
samples from maize root and wheat leaf, in-
dicates different efficiencies of sample prepa-
ration steps. Such views are therefore useful
when optimizing a protocol or when compar-
ing different methods.

Considering that different methods of pro-
tein clean-up and phosphopeptide enrichment
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have different efficiencies in protein or phos-
phopeptide recovery, we can now compare
combinations of the above basic protocols
and alternate protocols regarding the total
amount of phosphopeptides identified (Fig. 3).
Regarding our basic protocols and alternate
protocols described above, neither the clean-
up procedure nor the phosphopeptide enrich-
ment method affects the total amount of phos-
phopeptides obtained from the preparation
(Fig. 3A). However, the SP3 method (Alter-
nate Protocol 1) potentially results in higher
protein recovery efficiency compared with the
recovery efficiency for the PC method (Ba-
sic Protocol 2), which is ∼60%, as calculated
from protein concentration determination.

Count number of quantitative
phosphopeptides per replicate

The count number of quantitative phospho-
peptides indicates the quantification capabil-
ity of LC-MS/MS and the quantification yield
of phosphopeptides in each injection (Basic
Protocol 8). For example, we observe that the
quantification yield in each run is largely de-
termined by the type of tissue because signifi-
cantly higher yields are achieved in maize root
compared to the other tissues. This may re-
late not only to different protein compositions
in different tissues but also to higher content
of fibers or interfering substances in shoots
(Fig. 3B).

Reproducibility of technical replicates
The reproducibility of technical replicates

is analyzed by pairwise correlation between
phosphopeptide intensities of different repli-
cates. The example results show that the me-
dian value of correlation coefficients in each
tissue group, including all values from differ-
ent methods of protein clean-up and phospho-
peptide enrichment, generally range from 0.8
to 0.9 (Fig. 3C). This is indicative of a high
reproducibility of technical replicates.

Protein clean-up methods and phospho-
peptide enrichment methods yield different
results for quantification consistency among
technical replicates for different tissues. In
maize root, the TiO2-based method (Basic
Protocol 6) seems to perform better than the
Fe(III)-NTA-based method (Alternate Proto-
col 2). The averaged correlation coefficient
of technical replicates from the TiO2 enrich-
ment method was 0.87, and the averaged
correlation coefficient among technical repli-
cates from the Fe(III)-NTA-based enrichment
method was 0.78. In protein preparations of
maize shoots, the combination of SP3/TiO2

shows the best reproducibility, with a correla-
tion value at 0.92.

Understanding Results
The protocols described here are suitable

for proteins extracted from maize shoot, maize
root, wheat leaf, and likely tissues from other
cereals, such as rice. We present two alterna-
tives for clean-up: either the PC method (Basic
Protocol 2) or the SP3 method (Alternate Pro-
tocol 1). In parallel, a protocol is presented for
MF proteins to allow for membrane-focused
studies (Basic Protocol 3). In general, we
propose aliquots of 200 μg protein for protein
digestion (Basic Protocol 5) and phospho-
peptide enrichment. For phosphopeptide
enrichment, we present two alternative proto-
cols: either with TiO2 by manual work (Basic
Protocol 6) or with Fe(III)-NTA cartridges on
a robotic platform (Alternate Protocol 2). For
each combination of protein clean-up method
and phosphopeptide enrichment method, 3 to
11 technical replicates should be used.

Among all the phosphorylated peptides in
each tissue, the phosphorylated amino acids
mainly include serine (S), threonine (T), and
tyrosine (Y). The distribution of phosphory-
lated amino acids in samples is expected to
consist of 82.9% to 85.6% serines, 13.8% to
16.2% threonines, and a very small percent-
age of tyrosines (Fig. 4A) in accordance with
many previously published studies. The num-
ber of phosphorylated sites within an identi-
fied phosphopeptide ranges from 1 to 4. Most
of them contain single or double phospho-
rylated sites. The double phosphorylated site
count is slightly higher in quantitative phos-
phopeptides from MF proteins than from the
total protein (Fig. 4B).

To analyze the quantification values of
phosphopeptides between different runs, the
original quantitative intensity values of each
phosphopeptide should be normalized. We
propose a rough and easy normalization on to-
tal protein intensity sum called “fraction of to-
tal” (FOT). It is calculated by dividing each
phosphopeptide intensity value by the total in-
tensity sum of the respective sample. These
ratios are then transformed by calculating the
logarithm to the basis 2 (log2) to obtain val-
ues termed “log2-FOT.” The lower the value of
log2-FOT, the lower the abundance of the re-
spective phosphorylated peptides is. Thus, the
log2-FOT values can well be used to compare
phosphopeptide abundances between different
samples.

Typically, in phosphoproteomic datasets,
not all phosphopeptides can be quantified in all
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Figure 4 Typical results of phosphopeptide analysis. (A) Distribution of phosphosites to the phosphorylated amino
acids. (B) Distribution of phosphopeptides to the number of phosphorylations per peptide. (C) Distribution of the
averaged log2-FOT of each quantitative phosphopeptide identified in MFs from maize shoots. (D) Distribution of the
averaged log2-FOT of each quantitative phosphopeptide identified in maize root. (E) Relationship of the number of
phosphopeptides with replica sample size for MFs from maize shoot. (F) Relationship of the number of phospho-
peptides with replica sample size for maize root. (G, H, I) Venn diagram of phosphopeptide quantification coverage
for different combinations of protein clean-up method and phosphopeptide enrichment method in maize shoot (G),
maize root (H), and wheat leaf (I).

replicates. The phosphopeptides with at least
one quantification among replicates are avail-
able only as identity and simple quantitative
information, whereas in other cases, phospho-
peptides with at least three quantifications are
available for full statistical data analysis, pair-
wise t-testing, and ANOVA, which are fre-
quently used. Therefore, we term phosphopep-
tides with at least one quantification among
technical replicates as “quantitative coverage”

and phosphopeptides with at least three quan-
tifications as “statistics-available coverage.”

To obtain an impression of the quan-
tification coverage in a phosphoproteomics
experiment, the averaged abundance of all
quantitative phosphopeptides across all repli-
cates is calculated and is visualized as
dots in a box plot, as exemplified for
maize MF and maize root total protein (Fig.
4C and 4D). In principle, lower-abundanceHe et al.
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proteins/phosphoproteins have a lower prob-
ability of being among the statistics-available
quantifications. Thus, the higher the abun-
dance of a phosphopeptide, the better the
reproducibility of its quantification is. For
example, phosphopeptides with log2-FOT
greater than –12 are usually found among the
statistics-available coverage, whereas phos-
phopeptides with log2-FOT lower than –14
are usually difficult to quantify as statistics-
available. This indicates that when focusing on
certain low-abundance phosphopeptides, fur-
ther optimization of sample preparation, for
example by additional enrichment of the tar-
get protein or target organelle, is necessary.

Quantification coverage refers to how
many phosphopeptides can be quantified in
a set of multiple replicates. It can be used
to estimate the extent of phosphopeptides
available for downstream statistical analysis.
Quantitative coverage results in 1751 phos-
phopeptides using the Fe(III)-based method
(Alternate Protocol 2) with 8 technical repli-
cates and in 1436 phosphopeptides using the
TiO2-based method (Basic Protocol 6) with 10
technical replicates, for example from maize
MF proteins. Statistics-available coverage
usually is much smaller; in our example, it
covers 542 and 675 phosphopeptides using the
Fe(III)-based method and TiO2-based method,
respectively (Fig. 4C). Based on such consid-
erations, we can now estimate that with 4 to 6
technical replicates from total protein extracts
in all tissues, the quantitative coverage will
range from 1110 to 2244 phosphopeptides,
and the statistics-available coverage will
range from 301 to 1227 phosphopeptides. The
highest quantitative coverage is likely found
in preparations from root tissue combining the
SP3 and Fe(III) methods (Alternate Protocols
1 and 2). This high yield of quantifiable phos-
phopeptides from roots is likely attributable
to better protein extraction efficiency (less
fibers) and due to lower content of interfering
secondary metabolites (Fig. 4D).

Based on the above considerations, we
can now investigate how quantitative and
statistics-available coverage increases with
technical replicates, as exemplified for phos-
phopeptides from MF protein (Basic Protocol
3; Fig. 4E) and from root total protein (Basic
Protocol 1; Fig. 4F). In general, the quantifi-
cation coverage increases with sample size
(i.e., number of replicates), and the satura-
tion point appears at around eight replicates
(Fig. 4E and 4F). These relationships can
now be used in decisions on the numbers
of necessary technical replicates. Here, we

propose up to six replicates with PC/TiO2-
based (Basic Protocols 2 and 6) methods to
allow statistics-available coverage of around
375 phosphopeptides from MF protein and
1250 phosphopeptides from maize root total
protein. In turn, aiming for about 1000 phos-
phopeptides for statistics-available coverage
would require more than six replicates.

In principle, different protein clean-up and
phosphopeptide enrichment methods obtain
slightly different sets of phosphopeptides, as
they work by different mechanisms and sen-
sitivities, leading to slightly selective enrich-
ments. Despite the slight bias of each enrich-
ment method, the results show that most of the
phosphopeptides can be quantified irrespec-
tive of the enrichment method used (Fig. 4G,
4H, and 4I). Existing datasets can work as a
reference to indicate which phosphopeptides
may prefer which methods.

Time Considerations
It usually takes ∼1 week to complete all

the experimental steps in Basic Protocols 1
to 7, depending on sample numbers. Loading
of samples for the LC-MS/MS analysis (Ba-
sic Protocol 8) can occur independently, up
to several weeks later. In principle, to prevent
protein degradation and sample handling vari-
ance, it is better to carry out the steps as con-
tinuously as possible and to avoid repeated
freeze-thawing of samples in a liquid envi-
ronment. Interruptions at steps that obtain dry
samples (e.g., after Basic Protocol 2 or 7) are
better than interruptions at steps resulting in
liquid samples (e.g., after Basic Protocol 5).

A typical work plan may look like this: On
day 1, prepare all required reagents and so-
lutions, except those that should be prepared
fresh. For total protein extraction (Basic Pro-
tocol 1), spend day 2 or more grinding all
samples into fine powder and storing aliquots
(50 to 200 mg) at –80°C. On day 3, extract
proteins for all samples and perform protein
clean-up (Basic Protocol 2 or Alternate Proto-
col 1). During Basic Protocol 2, one can pause
at steps 4 to 6 by storing the samples at –20°C
and continue to protein digestion with Basic
Protocol 5 the next day (i.e., day 3). If us-
ing Alternate Protocol 1, it is recommended to
proceed to step 22. Basic Protocol 4 normally
takes 30 min to 2 hr, depending on the sam-
ple size. If a pause is needed, one can inter-
rupt only at step 6; the samples can be stored
at –20°C during the break. For MF protein ex-
traction in Basic Protocol 3, we recommend
performing steps 1 to 6 in batches of six sam-
ples per day, and these can be stored at –20°C
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after step 7 until all batches of six samples are
at this step.

After protein digestion overnight (Basic
Protocol 5), we recommend to directly pro-
ceed to phosphopeptide enrichment in Basic
Protocol 6 or Alternate Protocol 2 (2 to 3 hr)
and to continue to peptide desalting with Ba-
sic Protocol 7 (1 to 2 hr) until obtaining dried
peptides at step 19. Given that Basic Proto-
col 6 has many pipetting steps, the number of
samples one can process per day depends on
the operator’s capacity and usually ranges be-
tween 10 and 40. Therefore, one should con-
sider how many samples can be processed per
day in this step to determine the number of
samples to digest. In contrast, using the robotic
system, Alternate Protocol 2 can process up to
96 samples per batch. On the robotic platform,
peptide clean-up and phosphopeptide enrich-
ment procedures take 4 to 5 hr altogether.
The LC-MS/MS run (Basic Protocol 8) takes
around 1.5 to 3 hr per sample (depending on
the LC-MS/MS setup in use). In Basic Pro-
tocol 8, we recommend running all samples
from an experiment as a continuous batch us-
ing the same column setup.
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VI. Discussion 
VI.1 High weights of co-expression indicate protein interactions at high confidence 

In Chapter 1, the weights of co-expression do not indicate the strength or specificity but the confidence 
of protein interactions (Langfelder and Horvath, 2008). To explore the possibility to calibrate confident 
values, we integrated co-expression network with published experimental results obtained from the 
interactome database STRING (Szklarczyk et al., 2021). We obtained 75,920 overlapping protein-protein 
associations for shoot, and 19,562 overlaps for root. Notably, experimentally examined protein-protein 
interactions for maize in the STRING database are not presented as positive or negative results, but rather 
as continuous values from 0 to 1, referred to as "experimental scores". The reason for using continuous 
scores is that the results of examined protein-protein interactions collected in STRING database were 
derived using many different experimental methods, such as assays of co-immunoprecipitation (co-IP), 
co-purification, bimolecular fluorescence complementation (BiFC) and Yeast2Hybrid (Y2H). In addition, it 
includes experimental results directly from maize and those transferred from diverse organisms via 
homology search. To overcome the obstacle of different credibility of different experimental methods, 
and the obstacle of different sequence similarities between different organisms and maize, the 
experimental results collected in the STRING database have been benchmarked and scored as confident 
values to predict protein-protein interactions in maize (Szklarczyk et al., 2021). The comparison of 
confident values between presented co-expression network and the “experimental scores” of STRING 
database showed that the higher top percent of the co-expression weights had the higher averaged 
“experimental scores” (Figure 1A, B), verifying that the higher weight in presented co-expression network 
indeed represented higher confidence of protein interactions.  

Furthermore, defining a cutoff threshold of co-expression weights to filter out greater values would 
improve the prediction of protein-protein interactions. In addition, this might allow us to select a more 
appropriate number of candidate proteins or genes for further functional studies. To define a cutoff 
threshold in presented co-expression network, we observed the fitted curve between top percent 
numbers of co-expression weights and their corresponding averaged “experimental scores”. This curve 
exhibited a logistic regression fit for both shoot and root, indicating that the probability of protein 
interactions increased slowly at the beginning and then rapidly and steeply as the co-expression weights 
increased (Figure 1A, B). This curve suggested that only a few protein pairs with high co-expression values 
might interact with each other. We proposed value points in the regression curve where the 
"experimental score" started to climb rapidly with increasing co-expression weights could be defined as a 
cutoff threshold. The greater values are improved in confidence of predicting protein-protein interactions 
in maize. We proposed the values greater than 0.143 for shoot network and 0.108 for root network as 
“high weights”, covering the top 15% of weights. The validated protein interactions in Chapter 1 by rBiFC 
assays, including MAPK-kinase (MEK1, Zm00001d043609) either with sucrose synthase 1 (SH1, 
Zm00001d045042) or with translation elongation factor 1-gamma 3 (eEF1B-γ, Zm00001d046352), were 
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predicted by root co-expression network with weights at 0.15 and 0.13, which were greater than 0.108 
that we defined as cutoff threshold, further supporting the definition of “high-confidence weights”.     

Figure 1. Top percent numbers of weight in co-expression network versus corresponding averaged 
“experimental scores” in STRING database for (A) shoot network and (B) root network.  

VI.2 Improve protein interaction predictions by integrating multi-evident scores from
STRING database

Both experimental and computational methods have been widely used to investigate protein-protein 
interactions (Xing et al., 2016). Both results were collected into STRING database for maize, which could 
be derived directly from maize or converted from homologous verification in other organisms (Szklarczyk 
et al., 2021). Previous researches have used multiple experimental methods to investigated protein-
protein interactions, such as co-IP, BiFC and Y2H. These methods have given the results of protein-protein 
interactions with high confidence (Xing et al., 2016). That’s why we preferred “experimental scores” to 
other scores when we calibrated co-expression predictions and defined high weights (see section VI.1). 
For further investigation of interest proteins within sub-networks in the following sections, we wanted to 
improve prediction by integrating evidences from STING database. However, the availability of 
“experimental scores” was quite limited. Whereas, the “combined scores” have been assigned combing 
“experimental scores” and other scores from computational analysis, which largely expanded the 
availability to investigate protein-protein interactions. The computational methods-based scores included 
predicted network using high throughput OMICs profiles and text mining of published articles (Szklarczyk 
et al., 2021). The multi-evident scores are known to improve network predictions. Therefore, we 
integrated “combined scores” to co-expression network. The reliability of prediction for protein-protein 
interactions were increased for double-linked candidates via both STRING database and presented co-
expression network. 

VI.3 Integrated LRR-VIII-1 kinase-centered network

The locus Zm00001d038522 encodes a putative Leucine-Rich Repeat receptor-like protein kinase (LRR-
VIII-1 subfamily) of unknown function in maize. The LRR-VIII-1 kinase was found quite abundant in the 
root under HP-condition, and reduced abundance under LP-condition generally in all genotypes (Figure 
2A), while it was very low abundant in shoot under either P-condition (Chapter 1, Table S2). This  protein 
abundance pattern was generally confirmed from other gene expression datasets (Woodhouse et al., 
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2021), indicating that this receptor kinase may play specific roles in the root response to external P status 
rather than in the shoot. The LRR-VIII-1 kinase was found as hub protein of “midnightblue” module in root. 
It was highly correlated with the typical LP-stress responsive traits, such as root to shoot ratio, tissue P 
concentration (Chapter 1, Figure 2c). These indicated that LRR-VIII-1 kinase may be a regulator in the root 
modules of “midnightblue” and “brown” in response to LP-stress (Chapter 1, Figure 7b). To seek more 
hints on how LRR-VIII-1 kinase probably plays a regulatory role, we extracted LRR-VIII-1 kinase and its 
highly co-expressed proteins within a subnetwork. To improve the prediction of its substrate proteins, we 
integrated the subnetwork with “combined scores” in STRING database. To discuss its potential roles in 
LP adaptations, we further integrated the DEPs definition in the subnetwork (Figure 2C). Among the 
integrated network, we found several proteins were double linked with LRR-VIII-1 kinase. This indicated 
an improved confidence of protein-protein interactions between LRR-VIII-1 kinase and superoxide 
dismutase 2 (SOD2, Zm00001d022505), 26S proteasome non-ATPase regulatory subunit 6 (RPN6, 
Zm00001d017117), oligosaccharide transferase 1 (OST1, Zm00001d019164).  

Since LRR-VIII-1 kinase abundance was responsive to LP-stress generally in all genotypes, LP-inducible 
interactions between LRR-VIII-1 kinase and substrate proteins were expected to be identified among the 
high weighted co-expressions. This hypothesis was further supported by the fact that the network of 
highly co-expressed proteins consisted mainly of DEPs. By contrast, the network linked solely by STRING 
database contained few DEPs. A total of 45 DEPs were found to be potential interaction partners of LRR-
VIII-1 kinase, these DEPs included 23 modular hub proteins of “midnightblue” or “brown” module, they 
were promising candidates that could play central roles in LP adaptations and might be modulated by LRR-
VIII-1 kinase through their interactions and phosphorylation (Appendix Table 1).  

The predicted protein-protein interactions could be directly or indirectly. However, this can’t be 
distinguished by co-expression network. Although LRR-VIII-1 kinase was down-regulated, we could not 
conclude that the up-regulated protein indeed interacts indirectly with the LRR-VIII-1 kinase. Previous 
studies found that protein stabilities can be affected by the phosphorylation. Some proteins are more 
stable in the phosphorylated state, while others are more stable in the dephosphorylated state (Praat et 
al., 2021). For instance, a study in mice reported that a glutamine synthetase phosphorylation led to 
glutamine synthetase dramatic degradation (Huyghe et al., 2019). While another study on Brassica napus 
L. reported the degradation of its glutamine synthetase was determined by its dephosphorylated state 
(Finnemann and Schjoerring, 2000). Therefore, it is possible that the down-regulation of LRR-VIII-1 kinase 
could lead to a decrease in the phosphorylation level of its substrate proteins, resulting in increased or 
decreased abundance of the substrate proteins. To this reason, we cannot exclude the possibilities of 
direct interactions between down regulated and up regulated proteins. Among the potential interactors 
of LRR-VIII-1 kinase, for instance, the SOD2, NAD(P)H dehydrogenases (quinone) (NQO, Zm00001d005251, 
Zm000011d012607), glutamine synthetase of GLN4 (zm00001d017958), GLN6 (Zm00001d028260), 
cytosolic UDP-glucose pyrophosphorylase 2 (UGP2, Zm00001d021421), phenylalanine ammonia lyase 3 
(PAL3, Zm00001d051161) and a caffeic acid O-methyltransferase (COMT, Zm00001d049541) were up-
regulated in their abundance. The nicotianamine aminotransferase 1 (NAAT1, Zm00001d053281), S-
methyl-5-thoribose kinase (Zm00001d026573) and several ribosomal proteins for both large ribosomal 
subunits (RPLs) and small ribosomal subunits (RPSs) were down-regulated in their abundance. Whether 
the LRR-VIII-1 kinase indeed interacts with these proteins, whether the changes in abundance of a pair of 
interactors are caused by their interactions or by the regulation involving other proteins require further 
examination in experiments.  
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Given the biological processes that potential candidate interactors are involved in (Appendix Table 1), the 
LRR-VIII-1 kinase may play a role in carbohydrate metabolism (bin1, 2, 3) in Calvin-cycle, cellular 
respiration, sucrose biosynthesis, starch biosynthesis and mannose metabolism; amino acid metabolism 
(bin4) for methionine and phenylalanine; secondary metabolism (bin9); redox homeostasis (bin10); RNA 
processing (bin16); protein biosynthesis in ribosome biogenesis (bin17.1); protein homeostasis (bin19); 
protein modification (bin18); cell wall organization in lignin biosynthesis (bin21.6) and nitrogen 
assimilation in glutamine synthetase (bin25.1.5.1.1). 

The potential ortholog of gene LRR-VIII-1 kinase in Arabidopsis is Nitrate Uptake Regulatory Kinase 1 
(NURK1, At5g49770) (Figure 2B). Similarly to the LRR-VIII-1 kinase in maize, the NURK1 is also highly 
expressed in the root but not in the shoot of Arabidopsis (Wu et al., 2016), indicating a specific and 
conservative role of this LRR-protein kinase in root. In Arabidopsis, the protein NURK1 was found being 
able to interact with high-affinity Nitrate Transporter 2.1  (AtNRT2.1) that is responsive to nitrogen 
starvation, hence to switch AtNRT2.1 activity through phosphorylation events (Z., Li et al., 2020), 
indicating NURK1 may play a regulatory role for nitrogen uptake under nitrogen starvation. Here, we 
identified protein of the LRR-VIII-1 kinase potentially interacted with glutamine synthetase of GLN4 and 
GLN6 , indicated by their high co-expression. The GLN catalyzes the condensation of glutamate and 
ammonia to form glutamine, which is required for nitrogen assimilation from both nitrate and ammonium 
(Finnemann and Schjoerring, 2000; Lea et al., 2010). Given the co-expression network and previous 
findings, we suggested LRR-VIII-1 kinase as a potential regulator during nitrogen uptake and assimilation, 
which can be triggered either by P- or N-deficiency. 

Furthermore, the sequence of NURK1 (At5g49770) is highly similar to the gene loci At5g49750, At5g49760, 
At5g49780 in Arabidopsis (Figure 2B), suggesting sequence similarity and possibly partial functional 
similarity between LRR-VIII-1 kinase and these genes as well. The HPCA1 (Hydrogen Peroxide Induced Ca2+ 
Increases, At5g49760) highly expressed in hypocotyl, leaf and mature flower, while it was relatively low 
in the root (Klepikova et al., 2016). It is an LRR protein kinase that was found function as a sensor to 
hydrogen peroxide (H2O2), which is frequently induced by various biotic or abiotic stress. The protein 
HPCA1 was autophosphorylation when binding to H2O2, which in turn mediated stomatal closure through 
Ca2+ signaling in guard cell (Huang et al., 2020). The plasma membrane located HPCA1 (also termed as 
CARD1 in this article) was able to percept quinone compound 2,6-dimethoxy-1,4-benzoquinone (DMBQ), 
which in turn initiated Ca2+ signaling in root and triggered defense-related gene expression (Laohavisit et 
al., 2020). We identified the LRR-VIII-1 kinase highly co-expressed with SOD2 and NQO. The SOD is known 
to participate in the scavenging of reactive oxygen species (ROS) and antioxidant via catalyzing the 
dismutation of superoxide anion (O2-) to produce H2O2 (Huang et al., 2020). The NQO is capable of 
catalyzing the reduction of quinones acting with NADH or NADPH as coenzyme, it may function as a redox 
sensitive molecular switch and play an important role in controlling ROS production at the plasma 
membrane (Biniek et al., 2017; Ross and Siegel, 2017). Taken together, the LRR-VIII-1 kinase potentially 
mediates regulations of maintaining cellular redox homeostasis in root through interactions with SOD2 
and NQO. However, whether the LRR-VIII-1 kinase is a sensor of H2O2 and quinone in maize like HPCA1 in 
Arabidopsis and whether it interacts directly or indirectly with SOD2 and NQO, require further 
experimental investigation. 

The Vascular-Related Receptor-Like Kinase1 (VRLK1, At1g79620) belongs to LRR-VIII-1 subfamily and is 
described as a homolog to NURK1 (At5g49770) as well (Wall and Open, 2018). In Arabidopsis, suppression 
of VRLK1 was found to promote secondary cell wall thickening by enhancing biosynthesis of cellulose and 
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lignin, leading to shorter fibers and slower root growth. Increased expression of VRLK1 enhanced cell 
elongation and inhibited secondary cell wall thickening (Wall and Open, 2018). We identified the LRR-VIII-
1 kinase in maize to be highly co-expressed with UGP2, PAL3 and a caffeic acid COMT. The UGP catalyzes 
reversible reaction of UTP and glucose 1-phosphate to produce pyrophosphate (PPi) and UDP-glucose, 
which is the precursor for biosynthesis of cellulose and callose (Park et al., 2010). The AtUGP has been 
shown to be necessary for cell wall biosynthesis in Arabidopsis in the context of plant growth and pollen 
development (Park et al., 2010). The PAL and COMT are known to participate in lignin biosynthesis (Zhao 
and Dixon, 2011; Article et al., 2012). Taken together, the LRR-VIII-1 kinase might also mediate LP-
inducible regulations toward formation of secondary cell wall through PAL3, COMT and UGP2, thus 
improving the plant’s anti-stress capability. In addition, the PAL is also known to be involved in secondary 
metabolism in flavonoid biosynthesis, increased PAL could enhance anthocyanin accumulation, which is a 
typical LP-stress response in maize (Péret et al., 2011; Luo et al., 2019). Anthocyanin deficiency lines in 
Arabidopsis confers the hypersensitivity to ROS-generating stress, indicating anthocyanin is important to 
ROS scavenging and plant detoxification (Xu et al., 2017). This indicates that the LRR-VIII-1 kinase might 
modulate redox homeostasis in the root, possibly involving its interaction with PAL3 as well, in addition 
to its potential interactions with SOD2 and NQO.  
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Figure 2. LRR-VIII-1 kinase (Zm00001d038522). (A) Protein abundance of LRR-VIII-1 kinase in six genotypes 
under either low-P or high-P supply. (B) Phylogenic tree of LRR-VIII-1 kinase with its potential homologous 
genes in maize and other species. The phylogenic tree was derived from Gramene Database (Tello-ruiz et 
al., 2021). (C) LRR-VIII-1 kinase-centered network in root combing co-expression weights and “combined 
scores” in STRING database (Szklarczyk et al., 2021). Node filling color: refers to module color. Node 
border by yellow and cyan: being DEPs in at least one genotype, yellow refers to up-regulation, cyan refers 
to down-regulation. Node shape: triangle refers to modular hub protein, circle refers to non-modular hub 
protein. Edge color: orange line refers to co-expression network, purple line refers to interactome 
network in STRING database. Edge line type: solid line refers to high confident score (co-expression 
weights > 0.108, “combined scores” in STRING database > 0.7), dash line refers to medium or low score. 
Edge line strength refers to weight in co-expression or “combined score” in STRING database.  
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VI.4 Genotype-specific-responses defined at individual proteins level in root 

The proteins showing genotype-specific-response potentially contained components that determine a 
better PUE in EP1 and F2 than in other lines. The Chapter 1 has demonstrated that the root proteome 
showed more pronounced genotype-specific-response, and the root modules “blue”, “green”, 
“greenyellow”, “lightcyan”, “tan” and “magenta” were identified as genotype-specific-response modules, 
based on the patterns of modular eigenvalues and module-traits correlations. These modules potentially 
explained the genotypic responses and regulations at proteome level to confer contrasting LP-induced 
traits in EP1 and F2. The typical contrasting traits that highly associated with these modules were: 1) EP1 
and F2 specifically showed a higher plant dry weight under either P condition, 2) EP1 and F2 showed a 
stronger decreased specific root length and a stronger increased root hair length due to LP-stress, 3) EP1 
significantly increased root dry weight due to LP-stress, while these traits rarely changed in other 
genotypes. These indicated that the better PUE in EP1 and F2 relative to other genotypes may relate to 
multiple contrasting traits. And these traits may be caused by multiple proteins that found in those 
modules, therefore, it is worthy to further investigate the proteins within these modules. 

However, individual proteins in the genotype-specific response module could differ in the extent of 
genotype-specific responses, and we assumed that proteins with high genotype-specific responses may 
contain major effectors causing contrasting traits. Therefore, we explored an appropriate method to 
measure the extent of genotype-specific responses for individual proteins. Firstly, significantly responsive 
proteins were defined as differentially expressed proteins (DEPs) that have been discussed in Chapter 1 
(Figure S4A, Table S2B). We hypothesized that each protein found as a DEP in at least one genotype could 
be a precondition for determining genotype-specific responses. Secondly, in statistics, the standard 
deviation is used to describe the amount of variation of a set of values. Therefore, the standard deviation 
of LP-induced fold change (“log2FC(LP/HP) stdev”) of protein abundance among genotypes per protein 
could be used as a measure of the extent of genotype-specific response of this protein. It means that for 
a particular protein that is a DEP in at least one genotype, the lower the “log2FC(LP/HP) stdev” value of 
this protein, the higher we considered the chance of this protein being among the proteins playing a 
primary role in LP-adaptation that commonly required by all genotypes. In this case, we termed these 
proteins as  “common response” proteins. By contrast, the higher the “log2FC(LP/HP) stdev” value of this 
protein, the higher we considered the chance of this protein being among the proteins containing major 
effectors causing contrasting traits. In this case, we termed these proteins as “genotype-specific response” 
proteins.  

We calculated the values of “log2FC(LP/HP) stdev” for all proteins in the root, yielding values ranging from 
0.007 to 2.88. The distribution of all “log2FC(LP/HP) stdev” values showed an approximately symmetric 
distribution but with a longer upper tail, displaying the highest frequency at around 0.36 (Figure 3A). We 
assumed that for most of proteins, each of them reacted more or less the same among six genotypes, 
because these genotypes have close genomic background. Only small proportion of proteins caused the 
contrasting traits due to their intensively different reactions. The distribution of “log2FC(LP/HP) stdev” 
values fitted these assumptions quite well. Specifically, most of proteins showed “log2FC(LP/HP) stdev” 
values at 0.36, which could be caused not only by the difference of genotypes but also could be caused 
by chance, such as microenvironmental differences in individual plants. Therefore, we treated 0.36 as a 
baseline of background values, and assumed the values obtained by chance could be in a normal 
distribution that ranging from 0 to 0.72. To this reason, for proteins which were DEPs in at least one 
genotype, we considered those with the “log2FC(LP/HP) stdev” values greater than 0.72 could be in 
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genotype-specific responses in a high confidence (Figure 3A). For example, the SH1 was a quite typical 
genotype-specific response protein with “log2FC(LP/HP) stdev” values at 0.97 (Chapter 1, Figure 7c). The 
abundance of SH1 intensively decreased protein abundance in EP1 and F2 under LP-stress, while showed 
no response in other genotypes (Chapter 1, Figure 6c). The protein with the maximum “log2FC(LP/HP) 
stdev” value was the most typical protein in genotype-specific response, it is a hydroxyproline-rich 
glycoprotein family protein (Zm00001d022421). The protein Zm00001d022421 was down-regulated in 
EP1 and F2 with log2FC(LP/HP)” of -4.6 and -1.2, respectively. By contrast, this protein was up-regulated 
in F142, SF1, and SM1 with “log2FC(LP/HP)” of 1.5, 2.3, 3.4, and showed no response in F160 (Figure 3B). 
This protein (Zm00001d022421) was functionally unknown in maize. Its potential ortholog gene in 
Arabidopsis is EULS3 (At2g39050). The EULS3 encodes a nucleocytoplasmic lectin that was found to be 
inducible by biotic- and abiotic-stress. Studies reported that EULS3 could bind to carbohydrates and was 
involved in ABA signaling in root (Dubiel, Beeckman, et al., 2020; Dubiel, Coninck, et al., 2020). The 
carbohydrates metabolism and ABA signaling have been known in response to LP-limitation and also 
found in presented study. These hints suggested the hydroxyproline-rich glycoprotein family protein 
(Zm00001d022421) could be a candidate gene for further studies, for example studies on its function in 
LP-adaptations and its contribution to the traits under LP-supply. 

Figure 3. Genotype-specific-responses defined at individual proteins level in root. (A) Distribution of 
standard deviation of LP-induced fold change (“log2FC(LP/HP) stdev”) values in protein abundance among 
genotypes in the root. The highest frequency was found at 0.36, the potential cutoff threshold to 
distinguish significantly high values among all “log2FC(LP/HP) stdev” values could be 0.72, the maximum 
“log2FC(LP/HP) stdev” value was 2.88 found in a hydroxyproline-rich glycoprotein family protein 
(Zm00001d022421) (B) LP-induced protein abundance change in protein Zm00001d022421. 
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VI.5 Differences of MAPK-kinase (MEK1) and sucrose synthase 1 (SH1) among genotypes 

The MEK1 might be a regulator involved in genotype-specific-responses in root. The MEK1 played roles 
mainly in “green”, “greenyellow” and “lightcyan” modules. In Chapter 1, the MEK1 has been 
experimentally validated to interact with SH1 in EP1 but may not in all the other genotypes. This could 
due to the amino acid variations of SH1 among genotypes. The amino acid sequence of SH1 at position 
728 is Ala in EP1, but it is Gly in all other genotypes. The amino acid sequence of SH1 at position 794 is Val 
in SM1, while it is Ala in all other genotypes. It means SH1 of EP1 is distinct from SH1 of other genotypes 
mainly at position 728. Therefore, we examined interaction between MEK1 and SH1 using two types of 
SH1. The two types of SH1 were cloned from EP1 (Ala728) and F160 (Gly728), respectively. The rBiFC assay 
results suggested that the interaction between MEK1 and SH1 could occur in EP1 but not in F160 (Chapter 
1, Figure S6). These results indicated that Ala728 might be necessary for MEK1-SH1 interaction. We further 
inferred MEK1-SH1 interaction would not occur in the rest four genotypes, based on the identity of SH1 
between F160 and them. Remarkably, the “genotype-specific-responses” in this study have been defined 
depending on the protein abundance variations across genotypes and P supply. The interaction 
examinations and sequence alignments analysis expanded our knowledge of genotypic difference of 
MEK1 and SH1 in more dimensions. In summary, the MEK1 and SH1 of EP1 differed to those of other 
genotypes in multiple perspectives: 1) MEK1 and SH1 showed stronger alterations of protein abundance 
under LP in EP1; 2) MEK1-SH1 interaction could occur only in EP1 but not in other genotypes; 3) SH1 
showed genetic variations between EP1 and other genotypes. The amino acid variations of SH1 could 
determine its capability to interact with MEK1, leading to MEK1-SH1 interaction only occurred in EP1. 
However, it is unknown whether interaction between MEK1 and SH1 was causally related to their 
abundance variation in response to LP. To answer this question requires more experimental data. The 
protein abundance of SH1 was found highly correlated with root hair length, specific root length and PUE. 
Therefore, it is interesting to examine whether genetic variation of SH1 is associated with contrasting root 
hair length, specific root length and PUE in further experiments. This might provide SH1 as a selection 
marker or an engineered target to improve PUE in breeding programs.  

VI.6 Integrated MEK1-SH1-centered network 

MEK1 and SH1 were expected to function together with other proteins, eventually shaped the contrasting 
traits. Therefore, we investigated MEK1-SH1 centered network that integrating high weights of co-
expression, “combined scores” of STRING database, DEPs definition and “log2FC(LP/HP) stdev” values 
(Figure 4A, Appendix Table 2). The integrated subnetwork demonstrated that most of the proteins showed 
the highest response strength either in EP1 or F2. The response patterns of these proteins well matched 
the response features on specific root length and root hair length (Chapter1, Figure S1). Among the 
integrated MEK1-SH1 centered network, multiple genotype-specific-response proteins were found. They 
were promising candidates as effectors in shaping the contrasting traits. And they were probably 
regulated by MEK1. The most typical genotype-specific-response proteins with maximum response 
strength in EP1 were phosphogluconate dehydrogenase 4 (PGD4, also termed as glucose-6-phosphate 1-
dehydrogenase, (Zm00001d025015) and exoglucanase1 (EXG1, Zm00001d034015). PGD4 is involved in 
oxidative pentose phosphate pathway. EXG1 functions in glucan catabolic process and plays roles in cell 
wall expansion (Woodhouse et al., 2021). Both PGD4 and EXG1 were highly co-expressed with MEK1 and 
SH1. The STRING database additionally suggested PGD4-SH1 interaction in a medium confidence. The 
EXG1 was defined as a hub protein in the “greenyellow” module, indicating its potential central role in 
this module. Among the proteins with maximum response strength in F2, the catalase1 (CAT1, 
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Zm00001d014848) was found as the most typical genotype-specific-response protein. CAT1 is important 
in scavenging ROS by converting H2O2 into H2O and O2 without producing other ROS (Das et al., 2015; 
Woodhouse et al., 2021). CAT1 may interact with either MEK1 or SH1, which was suggested both by the 
co-expression network and STRING database. Taken together, PGD4, EXG1, CAT1 together with MEK1 and 
SH1 are promising candidates for further research on whether and how they were involved in shaping the 
traits that they were highly associated with, regarding root hair length, specific root length and PUE.   

The subnetwork was enriched in biological processes of carbohydrate metabolism (bin1 and bin3) 
specifically in Calvin-cycle, sucrose metabolism, oxidative pentose phosphate pathway; lipid metabolism 
in phytosterol biosynthesis (bin5.5), nucleotide metabolism in purines (bin6.1), secondary metabolism in 
terpenoids biosynthesis (bin9.1), redox homeostasis in ROS scavenge (bin10.2), RNA processing (bin16), 
protein biosynthesis (bin17), protein homeostasis (bin19), cytoskeleton organization (bin20), cell wall 
organization in lignin biosynthesis (bin21.6), nitrogen assimilation in glutamate synthase activity 
(bin25.1.5.2.2), and iron uptake in phytosiderophore biosynthesis (bin25.4.3.1.3). It indicated MEK1 might 
play roles in these biological processes. The different reactions of these biological processes among 
genotypes might cause different phenotypic changes of root hair length, specific root length and PUE 
under LP among genotypes. Among the enriched biological processes in MEK1-SH1-centered network, the 
translation activities, including initiation and elongation procedures, have been specifically enriched in 
the “greenyellow” module but not in the other modules. Translation elongation factor 1-gamma 3 (eEF1B-
γ, Zm00001d046352) in the MEK1-SH1-centered network has been verified to interacted with MEK1 by 
rBiFC assay (Chapter 1). Unlike the SH1, the eEF1B-γ didn’t showed differences amino acids sequence 
among genotypes, indicating MEK1- eEF1B-γ interaction capabilities in all genotypes. Instead, eEF1B-γ 
only showed different protein abundance alterations under LP among genotypes. This suggested that EP1 
and F2 might differ in alterations of translation elongation activity under LP. Our results suggested that 
eEF1B-γ  might be regulated by MEK1. But this requires further experiments to examine whether MEK1 
indeed phosphorylated eEF1B-γ, whether phosphorylation of eEF1B-γ affected its functions.  

Interestingly, the biological processes entailed in MEK1-SH1-centered network have several overlaps with 
those in LRR-VIII-1 kinase-centered network, such as carbohydrate metabolism (bin1 and bin3), redox 
homeostasis (bin10) and lignin biosynthesis (bin26.1). Overlapping biological processes could be 
implicated in both LRR-VIII-1 kinase and MEK1-SH1 mediated regulations. It could be exemplified by ROS 
scavenging reactions catalyzed by SOD2 and CAT1 (Figure 4B). They have been known to convert O2

- into 
H2O and O2 (Das et al., 2015; Woodhouse et al., 2021). SOD2 and CAT1 might be regulated by LRR-VIII-1 
kinase and MEK1, respectively, as discussed previously. This suggested different strategies of maintaining 
redox homeostasis among genotypes. However, whether tolerance to ROS and the efficiency of ROS 
detoxification differed among genotypes require further experiments in validation. LRR-VIII-1 kinase was 
a “common response” protein, while MEK1 was a “genotype-specific-response” protein. We have 
suggested LRR-VIII-1 kinase might play a fundamental role and MEK1 might play a genotype-specific role 
in LP adaptations. Given that several biological processes were found shared by these two different 
kinases centered networks, it could be very interesting to further investigate theses biological processes. 

 

 

94



Figure 4. (A) The subnetwork centered on MAPK-kinase and Sucrose synthase 1 (MEK1-SH1-centered 
network) integrating root co-expression network in high weights and “combined scores” in STRING 
database (Szklarczyk et al., 2021). Node filling color: refers to module color. Node border by black and 
grey: being DEPs in at least one genotype, grey refers to up-regulation in EP1 or F2, black refers to down-
regulation in EP1 or F2. Node shape: triangle refers to modular hub protein, circle refers to non-modular 
hub protein. Node size: the standard deviation of LP-induced fold change (“log2FC(LP/HP) stdev”) of 
abundance among genotypes. Edge color: orange line refers to co-expression network, purple line refers 
to interactome network in STRING database. Edge line type: solid line refers to high confident score (co-
expression weights > 0.108, “combined scores” in STRING database > 0.7), dash line refers to medium or 
low score. Edge line strength refers to weight in co-expression or “combined score” in STRING database. 
(B) ROS scavenging reactions catalyzed by SOD2 (Zm00001d022505)and CAT1 (Zm00001d014848). This
process might be implicated in both LRR-VIII-1 kinase (Zm00001d038522), MEK1(Zm00001d043609) and
SH1 (Zm00001d045042).
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VI.7 Nutrient uptake and assimilation associated responses and cross-talks

Proteins involved in uptake and assimilation of multiple nutrients were found changed in abundance in 
both shoots and roots (Figure 5A, B). This feature was more pronounced in root, especially for nutrients 
of P, N, S, Fe and Cu (Figure 5B). 

P uptakes – PHTs have been widely known in response to LP-stress in plants, as well as in maize (see 
section II.1.2). In presented work, we found PHT1;9 (zm00001d032850) significantly increased protein 
abundance in roots and shoots of all genotypes (Figure 5A, B). However, PHT1;9 could not be described 
in co-expression network due to missing values under HP condition in multiple genotypes. This indicated 
very low abundance of PHT1;9 under HP condition in tissues. The protein PHT1;1 (zm00001d014116) was 
only detected in shoots and being up-regulated in five genotypes due to LP-stress, but being unknown in 
SF1 due to unquantifiable under either P-condition, neither can we predict its interactors or regulations 
in co-expression network due to missing values (Figure 5A). A GWAS study reported that the variation of 
SNPs in PHT1;1 was significantly associated with shoot P utilization efficiency under LP-supply (D., Li et al., 
2021). These together indicated that PHT1;1 may be function in shoots and responsive to P availability, 
which may eventually affect P utilization efficiency. However, what’s the function of PHT1;1 in shoot, 
whether the variation of SNPs in this gene indeed affected its function are unknown. More experimental 
data are required. By contrast, the protein encoded by PHT1;13 (Zm00001d027700) was identified only in 
roots, it was abundant in all genotypes (Chapter 1, Table S7). This indicated that the expression of PHT1;13 
might be necessary for plant growth. However, the PHT1;13 was rarely change in protein abundance 
under LP-stress (Chapter 1, Table S7). This indicated the PHT1;13 may not be involved in LP-stress 
response, or instead, it could respond to LP-stress at other molecular levels. For example, phosphorylated 
or dephosphorylated modification in post-translational. However, this requires further experimental 
examination. Although protein PHT1;13 was described in the co-expression network, neither highly co-
expressed proteins nor highly correlated traits were found for PHT1;13. Discovery of its regulatory 
modules may require more information from diverse studies, e.g. phosphoproteomic analysis, and 
experimental investigation.  

For other nutrients, there was a general tendency for down-regulation of the N-assimilation pathway (e.g. 
nitrate reductase, nitrite reductase, glutamine synthase) under LP-stress in all genotypes. We observed 
strong alterations of NRT2-type nitrate transporter Zm00001d054057 and its regulator NAR2.1/NRT3 
(Zm00001d017095) in roots of multiple genotypes (Figure 5B). The sulfite reductase (SIR1, 
Zm00001d038625) involved in S-assimilation showed an increased protein abundance under LP in roots, 
which increased more intensively in SF1 and F142 (Figure 5B). Enzymes involved in synthesis of Fe-
chelators and phytosiderophores were found to change in protein abundance due to LP-stress. For 
example, nictotianamine synthases (NASs, Zm00001d028887, Zm00001d047639, Zm00001d047658), 
deoxymugineic acid synthase (DMAS1, Zm00001d028360). The Cu-uptake systems were also affected by 
P-limitation. For example, Cu-chaperone (CSU308, Zm00001d016691) and Cu-chaperone
(Zm00001d031132) significantly changed their abundance under LP in multiple genotypes.

Cross-talks between mineral nutrients have been reported in plants, and became a topic of interest in 
plant nutrition researches. The cross-talks between P and nitrogen (N), potassium (K), iron (Fe), sulfur (S), 
zinc (Zn) have been found in plants (Schachtman and Shin, 2007; Li et al., 2015; Ruffel, 2018). Limited 
knowledge of potential involving molecules and mechanisms behind this phenomenon have been known 
(Fan et al., 2021). We assumed the responses of DEPs that functioned in different nutrients uptake and 
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assimilation might provide some hints about cross-talks between P and other nutrients. Especially a 
subnetwork centered on these DEPs, which then would provide some potential linkage candidates in 
cross-talks between P uptake and other nutrients uptake or assimilation. Therefore, we extracted nutrient 
associated DEPs-centered network in high co-expression, followed by integration of “combine scores” 
with high confidence, as well as the DEPs definition for visualization (Figure 5C). The integrated 
subnetwork demonstrates that N-assimilation responded mainly through the “midnightblue” and “brown” 
modules that contained many proteins with common responses between genotypes. Examples are LRR-
VIII-1 kinase mediating regulations through GLN4 and GLN6 (Figure 5C, Appendix Table 3). By contrast, 
the GOGAT2 (Zm00001d043845) and DMAS1 were found highly co-expressed with many typical genotype-
specific response proteins. These two proteins linked P deficiency with regulations of N-assimilation and 
Fe-uptake. They were potentially involved in MEK1-mediating regulations in “green” and “greenyellow” 
modules (Figure 5C, Appendix Table 3). The CSU308 was a modular hub protein, it was highly co-expressed 
with many commonly responsive proteins in “midnightblue” and “brown” modules, which bridged P-
deficiency with Cu-uptake and N-assimilation. The SIR1 is involved in S-uptake and was highly co-
expressed with proteins of genotype-specific-response proteins in “blue” and “greenyellow” modules. The 
SIR1-centered network was linked with responses in N-assimilation through less genotypic-response 
proteins in “blue” module. 
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Figure 5. Nutrient uptake and assimilation associated responses. (A,B) Changes in protein abundance of 
proteins involved in nutrient uptake and assimilation (bin 25) in shoots (A) and roots (B). Color strength in 
heatmap refers to the log2-fold change comparing low-P to high-P supply. Clustering distances were 
calculated by Pearson’s correlation method and hierarchical clustering linkage based on average values. 
Hub proteins are shown in bold. (C) Root co-expression subnetwork centering on DEPs involving in 
nutrient uptake and assimilation. Node filling color: refers to module. Node border by cyan: being DEPs in 
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at least one genotype. Node shape: triangle refers to modular hub protein, circle refers to non-modular 
hub protein. Node size: the standard deviation of LP-induced fold change (“log2FC(LP/HP) stdev”) of 
abundance among genotypes. Edge color: grey line refers to network centered on proteins in N-
assimilation, copper line refers to network centered on proteins in Cu-uptake, Matisse-blue line refers to 
network centered on proteins in Fe-uptake, yellow line refers to network centered on proteins in S-uptake. 
Edge line type: solid line refers to high confident score in co-expression network (weights > 0.108), dash 
line refers to high confident score in interactome network in STRING database (“combined scores” > 0.7) 
(Szklarczyk et al., 2021). 

VI.8 Dynamics of phosphorylation states of four proteins in root 
Even we did not specifically enrich phosphorylated peptides, we still could detect a small proportion of 
phosphorylated ones from the total protein extracts. We were then able to identify and quantify  
phosphorylated peptides from 4 proteins in roots. They were uridylate kinase (Zm00001d052108), UDP-
D-glucose-6 dehydrogenase (Zm00001d034072), PAL3, and mitochondrial ATP-dependent zinc 
metalloprotease (FTSH4, Zm00001d044266). The phosphorylated peptides of these proteins were 
quantifiable in all genotypes under either P-supply, suggesting a potential involvement of protein kinases 
which may be involved in responses to P condition in root. To investigate whether the phosphorylation 
rate of these proteins was affected by P-availability, we studied the amount ratio of phosphorylated 
peptides among their corresponding proteins for each protein (i.e. intensity of phospho-peptide/intensity 
of protein). In next step, we described the LP-induced log2-folde change of the amount ratio of 
phosphorylated peptides among their corresponding proteins per protein (log2FC(LP/HP) phospho-
peptides proportion) (Figure 6A). The values of log2FC(LP/HP) phospho-peptides proportion in Figure 6A 
demonstrated that the phosphorylation rate of each protein changed in multiple genotypes induced by 
LP-stress. 

The uridylate kinase is a UMP-CMP kinase family protein that was categorized in root module “blue”. Its 
phosphorylation rate intensively decreased in EP1 while slightly increased in the other five genotypes. The 
UDP-D-glucose-6 dehydrogenase converts UDP-glucose into UDP-glucuronate for cell-wall polymers and 
producing NADH, which was in root module “magenta”. Its phosphorylation rate also intensively 
decreased in EP1 while showed weaker alterations in the other genotypes (Figure 6A). These indicate that 
uridylate kinase and UDP-D-glucose-6 dehydrogenase in EP1 were differentially regulated in terms of 
phosphorylation or dephosphorylation compared to other genotypes. 

Interestingly, among the phosphorylated peptides quantifiable proteins, we found PAL3 and 
mitochondrial ATP-dependent zinc metalloprotease FTSH4, which were parts of the LRR-VIII-1 kinase-
centered network in section VI.3. The PAL3 may be modulated by LRR-VIII-1 kinase toward regulation in 
secondary cell wall formation, flavonoid biosynthesis, anthocyanin accumulation and redox homeostasis, 
which have been discussed in section VI.3. The FTSH4 was a typical “common response” protein that 
reduced half of its abundance under LP-stress in all genotypes and showed the minimum “log2FC(LP/HP) 
stdev” value among all the proteins in roots. The gene function of FTSH4 is unknown in maize. The 
ZmFTSH10 (also termed as NDL1, Zm00001d010522) encodes another mitochondria-localized ATP-
dependent metalloprotease belonging to FTSH family. It was found essential to maintain reproductive 
meristem redox status and auxin homeostasis in maize (Liu et al., 2019). The potential ortholog AtFTSH4 
(At2g26140) have been known to play an important role in widespread oxidative stress and auxin 
homeostasis in Arabidopsis, and to affect protein carbonylation, mitochondrial morphology, respiratory 
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chain complexes and phospholipid content (S., Zhang et al., 2014; Smakowska et al., 2016). In addition, 
AtFTSH4 may negatively regulate the expression of WRKY, including WRKY75 which is known to activate 
phosphate starvation inducible genes by modifying the level of ROS (Ii, 2015; S., Zhang et al., 2017). Taken 
together, the identification of phosphorylated state in protein FTSH4 and PAL3 further supports that they 
are promising substrate protein of the LRR-VIII-1 kinase.  

Although the phosphorylation rate of PAL3 tended to decreased in EP1 but increased in F142 and SF1, and 
showed no response in F2, F160 and SM1, the variance of log2FC phospho-peptides proportion among 
genotypes was not intensively. The phosphorylated rate of FTSH4 reduced in all genotypes in a similar 
strength (Figure 6A). Given they are promising substrate protein of the LRR-VIII-1 kinase, and their 
phosphorylation rate could be associated with the amount of LRR-VIII-1 kinase, we further investigated 
the relationship between the values of log2FC(LP/HP) protein abundance in LRR-VIII-1 kinase versus the 
values of log2FC(LP/HP) phospho-peptides proportion in PAL3 and FTSH4. The scatter plots with regression 
curve suggested positive associations between the values of log2FC(LP/HP) protein abundance in LRR-VIII-
1 kinase and the values of log2FC(LP/HP) phospho-peptides proportion both in PAL3 and FTSH4, especially 
in PAL3, of which plot displayed an approximate linear relationship (Figure 6B). These indicated the down-
regulated amount of LRR-VIII-1 kinase may lead to the reduced ratio of phosphorylated state to 
dephosphorylated state in PAL3 and FTSH4. However, the phosphorylation rate in a substrate proteins 
could be affected by other effectors, such as proteins and metabolites which function as activators, 
competitors or inhibitors, this could happened in a complex cellular environment. In addition, a protein 
kinase activity could be additionally affected by its phosphorylation status, exemplified by the 
homologous gene NURK1(At5g49770) of LRR-VIII-1 kinase in Arabidopsis, the phosphorylation states of 
NURK1 can determine its enzymatic activity to AtNRT2.1 (Z., Li et al., 2020). Therefore, deciphering the 
regulatory mechanisms of LRR-VIII-1 to PAL3 and FTSH4 require further investigation, such as 
phosphoproteomic analysis, and experimental examination as well. 

The Chapter 2 described a protocol of phosphoproteomic experimental work flow that added an extra 
step of phospho-peptides enrichment using either TiO2 or SP3 method, which made it possible to quantify 
over two thousand phosphopeptides from 4 biological replicates (Chapter 2). And this allowed us to study 
on phosphorylation dynamics of thousands of proteins. The phosphorylated peptides of MEK1, SH2, LRR-
VIII-1, PAL3, GLN4, GOGAT2 were all quantifiable in the root tissue of test samples using presented 
protocol (Chapter 2). The phosphoproteomic research according to presented protocol will be promising 
to provide more clues for further unraveling the regulatory mechanisms behind the “protein kinase-
centered” network presented here. 
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Figure 6. Identified phosphorylation dynamics of four proteins. (A) LP-induced changes in phosphorylation 
rate per protein in six genotypes, it described by LP-induced log2-folde change in the proportion of 
phosphorylated peptides among their corresponding proteins per protein (log2FC(LP/HP) phospho-
peptides proportion). Zm00001d052108: Uridylate kinase, Zm00001d034072: UDP-D-glucose-6 
dehydrogenase, Zm00001d051161: phenylalanine ammonia lyase 3 (PAL3),  Zm00001d044266: 
mitochondrial ATP-dependent zinc metalloprotease (FTSH4). (B) Scatter plot with linear regression curve 
for comparisons between the values of LP-induced log2 fold change in protein abundance of LRR-VIII-1 
kinase (Zm00001d038522) and the values of log2FC(LP/HP) phospho-peptides proportion in PAL3 
(Zm00001d051161) and FTSH4 (Zm00001d044266).  
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VII. Conclusions and perspective 
From studies on six genotypes EP1, F2, F142, F160, SF1 and SM1 regarding 31 recorded traits, proteome, 
transcriptome, rBiFC assay and limited phosphorylation states dynamics, we concluded that: (1) LP-
induced significant responses consist of thousands of transcripts and hundreds of proteins. (2) Both shoot 
and root tissues contain proteins showing “common responses” and “genotype-specific-responses”. 
These responses together conferred phenotypic changes in traits. In addition, the genotype-specific-
responses were more pronounced in the root than in the shoot. The genotype-specific-responses were 
more pronounced in root proteome than in the root transcriptome. (3) Co-expression networks predicted 
potential protein-protein interactions. Protein co-expression network with weights greater than 0.143 
and 0.108 exhibited high confidence of protein interaction predictions for shoot and root, respectively. (4) 
Given modular eigenvalue/eigengene variation patterns across genotypes and P supply, as well as 
modules-traits correlations, we identified modules of “common responses” and “genotype-specific-
responses” to LP. Common responses modules were found among those which were highly correlated 
with tissue P-concentration and root-to-shoot ratio. They were “black”, “lightgreen”, and “blue” 
proteomic modules in shoots; “midnightblue”, “brown” and “black” proteomic modules in roots; and 
“turquoise”, “blue”, “brown”, “black” and “green” transcriptomic modules in roots. These modules 
represented typical and general responses in maize, thus, they might play fundamental roles in LP 
adaptations. These modules linked tissue P-concentration and root-to-shoot ratio with responses 
regarding photophosphorylation, glycolysis, ribosome biogenesis, S-glutathionylaiton, amino acid 
biosynthesis in shoot, as well as with the respiration, sucrose biosynthesis, S-glutathionylaiton, protein 
biosynthesis and homeostasis, lipid metabolism, amino acid metabolism, cell cycle organization, vesicle 
trafficking and mineral nutrient uptake. (5) The root proteomic modules “blue”, “greenyellow”, “tan”, 
“green”, “lightcyan” and “magenta” were typical genotype-specific-response modules and highly 
associated with root dry weight, root hair length, and specific root length that might determine a higher 
PUE in EP1 and F2. These modules suggested that EP1 and F2 differed from other genotypes under LP in 
terms of regulations on protein quality control, amino acid biosynthesis, glycolysis, cellular respiration, 
cytoskeleton organization, lipid metabolism, translation elongation, aspartate aminotransferase. (6) The 
LRR-VIII-1 kinase (Zm00001d038522) in root is proposed as a promising regulator that may play a 
fundamental role in LP adaptations. It was involved in proteomic modules “midnightblue” and “brown” 
that associated with tissue P-concentration and root-to-shoot ratio. It might interact with SOD2 
(Zm00001d022505), PAL3 (Zm00001d051161), FTSH4 (Zm00001d044266) hence play a role in ROS 
scavenging, flavonoid and anthocyanin synthesis, cell elongation and secondary cell wall organization. It 
potentially targeted at PAL3 and FTSH4 for phosphorylation. (7) MEK1 (MAPK kinase, Zm00001d043609) 
was able to interact with SH1 (sucrose synthase1, Zm00001d045042) in EP1 but not in other genotypes, 
mainly due to the genetic variation of SH1. MEK1 could interact with eEF1B-γ (translation elongation 
factor 1-gamma 3, Zm00001d046352) in all genotypes. (8) MEK1 is proposed as a potential regulator in 
root under LP that mediating genotype-specific-response proteins to shape genotypic contrasting PUE, 
root hair length and specific root length. These may implicate regulations of carbohydrate metabolism, 
translation activity, ROS scavenge and cell wall organization. (9) MEK1 and SH1 were supposed to be 
function together with other genotype-specific-responses proteins to shape the contrasting traits. Among 
these proteins, CAT1 (catalase1, Zm00001d014848), PGD4 (phosphogluconate dehydrogenase 4, 
Zm00001d025015) and EXG1 (exoglucanase1, Zm00001d034015) were potential interaction partners of 
MEK1 and SH1, they were promising effectors to cause contrasting traits as well. (10) The SH1 (sucrose 
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synthase1, Zm00001d045042) is a promising candidate to validate how allelic variations affect PUE in field 
studies, thus, might provide a selection marker or engineered target in breeding programs. (11) LP-stress 
induced responses involved in uptake and assimilation of both P- and other nutrients, including nitrogen 
(N), iron (Fe), copper (Cu), sulfur (S). The PHT1;1 (zm00001d014116) and PHT1;9 (zm00001d032850) 
changed protein abundance under LP in general, but PHT1;13 (Zm00001d027700) was not found changed 
in protein abundance under LP. The LRR-VIII-I (Zm00001d038522) potentially played a regulatory role to 
mediate regulation in nitrogen assimilation under LP-stress via interactions with GLN4 (Zm00001d017958) 
and GLN6 (Zm00001d028260). 

Overall, we applied a co-expression analysis using WGCNA method for proteomic and transcriptomic 
analysis. Based on relationships between genes and traits, we provided hints of potential genes/proteins 
associated with desired traits. We here provided a systematic views on co-expression networks, 
relationships of protein-module and module-trait. We also discussed proper strategies to zoom into the 
network when focusing on individual proteins or a small set of proteins within a pathway. Our study case 
suggests that the co-expression network works well for both transcriptome and proteome analysis. The 
existed OMICs profiles contained tremendous amount of information to be mined, so they may provide 
clues for further studies outside the presented work. 

  

103



VIII. Appendix 
Table 1. Information of promising candidates of substrate proteins interacted with LRR-VIII-1 kinase 
(Zm0001d038522) (Figure 2C). They were defined as DEPs in at least of one genotype and simultaneously 
highly co-expressed with the LRR-VIII-1 kinase. Annotation information was derived from database of 
Mapman4 (Schwacke et al., 2019). 

Gene ID BINCODE BINNAME Module Color Modular 
hub  

DEP 

Zm00001d040084 1.2.5 Photosynthesis.calvin cycle.fructose 1,6-bisphosphate 
aldolase 

brown yes EP1upF142up
F2up 

ZeamMp051 2.4.6.1.2 Cellular respiration.oxidative phosphorylation.ATP 
synthase complex.membrane MF0 
subcomplex.subunit b 

brown no F160down 

Zm00001d021421 3.1.2.6 Carbohydrate metabolism.sucrose 
metabolism.biosynthesis.cytosolic UDP-glucose 
pyrophosphorylase 

midnightblue yes EP1upF2up 

Zm00001d020771 3.2.2.1 Carbohydrate metabolism.starch 
metabolism.biosynthesis.plastidial phosphoglucose 
isomerase 

midnightblue yes F142upSF1up
F2upF160up 

Zm00001d019568 3.6.2 Carbohydrate metabolism.mannose 
metabolism.phosphomannomutase 

brown yes F2upSM1up 

Zm00001d026573 4.1.2.2.6.4.
2 

Amino acid metabolism.biosynthesis.aspartate 
family.aspartate-derived amino 
acids.methionine.salvage pathway.methylthioribose 
kinase 

midnightblue yes EP1downF2do
wnF160down 

Zm00001d014734 4.1.5.2.3 Amino acid metabolism.biosynthesis.  
family.phenylalanine and tyrosine.arogenate 
dehydrogenase (ADH) 

midnightblue no EP1upF142up
F160up 

Zm00001d051161 9.2.1.1.1 Secondary metabolism.phenolics.p-coumaroyl-CoA 
biosynthesis.phenylalanine ammonia lyase 
activity.phenylalanine ammonia lyase (PAL) 

midnightblue yes EP1upF142up
F2up 

Zm00001d022505 10.2.2.3 Redox homeostasis.enzymatic reactive oxygen 
species scavengers.superoxide dismutase 
activities.copper/zinc superoxide dismutase 

midnightblue yes EP1upF2up 

Zm00001d018859 14.6.2.3 DNA damage response.nucleotide excision repair 
(NER).transcription-coupled nucleotide excision repair 
(TC-NER).ubiquitin protease (USP7) 

midnightblue yes EP1down 

Zm00001d046549 16.4.1.4.2 RNA processing.pre-mRNA splicing.U2-type-intron-
specific major spliceosome.U5 small nuclear 
ribonucleoprotein particle (snRNP).protein factor 
(SNU114/U5-116kDa) 

midnightblue no EP1down 

Zm00001d017883 16.8.2.2.4 RNA processing.RNA surveillance.mRNA 
deadenylation-dependent decay.mRNA decapping 
complex.scaffold component VCS 

brown no EP1downF142
downSF1dow
nF2downF160
downSM1dow
n 
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Gene ID BINCODE BINNAME Module Color Modular 
hub  

DEP 

Zm00001d003683 17.1.2.1.1 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU proteome.component 
RPL3 

brown no EP1downF2do
wnF160down 

Zm00001d018903 17.1.2.1.16 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU proteome.component 
RPL15 

brown no F2down 

Zm00001d009579 17.1.2.1.19 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU proteome.component 
RPL18a 

brown no F160down 

Zm00001d013076 17.1.2.1.2 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU proteome.component 
RPL4 

brown no F160down 

Zm00001d021061 17.1.2.1.6 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU proteome.component 
RPL7a 

brown no F2down 

Zm00001d041568 17.1.2.1.7 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU proteome.component 
RPL8 

brown no EP1down 

Zm00001d013086 17.1.3.1.20 Protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU proteome.component 
RPS18 

brown no F160down 

Zm00001d022180 17.1.3.1.7 Protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU proteome.component 
RPS6 

brown yes F2downF160d
own 

Zm00001d053636 17.1.3.1.9 Protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU proteome.component 
RPS8 

brown no EP1down 

Zm00001d019164 18.1.1.5.5 Protein modification.glycosylation.N-linked 
glycosylation.oligosaccharyl transferase (OST) 
complex.component DGL1 

brown no EP1downF2do
wn 

Zm00001d024839 18.8.1.5 Protein modification.S-glutathionylation.glutathione 
S-transferase activities.class phi glutathione S-
transferase 

midnightblue no EP1upSF1upF
2up 

Zm00001d036401 19.1.6.1 Protein homeostasis.protein quality control.Hsp90 
chaperone system.chaperone (Hsp90) 

brown yes EP1downF142
downF160do
wn 

Zm00001d035915 19.2.6.1.2.2 Protein homeostasis.ubiquitin-proteasome 
system.26S proteasome.20S core particle.beta-type 
components.component beta type-2 

brown no EP1upF2up 

Zm00001d017117 19.2.6.2.2.6 Protein homeostasis.ubiquitin-proteasome 
system.26S proteasome.19S regulatory particle.non-
ATPase components.regulatory component RPN7 

brown yes EP1downF2do
wn 

Zm00001d044266 19.4.5.8.1.1 Protein homeostasis.proteolysis.metallopeptidase 
activities.FtsH endopeptidase activities.FtsH 
mitochondrial protease complexes.component 
FtsH4|11 

midnightblue yes F142down 
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hub  

DEP 

Zm00001d049541 21.6.1.7 Cell wall organisation.lignin.monolignol 
biosynthesis.caffeic acid O-methyltransferase (COMT) 

midnightblue yes EP1upF2up 

Zm00001d017239 23.5.1.5 Protein translocation.nucleus.nucleocytoplasmic 
transport.GTPase activating component Ran-GAP 

brown yes EP1downF142
downF2down
F160downSM
1down 

Zm00001d017958 25.1.5.1.1 Nutrient uptake.nitrogen assimilation.ammonium 
assimilation.glutamine synthetase activities.cytosolic 
glutamine synthetase (GLN1) 

midnightblue no EP1upF2up 

Zm00001d021626 35.1 Reactive Intermediate Deaminase A chloroplastic midnightblue no F142upF2upF
160up 

Zm00001d046135 35.1 Protein DJ-1 homolog B midnightblue yes EP1up 

Zm00001d005251 35.1 NAD(P)H dehydrogenase (quinone) FQR1 midnightblue yes EP1upF2upF1
60up 

Zm00001d050198 35.1 alpha/beta-Hydrolases superfamily protein midnightblue no EP1up 

Zm00001d012607 35.1 NAD(P)H dehydrogenase (quinone) FQR1 brown yes EP1upF142up 

Zm00001d038136 35.1 alpha/beta-Hydrolases superfamily protein midnightblue yes EP1upF142up
F2upF160up 

Zm00001d018653 35.1 Hydrolase/ protein serine/threonine phosphatase midnightblue yes EP1upF142up
F160up 

Zm00001d015138 35.2 unkonwn protein brown no EP1downF160
down 

Zm00001d042869 50.1.1 Enzyme classification.EC_1 oxidoreductases.EC_1.1 
oxidoreductase acting on CH-OH group of donor 

brown no EP1upSF1upF
160up 

Zm00001d003271 50.1.8 Enzyme classification.EC_1 oxidoreductases.EC_1.8 
oxidoreductase acting on sulfur group of donor 

midnightblue yes EP1upF2up 

Zm00001d011649 50.2.4 Enzyme classification.EC_2 transferases.EC_2.4 
glycosyltransferase 

midnightblue no EP1up 

Zm00001d007486 50.2.4 Enzyme classification.EC_2 transferases.EC_2.4 
glycosyltransferase 

midnightblue no F142up 

Zm00001d053281 50.2.6 Enzyme classification.EC_2 transferases.EC_2.6 
transferase transferring nitrogenous group 

midnightblue yes SF1downF2do
wnF160down 

Zm00001d028260 50.6.3 Enzyme classification.EC_6 ligases.EC_6.3 ligase 
forming carbon-nitrogen bond (also annotated as 
“glutamine synthetase (GLN6)”) 

midnightblue yes EP1up 
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Table 2. Information of responsive proteins potentially function with sucrose synthase 1 in MAPK-kinase 
mediating regulations (Figure 4A). They were defined as DEPs in at least of one genotype and 
simultaneously highly co-expressed with sucrose synthase 1 or MAPK-kinase. Annotation information was 
derived from database of Mapman4 (Schwacke et al., 2019). 

Gene ID BINCODE BINNAME Module Color Modular 
hub  

DEP 

Zm00001d054089 1.1.8.1.6.2.
2 

Photosynthesis.photophosphorylation.chlororespiration.
NADH dehydrogenase-like (NDH) complex.assembly and 
stabilization.Cpn60 chaperonin heterodimer.subunit beta 

green no F2up 

Zm00001d018936 1.2.9 Photosynthesis.calvin cycle.phosphopentose isomerase brown no EP1upF2up 

Zm00001d021421 3.1.2.6 Carbohydrate metabolism.sucrose 
metabolism.biosynthesis.cytosolic UDP-glucose 
pyrophosphorylase 

midnightblue yes EP1upF2up 

Zm00001d045042 3.1.4.2 Carbohydrate metabolism.sucrose 
metabolism.degradation.sucrose synthase 

greenyellow no EP1downF2
down 

Zm00001d025015 3.9.1.1 Carbohydrate metabolism.oxidative pentose phosphate 
pathway.oxidative phase.glucose-6-phosphate 
dehydrogenase 

tan no EP1downF1
60down 

Zm00001d014887 5.5.1.7 Lipid metabolism.phytosterol 
biosynthesis.campesterol.sterol delta24 reductase 

tan no F160down 

Zm00001d041112 6.1.3.1 Nucleotide 
metabolism.purines.phosphotransfers.adenylate kinase 

green no F2down 

Zm00001d053900 7.5.7.2 Coenzyme metabolism.tetrahydrofolate 
biosynthesis.tetrahydrofolate (THF) 
interconversions.bifunctional 5,10-methylene-THF 
dehydrogenase and 5,10-methenyl-THF cyclohydrolase 

greenyellow no EP1down 

Zm00001d009431 9.1.3.2 Secondary metabolism.terpenoids.isoprenyl diphosphate 
biosynthesis.farnesyl diphosphate synthase 

green yes EP1downF2
down 

Zm00001d014848 10.2.1 Redox homeostasis.enzymatic reactive oxygen species 
scavengers.catalase 

greenyellow no EP1downS
M1up 

Zm00001d011705 12.2.1.3 Chromatin organisation.histone chaperone 
activities.CAF1 histone chaperone complex.component 
CAF1c/MSI 

greenyellow no EP1down 

Zm00001d048291 16.12.5.1 RNA processing.organelle machinery.RNA editing.RNA 
editing factor (MORF-type) 

green yes F2down 

Zm00001d032763 16.4.5.1.4 RNA processing.pre-mRNA splicing.spliceosome-
associated non-snRNP MOS4-associated complex 
(MAC).core components.component MAC3 

green no F2down 

Zm00001d009761 16.4.7.1.1 RNA processing.pre-mRNA splicing.spliceosome assembly 
and disassembly.RNA helicase activities.RNA helicase 
(Sub2) 

brown no EP1downF1
42down 

Zm00001d035201 17.1.2.1.45 Protein biosynthesis.ribosome biogenesis.large ribosomal 
subunit (LSU).LSU proteome.component RPP0 

green yes EP1down 

Zm00001d049500 17.1.3.1.3 Protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU proteome.component RPS3 

green no EP1down 
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hub  

DEP 

Zm00001d013607 17.2.19 Protein biosynthesis.aminoacyl-tRNA synthetase 
activities.threonine-tRNA ligase 

green no F160down 

Zm00001d030011 17.4.1.3.2 Protein biosynthesis.translation initiation.Pre-Initiation 
Complex (PIC) module.eIF3 mRNA-to-PIC binding 
complex.component eIF3b 

green yes EP1downF1
42downF16
0down 

Zm00001d025777 17.4.2.4.2 Protein biosynthesis.translation initiation.mRNA 
loading.eIF-iso4F unwinding complex.component eIF-
iso4G 

green yes EP1downF2
down 

Zm00001d014792 19.1.6.1 Protein homeostasis.protein quality control.Hsp90 
chaperone system.chaperone (Hsp90) 

green yes EP1down 

Zm00001d014124 19.2.4.2.1 Protein homeostasis.ubiquitin-proteasome system.ER-
associated protein degradation (ERAD).substrate 
extraction.platform ATPase (CDC48) 

green yes F2down 

Zm00001d012844 19.2.6.2.2.4 Protein homeostasis.ubiquitin-proteasome system.26S 
proteasome.19S regulatory particle.non-ATPase 
components.regulatory component RPN5 

green yes EP1downF2
down 

Zm00001d044102 19.4.5.6.4 Protein homeostasis.proteolysis.metallopeptidase 
activities.aminopeptidase activities.M18-class aspartyl 
aminopeptidase (DAP) 

green no EP1down 

Zm00001d052056 20.3.1.1 Cytoskeleton organisation.actin and tubulin folding.CCT 
chaperonin folding complex.subunit alpha (CCT1) 

green yes EP1downF2
down 

Zm00001d028183 20.3.1.3 Cytoskeleton organisation.actin and tubulin folding.CCT 
chaperonin folding complex.subunit gamma (CCT3) 

green yes EP1down 

Zm00001d024763 21.6.2.1 Cell wall organisation.lignin.monolignol conjugation and 
polymerization.p-coumaroyl-CoA:monolignol transferase 
(PMT) 

green yes F2down 

Zm00001d009373 21.6.2.3 Cell wall organisation.lignin.monolignol conjugation and 
polymerization.lignin peroxidase 

greenyellow no EP1downF2
down 

Zm00001d040364 21.6.2.3 Cell wall organisation.lignin.monolignol conjugation and 
polymerization.lignin peroxidase 

brown no EP1downF1
42down 

Zm00001d043845 25.1.5.2.2 Nutrient uptake.nitrogen assimilation.ammonium 
assimilation.glutamate synthase activities.NADH-
dependent glutamate synthase 

green yes EP1downF2
downF160d
own 

Zm00001d028360 25.4.3.1.3 Nutrient uptake.iron uptake.chelation-based strategy 
uptake.phytosiderophore biosynthesis.deoxymugineic 
acid synthase 

green no F160down 

Zm00001d015599 35.1 Cyclase family protein tan no EP1up 

Zm00001d017401 35.1 Hsp70-Hsp90 organizing protein 3 green yes EP1down 

Zm00001d027539 35.1 glutathione transferase11 greenyellow no EP1down 

Zm00001d037211 35.1 annexin1 greenyellow no EP1down 

Zm00001d037547 35.1 guaiacol peroxidase3 tan yes EP1upF2up 

Zm00001d037590 35.1 protein disulfide isomerase7 greenyellow no EP1down 
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hub  

DEP 

Zm00001d040705 35.1 Peroxidase 64 tan no EP1up 

Zm00001d042022 35.1 Peroxidase 12 brown no EP1downF1
42downF2d
own 

Zm00001d048924 35.1 Putative DEAD-box ATP-dependent RNA helicase family 
protein 

green no EP1down 

Zm00001d049436 35.1 Germin-like protein subfamily 1 member 8 tan yes F142down 

Zm00001d051227 35.1 Alcohol dehydrogenase-like 6 brown no EP1down 

Zm00001d052104 35.1 Putative subtilase family protein brown no EP1upF2up 

Zm00001d053983 35.1 Probable ATP synthase 24 kDa subunit mitochondrial green no F2down 

Zm00001d032570 35.2 unkown brown no EP1upF2up 

Zm00001d003083 50.1.1 Enzyme classification.EC_1 oxidoreductases.EC_1.1 
oxidoreductase acting on CH-OH group of donor 

greenyellow no EP1downF2
down 

Zm00001d034015 50.3.2 Enzyme classification.EC_3 hydrolases.EC_3.2 glycosylase greenyellow yes EP1down 
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Table 3. Information of responsive proteins to LP-stress and simultaneously linking responses in different 
nutrient uptake or assimilation, covering nutrient associated processes in nitrogen (N), copper (Cu), iron 
(Fe), sulfur (S)  (Figure 5C). They were defined as DEPs in at least of one genotype and simultaneously 
highly co-expressed with responsive proteins involved in nutrient associated processes. Annotation 
information was derived from database of Mapman4 (Schwacke et al., 2019). Log2FC std: the standard 
deviation of LP-induced abundance variations among genotypes. Links: the number of edges linked to the 
protein. 

Gene ID BINCODE BINNAME Module 
Color 

hub  DEP log2FC 
std 

nutri
ent 

links 

Zm00001d016691 25.5.2.3 Nutrient uptake.copper uptake.reduction-based 
uptake.copper chaperone (CCH) 

brown yes EP1downSF1do
wnF2downF160
down 

0.65 Cu 268 

Zm00001d017958 25.1.5.1.1 Nutrient uptake.nitrogen assimilation.ammonium 
assimilation.glutamine synthetase 
activities.cytosolic glutamine synthetase (GLN1) 

midnight
blue 

no EP1upF2up 0.34 N, Cu 251 

Zm00001d018386 25.1.7 Nutrient uptake.nitrogen assimilation.aspartate 
aminotransferase 

brown no F142upF160up 0.52 N, Cu 201 

Zm00001d028260 50.6.3 Enzyme classification.EC_6 ligases.EC_6.3 ligase 
forming carbon-nitrogen bond (also annotated as 
“glutamine synthetase (GLN6)”) 

midnight
blue 

yes EP1up 0.36 N, Cu 159 

Zm00001d052165 25.1.4.2 Nutrient uptake.nitrogen assimilation.nitrate 
assimilation.nitrite reductase 

brown no EP1downF142d
ownF2downF16
0down 

0.72 N, Cu 146 

Zm00001d038625 25.2.1.4 Nutrient uptake.sulfur assimilation.sulfate 
assimilation.sulfite reductase 

blue yes SF1upF160up 1.68 S 143 

Zm00001d022388 25.1.5.2.1 Nutrient uptake.nitrogen assimilation.ammonium 
assimilation.glutamate synthase activities.Fd-
dependent glutamate synthase 

brown no F2down 0.3 N, Cu 106 

Zm00001d025984 25.1.6.1 Nutrient uptake.nitrogen assimilation.glutamate 
deamination.glutamate dehydrogenase 

blue no F142down 0.31 N, Cu 99 

Zm00001d043845 25.1.5.2.2 Nutrient uptake.nitrogen assimilation.ammonium 
assimilation.glutamate synthase activities.NADH-
dependent glutamate synthase 

green yes EP1downF2dow
nF160down 

1.54 N 92 

Zm00001d028360 25.4.3.1.3 Nutrient uptake.iron uptake.chelation-based 
strategy uptake.phytosiderophore 
biosynthesis.deoxymugineic acid synthase 

green no F160down 1.17 Fe 59 

Zm00001d028887 25.4.3.1.1 Nutrient uptake.iron uptake.chelation-based 
strategy uptake.phytosiderophore 
biosynthesis.nicotianamine synthase 

brown no F142downF2do
wnF160down 

1.72 Fe 22 

Zm00001d017274 9.2.1.1.1 Secondary metabolism.phenolics.p-coumaroyl-
CoA biosynthesis.phenylalanine ammonia lyase 
activity.phenylalanine ammonia lyase (PAL) 

brown yes EP1upF142upF2
up 

0.59 N, 
Fe, 
Cu 

8 

Zm00001d011581 10.4.3.2 Redox homeostasis.hydrogen peroxide 
removal.peroxiredoxin activities.type-2 
peroxiredoxin (PrxII) 

brown yes F142upF160up 0.32 N, 
Fe, 
Cu 

8 

Zm00001d027484 18.1.1.5.1 Protein modification.glycosylation.N-linked 
glycosylation.oligosaccharyl transferase (OST) 
complex.component OST1 

brown yes EP1downF142d
ownF160down 

0.39 N, 
Fe, 
Cu 

8 

Zm00001d051174 24.3.1.2 Solute transport.channels.MIP family.plasma 
membrane intrinsic protein (PIP) 

brown yes F142down 0.33 N, 
Fe, 
Cu 

8 

Zm00001d035139 27.7.2.2 Multi-process regulation.Target Of Rapamycin 
(TOR) signalling.TOR kinase substrates.S6K-
dependent protein translation regulator (MRF) 

brown yes EP1downF160d
own 

0.43 N, 
Fe, 
Cu 

8 

Zm00001d017883 16.8.2.2.4 RNA processing.RNA surveillance.mRNA 
deadenylation-dependent decay.mRNA 
decapping complex.scaffold component VCS 

brown no EP1downF142d
ownSF1downF2
downF160down
SM1down 

0.18 N, 
Fe, 
Cu 

7 

Zm00001d017117 19.2.6.2.2.6 Protein homeostasis.ubiquitin-proteasome 
system.26S proteasome.19S regulatory 
particle.non-ATPase components.regulatory 
component RPN7 

brown yes EP1downF2dow
n 

0.13 N, 
Fe, 
Cu 

7 

Zm00001d044266 19.4.5.8.1.1 Protein homeostasis.proteolysis.metallopeptidase 
activities.FtsH endopeptidase activities.FtsH 
mitochondrial protease complexes.component 
FtsH4|11 

midnight
blue 

yes F142down 0.07 N, Cu 7 

Zm00001d018653 35.1 Hydrolase/ protein serine/threonine phosphatase midnight
blue 

yes EP1upF142upF1
60up 

0.4 N, Cu 7 
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Zm00001d051881 35.1 Protein BTR1 brown yes F142downF160d
ownSM1down 

0.13 Fe, 
N, Cu 

7 

Zm00001d020771 3.2.2.1 Carbohydrate metabolism.starch 
metabolism.biosynthesis.plastidial 
phosphoglucose isomerase 

midnight
blue 

yes F142upSF1upF2
upF160up 

0.21 N, Cu 6 

Zm00001d008293 16.4.1.2.3.1 RNA processing.pre-mRNA splicing.U2-type-
intron-specific major spliceosome.U2 small 
nuclear ribonucleoprotein particle 
(snRNP).splicing factor 3A complex.component 
SF3A1 

brown no EP1downF142d
ownSF1down 

0.41 N, Cu 6 

Zm00001d037884 17.1.3.1.23 Protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU 
proteome.component RPS21 

brown no EP1downF142d
ownSF1down 

0.36 N, Cu 6 

Zm00001d032708 18.4.24.1.2.4 Protein 
modification.phosphorylation.serine/threonine 
protein phosphatase superfamily.PPP Fe-Zn-
dependent phosphatase families.PP2A-class  
phosphatase complexes.regulatory component B2 

brown no F142downSF1do
wnSM1down 

0.36 N, Cu 6 

Zm00001d050123 19.1.3.3 Protein homeostasis.protein quality 
control.mitochondrial Hsp70 chaperone 
system.nucleotide exchange factor (MGE) 

brown no EP1downF142d
ownF2downF16
0downSM1dow
n 

0.29 N, Cu 6 

Zm00001d017239 23.5.1.5 Protein translocation.nucleus.nucleocytoplasmic 
transport.GTPase activating component Ran-GAP 

brown yes EP1downF142d
ownF2downF16
0downSM1dow
n 

0.23 N, Cu 6 

Zm00001d015138 35.2 unknown brown no EP1downF160d
own 

0.97 N, Cu 6 

Zm00001d051403 24.3.1.2 Solute transport.channels.MIP family.plasma 
membrane intrinsic protein (PIP) 

brown yes EP1downF142d
own 

0.31 Fe, 
N, Cu 

6 

Zm00001d028368 35.1 Purple acid phosphatase 1 brown yes F142upSF1upF2
up 

0.36 Fe, 
N, Cu 

6 

Zm00001d032114 4.1.4.1.1 Amino acid metabolism.biosynthesis.serine 
family.non-photorespiratory 
serine.phosphoglycerate dehydrogenase 

brown no EP1upF142upSF
1upF160upSM1
up 

0.52 S, N, 
Cu 

5 

Zm00001d048252 17.4.1.3.11 Protein biosynthesis.translation initiation.Pre-
Initiation Complex (PIC) module.eIF3 mRNA-to-
PIC binding complex.component eIF3k 

blue yes F142downSF1do
wnF160down 

0.26 N, 
Cu, S 

5 

Zm00001d002325 35.2 unknown black no F142downSF1do
wnSM1down 

0.37 N, 
Cu, S 

5 

Zm00001d040084 1.2.5 Photosynthesis.calvin cycle.fructose 1,6-
bisphosphate aldolase 

brown yes EP1upF142upF2
up 

0.36 N, Cu 5 

Zm00001d047218 2.4.5.1.7 Cellular respiration.oxidative 
phosphorylation.cytochrome c oxidase 
complex.core components.component COX6b 

black yes EP1downF142d
ownF160downS
M1down 

0.48 N, Cu 5 

Zm00001d019568 3.6.2 Carbohydrate metabolism.mannose 
metabolism.phosphomannomutase 

brown yes F2upSM1up 0.46 N, Cu 5 

Zm00001d034757 4.2.7.8.1.1 Amino acid metabolism.degradation.branched-
chain amino acid.acyl-CoA dehydrogenase 
oxidation.ETF electron transfer flavoprotein 
heterodimer.subunit alpha 

brown no EP1downF142d
ownSF1downF2
downSM1down 

0.38 N, Cu 5 

Zm00001d018454 10.4.1.4 Redox homeostasis.hydrogen peroxide 
removal.ascorbate-glutathione cycle.glutathione 
reductase (GR) 

brown yes F2up 0.23 N, Cu 5 

Zm00001d019034 10.6.1 Redox 
homeostasis.cytosol/mitochondrion/nucleus 
redox homeostasis.H-type thioredoxin 

brown no EP1upF2up 0.3 N, Cu 5 

Zm00001d006680 12.4.7 Chromatin organisation.chromatin remodeling 
complexes.SWR1/NuA4-shared helicase (RVB) 

brown no SF1down 0.31 N, Cu 5 

Zm00001d033204 12.5.4.3 Chromatin organisation.DNA 
methylation.cytosine methylation reader 
activities.methylation reader (MBD10-11) 

brown yes EP1downF142d
own 

0.68 N, Cu 5 

Zm00001d039664 15.3.7.2.1 RNA biosynthesis.RNA polymerase II-dependent 
transcription.transcription termination.R-loop 
removal.R-loop reader protein (ALBA1/2) 

brown no EP1downSF1do
wnF2down 

0.35 N, Cu 5 

Zm00001d015208 16.4.1.2.4.3 RNA processing.pre-mRNA splicing.U2-type-
intron-specific major spliceosome.U2 small 
nuclear ribonucleoprotein particle 
(snRNP).splicing factor 3B complex.component 
SF3B3 

brown yes EP1downF142d
ownF2down 

0.31 N, Cu 5 

Zm00001d005238 17.4.1.3.5 Protein biosynthesis.translation initiation.Pre-
Initiation Complex (PIC) module.eIF3 mRNA-to-
PIC binding complex.component eIF3e 

brown no F160down 0.3 N, Cu 5 
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Zm00001d037700 19.1.1.2.1.1 Protein homeostasis.protein quality control.ER 
Quality Control (ERQC) machinery.BiP chaperone 
system.ERdj3B-BiP-SDF2 chaperone 
complex.chaperone component BiP 

brown yes F2down 0.31 N, Cu 5 

Zm00001d036401 19.1.6.1 Protein homeostasis.protein quality 
control.Hsp90 chaperone system.chaperone 
(Hsp90) 

brown yes EP1downF142d
ownF160down 

0.69 N, Cu 5 

Zm00001d028755 23.5.1.6 Protein translocation.nucleus.nucleocytoplasmic 
transport.GTPase activation accessory protein 
(RanBP1) 

brown yes EP1downF142d
ownF160down 

0.71 N, Cu 5 

Zm00001d019563 24.3.1.2 Solute transport.channels.MIP family.plasma 
membrane intrinsic protein (PIP) 

brown yes EP1downF160d
own 

0.45 N, Cu 5 

Zm00001d012607 35.1 NAD(P)H dehydrogenase (quinone) FQR1 brown yes EP1upF142up 0.34 N, Cu 5 

Zm00001d009695 35.2 RNA-binding (RRM/RBD/RNP motifs) family 
protein 

brown yes EP1downF142d
ownF2down 

0.48 N, Cu 5 

Zm00001d009125 35.2 Carbohydrate-binding-like fold brown no F142downF2do
wnF160down 

0.24 N, Cu 5 

Zm00001d033286 9.2.1.1.1 Secondary metabolism.phenolics.p-coumaroyl-
CoA biosynthesis.phenylalanine ammonia lyase 
activity.phenylalanine ammonia lyase (PAL) 

brown no EP1upF142upSF
1upF2upF160up
SM1up 

0.4 Fe, 
N, Cu 

5 

Zm00001d038653 10.6.1 Redox 
homeostasis.cytosol/mitochondrion/nucleus 
redox homeostasis.H-type thioredoxin 

brown yes EP1upF142upF2
up 

0.47 Fe, 
N, Cu 

5 

Zm00001d027326 12.4.6.1 Chromatin organisation.chromatin remodeling 
complexes.SWR1/NuA4-shared 
subcomplex.component ARP4 

blue yes F142downSF1do
wn 

0.26 S, N, 
Cu 

4 

Zm00001d035044 35.2 KH domain-containing protein blue yes F142downSF1do
wn 

0.38 S, N, 
Cu 

4 

Zm00001d025571 35.2 unknown blue no SF1downF160do
wn 

0.3 S, N, 
Cu 

4 

Zm00001d003006 24.3.1.2 Solute transport.channels.MIP family.plasma 
membrane intrinsic protein (PIP) 

brown yes F160down 0.42 N, 
Fe, 
Cu 

4 

Zm00001d011766 35.1 Nucleic acid-binding OB-fold-like protein blue yes SF1down 0.33 N, 
Cu, S 

4 

Zm00001d053564 35.2 KH domain-containing protein brown no F142downSF1do
wn 

0.46 N, 
Cu, S 

4 

Zm00001d035761 1.1.8.1.4.5 Photosynthesis.photophosphorylation.chlororespi
ration.NADH dehydrogenase-like (NDH) 
complex.lumen subcomplex L.component PnsL5 

brown no F2up 0.34 N, Cu 4 

Zm00001d014734 4.1.5.2.3 Amino acid metabolism.biosynthesis.shikimate 
family.phenylalanine and tyrosine.arogenate 
dehydrogenase (ADH) 

midnight
blue 

no EP1upF142upF1
60up 

0.43 N, Cu 4 

Zm00001d026573 4.1.2.2.6.4.2 Amino acid metabolism.biosynthesis.aspartate 
family.aspartate-derived amino 
acids.methionine.salvage 
pathway.methylthioribose kinase 

midnight
blue 

yes EP1downF2dow
nF160down 

0.38 N, Cu 4 

Zm00001d008238 4.1.1.2.3 Amino acid metabolism.biosynthesis.glutamate 
family.histidine.bifunctional phosphoribosyl-ATP 
diphosphatase and phosphoribosyl-AMP 
cyclohydrolase 

brown no F142up 0.43 N, Cu 4 

Zm00001d022469 5.9.5 Lipid metabolism.lipid bodies-associated 
activities.associated factor (LDAP) 

brown no F142upF2upF16
0up 

1.04 N, Cu 4 

Zm00001d039264 7.5.1.2 Coenzyme metabolism.tetrahydrofolate 
biosynthesis.p-aminobenzoate 
biosynthesis.aminodeoxychorismate lyase 

midnight
blue 

no SF1up 0.3 N, Cu 4 

Zm00001d024281 8.5.2.1 Polyamine metabolism.polyamine 
degradation.FAD-dependent polyamine oxidase 
activities.cytosolic polyamine oxidase (PAO1) 

midnight
blue 

no F142down 1.05 N, Cu 4 

Zm00001d051161 9.2.1.1.1 Secondary metabolism.phenolics.p-coumaroyl-
CoA biosynthesis.phenylalanine ammonia lyase 
activity.phenylalanine ammonia lyase (PAL) 

midnight
blue 

yes EP1upF142upF2
up 

0.41 N, Cu 4 

Zm00001d050874 12.2.8 Chromatin organisation.histone chaperone 
activities.histone chaperone (NRP) 

brown no EP1downF142d
ownF2downF16
0down 

0.21 N, Cu 4 

Zm00001d038851 12.2.6 Chromatin organisation.histone chaperone 
activities.histone chaperone (NAP) 

brown no EP1down 0.54 N, Cu 4 

Zm00001d041290 12.5.4.3 Chromatin organisation.DNA 
methylation.cytosine methylation reader 
activities.methylation reader (MBD10-11) 

brown no EP1downF142d
ownSF1downF2
downSM1down 

0.55 N, Cu 4 

Zm00001d018859 14.6.2.3 DNA damage response.nucleotide excision repair 
(NER).transcription-coupled nucleotide excision 
repair (TC-NER).ubiquitin protease (USP7) 

midnight
blue 

yes EP1down 0.34 N, Cu 4 
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Zm00001d046549 16.4.1.4.2 RNA processing.pre-mRNA splicing.U2-type-
intron-specific major spliceosome.U5 small 
nuclear ribonucleoprotein particle 
(snRNP).protein factor (SNU114/U5-116kDa) 

midnight
blue 

no EP1down 0.36 N, Cu 4 

Zm00001d010128 17.1.2.1.47 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPP2 

brown no EP1downF142d
ownF2down 

0.73 N, Cu 4 

Zm00001d022180 17.1.3.1.7 Protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU 
proteome.component RPS6 

brown yes F2downF160do
wn 

0.92 N, Cu 4 

Zm00001d008757 17.4.1.3.13 Protein biosynthesis.translation initiation.Pre-
Initiation Complex (PIC) module.eIF3 mRNA-to-
PIC binding complex.component eIF3m 

brown no SF1downF160do
wn 

0.24 N, Cu 4 

Zm00001d022513 17.5.1.2.1 Protein biosynthesis.translation elongation.eEF1 
aminoacyl-tRNA binding factor activity.eEF1B 
eEF1A-GDP-recycling complex.component eEF1B-
beta/-delta 

brown no EP1downF142d
own 

0.44 N, Cu 4 

Zm00001d024839 18.8.1.5 Protein modification.S-
glutathionylation.glutathione S-transferase 
activities.class phi glutathione S-transferase 

midnight
blue 

no EP1upSF1upF2u
p 

0.29 N, Cu 4 

Zm00001d052809 19.1.6.1 Protein homeostasis.protein quality 
control.Hsp90 chaperone system.chaperone 
(Hsp90) 

brown no F142down 0.3 N, Cu 4 

Zm00001d052078 19.2.6.2.1.1 Protein homeostasis.ubiquitin-proteasome 
system.26S proteasome.19S regulatory 
particle.ATPase components.regulatory 
component RPT1 

brown no EP1downF2dow
n 

0.55 N, Cu 4 

Zm00001d049541 21.6.1.7 Cell wall organisation.lignin.monolignol 
biosynthesis.caffeic acid O-methyltransferase 
(COMT) 

midnight
blue 

yes EP1upF2up 0.5 N, Cu 4 

Zm00001d008345 23.5.1.3 Protein translocation.nucleus.nucleocytoplasmic 
transport.importin alpha adaptor proteins 

brown yes F2down 0.4 N, Cu 4 

Zm00001d038136 35.1 alpha/beta-Hydrolases superfamily protein midnight
blue 

yes EP1upF142upF2
upF160up 

0.3 N, Cu 4 

Zm00001d005251 35.1 NAD(P)H dehydrogenase (quinone) FQR1 midnight
blue 

yes EP1upF2upF160
up 

0.67 N, Cu 4 

Zm00001d046135 35.1 Protein DJ-1 homolog B midnight
blue 

yes EP1up 0.32 N, Cu 4 

Zm00001d021626 35.1 Reactive Intermediate Deaminase A chloroplastic midnight
blue 

no F142upF2upF16
0up 

0.42 N, Cu 4 

Zm00001d034807 35.1 Late embryogenesis abundant protein group 2 brown no EP1downF142d
own 

0.33 N, Cu 4 

Zm00001d045298 35.1 GDSL esterase/lipase At5g45910 brown no F142up 0.22 N, Cu 4 

Zm00001d003271 50.1.8 Enzyme classification.EC_1 
oxidoreductases.EC_1.8 oxidoreductase acting on 
sulfur group of donor 

midnight
blue 

yes EP1upF2up 0.41 N, Cu 4 

Zm00001d042869 50.1.1 Enzyme classification.EC_1 
oxidoreductases.EC_1.1 oxidoreductase acting on 
CH-OH group of donor 

brown no EP1upSF1upF16
0up 

0.37 N, Cu 4 

Zm00001d045599 50.1.10 Enzyme classification.EC_1 
oxidoreductases.EC_1.10 oxidoreductase acting 
on diphenol or related substance as donor 

brown no F160down 0.2 N, Cu 4 

Zm00001d053281 50.2.6 Enzyme classification.EC_2 transferases.EC_2.6 
transferase transferring nitrogenous group 

midnight
blue 

yes SF1downF2dow
nF160down 

0.95 N, Cu 4 

Zm00001d007486 50.2.4 Enzyme classification.EC_2 transferases.EC_2.4 
glycosyltransferase 

midnight
blue 

no F142up 0.78 N, Cu 4 

Zm00001d049179 50.2.1 Enzyme classification.EC_2 transferases.EC_2.1 
transferase transferring one-carbon group 

brown yes EP1upF2upF160
up 

0.21 N, Cu 4 

Zm00001d045192 6.3.1.1.1 Nucleotide 
metabolism.deoxynucleotides.biosynthesis.ribon
ucleoside-diphosphate reductase 
heterodimer.large subunit 

brown no EP1downF160d
own 

0.84 N 4 

Zm00001d022181 4.1.5.1.1 Amino acid metabolism.biosynthesis.shikimate 
family.shikimate pathway.3-deoxy-D-arabino-
heptulosonate 7-phosphate (DAHP) synthase 

blue yes F142upF160up 1.53 S, N 3 

Zm00001d027514 19.3.4.6 Protein homeostasis.autophagy.autophagic cargo 
receptor activities.adaptor protein (DSK2) 

blue yes SF1down 0.45 S, N 3 

Zm00001d029558 35.1 Pathogenesis-related protein 1 blue yes F142upSF1upF1
60upSM1up 

1.25 S, N 3 

Zm00001d011526 3.8.1 Carbohydrate metabolism.ribose 
metabolism.ribokinase 

blue yes F142downSF1do
wn 

0.35 N, S 3 

Zm00001d011192 4.1.1.1.2.1.1 Amino acid metabolism.biosynthesis.glutamate 
family.glutamate-derived amino 

blue yes SF1down 0.4 N, S 3 
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acids.arginine.carbamoyl phosphate synthetase 
heterodimer.large subunit 

Zm00001d009967 5.3.6 Lipid metabolism.galactolipid and sulfolipid 
biosynthesis.UDP-sulfoquinovose synthase 

blue yes F142up 1.32 N, S 3 

Zm00001d049043 16.12.5.1 RNA processing.organelle machinery.RNA 
editing.RNA editing factor (MORF-type) 

blue yes SF1down 0.34 N, S 3 

Zm00001d011100 17.4.1.3.6 Protein biosynthesis.translation initiation.Pre-
Initiation Complex (PIC) module.eIF3 mRNA-to-
PIC binding complex.component eIF3f 

blue yes F142downSF1do
wnSM1down 

0.48 N, S 3 

Zm00001d052948 20.3.1.8 Cytoskeleton organisation.actin and tubulin 
folding.CCT chaperonin folding complex.subunit 
theta (CCT8) 

blue yes SM1down 0.32 N, S 3 

Zm00001d047893 3.10.1 Carbohydrate 
metabolism.gluconeogenesis.phosphoenolpyruva
te carboxykinase 

brown no F142downF2do
wnF160down 

0.69 N, Cu 3 

Zm00001d005925 3.2.2.1 Carbohydrate metabolism.starch 
metabolism.biosynthesis.plastidial 
phosphoglucose isomerase 

brown no EP1up 0.33 N, Cu 3 

Zm00001d048292 4.1.2.1.4 Amino acid metabolism.biosynthesis.aspartate 
family.asparagine.omega-amidase 

brown no SF1down 0.23 N, Cu 3 

Zm00001d050336 4.2.7.5.1.2 Amino acid metabolism.degradation.branched-
chain amino acid.leucine.methylcrotonoyl-CoA 
carboxylase heterodimer.subunit beta 

midnight
blue 

no F142downSF1do
wn 

0.83 N, Cu 3 

Zm00001d038841 4.2.3.2 Amino acid 
metabolism.degradation.proline.delta-1-
pyrroline-5-carboxylate dehydrogenase 

brown no F2down 0.58 N, Cu 3 

Zm00001d041243 5.7.3.6.5 Lipid metabolism.lipid degradation.fatty acid 
degradation.glyoxylate cycle.peroxisomal NAD-
dependent malate dehydrogenase 

brown no F142up 0.37 N, Cu 3 

Zm00001d010855 5.9.5 Lipid metabolism.lipid bodies-associated 
activities.associated factor (LDAP) 

midnight
blue 

no F142up 0.42 N, Cu 3 

Zm00001d023833 6.3.2.4 Nucleotide metabolism.deoxynucleotides.salvage 
pathway.nucleoside diphosphate kinase 

midnight
blue 

no EP1upSF1up 0.65 N, Cu 3 

Zm00001d017139 9.1.2.7 Secondary 
metabolism.terpenoids.methylerythritol 
phosphate (MEP) pathway.4-hydroxy-3-
methylbut-2-enyl diphosphate synthase 

midnight
blue 

no F2upF160up 0.49 N, Cu 3 

Zm00001d040163 9.1.2.3 Secondary 
metabolism.terpenoids.methylerythritol 
phosphate (MEP) pathway.1-deoxy-D-xylulose 5-
phosphate reductase (DXR) 

midnight
blue 

no EP1upF142upSF
1upF160up 

0.57 N, Cu 3 

Zm00001d022505 10.2.2.3 Redox homeostasis.enzymatic reactive oxygen 
species scavengers.superoxide dismutase 
activities.copper/zinc superoxide dismutase 

midnight
blue 

yes EP1upF2up 0.79 N, Cu 3 

Zm00001d034479 12.1.1 Chromatin organisation.histones.linker histone 
(H1) 

brown no EP1downF160d
own 

0.64 N, Cu 3 

Zm00001d045310 13.4.4.1.4 Cell cycle organisation.cytokinesis.phragmoplast 
disassembly.NACK-PQR signalling pathway.MAP-
kinase (NRK/MPK) 

midnight
blue 

no F2up 0.46 N, Cu 3 

Zm00001d003683 17.1.2.1.1 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPL3 

brown no EP1downF2dow
nF160down 

1.11 N, Cu 3 

Zm00001d018903 17.1.2.1.16 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPL15 

brown no F2down 1.07 N, Cu 3 

Zm00001d044287 17.1.2.1.20 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPL19 

brown no EP1downSF1do
wn 

1.2 N, Cu 3 

Zm00001d021061 17.1.2.1.6 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPL7a 

brown no F2down 1.25 N, Cu 3 

Zm00001d009271 17.2.3 Protein biosynthesis.aminoacyl-tRNA synthetase 
activities.asparagine-tRNA ligase 

brown no F2down 0.35 N, Cu 3 

Zm00001d047191 17.3.1.2.4 Protein biosynthesis.mRNA quality control.Exon 
Junction complex (EJC).peripheral 
components.component ACINUS 

brown yes EP1downF142d
ownF160down 

0.69 N, Cu 3 

Zm00001d049723 17.3.1.1.2 Protein biosynthesis.mRNA quality control.Exon 
Junction complex (EJC).core 
components.component Magoh 

blue no F142down 0.36 N, Cu 3 

Zm00001d039305 17.4.1.3.12 Protein biosynthesis.translation initiation.Pre-
Initiation Complex (PIC) module.eIF3 mRNA-to-
PIC binding complex.component eIF3l 

brown no F160down 0.39 N, Cu 3 

Zm00001d022134 17.5.1.2.1 Protein biosynthesis.translation elongation.eEF1 
aminoacyl-tRNA binding factor activity.eEF1B 

brown no F142downSF1do
wn 

0.54 N, Cu 3 
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eEF1A-GDP-recycling complex.component eEF1B-
beta/-delta 

Zm00001d025305 19.1.1.1.1.1 Protein homeostasis.protein quality control.ER 
Quality Control (ERQC) 
machinery.calnexin/calreticulin chaperone 
system.CNX-CRT cycle.lectin chaperone (CNX) 

brown no EP1downF142d
ownF2downF16
0down 

0.63 N, Cu 3 

Zm00001d049922 19.4.2.2 Protein homeostasis.proteolysis.serine-type 
peptidase activities.S10-class serine 
carboxypeptidase (SCPL) 

midnight
blue 

no F142upSF1upF1
60up 

0.3 N, Cu 3 

Zm00001d032472 19.4.2.7 Protein homeostasis.proteolysis.serine-type 
peptidase activities.S28-class serine 
carboxypeptidase 

brown no F2up 0.46 N, Cu 3 

Zm00001d003707 21.6.2.3 Cell wall organisation.lignin.monolignol 
conjugation and polymerization.lignin peroxidase 

brown no EP1downF142d
ownSF1downF2
downF160down 

0.75 N, Cu 3 

Zm00001d044614 22.1.1.1 Vesicle trafficking.clathrin coated vesicle (CCV) 
machinery.clathrin triskelion structure.heavy 
chain 

midnight
blue 

no EP1up 0.97 N, Cu 3 

Zm00001d014862 22.1.4.7 Vesicle trafficking.clathrin coated vesicle (CCV) 
machinery.TPLATE AP-2 co-adaptor 
complex.component EH 

black yes F142down 0.39 N, Cu 3 

Zm00001d036161 22.3.1.2 Vesicle trafficking.Coat protein I (COPI) coatomer 
machinery.coat protein complex.subunit beta2 

brown yes F142down 0.44 N, Cu 3 

Zm00001d038380 22.8.1.5 Vesicle trafficking.regulation of membrane 
tethering and fusion.RAB-GTPase activities.E-class 
RAB GTPase 

midnight
blue 

yes F2up 0.47 N, Cu 3 

Zm00001d041214 24.1.2.3.1 Solute transport.primary active transport.P-type 
ATPase superfamily.P3 family.P3A-type proton-
translocating ATPase (AHA) 

brown no F160down 0.51 N, Cu 3 

Zm00001d051872 24.3.1.2 Solute transport.channels.MIP family.plasma 
membrane intrinsic protein (PIP) 

brown no F142downSF1do
wnF160down 

0.38 N, Cu 3 

Zm00001d050198 35.1 alpha/beta-Hydrolases superfamily protein midnight
blue 

no EP1up 0.37 N, Cu 3 

Zm00001d003457 35.1 PLAT domain-containing protein 3 brown no EP1up 0.85 N, Cu 3 

Zm00001d013019 35.1 Mitochondrial Rho GTPase brown no F160down 0.55 N, Cu 3 

Zm00001d020696 35.1 Asparate aminotransferase brown no F142downF2do
wnF160down 

0.41 N, Cu 3 

Zm00001d039263 35.1 OB-fold nucleic acid binding domain containing 
protein 

brown no F142downF160d
own 

0.35 N, Cu 3 

Zm00001d031688 35.1 Putative 14-3-3 protein brown no F142down 0.35 N, Cu 3 

Zm00001d006374 35.1 Probable inactive purple acid phosphatase 1 brown no SF1upF160up 0.21 N, Cu 3 

Zm00001d043827 35.2 S-adenosyl-L-methionine-dependent 
methyltransferases superfamily protein 

brown no F2down 0.26 N, Cu 3 

Zm00001d035934 35.2 unknown brown no EP1down 0.28 N, Cu 3 

Zm00001d048102 2.4.3.3.2 Cellular respiration.oxidative 
phosphorylation.cytochrome c reductase 
complex.peptidase component MPP 
heterodimer.subunit beta 

brown yes EP1up 0.34 N 3 

Zm00001d021421 3.1.2.6 Carbohydrate metabolism.sucrose 
metabolism.biosynthesis.cytosolic UDP-glucose 
pyrophosphorylase 

midnight
blue 

yes EP1upF2up 0.72 N 3 

Zm00001d010796 3.1.4.3 Carbohydrate metabolism.sucrose 
metabolism.degradation.hexokinase 

green no F2down 0.53 N 3 

Zm00001d013076 17.1.2.1.2 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPL4 

brown no F160down 1.46 N 3 

Zm00001d041568 17.1.2.1.7 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPL8 

brown no EP1down 1.51 N 3 

Zm00001d019164 18.1.1.5.5 Protein modification.glycosylation.N-linked 
glycosylation.oligosaccharyl transferase (OST) 
complex.component DGL1 

brown no EP1downF2dow
n 

0.66 N 3 

Zm00001d035915 19.2.6.1.2.2 Protein homeostasis.ubiquitin-proteasome 
system.26S proteasome.20S core particle.beta-
type components.component beta type-2 

brown no EP1upF2up 0.43 N 3 

Zm00001d020057 1.4.1.1 Photosynthesis.CAM/C4 
photosynthesis.phosphoenolpyruvate (PEP) 
carboxylase activity.PEP carboxylase 

blue no F142upSF1upF1
60upSM1up 

1.08 S, N 2 

Zm00001d035156 2.1.1.4.1 Cellular respiration.glycolysis.cytosolic 
glycolysis.glyceraldehyde 3-phosphate 

blue yes F142upSF1upS
M1up 

0.7 S, N 2 
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dehydrogenase activities.NAD-dependent 
glyceraldehyde 3-phosphate dehydrogenase 

Zm00001d030968 35.1 Flowering locus K homology domain blue yes F142down 0.41 S, N 2 

Zm00001d019089 35.1 HIPL1 protein blue no F142down 0.52 S, N 2 

Zm00001d049234 1.3.5 Photosynthesis.photorespiration.serine 
hydroxymethyltransferase (SHM) 

blue yes F142upSF1upS
M1up 

1.31 N, S 2 

Zm00001d034517 13.4.1.2.3 Cell cycle organisation.cytokinesis.preprophase 
microtubule organization.TON1-TRM-PP2A (TTP) 
preprophase band formation complex.catalytic 
component PP2A-phosphatase 

blue yes SF1down 0.47 N, S 2 

Zm00001d042329 23.2.1.5 Protein translocation.mitochondrion.outer 
mitochondrion membrane TOM translocation 
system.component Tom20 

blue yes F142down 0.37 N, S 2 

Zm00001d017501 23.4.2.1 Protein translocation.peroxisome.PEX19 insertion 
system.component Pex19 

blue no F142down 0.52 N, S 2 

Zm00001d011504 24.1.1.2.5 Solute transport.primary active transport.V-type 
ATPase complex.peripheral V1 
subcomplex.subunit E 

blue yes F142upSF1upF1
60upSM1up 

1.51 N, S 2 

Zm00001d050375 35.1 14-3-3-like protein blue yes SF1down 0.56 N, S 2 

Zm00001d044747 35.2 B12D protein blue yes F142upF160up 1.46 N, S 2 

Zm00001d035201 17.1.2.1.45 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPP0 

green yes EP1down 1.02 N, Fe 2 

Zm00001d016566 2.4.1.4.7 Cellular respiration.oxidative 
phosphorylation.NADH dehydrogenase 
complex.non-core components.component CAL 

brown no F142down 0.31 N, Cu 2 

Zm00001d027756 4.1.2.2.6.4.5 Amino acid metabolism.biosynthesis.aspartate 
family.aspartate-derived amino 
acids.methionine.salvage pathway.acireductone 
dioxygenase 

black yes F142downSF1do
wnF160downS
M1down 

0.31 N, Cu 2 

Zm00001d031621 4.1.2.2.6.4.1 Amino acid metabolism.biosynthesis.aspartate 
family.aspartate-derived amino 
acids.methionine.salvage 
pathway.methylthioadenosine nucleosidase 

brown no F160down 0.28 N, Cu 2 

Zm00001d035475 4.2.7.3 Amino acid metabolism.degradation.branched-
chain amino acid.isovaleryl-CoA-dehydrogenase 

black yes F142downF2do
wnF160downS
M1down 

0.51 N, Cu 2 

Zm00001d053663 4.2.8.3.3 Amino acid metabolism.degradation.aromatic 
amino acid.tyrosine.fumarylacetoacetate 
hydrolase 

brown no F142upSF1upF1
60up 

1.04 N, Cu 2 

Zm00001d026578 17.1.2.1.47 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPP2 

brown no F142downF160d
own 

0.53 N, Cu 2 

Zm00001d019283 19.1.1.1.1.2 Protein homeostasis.protein quality control.ER 
Quality Control (ERQC) 
machinery.calnexin/calreticulin chaperone 
system.CNX-CRT cycle.lectin chaperone (CRT) 

brown no SM1down 0.4 N, Cu 2 

Zm00001d012044 19.2.2.2.1 Protein homeostasis.ubiquitin-proteasome 
system.ubiquitin-fold protein conjugation.SUMO 
conjugation (sumoylation).ubiquitin-fold protein 
(SUMO) 

brown no EP1down 0.26 N, Cu 2 

Zm00001d034644 20.2.2.8 Cytoskeleton organisation.microfilament 
network.actin polymerisation.actin-
depolymerizing factor (ADF) 

brown no EP1upF142upF2
upSM1up 

0.55 N, Cu 2 

Zm00001d038709 22.8.1.7 Vesicle trafficking.regulation of membrane 
tethering and fusion.RAB-GTPase activities.G-class 
RAB GTPase 

midnight
blue 

no F160down 0.27 N, Cu 2 

Zm00001d012815 23.5.1.2.8 Protein translocation.nucleus.nucleocytoplasmic 
transport.karyopherin beta transport 
receptors.export karyopherin (XPO1) 

brown no F2downF160do
wn 

0.41 N, Cu 2 

Zm00001d046184 35.1 Peroxidase 52 brown no EP1downF142d
ownSF1down 

1.16 N, Cu 2 

Zm00001d042634 35.1 Extradiol ring-cleavage dioxygenase brown no EP1up 0.3 N, Cu 2 

Zm00001d003190 35.1 Endochitinase A brown no EP1downF142d
own 

1.33 N, Cu 2 

Zm00001d022420 35.1 Stress responsive protein black no F142upF2up 0.55 N, Cu 2 

Zm00001d004758 35.1 Dirigent protein 23 brown no F2upF160upSM
1up 

0.35 N, Cu 2 
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Zm00001d007753 35.1 Eukaryotic aspartyl protease family protein brown no F142down 0.85 N, Cu 2 

Zm00001d020794 35.1 Blue copper protein brown no F2up 0.76 N, Cu 2 

Zm00001d023918 35.1 Purple acid phosphatase 10 brown no SF1up 0.21 N, Cu 2 

Zm00001d018966 35.1 Acidic endochitinase brown no EP1downF142d
ownF2down 

1.0 N, Cu 2 

Zm00001d014467 35.1 Peroxidase 3 brown no F142down 0.39 N, Cu 2 

Zm00001d036131 35.1 Protein arginine N-methyltransferase PRMT10 brown no F160down 0.29 N, Cu 2 

Zm00001d021952 35.2 Calcium-dependent lipid-binding (CaLB domain) 
family protein 

brown no F142downSF1do
wn 

0.42 N, Cu 2 

Zm00001d008993 50.1.1 Enzyme classification.EC_1 
oxidoreductases.EC_1.1 oxidoreductase acting on 
CH-OH group of donor 

black yes F142upF160up 0.21 N, Cu 2 

Zm00001d005312 50.2.3 Enzyme classification.EC_2 transferases.EC_2.3 
acyltransferase 

black no SM1down 0.36 N, Cu 2 

Zm00001d005391 50.3.4 Enzyme classification.EC_3 hydrolases.EC_3.4 
hydrolase acting on peptide bond (peptidase) 

brown no F142down 0.73 N, Cu 2 

Zm00001d019497 50.3.2 Enzyme classification.EC_3 hydrolases.EC_3.2 
glycosylase 

brown no F160down 0.32 N, Cu 2 

Zm00001d054089 1.1.8.1.6.2.2 Photosynthesis.photophosphorylation.chlororespi
ration.NADH dehydrogenase-like (NDH) 
complex.assembly and stabilization.Cpn60 
chaperonin heterodimer.subunit beta 

green no F2up 0.45 N 2 

Zm00001d044042 2.3.8 Cellular respiration.tricarboxylic acid 
cycle.mitochondrial NAD-dependent malate 
dehydrogenase 

brown no EP1up 0.45 N 2 

Zm00001d016722 2.4.3.5 Cellular respiration.oxidative 
phosphorylation.cytochrome c reductase 
complex.component QCR6 

brown no EP1upF2up 0.65 N 2 

Zm00001d006185 3.9.1.2 Carbohydrate metabolism.oxidative pentose 
phosphate pathway.oxidative phase.6-
phosphogluconolactonase 

midnight
blue 

yes EP1upF2up 0.35 N 2 

Zm00001d023243 4.1.3.2.5.1 Amino acid metabolism.biosynthesis.pyruvate 
family.pyruvate-derived amino acids.leucine.2-
isopropylmalate synthase 

brown no EP1downF142d
ownF2down 

0.72 N 2 

Zm00001d019467 8.2.2 Polyamine metabolism.spermidine 
biosynthesis.spermidine synthase 

brown no F2up 0.54 N 2 

Zm00001d021709 9.1.1.7 Secondary metabolism.terpenoids.mevalonate 
pathway.isopentenyl diphosphate isomerase 

blue no SM1down 0.35 N 2 

Zm00001d050339 9.4.1.2 Secondary metabolism.betaines.glycinebetaine 
biosynthesis.betaine-aldehyde dehydrogenase 

green no F2down 0.69 N 2 

Zm00001d048291 16.12.5.1 RNA processing.organelle machinery.RNA 
editing.RNA editing factor (MORF-type) 

green yes F2down 0.56 N 2 

Zm00001d009761 16.4.7.1.1 RNA processing.pre-mRNA splicing.spliceosome 
assembly and disassembly.RNA helicase 
activities.RNA helicase (Sub2) 

brown no EP1downF142d
own 

0.84 N 2 

Zm00001d012052 16.7.2 RNA processing.RNA chaperone activities.RNA 
chaperone (RZ1|GR-RBP) 

midnight
blue 

yes EP1upF2up 0.53 N 2 

Zm00001d053636 17.1.3.1.9 Protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU 
proteome.component RPS8 

brown no EP1down 1.56 N 2 

Zm00001d007824 17.1.2.1.2 Protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RPL4 

brown no EP1downF2dow
nF160down 

1.49 N 2 

Zm00001d030011 17.4.1.3.2 Protein biosynthesis.translation initiation.Pre-
Initiation Complex (PIC) module.eIF3 mRNA-to-
PIC binding complex.component eIF3b 

green yes EP1downF142d
ownF160down 

1.29 N 2 

Zm00001d025185 17.4.1.3.8 Protein biosynthesis.translation initiation.Pre-
Initiation Complex (PIC) module.eIF3 mRNA-to-
PIC binding complex.component eIF3h 

blue no SF1down 0.53 N 2 

Zm00001d035817 18.4.1.30 Protein modification.phosphorylation.TKL protein 
kinase superfamily.protein kinase (MAP3K-RAF) 

brown no EP1down 0.53 N 2 

Zm00001d014792 19.1.6.1 Protein homeostasis.protein quality 
control.Hsp90 chaperone system.chaperone 
(Hsp90) 

green yes EP1down 0.97 N 2 

Zm00001d003857 19.1.1.1.1.1 Protein homeostasis.protein quality control.ER 
Quality Control (ERQC) 
machinery.calnexin/calreticulin chaperone 
system.CNX-CRT cycle.lectin chaperone (CNX) 

brown no EP1downF2dow
nF160down 

0.7 N 2 

Zm00001d003566 19.2.6.2.2.5 Protein homeostasis.ubiquitin-proteasome 
system.26S proteasome.19S regulatory 

blue yes SF1down 0.29 N 2 
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particle.non-ATPase components.regulatory 
component RPN6 

Zm00001d040364 21.6.2.3 Cell wall organisation.lignin.monolignol 
conjugation and polymerization.lignin peroxidase 

brown no EP1downF142d
own 

1.3 N 2 

Zm00001d037018 35.2 DUF538 family protein blue no SF1down 0.37 N 2 

Zm00001d042540 50.1.12 Enzyme classification.EC_1 
oxidoreductases.EC_1.13 oxidoreductase acting 
on single donor with incorporation of molecular 
oxygen (oxygenase) 

brown no EP1downF142d
ownF2down 

1.36 N 2 

Zm00001d042192 50.1.13 Enzyme classification.EC_1 
oxidoreductases.EC_1.14 oxidoreductase acting 
on paired donor with incorporation or reduction 
of molecular oxygen 

blue no F142downSF1do
wn 

0.44 N 2 

Zm00001d011649 50.2.4 Enzyme classification.EC_2 transferases.EC_2.4 
glycosyltransferase 

midnight
blue 

no EP1up 0.35 N 2 

Zm00001d039695 50.2.1 Enzyme classification.EC_2 transferases.EC_2.1 
transferase transferring one-carbon group 

midnight
blue 

yes EP1up 0.5 N 2 

Zm00001d011891 50.3.1 Enzyme classification.EC_3 hydrolases.EC_3.1 
hydrolase acting on ester bond 

blue no F142down 0.37 N 2 

Zm00001d045042 3.1.4.2 Carbohydrate metabolism.sucrose 
metabolism.degradation.sucrose synthase 

greenyel
low 

no EP1downF2dow
n 

0.97 Fe, N 2 

Zm00001d009431 9.1.3.2 Secondary metabolism.terpenoids.isoprenyl 
diphosphate biosynthesis.farnesyl diphosphate 
synthase 

green yes EP1downF2dow
n 

0.97 Fe, N 2 

Zm00001d012844 19.2.6.2.2.4 Protein homeostasis.ubiquitin-proteasome 
system.26S proteasome.19S regulatory 
particle.non-ATPase components.regulatory 
component RPN5 

green yes EP1downF2dow
n 

0.95 Fe, N 2 

Zm00001d052056 20.3.1.1 Cytoskeleton organisation.actin and tubulin 
folding.CCT chaperonin folding complex.subunit 
alpha (CCT1) 

green yes EP1downF2dow
n 

0.89 Fe, N 2 

Zm00001d028183 20.3.1.3 Cytoskeleton organisation.actin and tubulin 
folding.CCT chaperonin folding complex.subunit 
gamma (CCT3) 

green yes EP1down 1.44 Fe, N 2 

Zm00001d024763 21.6.2.1 Cell wall organisation.lignin.monolignol 
conjugation and polymerization.p-coumaroyl-
CoA:monolignol transferase (PMT) 

green yes F2down 0.74 Fe, N 2 

Zm00001d017401 35.1 Hsp70-Hsp90 organizing protein 3 green yes EP1down 0.92 Fe, N 2 
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