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1. Introduction 

Maize, also known as corn (Zea mays L.), has had an increasingly important role in the 

global agri-food system since it was domesticated approximately 9,000 years ago.  

Technological advancements, improvements in yield, and expansion of agricultural areas 

have contributed to a surge in global maize production in recent decades, driven by 

growing demand. The Food and Agriculture Organization (FAO) of the United Nations 

estimates that on average between 1987 and 1991, 462 million tons of maize were 

produced globally each year placing it fifth on a most globally produced crops and 

livestock ranking while 1,155 billion tons were produced on average between 2017 and 

2021 placing it second only to the sugar cane. This versatile crop is primarily used as 

animal feed globally, but it is also significant as a food crop, particularly in sub-Saharan 

Africa and Latin America, in addition to non-food applications (Erenstein et al., 2022; 

FAOSTAT, 2021). Furthermore, climate change is set to increase the frequency of biotic 

stresses such as diseases and insect-pests as well as abiotic stresses (e.g. heat, drought, 

waterlogging) in an unequal manner affecting particularly low-income households in 

low- and middle-income countries in sub-Saharan Africa, South Asia and Central 

America (IPCC, 2023). When confronted to those abiotic stress factors, maize develops 

several responses in a complex and dynamic manner at multiple levels: morphological, 

physiological, phytochemical and biochemical (Salika & Riffat, 2021). Understanding 

the molecular and genetic mechanisms of maize in stress conditions such as drought is 

important in order to have a complete picture and design strategies to improve crop 

productivity facing the current climate change crisis (Casaretto et al., 2016). 

1.1. Aquaporins 

Water availability is an important issue when it comes to plant abiotic stresses. Three 

types of water transport exist in plant tissues: the apoplastic path goes through the cell 

wall, the symplastic path uses the plasmodesmata and the transcellular path goes inside 

the cells across the plasma membrane (Steudle & Peterson, 1998). The transcellular path 

is mainly controlled by membrane-bound water channels called aquaporins (AQPs) 
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(Chaumont & Tyerman, 2014). These 21 to 34 kDa proteins possess 43 homologs in 

maize (Capuano, 2023; Chaumont & Tyerman, 2014; Laurent, Maistriaux, Chaumont, 

unpublished data; Su et al., 2022).  

As they control the membrane osmotic permeability, AQPs have a sizable impact on 

numerous physiological processes such as  root water transport, plant growth and 

development (Chaumont & Tyerman, 2014; Gomes et al., 2009; Yaneff et al., 2015). In 

addition, AQPs facilitate the diffusion of other molecules aside from water. Indeed, other 

small solutes such as urea, CO2, H2O2, ammonia, metalloids and, as recently reported, 

ions, O2, and Al-Malate can move through AQPs, which relates to their multiple 

physiological capabilities (Bienert & Chaumont, 2014; Byrt et al., 2017; Chaumont & 

Tyerman, 2014; Di Giorgio et al., 2016; Fox et al., 2017; Gerbeau et al., 1999; Gomes et 

al., 2009; Uehlein et al., 2017; Y. Wang et al., 2017; Zwiazek et al., 2017).  

Vascular plant AQPs fall into five different subfamilies depending on their sequence 

similarity: the plasma membrane intrinsic proteins (PIPs), the tonoplast intrinsic proteins 

(TIPs), the Nodulin26-like intrinsic proteins (NIPs), initially identified in the 

symbiosomes of legumes but also found in the plasma membrane and endoplasmic 

reticulum, the small basic intrinsic proteins (SIPs) localized in the endoplasmic reticulum, 

and the X intrinsic proteins (XIPs) present in the plasma membrane (Bienert et al., 2011; 

Chaumont et al., 2001; Chaumont & Tyerman, 2014; Danielson & Johanson, 2008; 

Ishikawa et al., 2005; Johanson et al., 2001; Kammerloher et al., 1994). The Z. mays PIP 

subfamily members are usually located in the plasma membrane and subdivided in two 

groups: PIP1 and PIP2 (Gomes et al., 2009; Kammerloher et al., 1994). ZmPIPs have 

different expression patterns depending on their location and their development stage as 

illustrated in Figure 1, which shows high expression of ZmPIPs in roots (Fox et al., 2017; 

Hachez et al., 2012). As they are involved in water movement, ZmPIPs play important 

roles when it comes to response to stress as reviewed by Afzal et al. (2016).  

PIPs are highly regulated at different levels including gene transcription, protein 

abundance, trafficking in the secretory pathway and opening/closure (gating), providing 

plants with the means to rapidly and reversibly modify the cell water permeability 
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(Chaumont and Tyerman, 2014). Strangely, few data are available regarding the 

mechanisms regulating their expression at RNA levels and the involved transcription 

factors (TFs).  

 

Figure 1: Summary of ZmPIP mRNA gene expression. Absolute expression intensities 
correspond to the circle size, the circle color indicates the relative expression of the gene 
normalized for the specific tissue. The distance tree was built using the neighbor-joining 
method using MEGA7 software. Bootstrap (3000 iterations) are expressed as percentages 
above the branches. The organs are root meristem, elongation zone, cortex at day 5, and 
primary root at day 5 (M5, E5, C5, and PR5), secondary root at day 7–8 (SR7-8), 
internode at day 6–7 (I6-7) and at day 7–8 (I7-8), vegetative meristem at day 16–19 
(VM16-19), leaf zone 1 (symmetrical) (LZ1), 2 (stomatal) (LZ2), 3 (growth) (LZ3), mature 
leaf at day 8 (ML8), female spikelets (FSp), silk (S), mature pollen (MP), ear primordium 
2–4 mm and 6–8 mm (EP2-4 and EP6-8), endosperm at 12 DAP (E12), endosperm crown 
and pericarp/aleurone at 27 DAP (EC27 & P27), embryo at 20 and 38 DAP (Eb20 & 
Eb38) and germination kernel at 2 DAJ (GK2). It also summarizes the different substrate 
specificities that have been studied so far (Modified.from Fox et al., 2017).  

1.2. NAC transcription factors 

1.2.1. Plant transcriptions factors  

Plants exhibit highly similar fundamental mechanisms to other eukaryotic kingdoms. 

However, as plants are sessile organisms, they evolved distinct molecular processes in 

order to adapt to the ever-changing environment, which will often be through the use of 

specific gene regulatory cascades (Hao et al., 2010). Gene expression is generally 
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modulated by the combined action of multiple elements close to the gene itself also called 

cis-regulatory elements. The core promoter is the center of this organization as it is 

located upstream of the transcription start site (TSS) and  its role is to assure the correct 

binding and positioning of the RNA polymerase II (in eukaryotes) (Danino et al., 2015; 

Juven-Gershon et al., 2008; Lenhard et al., 2012; Spitz & Furlong, 2012). Cis-regulatory 

elements contain sequences that function as transcription factor (TF) binding sites. TFs 

are proteins that will recognize these binding sites through a small 6-12 bp sequences 

called binding motifs (Spitz & Furlong, 2012), increasing or decreasing gene expression 

level through multiple mechanisms. Other cis-regulatory modules may be located further 

from the TSS namely transcriptional enhancers, silencers, insulators and tethering 

elements (Spitz & Furlong, 2012). For example, enhancers are often placed thousands of 

base pairs up- or downstream of their regulated gene but have an important influence on 

its transcription (Gonzalez, 2015; Weber et al., 2016), by primarily recruiting pioneer 

TFs, which will engage other cofactors such as histone acetyltransferase and chromatin 

remodelers whose role is to physically clear a path for other TFs by making the promoter 

more accessible and thus increasing gene transcription (Iwafuchi-Doi & Zaret, 2014; 

Weber et al., 2016).  

Concerning their structure, TFs all contain a DNA Binding Domain (DBD), which 

recognizes the binding motif. Many types of DBDs exist and each can be made of alpha 

helices, beta sheets as well as disordered regions and some even use cations (Gonzalez, 

2015; Pabo & Sauer, 1992). Furthermore, TFs need a nuclear localization signal (NLS) 

that allows them to be recognized and translocated into the nucleus after being 

synthesized in the cytosol. The NLS can vary from protein to protein, classical NLSs 

being characterized by four to ten amino acid residues rich in positively charged residues 

such as arginine (R) and lysine (K). There are also non-classical NLSs that can, for 

example, be 20 to 30 amino acid residues long (Gonzalez, 2015; Jans et al., 2000; 

Kalderon et al., 1984; J. Lu et al., 2021). In addition, TFs also contain transcription 

activation and/or repressor domains but they lack motifs as easily recognizable as DBDs 

(Hao et al., 2010). Finally TFs may also contain domains that enable them to form homo- 
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or heterodimers and complexes with other TFs (Pabo & Sauer, 1992; Spitz & Furlong, 

2012).   

1.2.2. The NAC Family 

Plants have several specific TFs families, including the AP2/ERF, WRKY, TCP and NAC 

families (Gonzalez, 2015). The NAC acronym gets its name from three reported proteins 

that contain a highly conserved domain in their N-terminal region (the NAC domain): 

NAM (No Apical Meristem), ATAF1/2 (Arabidopsis thaliana Transcription Activator 

Factor 1/2) and CUC2 (Cup-shaped Cotyledon 2) (Aida et al., 1997). NAC TFs have been 

studied in many plant species and have been determined to influence various plant 

processes: development, maturity, immunity, biotic and abiotic stress responses (Kim et 

al., 2016; G.-S. Liu et al., 2022; Podzimska-Sroka et al., 2015; G. Wang et al., 2016; 

Yuan et al., 2019).  

1.2.2.1. Structure  

NAC proteins contain a highly conserved domain called the NAC domain, which is 

located at the N-terminus, and a transcription regulatory region (TRR) at the C-terminus. 

The NAC domain is usually 150 amino acid long and is described as having five 

conserved subdomains (named A to E), some NAC members possess two consecutive 

NAC domains (Olsen et al., 2005). Its 3D structure is conserved between the different 

NAC proteins. Arabidopsis thaliana NAC019 (ANA019) NAC domain was the first to 

be determined through X-ray crystallography (Ernst et al., 2004) and was described as “a 

twisted antiparallel β-sheet sandwiched between two helices”. Indeed, this fold is a seven-

stranded antiparallel twisted -sheet (named 1 to 7) flanked by an -helical element 

on either side of the strand and is the default NAC domain structure of a typical NAC 

protein. The 1-3, 3-6 and 6-7 strands are respectively contained in the subdomains C, 

D and E. 

In 2011, Chen et al. also reported a crystal structure of the rice stress-responsive NAC1 

(SNAC1) which is strikingly similar to ANAC019 one as observed in Figure 2, which 

displays a superposition of both NAC domains. 
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Figure 2: Superposition of SNAC1 NAC domain (red ribbon) and ANAC019 NAC domain 
(yellow ribbon) (Q. Chen et al., 2011). 

A few differences can be observed, notably in the N-terminal region and the β1-β2 and 

β6-β7 loops, which is hypothesized to be related to their respective biological functions 

(Q. Chen et al., 2011). Concerning the DNA binding properties, V119-S183 (β4-6; 

subdomain D-E), K123 and K126 (β4-5; subdomain D) and K79, R85 and R88 (β1-2; 

subdomain C) are critical for the protein with R88 found to be conserved so far in all 

NAC proteins (Puranik et al., 2012). The presence of K79 and R85 being more variable 

is proposed to be a potential explanation for the varying DNA binding intensity between 

NACs (Jensen et al., 2010). Conversely, the β4-5 region of the NAC domain contains a 

sequence of multiple hydrophobic amino acids (LVFY), which could indicate the 

presence of a transcriptional repressor domain (Hao et al., 2010; Welner et al., 2016). It 

is within the subdomain D that the NLS can be found (Tran et al., 2009), and the 

subdomain A plays a role in dimer formation through the L14–T23 and E26–Y31 residues 

(Ernst et al., 2004; Jensen et al., 2010; Olsen et al., 2005; Puranik et al., 2012). SNAC1 

and ANAC019 are functional homodimers using a combination of hydrophobic 

interaction, hydrogen bond, salt bridge and Van der Waals interaction in order to dimerize 

(Q. Chen et al., 2011; Olsen et al., 2005). The NAC domain is also linked to protein 

binding activities such as stress tolerance (Olsen et al., 2005; Singh et al., 2021; Tran et 

al., 2007; Yamaguchi et al., 2010). Even more recently, a third NAC domain crystal 

structure of a NAC, ORE1 (A. thaliana NAC092), has been obtained (Chun et al., 2022). 
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It is also very similar in its structure to the two other ones and presents a clear dimeric 

crystal structure (Figure 2).  

 

Figure 3: Crystal structure of the ORE1–NAC domain dimer not bound to the DNA 
represented in the ribbon diagram. One monomer is shown in blue and the other in pale 
blue (Chun et al., 2022). 

Concerning the C-terminal TRR, it contains multiple repeating motifs of S–T, P–Q or 

acidic residues which, depending on the subgroup of each NAC subfamily, remain 

conserved for their respective subgroup, indicating that it is linked to each subgroup 

function (Puranik et al., 2012; Shen et al., 2009). This region is thus characterized as 

having low complexity that causes three-dimensional structures to be unstable but it also 

confers protein-binding abilities as well (Kleinow et al., 2009). An -helical 

transmembrane motif (TM) has been observed in some particular NAC proteins named 

NTL (NTM1-Like, NTM1 being a NAC possessing that TM), which anchors the protein 

to the plasma membrane or endoplasmic reticulum (Diao et al., 2020; Puranik et al., 2012; 

P. J. Seo et al., 2008). Other multiple variations can occur in NAC proteins. The N-

terminal part can be extended before the NAC domain, or the TRR and NAC domain can 

see their positions inverted with the former in the N-terminus and the latter in the C-

terminus (Puranik et al., 2012).   

1.2.2.2. DNA Binding Domain 

The β3 strand of the NAC domain core β-sheet has a positive charge, and seems to 

protrude from the domain into the DNA groove as a possible recognition and binding 

mode for the protein (Ernst et al., 2004; Welner et al., 2016; Zhu et al., 2014). Indeed, 
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this β3 strand contains residues forming the recognition motif WKATGTDK similar to 

the characteristic WRKYGQK motif of WRKY TFs, which is linked to the DNA-binding 

abilities of this family (Jensen et al., 2010; Welner et al., 2016; Yamasaki et al., 2012). 

It also contains a glycine residue (G99 in ANAC019) which induces a curvature in the 

strand that follows the DNA groove (Welner et al., 2016). Not all positive amino acid 

residues seem to interact directly with the DNA strand, some may be involved with the 

DNA recognition. Furthermore, H141 residue in ORE1 has the crucial task to 

accommodate the multiple positive charges surrounding it, in order to conserve the 

general structure of the DBD. 

As ORE1 functions as a homodimer, it requires a particular consensus sequence 

(TTNCGTG) ordered in a palindromic manner with a 5-bp linker between in order to bind 

to the DNA strand (total 19 bp) (Figure 4) (Chun et al., 2022; Olsen et al., 2005). 

Interestingly, ORE1 still binds to the DNA as the linker length is shortened by 1 bp or 

lengthened by 3 bp while gradually decreasing in binding strength, which indicates some 

flexibility in the dimer with a limited angle of closure and a more flexible opening angle 

(Chun et al., 2022). This dimer angle can vary from about 120° in the open conformation 

to about 100° in the closed formation. While in the absence of DNA, the open 

conformation seems to be preferred, and the closed one is predominant when binding 

occurs. 

 

Figure 4: Crystal structure of the ORE1–NAC domain-DNA complex. One monomer is 
shown in green and the other in pale green. DNA is presented in white, and the consensus 
sequence is colored in orange (Chun et al., 2022) 
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As said previously, NAC TFs possess resemblance with the WRKY TF family. The 

WRKY TFs constitute one of the largest TF families in plant (Bakshi & Oelmüller, 2014). 

They have a β strand, analogous to the NACs β3 strand, which bears the family defining 

WRKY DBD (WRKYGQK) and a glycine, which fulfills the same function as the one 

from NAC TFs (Welner et al., 2012). The mammalian glial cell (GCM) TF family is also 

often compared to NAC and WRKY TFs (Welner et al., 2012). They have a less 

resembling recognition motif than the other two families (MRNTNNHN) but their DNA 

binding modes are very similar with a core β sheet. While WRKY and GCM share a 

binding motif, which utilizes a Zn cation, NAC does not. In addition, NAC TFs are the 

only ones of the three to show dimeric conformations (de Beer et al., 2014; Welner et al., 

2012, 2016).  

1.2.2.3. Transcriptional regulation of NAC TFs 

As transcription is the first step for protein production, it is also the first step where 

regulation can occur. Recognition sequences from various TFs are present in NAC 

promoter regions but not much is known about their regulatory mechanism (Nakashima 

et al., 2012; Puranik et al., 2012). Additionally, some of them have NAC binding sites in 

their promoter region, which indicates the involvement of NACs upstream in the NAC 

regulatory network with possible autoregulation and cross-regulatory mechanisms (Kim 

et al., 2014, 2016). NAC TFs possessing stress-related abilities (called stress-responsive 

NAC or SNAC) are the most studied, especially their regulatory pathways as it is 

necessary to understand plant stress resistance (Diao et al., 2020; Jensen et al., 2010). 

SNACs may also have their expression regulated by cis-acting elements situated in the 

promoter region such as ABA-responsive elements, low-temperature responsive 

elements, myeloblastosis (MYB) binding sites as well as W-Box, jasmonic acid 

responsive element and salicylic acid responsive element (Nakashima et al., 2012; 

Puranik et al., 2012). All those elements are linked to stress response; for example, ABA 

is a prominent plant hormone that acts in case of abiotic stress (Diao et al., 2020). Besides 

the transcription, NAC gene expression can be regulated by micro-RNA (miRNA) but 

also alternative splicing and trans-splicing (Mathew & Agarwal, 2018; Puranik et al., 
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2012). For instance, the Zm-miR164 family in maize targets ZmNAC genes during 

internode elongation (Yang et al., 2022). As for post-translational regulation, multiple 

examples of protein degradation mediated by ubiquitin (W. Guo et al., 2015), 

dimerization (Jeong et al., 2009) and interaction with other non-NAC proteins exist 

(Greve et al., 2003; Puranik et al., 2012). 

1.2.2.4. Phylogeny of NAC TFs 

As the central β-sheet DBD shares similarity with the WRKY and GCM families along 

with their recognition motif, it is hypothesized that they share a common origin. WRKYs 

are present in primitive eukaryotes, while NACs and GCMs are specific to plant and 

metazoan, respectively. This information presents WRKYs as ancestors of NACs and 

GCMs (Mathew & Agarwal, 2018). In the plant kingdom, NAC TFs are ubiquitous in 

land plants and evidence suggests that they emerged 725–1200 million years ago when 

the streptophytic green algae has moved from an aquatic to a terrestrial environment 

(Mathew & Agarwal, 2018).  

In maize, 148 nonredundant NAC genes (ZmNAC1-ZmNAC148) were identified thanks 

to their NAC domains by Peng et al. (2015), through a genome-wide survey using Blast 

search tools. These NAC members were divided into 12 groups (named A to L) based on 

phylogeny. The authors generated an unrooted joined phylogenetic tree (Figure 5) and 

used well-characterized non-maize NAC TFs in order to have a better understanding of 

the function of each group. For example, the previously mentioned ANAC019 and 

SNAC1 are found in the stress-related group as expected. Group A contains 22 proteins, 

which are not published as NAC indicating a maize-specific group (Peng et al., 2015). 

Wang et al. (2020) also performed a transcriptome analysis on a drought-resistant inbred 

maize line under PEG stress and rewatering treatment and found 87 out of 147 ZmNAC 

genes responsive to drought stress and categorized them into 15 groups (G. Wang et al., 

2020).  
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Figure 5: Joined phylogenetic tree of NAC proteins from maize and other plant species. 
The full-length amino acid sequences of 148 maize and 32 other species NAC genes were 
aligned by Clustal X 1.83 and the phylogenetic tree was constructed using MEGA 4.0 by 
the N–J method with 1000 bootstrap replicates. Each NAC subfamily is indicated in a 
specific color (Peng et al., 2015). 

1.2.2.5. NAC TFs play various roles in the maize cell  

NAC TFs factors are well studied for their stress response functions, but they serve other 

purposes as well. For example, a recent study by Yuan et al., (2023) showed that 

ZmNAC132 regulates leaf senescence and male fertility. During leaf senescence, 

nutrients are remobilized from the leaves to other organs mainly for seeds formation. It 

is a crucial step for the plant development and fitness with the major nitrogen source 

coming from the chlorophyl degradation (Lim et al., 2007). In this study, 15 NAC genes 

were identified via transcriptome analysis during senescence and ZmNAC132 

transcription changed the most. This gene seems to directly or indirectly activate ZmNYE1 

and ZmNYE2 expression, which both are major chlorophyl catabolic genes. Furthermore, 

it also directly activated ZmEXPB1, an expansin-encoding gene associated with sexual 

reproduction and regulating the expression of related genes (Yuan et al., 2023). Another 

study by Zhang et al. (2019) studied the way ZmNAC128 and ZmNAC130 regulate 

accumulation of starch and protein in maize seeds, a process requiring a tight coordination 
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of specific gene expression. Zein is a cereal seed storage protein and serves as a nitrogen 

sink for the germinating seedling (Z. Zhang et al., 2015). Bt2 and 16-kD -zein, two zein-

linked genes share a common DNA binding site forZmNAC128 and ZmNAC130. This 

binding site is also found in other genes linked to starch synthesis (Zpu1, GBSS1, Sh2, 

SS5) , which is reduced in ZmNAC128 and ZmNAC130 knockout lines (Z. Zhang et al., 

2019). ZmNAC41 and ZmNAC100 TFs also respond to biotic stresses and are induced 

after necrotrophic colonization of maize leaves by the hemibiotrophic ascomycete fungus 

Colletotrichum graminicola (Voitsik et al., 2013). In fact, multiple binding sites from 

TFs known to be associated with the plant defense network are located in several maize 

NAC promoters (Bian et al., 2020; Voitsik et al., 2013). 

As said previously, NACs are especially investigated for their abiotic stress-related 

response as salinity, cold, high temperatures, and mineral toxicity are major causes of 

reduced crop yields reduction worldwide (Kimotho et al., 2019). ZmSNAC1 is strongly 

induced by low temperature, high-salinity, drought stress, and ABA treatments with its 

overexpression leading to an enhanced resistance to dehydration for the plant compared 

to wild-type seedlings (M. Lu et al., 2012). Four NAC genes, namely ZmNAC18, 

ZmNAC51, ZmNAC145, and ZmNAC72, were up-regulated in drought-tolerant maize and 

down-regulated in susceptible maize (Shiriga et al., 2014), and seven ZmNTLs were 

highly expressed in the roots and down-regulated in the leaves while subjected to a H2O2 

and/or ABA treatment. Overexpression of these NTLs resulted in an increased tolerance 

of H2O2 in A. thaliana (Kimotho et al., 2019; B. Wang et al., 2012). Numerous studies in 

recent years have also continued to bring focus on stress-responsive NAC proteins (Y. 

Chen et al., 2023; H. Liu et al., 2023; Luo et al., 2022; Xi et al., 2022). 

1.2.3. ZmNAC24 

This TF, which will be hereafter called NAC24, is referred to as NAC-TF 24 in 

MaizeGDB (accession number: GRMZM2G008374) and by Wang et al. (2020), 

ZmNAC8 (Fan et al., 2014), ZmNAC38 (PLAZA database and Shiriga et al., 2014) or 

ZmNAC29 (Peng et al., 2015). It possesses a NAC domain, five constitutive subdomains 

and belongs to the NAM subfamily, which includes NAC TFs involved in shoot apical 



 

       
  13 

 

meristem and flower development and senescence (Fan et al., 2014; Maistriaux, 2021; 

Peng et al., 2015; Shiriga et al., 2014; G. Wang et al., 2020; Aida et al., 1997; Pei et al., 

2013; Shibuya et al., 2014; Souer et al., 1996). NAC24 is located on the lower-end arm 

of chromosome 2 (position 196582504 – 196584318, B73RefGen_V4), is 1814 bp long 

with two introns. The protein coding sequence is 1167 bp long and encodes a 388 amino 

acid residues long protein with a calculated molecular mass of 42.5 kDa (Teirlinckx, 

2020; G. Wang et al., 2020). NAC24 promoter region contains ABRE, MBS and WRKY 

binding sites, suggesting that NAC24 is linked to responses to abiotic stress (Teirlinckx, 

2020). In addition, NAC24 expression was found to be stimulated by drought (after 96h) 

and repressed after rewatering (Teirlinckx, 2020; G. Wang et al., 2020). Figure 6 shows 

the gene expression level of NAC24 in different tissues with a notable high expression in 

the primary roots as well as in the crown roots.  

NAC24 came into focus when L. Maistriaux, during her PhD, performed an eQTL study 

on the variation of maize AQP ZmPIP2;5 expression in order to localize elements that 

regulate its expression. As shown in Figure 7, NAC24 came out of this study as a potential 

regulator of ZmPIP2;5. A subsequent reporter assay was carried out and demonstrated 

that NAC24 trans-activates the ZmPIP2;5 promoter (Maistriaux, 2021). E. Teirlinckx is 

currently characterizing the relationship between NAC24 and ZmPIP2;5 in the frame of 

her PhD thesis. A Dual-Luciferase Reporter assay confirmed the trans-activation of the 

ZmPIP2;5 and suggested, but did not demonstrate, the direct nature of the binding. An 

EMSA performed on the ZmPIP2;5 promoter and NAC24 indicated that the latter binds 

to the promoter in vitro. 
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Figure 6: Gene expression in different tissues (represented by pictographs) is represented 
by color gradient from yellow (low) to red (high), shown for NAC24. Maize development 
and codified developmental stages (and the cognate nomenclature) are shown in B, DAS 
stands for day(s) after sowing and DAP stands for day(s) after pollination. Z stands for 
zone. Data come from atlas from Hoopes et al., (2019) and Stelpflug et al., (2016). 
Adapted from original figures from the eFP browser by L. Maistriaux (Winter et al., 
2007). 

 

Figure 7: A Manhattan plot of a ZmPIP2;5 distant eQTL. It is composed of a sole 
significant SNP (S2-190855919). Its range includes three genes. The NAC24 gene is 
shown in orange. The two other genes are shown in gray. They are described, from left 
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to right, as encoding a lipid-binding protein (GRMZM2G305864) and a myosin heavy 
chain-related protein (GRMZM2G007885) in the PLAZA database (Van Bel et al., 2018). 

1.3. Techniques for studying TFs 

1.3.1. In vivo functional studies 

Techniques that study in vivo capabilities of TFs usually resemble the ones used to 

characterize any other gene (Gonzalez, 2015). One of the simplest methods used is to 

express the TF of interest under the control of a strong promoter. This can be done either 

in its original organism (homologous expression), or in another organism (heterologous 

expression), which is generally the case when the species is more difficult to be 

transformed. The 35S promoter (p35S) from the plant pathogen Cauliflower Mosaic Virus 

(CaMV) is one of the most used regulatory components (Amack & Antunes, 2020; 

Gonzalez, 2015). However, p35S is  active in most tissues (driving an ectopic expression) 

where the TF gene may be repressed or not expressed (Gonzalez, 2015; Katagiri & Chua, 

1992). Overexpression as well as ectopic expression can both bring information about the 

TF functions, but have downsides. Firstly, ectopic expression does not completely 

correlate with endogenous expression. Secondly, overexpression can interfere with other 

mechanisms/equilibriums as TF genes are usually low expression levels (Cao et al., 2021; 

M. Chen et al., 2007; Gonzalez, 2015; Zheng et al., 2009).  

This approach does have multiple variations. Using another promoter, known to work in 

a specific place or during a specific development stage, can give useful information. The 

use of an inducible promoter is an alternative option to enable the experimenter to launch 

the expression when desired. This allows the understanding of the variations that happen 

soon after the TF is expressed. Expression of a mutated form of the TF with, for instance, 

a disabled DBD or protein-protein interaction domain will cause disruptions in the studied 

cells that can differ from the simple overexpression (Gerasimavicius et al., 2022). Gain-

of-function mutants will work in a similar but opposite way. For example, a supposed 

DBD can be enhanced by increasing the number of positive amino acid residues, thus 
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binding more targets, which can disrupt the cellular machinery (Gerasimavicius et al., 

2022).  

Disabling the TF is also extremely useful as it shows the impact its absence has on the 

studied system. The gene coding for the studied TF can be knocked out by selecting cell 

lines where it has been silenced using T-DNAs or the CRISPR/Cas9-mediated genome 

editing system (B. Wang et al., 2020). 

1.3.2. In vitro protein-DNA interaction studies 

1.3.2.1. Electrophoretic Mobility Shift Assay (EMSA) 

Originally described by Fried & Crothers (1981) and Garner & Revzin (1981), EMSA is 

based on the principle that the electrophoretic mobility of a protein-nucleic acid complex 

will be slower than the free nucleic acid in a nondenaturing polyacrylamide gel 

(Gonzalez, 2015; Hellman & Fried, 2007). It is a quick, simple, sensitive and quantitative 

method to detect protein-nucleic acid interaction (Carey, 1991; Fried & Crothers, 1981; 

Fried, 1989; Fried & Garner, 1998; Garner & Revzin, 1986; Gonzalez, 2015; Hellman & 

Fried, 2007; Lane et al., 1992). In the context of TF characterization, oligonucleotide or 

DNA fragments, usually ranging from 30 bp to 200 bp, are used and labeled radioactively 

or with fluorescent dyes (Gonzalez, 2015; Steiner & Pfannschmidt, 2009; Viola & 

Gonzalez, 2011). The TF used in the assay is purified which is useful to test its ability to 

bind DNA and test different DBD mutations (Gonzalez, 2015). As previously mentioned, 

EMSA is also quantitative and is used for equilibrium and kinetic studies (Gerstle & 

Fried, 1993). A combination with a Western blot analysis or mass spectrometry is also 

possible (Hellman & Fried, 2007). This method does present some limitations: the gel 

matrix is quite different from a solution and the free DNA or protein-DNA complexes 

can diffuse within the gel, which can make accurate analysis complicated (Flores et al., 

2015; M. Seo et al., 2019). In addition, the samples are not at equilibrium when the 

electrophoresis step begins, which means rapid dissociation can make interactions 

undetected (Hellman & Fried, 2007). 
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1.3.2.2. Systematic Evolution of Ligands by Exponential enrichment 

(SELEX) 

SELEX is used to determine the in vitro DNA-binding sequence capabilities of TFs 

including the binding motifs and the specificity of the binding. SELEX uses multiple 

steps of binding and amplification in order to progressively amplify a specific TF target 

sequence from a large double-stranded DNA library (Blackwell & Weintraub, 1990; 

Gonzalez, 2015; Oliphant et al., 1989). Indeed, a DNA library compiling every possible 

20-30 bp sequence flanked by adaptors, later used in the amplification, is put in contact 

with the studied TF. The unbound DNA is then separated from the protein-DNA 

complexes using EMSA, nitrocellulose membrane filtration, affinity surface/tags, 

crosslinking or antibody-based flow cytometry (Gonzalez, 2015; Gopinath, 2007). The 

recovered DNA fragments are amplified through polymerase chain reaction (PCR) using 

primers specific to the adaptors and put again in contact with the TF. This cycle is 

repeated multiple times (4 – 18) for decreasing any nonspecific binding chances, and the 

sequencing of the final DNA fragments results in a consensus sequence for the binding 

motif (Gonzalez, 2015; Gopinath, 2007; Grotewold et al., 1994; Huang et al., 1993; Nole-

Wilson & Krizek, 2000; Tuerk & Gold, 1990). Its main drawbacks are that it is a slow 

and laborious method, typically taking 4 – 6 weeks to complete 8 – 12 cycles,  and it uses 

large quantities of reagents and target molecules (Berezovski et al., 2005; Bowser, 2005; 

Y. Liu et al., 2012; Lou et al., 2009; Y. X. Wu & Kwon, 2016).   

1.3.2.3. Footprinting assay 

Also known as protection assays, the basic principle of footprinting assay is as follows: 

DNA strands are put in contact with the TF and cleaved with DNAse I after binding. The 

unbound DNA is unprotected and thus cleaved while the protein-DNA complex creates 

steric hindrance, and no cleavage occurs (Galas & Schmitz, 1978; Gonzalez, 2015). 

Typically, the affinity of a TF with its binding site is greater than the DNase I, thus the 

sites bound to the TFs are being spared from DNase I cleaving (N’soukpoé-Kossi et al., 

2008; Pellerin et al., 1994; Renda et al., 2007; Vierstra & Stamatoyannopoulos, 2016). 
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The conditions of the reaction are adjusted so that only one cleavage happens on average 

per strand. One of the DNA strand ends is labeled and after a denaturing polyacrylamide 

gel electrophoresis, a comparison between the unbound DNA and the protein-DNA 

sample patterns gives information on the regions protected by the bound TF. The bound 

DNA can then be sequenced. Modifying certain parts of the DNA, which are suspected 

of being involved in the binding process prior to the reaction is another method that can 

be used to determine a TF binding motif and the bases with which it interacts (Gonzalez, 

2015). This method is often used in cooperation with EMSA as it provides an 

environment where the binding equilibrium can be reached, but its detection is less 

sensitive than EMSA, which makes the two methods complementary (Hellman & Fried, 

2007). 

1.3.2.4. Microarray-based analysis 

Protein-binding microarray (PBM) is a more recent method that permits a higher 

throughput of in vitro DNA binding sequence specificity than the previously mentioned 

techniques. Additionally, PBM also detects TF binding sites that present a lower affinity 

with the TF but are still functionally significant in transcription regulation, and which 

might not be detected by other methods (Amendt et al., 1999; Bulyk et al., 1999, 2001; 

Gonzalez, 2015; Mukherjee et al., 2004; Walter et al., 1994). In microarray-based 

analysis, a tagged purified TF is incubated on a double-stranded DNA microarray and 

then washed. A reporter (i.e., an antibody) that has an affinity for the tag emits a signal 

as it binds to its TF bound to the DNA. This signal is detected and measured (Gonzalez, 

2015). 

1.3.2.5. DNA Affinity Purification sequencing (DAP-seq) 

The fact that both SELEX and PBM function with synthetic oligomers can be a limitation 

as these DNA fragments lack genomic context. DAP-seq brings a combination of affinity 

purification of genomic DNA fragment with TFs and next generation sequencing, to 

obtain a higher throughput analysis generating genome-wide binding site maps as well as 

a more down-to-earth approach than the previously mentioned methods, due to the use of 
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genomic DNA versus synthetic DNA (M. Li & Huang, 2022; O’Malley et al., 2016). 

First, a DNA library, containing approximately 200 bp fragments, is prepared by shearing 

genomic DNA (gDNA), which is then repaired, tailed with adenosines, and ligated with 

PCR adaptors. Secondly, the TF of interest linked with an affinity tag is produced, usually 

by in vitro expression, and bound to ligand-binding beads. Washing steps help to clear 

out any leftover cellular components. Thirdly, the purified TFs bound to the beads are 

brought into contact with the gDNA library, with the relevant gDNA binding to the TF 

while the rest is washed away. Finally, the bound gDNA is eluted and amplified by PCR 

where specific sequencing primers will be added to the adaptors for sequencing. After 

sequencing, a bioinformatic analysis is required, with each reads mapped onto a reference 

genome where each enriched locus (peak) will be useful in determining TF binding sites 

and motifs (O’Malley et al., 2016). Figure 8 shows an illustration by Bartlett et al. (2017) 

describing the DAP-seq process. The usual DAP-seq protocol uses an in vitro HaloTag 

as affinity tag but the TF bound to a GST tag expressed in E. coli is another option that is 

more cost-effective but time-consuming, especially if several TFs are tested at the same 

time (Bartlett et al., 2017). DAP-seq does retain tissue/cell-line-specific secondary 

modifications (such as methylation) and features. These can also be erased by amplifying 

the DNA library before contact with TF in a process called AmpDAP-seq, this will give 

information on binding sites usually not available to the TF due to secondary DNA 

modifications when compared with the non-preamplified DAP-seq. 
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Figure 8: DAP-seq overview using HaloTag. (a) Adaptor-ligated DNA library is 
prepared: ~200 bp fragments ligated with Illumina-based sequencing adaptors. (b) TF 
ORF clones fused to the Halo affinity tag are expressed in vitro and bound to ligand-
coupled beads, whereas nonspecific proteins are washed away. (c) HaloTag-TF fusion 
proteins are incubated with an adaptor-ligated genomic DNA library, and unbound DNA 
fragments are washed away. Samples are heated to release TF-bound DNA, and the 
recovered DNA is PCR-amplified to attach indexed sequencing primers. Indexed DNA 
samples are subsequently combined and size-selected to remove residual adaptor dimers. 
Purified DNA libraries are sequenced using next generation sequencing, and the 
resulting genome-wide binding events are analyzed. Peaks shown are maize DAP-seq 
peaks viewed in the Integrative Genomics Viewer (Bartlett et al., 2017; modified). 

1.3.3. In vivo protein-DNA interaction studies 

Besides in vitro characterization techniques, in vivo methods also exist that give 

information on the impact of the cellular machinery on the TF binding. As high-

throughput short read sequencing has been maturing for the past two decades and new 

emerging techniques using long-read sequencing are developed, the list of available 

methods is growing every year (Hook & Timp, 2023). This means that it is not possible 

to delve into all possible techniques, thereby only a few that are more relevant in terms 

of actual feasibility for a master’s thesis will be presented. 
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1.3.3.1. Chromatin Immunoprecipitation sequencing (ChIP-seq) 

Even though the above-mentioned methods provide a substantial amount of information 

on TF characteristics, they lack the cellular context in which elements such as chromatin 

accessibility and histone modifications can impact TF binding capacities. The first ChIP 

protocol was established by Gilmour & Lis (1984, 1985). The first step is to crosslink the 

DNA-bound proteins by covalently linking DNA with physically interacting proteins. 

Next, the cells are lysed to extract the gDNA. After extraction, this gDNA is sheared into 

fragments ready for sequencing. Immunoprecipitation is then performed by introducing 

an antibody, specific to the protein of interest or a tag fused to it, into the sonicated DNA 

mixture. This isolates the DNA bound to the protein which is recovered by reverse 

crosslinking. Analysis is carried out using genome microarrays (ChIP-chip) or high-

throughput DNA sequencing in a similar manner to DAP-seq (Gonzalez, 2015; Mardis, 

2007; J. Wu et al., 2006). Formaldehyde is the most used crosslinking agent due to its 

quickness, but it can modify the antigen or degrade the protein (Das et al., 2004; 

Gonzalez, 2015). One of the reasons why DAP-seq might sometimes be used over ChIP-

seq is the need to express the TF in vivo with its tag or to find/develop a suitable specific 

antibody, which can be quite costly and take more time than in vitro transcription 

translation (Bartlett et al., 2017). In addition, ChIP-seq and DAP-seq complement each 

other quite well, with one providing information to which the other does not have access, 

and the use of both provides a broader perspective on the whole transcriptional regulation 

machinery (O’Malley et al., 2016). 

1.3.3.2. Yeast One-Hybrid assay (Y1H) 

Another way to characterize in vivo interactions is using the Y1H assay, which is a 

variation of the yeast-two-hybrid system (Y2H) from Fields & Song (1989) (J. J. Li & 

Herskowitz, 1993). The principle is the following: two plasmids are transformed into a 

yeast cell, the first one containing the DNA segment of interest such as a promoter 

inserted via homologous recombination upstream of a minimal yeast promoter and an 

associated reporter/selection gene, and the second one containing the TF sequence fused 

to a yeast activation domain. If the TF recognizes the promoter sequence, it binds to it, 



 22 

activating the expression of the reporter/selection gene. This method enables the 

screening of potential million colonies at the same time and is very sensitive (Gonzalez, 

2015; Ouwerkerk & Meijer, 2001; Sieweke, 2000). It is important to note that this method 

leads to the detection of many false positives and only tests direct interactions (Sewell & 

Fuxman Bass, 2018). 

1.3.3.3. Cleavage Under Targets and Release Using Nuclease 

(CUT&RUN) 

CUT&RUN is a more recent alternative to ChIP-seq, designed to reduce the risk of bias 

from the crosslinking and DNA solubilization steps. Indeed, in this method, TF-specific 

antibodies fused to a protein A-MNase (pA-MN) are brought into contact with crude 

nuclei extracts. As the antibodies recognize the TF, the attached pA-MN cleaves the 

DNA-TF complex from the gDNA strand releasing it into the supernatant in which it is 

incorporated into a library for sequencing (Skene & Henikoff, 2017a). The method gives 

a low background because the reaction is performed in situ, and is described as more 

robust, efficient and with better resolution and data quality. Moreover, it can also work 

for highly insoluble complexes (Skene & Henikoff, 2017a). But limitations remain, the 

method still depends on the antibody affinity as with ChIP-seq method, which can be 

problematic,it lacks a crosslinking step (this decreases the efficiency of CUT&RUN), and 

interactions that are more time-limited could be missed (Skene & Henikoff, 2017b).  

1.3.4. Protein-protein interaction studies 

The interaction of many TFs is modified by a change in their DNA binding, subcellular 

localization, and other properties, which can be achieved by transient or permanent 

physical interaction with other proteins. It is thus important to characterize these 

interactions in order to have better understanding of the overall process. 

1.3.4.1. Yeast Two-Hybrid Assay (Y2H) 

Y2H has been the most widely used technique for identifying protein interactions (Fields 

& Song, 1989; Gonzalez, 2015). Transcription activators are split into two parts, the 
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DNA-binding domain (BD) and transcriptional activation domain (AD) (Brent & 

Ptashne, 1985; Gonzalez, 2015; Hope & Struhl, 1986; Keegan et al., 1986). These two 

protein domains do not need to be covalently linked in order to function, and fusing each 

one to a studied protein is a way to detect an interaction. As these proteins interact 

together, BD and AD are close to each other and can activate transcription of the reporter 

gene, thus signaling the interaction between both proteins. The GAL4 transcription 

activator is often used in yeast cells, where the two domains are each fused to a studied 

protein along with a NLS used for nuclear trafficking (Fields, 2009; Gonzalez, 2015).  

This method has been often used for plant proteins (as reviewed by (Lalonde et al., 2008; 

Uhrig, 2006; Y. Zhang et al., 2010)(Gonzalez, 2015).  

1.3.4.2. Other techniques 

Other methods exist for detecting protein-protein interaction, such as (i) in vivo 

expression of the TF of interest fused to an affinity tag followed by chromatography 

purification and protein analysis (Western blotting, mass spectrometry…) (Gonzalez, 

2015), (ii) split reporter protein in which each part of the reporter is fused to one of the 

proteins of interest and the reconstitution of the reporter protein analyzed, or the 

fluorescent resonance energy transfer (FRET) method using two fluorophores with 

overlapping emission/absorption spectra (Gonzalez, 2015). Finally, a recent study by 

Sönmezer et al. (2021) uses the genomic footprinting method to identify TFs binding 

cooperatively at cis-regulatory elements. 
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2. Objectives 

TFs are essential elements of the molecular machinery of gene regulation, and their 

considerable impact is not fully understood. In the laboratory, we are interested in the 

involvement of the NAC24 TF in the expression of the ZmPIP2;5 AQP, discovered in 

recent years by Laurie Maistriaux and confirmed by Estelle Teirlinckx. 

As little is known about NAC24, the aim of this study is to identify its target genes by 

setting up a DAP-seq protocol in the laboratory as this technique has not yet been 

performed. Post-sequencing analysis should provide information on NAC24 binding sites 

and the required binding motifs. This will identify the target genes and enable it to be 

localized in a gene regulatory network.  

The DAP-seq data and ChIP-seq data show a strong synergistic relationship. Therefore, 

the creation of a stable cell line overexpressing NAC24 for ChIP-seq experiments will be 

another objective of this work. A choice between two tags will be made in order to obtain 

the most efficient immunoprecipitation, and a negative control cell line will also be 

generated. Black Mexican Sweet maize suspension cells are chosen as a suitable 

expression system in this study, as they could be later studied for physiological tests. 
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3. Results 

3.1. DAP-seq with NAC24 

In order to identify NAC24 targets, we choose the DNA affinity purification sequencing 

approach. DAP-seq requires several steps. First, genomic DNA has to be extracted from 

maize, sheared, and ligated with sequencing adaptors (see Figure 9.A and B). Secondly, 

NAC24 is produced in vitro fused at its N-terminus to a HaloTag®. A Halo-GFP fusion 

protein is also synthesized to serve as negative control during the sequence analysis. 

Then, the produced Halo-NAC24 and Halo-GFP proteins are incubated with magnetic 

beads (Magne®HaloTag® beads) to which the HaloTag fusion proteins covalently bind, 

enabling wash steps of the supernatant with minimal protein loss (See Figure 9.C). The 

gDNA libraries are then put in contact with the bound proteins, and DNA fragments, 

which are recognized by the TF, are retained while the rest is washed away. The bound 

DNA is released from the HaloTag fusion protein, amplified with sequencing indexes, 

and purified. Finally, the recovered samples are sent to Microgen Bioproducts for 

Illumina sequencing (See Figure 9.D). The protocol from the DAP-seq was adapted from 

Bartlett et al. (2017). 
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Figure 9: DAP-seq protocol for NAC24 and GFP. (A) Genomic DNA is extracted from 
maize root cells. (B) It is then sonicated and ligated with sequencing adaptors. (C) 
HaloTag®- NAC24 or HaloTag®-GFP proteins are synthesized in vitro and put in 
contact with HaloTag-binding magnetic beads. (D) gDNA libraries are introduced into 
the mix and non-bound DNA is washed away. The DNA bound to NAC24 is recovered, 
amplified via PCR, purified, and sequenced. 

 

 

NAC24
HaloTag

GFP
HaloTag

HaloTag-binding beads

PCR

B

A

DNA library

DNA library

C

D



 

       
  27 

 

3.1.1. Genomic DNA extraction 

As NAC24 is predominantly expressed in maize primary roots, we extracted gDNA from 

this tissue, reasoning that NAC24 DNA binding sites are more exposed than in other 

tissues, where the state of chromatin might make them less accessible. Primary roots were 

collected and ground 3-day after germination. Genomic DNA was then extractedfrom 

three roots using Promega Wizard® Genomic DNA purification kit, with yields ranging 

between 2500 ng to 25000 ng of gDNA recovered per three roots.  

 

3.1.2. Genomic DNA fragmentation 

In order to obtain the 200 bp gDNA fragments required for DNA libraries, several 

methods were tested to obtain optimized and reproducible results. Three sonication 

machines were available in the lab: the large sonication bath (LB), the small sonication 

bath (SB), and the sonication probe (SP). Several conditions were tested per machine: for 

the LB and the SB, 20, 25, 30 and 35 min incubation, and for the SP, 1 x 10 s pulses, and 

3 x 10 s pulses, both at 40% amplitude (Figure 10). These tests were not conclusive. The 

LB and SB were not powerful enough to obtain fragmented gDNA. The SP did not give 

replicable results probably due to the droplets being expelled while sonicating. However, 

another researcher in the FYMO group, Dr A. Berhin obtained good gDNA fragmentation 

using the SB for 20 min and carrying the sonication one or two samples at a time because 

when the bath was too crowded, it led to unsheared samples. Thus, the SB was used in 

this way for the following steps. We also tested the amount of gDNA that could be 

sonicated in the SB at once (Figure 11). DNA seemed to be sheared at the correct size no 

matter the concentration and 200 bp gDNA fragments were obtained reproducibly, even 

if there are small variations between each sample. It must be noted that a high initial 

concentration did not seem to lead to a high signal as can be seen when comparing the 

10000 ng samples with the 13500 ng one. This could be explained by the initially 

calculated DNA being artificially inflated by contaminants such as polysaccharides. It 
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must also be noted that the unsonicated gDNA has a smear and has a small signal around 

the 200 bp mark. 

 

Figure 10: Test for the fragmentation of gDNA for the three available methods: the small 
sonication bath (SB), the large sonication bath (LB) and the sonication probe (SP) 
compared to the unfragmented gDNA. For SB1, SB2, SB3 and SB4; samples were left in 
the bath for 20, 25, 30 and 35 min respectively. The same was done for LB1, LB2, LB3 
and LB4. For SP1 and SP2, 1 x 10 s pulses, and 3 x 10 s pulses, both at 40% amplitude 
were used respectively. The DNA size ladder is on the left. 

 

 

Figure 11: Fragmentation of gDNA to test the amount of gDNA that can be sonicated in 
the SB. The gDNA is sonicated for 20 min. (1) 8500 ng of unsonicated gDNA, (2) 15000 
ng sonicated, (3) 13500 ng sonicated, (4-5) 10000 ng sonicated. Fragments of around 
200 bp were obtained for each gDNA concentration. The DNA size ladder is on the left. 

3.1.3. gDNA library preparation  

The first step of the library preparation was to clean the sonicated gDNA. The original 

protocol mentioned that the sonicated samples have to be mixed with 3M NaOAc and 

twice the sample volume of cold 100% ethanol, incubated on ice or at -20°C for 15 min, 

centrifuged, the supernatant discarded and the pellet washed with 70% (v/v) ethanol 
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before resuspension in the elution buffer. Due to low DNA recovery rates (20% initial 

gDNA recovered), some adjustments were made to this protocol. The volume of 100% 

ethanol was increased from 2 times to 2,5 times the sample volume and was added cold. 

The incubation was increased to 1 h at -80°C and, if possible, left overnight (o/n) at -20°C 

after that. The washing was performed with 80% (v/v) ethanol. These changes increased 

recovery to 35%. Subsequent steps of sample cleaning did not appear to have particularly 

low recovery rates, being up to 90%, which might indicate that the first cleaning removed 

contaminants such as carbohydrates that are highly concentrated in roots and can inflate 

the perceived initial concentration of the sample (Varma et al., 2007).  

Once this cleaning procedure had been optimized, the following steps required no 

modifications of the initial protocol. The sheared DNA was repaired in an end-repair 

reaction, followed by an A-tailing reaction, where a single adenine was added to each 

side of the repaired ends (using the Klenow fragment that retains the polymerase and 3'→ 

5’ exonuclease activity, but lacks the 5’ → 3’ exonuclease activity). Finally, the adaptor 

ligation step used a Y adaptor, which was ligated through a single thymine that binds to 

the protruding adenine, this adaptor was subsequently used for the PCR amplification 

step. A clean-up step was performed between all these steps. To verify that the DNA 

library had been successfully prepared, PCR amplification was performed on adaptor-

ligated DNA and non-adaptor-ligated DNA, using the primers specific to the Y adaptor 

(Figure 12). Amplification of a band around 300 bp was observed for the DNA library 

containing only the Y adaptor. The amount of DNA was also checked using the Qubit 

dsDNA HS Assay Kit (Life Technologies), which uses fluorometry to distinguish double-

stranded DNA from other contents such as single-stranded DNA, RNA, protein, and free 

nucleotides. 



 30 

 

Figure 12: PCR amplification of DNA without Y adaptor (1) and DNA with Y adaptor 
(2). An amplified DNA band around 300 bp is observed only for the DNA library with Y 
adaptor. The DNA size ladder is on the left. 

3.1.4. HaloTag plasmid construction 

The Halo-NAC24 plasmid used for the DAP-seq was constructed using the Gateway 

recombination cloning method (Katzen, 2007). The NAC24 Entry clone plasmid was 

previously constructed in the laboratory by Maxime Laurent by homologous 

recombination BP reaction (recombination between attB and attP sites). The Entry clone  

NAC24 cassette was then recombined by LR reaction into the destination plasmid, pIX-

Halo expression vector, which contains an N-terminal HaloTag (Figure 13) (Los et al., 

2008). To serve as negative control, a similar plasmid containing a GFP cassette instead 

of NAC24 was previously produced by Alice Berhin. 
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Figure 13: Genetic constructs to produce Halo-NAC24 and Halo-GFP in vitro. (1) 
pIX::HaloNAC24 plasmid (2) pIX::HaloGFP plasmid. The constructs were obtained by 
Gateway recombination cloning. Both constructs consist of the T7 promoter (royal blue), 
a HaloTag DNA sequence (dark green), NAC24 ORF (green) or GFP ORF (light blue) 
and a T7 terminator (Red). 

Both plasmids were controlled by restriction with AatII enzyme (Figure 14).  

 

Figure 14: (A) Control restriction of several pIX::HaloNAC24 plasmid preparations with 
AatII. Four fragments are visible and three of 2531, 1550 bp and 1229 bp are expected 
and visible. The fourth band at 4000 bp probably corresponds to partial digestion. (B) 
Control restriction of several pIX::HaloGFP plasmids with ApaLI. Three fragments are 
visible as expected: 3120, 1246 and 497 bp. On the left, the NEB 2-Log ladder was used. 

3.1.5. In vitro Halo-tagged protein synthesis 

Using the TnT coupled transcription/translation system from wheat germ extract (Zhao 

et al., 2010), it was possible to transcribe and translate the pIX::HaloNAC24 and the 

pIX::HaloGFP into proteins in just over two hours. The proteins produced were checked 

by Western blot using anti--Halo antibodies and a single band with the appropriate 

molecular mass was detected for Halo-Nac24 and Halo-GFP (Figure 15, lanes A).  
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3.1.6. Binding of Halo-tagged proteins to magnetic beads 

Magne®HaloTag® beads were washed several times with a PBS + NP40 solution in a 

0,5 mL tube before adding the protein reaction mixture. The beads and proteins were 

rotated on a vertical rotator (14 rpm) for one hour at 25°C to ensure maximum binding of 

the Halo-NAC24 or Halo-GFP to the magnetic beads. Next, the supernatant was 

recovered with a magnetic rack and used for the quality control (QC) analysis (Figure 15, 

lanes B), and the beads were washed to remove unbound contaminants. Since some 

proteins had bound to the magnetic beads, the supernatant should contain less proteins 

than before binding. This was observed on the Western blot using the anti α-Halo 

antibody for both Halo-NAC24 and Halo-GFP where a reduced signal was detected after 

contact with the beads.  

 

Figure 15: Quality control analysis of the protein binding of HaloTag fusion proteins 
after incubation with the Magne®HaloTag® Beads. Three replicates of each protein 
were in vitro produced. The gel was loaded with Halo-NAC (1, 2 and 3) and Halo-GFP 
(4 and 5) samples before (A) and after (B) incubation with the beads.. The molecular 
mass markers are shown on the left. 

3.1.7. Binding of DNA libraries to Halo-tagged proteins 

The different DNA libraries (1000 ng) were then added into the proteins and magnetic 

bead mix, and the samples were rotated for one hour at 25°C. To reduce the bias between 

samples, each Halo-NAC24 sample was brought in contact with the same DNA pool as a 

Halo-GFP sample. The initial protocol indicated using only 30-100 ng of DNA per sample 
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for A. thaliana which has a small genome (135 Mb). As the maize genome is 2365 Mb 

long, we decided to use 1000 ng instead, to ensure a similar number of genome copies in 

the reaction. After washes, the DNA was recovered by heating the magnetic beads at 

98°C for 10 minutes, as the proteins remained bound to the beads only the DNA was 

recovered. 

3.1.8. PCR amplification and indexing 

The recovered DNA was then amplified in a PCR reaction for 30 cycles which should 

result in a higher DNA concentration, while maintaining a low bias. Indexing primers 

from the NEBNext Multiplex Oligos for Illumina kit were added to the reaction mix, 

along with DMSO to reduce the formation of secondary structures. The amplicon size 

was checked on agarose gel (Figure 16) and the remaining solution was purified on 

column using the MinElute PCR Purification Kit. The agarose gel showed that the 

amplicons have the correct sizes (100-300 bp), and the signal intensity of the samples was 

stronger than the negative control, where only the primers were added in the PCR 

reaction, indicating that the DNA was indeed amplified. As a final verification, DNA 

concentration was measured with a NanoDrop spectrophotometer to ensure that at least 

40 ng DNA of good purity remained. The concentration of each sample was well above 

this range. The samples were finally sent to Microgen Bioproducts for Illumina 

sequencing.  

 

Figure 16: Agarose gel of PCR amplified samples. (1) Halo-NAC24 sample 1 (from 
gDNA A), (2) Halo-GFP sample 1 (from gDNA A), (3) Halo-NAC24 sample 2 (from 
gDNA B), (4) Halo-GFP sample 2 (from gDNA B), (5) Halo-NAC24 sample 3 (from 
gDNA C), (6) Halo-GFP sample 3 (from gDNA C), (7) Amplified sample with H2O instead 
of DNA used as negative control. Samples using the same gDNA library (1-2, 3-4 and 5-
6) have similar sizes and all show a stronger signal than the negative control. 



 34 

3.2. Obtaining black Mexican sweet (BMS) maize suspension 

cells overexpressing NAC24 or GFP 

Stable cell lines overexpressing NAC24 could provide a wealth of information, as various 

functional studies could be done on these systems. Moreover, in vivo studies such as 

ChIP-seq would also be possible. 

3.2.1. Plasmid constructs 

To perform ChIP-seq studies, one of the most important steps is immunoprecipitation and 

highly specific and effective antibodies are therefore extremely important (Kidder et al., 

2011). NAC TFs possess strong homology between members, making it difficult to 

precipitate the target TF alone. It was therefore decided to proceed with two different 

epitope tags: the FLAG tag (DYKDDDDK) and the Myc tag (EQKLISEEDL). These 

tags have already been used to characterize NAC TFs in ChIP-seq experiments (Chung 

et al., 2018; Ren et al., 2021). The aim was to obtain two different plasmids, one 

expressing NAC24-Myc and the other expressing NAC24-FLAG, express the proteins, 

and determine by Western blot which anti-tag antibodies is the most specific and bind 

well to the fusion proteins. Since, for DAP-seq, GFP was used as negative control, we 

also used it for ChIP-seq, but we fused it with a NLS (MQPSLKRMKIEPSSQP) to 

address the GFP to the nucleus, where NAC24 acts (J. Lu et al., 2021; Maistriaux, 2021)  

The genetic constructs were prepared using the Golden Gate MoClo Plant Tool Kit 

(Engler et al., 2014) and are shown in Figure 17. Each plasmid contains a kanamycin 

resistance cassette to select the transformed BMS cells on selective media. The encoded 

NAC24 protein was fused to the tags at its C-terminus. This position was chosen because 

the N-terminal sequence contains the NAC domain with its DNA binding capabilities. 

Finally, a cassette encoding the mCherry fluorescent protein was inserted, and is used to 

detect the cell lines expressing the transgenes.  
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Figure 17: Genetic constructs to produce NAC24-FLAG, GFP-FLAG, NAC24-Myc and 
GFP-Myc in BMS cells. (A) pGG::NAC24-FLAG::mCherry, (B) pGG::NLS-GFP-
FLAG::mCherry, (C) pGG::NAC24-Myc::mCherry, (D) pGG::NLS-GFP-
Myc::mCherry. Each plasmid contains a kanamycin resistance cassette (neon green), a 
CaMV 35S promoter (greyish blue), either NAC24 or GFP fused to a NLS (respectively 
light green or neon blue), either a FLAG tag (purple) or a Myc tag (royal blue), a NOS 
terminator (greyish blue) and an mCherry cassette (red).  

To verify that the plasmids were correctly constructed, control restrictions were 

performed and the inserts sequenced to verify that all parts were in frame with each other 

(Figure 18).  

A B

C D

pGG::NAC24-FLAG::mCherry pGG::NLS-GFP-FLAG::mCherry

pGG::NLS-GFP-Myc::mCherrypGG::NAC24-Myc::mCherry

NAC24

NAC24
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Figure 18: (A) Control restriction of pGG::NAC24-FLAG::mCherry (A1 and A2) and  
pGG::NLS-GFP-FLAG::mCherry (A3 and A4) with AhdI. Two fragments of expected size 
are visible: 3132 bp and 6942 bp for A1 and A2 and 2745 bp and 6942 bp for A3 and A4. 
(B) Control restriction of pGG::NAC24-Myc::mCherry (B1 and B2) and pGG::NLS-
GFP-Myc::mCherry (B3 and B4) with AhdI. Two fragments of expected size are visible: 
3179 bp and 6942 bp for B1 and B2 and 2784 bp and 6942 bp for B3 and B4 (C) Control 
restriction of pGG::NAC24-FLAG::mCherry (C1 and C2), pGG::NAC24-Myc::mCherry 
(C3 and C4), pGG::NLS-GFP-FLAG (C5 and C6) and pGG::NLS-GFP-Myc::mCherry 
(C7 and C8) with ApaLI. Three fragments are visible as expected 3222, 3224, and 3628 
bp (C1 and C2); 3222, 3224, and 3675 bp (C3 and C4); 3222, 3224, and 3628 bp (C5 
and C6); 3222, 3224, and 3280 bp (C7 and C8). On the left of the gels the NEB 2-Log 
ladder was used. 

3.2.2. Transient expression in Nicotiana benthamiana 

The functionality of the plasmids was tested by transient expression in N. benthamiana 

leaves before stable expression in the BMS cell lines. Agrobacterium tumefaciens 

infiltration of N. benthamiana leaves is a technique to express a transgene and detect the 

proteins of interest within a few days (Reed & Osbourn, 2018). Usually, this detection is 

done by Western blot.  

Electrocompetent A. tumefaciens cells were transformed with either pGG::NAC24-

FLAG::mCherry, pGG::NLS-GFP-FLAG::mCherry, pGG::NAC24-Myc::mCherry or 

pGG::NLS-GFP-Myc::mCherry plasmid. After plasmid DNA purification and its 

verification by digestion with restriction enzymes, A. tumefaciens were agroinflitrated 

into two or three N. benthamiana leaves from 4-week-old plants. Six days later, leaf 

samples were collected and homogenized, and the total soluble proteins were extracted 

using a buffer supplemented with NaCl in order to recover nuclear proteins (see Materials 
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and Methods). Protein concentration was measured using the Bradford method and the 

expression of the protein of interest was evaluated by Western blotting using antibodies 

raised against either the FLAG tag or the Myc tag (Figure 19.A, B and C). To check 

mCherry expression, anti-mCherry antibodies were used (Figure 19.D). Those Western 

blots appear slightly higher than they should due to an unknown problem which was 

raised by several people in the laboratory. 

 

Figure 19: Western blot anti-FLAG, anti-MYC and anti-mCherry antibodies for 
visualization of NAC-FLAG, GFP-FLAG, NAC-Myc, GFP-Myc and mCherry in protein 
extracts from agroinfiltrated N. benthamiana leaves. Proteins were extracted six days 
after agroinfiltration. While each leaf was infiltrated, the proteins are not visible in all 
extracts and no negative control was made. GFP has a molecular mass of ~27 kDa, 
NAC24 is 42 kDa, mCherry is 26 kDa, FLAG is 1 kDa and Myc is 1 kDa. An unspecific 
band of ~105 kDa is visible on gels (A), (B) and (D). Due to an unknown issue with some 
Western blots, the bands appear ~6 kDa higher than they should. The expected bands are 
indicated with a green arrow. The molecular mass markers are shown on the left. 

(A) NAC24-FLAG detection in pGG::NAC24-FLAG::mCherry infiltrated leaves, 
expected molecular mass: 43 kDa. A band probably corresponding to NAC24 is visible 
at ~50 kDa in the lanes 1 to 6 as well as a possible truncated protein band at ~35 kDa in 
lanes 2 and 8, which was hypothesized to be due to the presence of a second ATG in the 
NAC24 sequence (Capuano, 2023).  
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(B) NLS-GFP-FLAG detection in pGG::NLS-GFP-FLAG::mCherry infiltrated leaves, 
expected molecular mass: 28 kDa. Bands around ~34 kDa probably corresponding to the 
protein are visible. 

(C) NLS-GFP-Myc detection in pGG::NLS-GFP-Myc::mCherry infiltrated leaves and 
NAC24-Myc detection in pGG::NAC24-Myc::mCherry infiltrated leaves. Expected NLS-
GFP-Myc molecular mass: 28 kDa. Bands around ~34 kDa probably corresponding to 
the protein are visible as well as a degradation band in the second lane. Expected NAC24-
Myc molecular mass: 43 kDa. The bands corresponding to NAC24 are not visible.  

(D) mCherry detection in pGG::NLS-GFP-FLAG::mCherry infiltrated leaves, expected 
molecular mass: 27 kDa. Bands around ~33 kDa probably corresponding to the protein 
are visible in all lanes except the seventh and tenth. 

The Western blots showed that the GFP-Myc was hardly visible (the membrane had to be 

exposed a long time to observe a signal), and NAC24-Myc was not detected. This was in 

contrast to the signals observed using the anti-FLAG antibodies, suggesting a better 

affinity for the FLAG-tagged proteins. Therefore, the FLAG constructs were chosen for 

BMS cells transformation. In addition, the anti-mCherry Western blot showed a signal at 

the expected size, indicating that the fluorescent protein was well expressed and could be 

used to identify transformed BMS cells.   

3.2.3. Stable transformation of BMS using biolistics 

Stable transformation of BMS cells was performed in order to perform ChIP-seq 

experiments and to study the impact of NAC24 overexpression on the cell physiology in 

different growing conditions. Maize BMS suspension cell cultures are homogeneous, 

stably transformable by biolistics and protoplasts can be easily prepared to study the 

membrane osmotic water permeability, which could be useful to link NAC24 to the AQP 

ZmPIP2;5 abundance and activity (Moshelion et al., 2009). However, as obtaining 

transformed BMS lines was time consuming, we carried out the transformation, but were 

not able to characterize the obtained lines in the frame of this work. 

Maxipreparations of the pGG::NAC24-FLAG::mCherry and pGG::NLS-GFP-

FLAG::mCherry plasmids were used to coat gold particles, used to transform BMS cells 

by biolistics. BMS cells were collected from 9-day-old liquid culture and placed on a 

filter paper on MS plates. These cells were then bombarded with the gold beads using the 
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PDS-1000/He Biolistic particle bombardment delivery system (Bio-Rad, Hercules, CA, 

USA) in sterile conditions. After three days, the cells were transferred on a plate 

containing the antibiotic, and this was repeated every two weeks for two months. After 

this growth period, growing cells were harvested and placed again on selective medium 

but without the filter paper. After three months of growth, two plates of transformed cells 

were identified with the mCherry fluorescence (Figure 20), one expressing NAC24-

FLAG and on expressing GFP-FLAG. Two NAC24-FLAG fluorescent calli were then 

transferred to liquid medium for growth (Figure 21). As explained above, due to time 

constraints, these cells could not be further screened via Western blot.  

 

Figure 20: Amersham Imager 600 images of transfected BMS cells. On the right, a plate 
containing BMS calli transformed with the pGG::NAC24-FLAG::mCherry plasmid. The 
two big fluorescent calli were selected to be placed in liquid culture for further screening. 
On the left, a plate containing BMS calli transformed with the pGG::NLS-GFP-
FLAG::mCherry plasmid. The mCherry fluorescent signal appears in green. 



 40 

.  

Figure 21: Amersham Imager 600 images of transfected BMS cells in liquid medium in a 
six-well plate. Two calli from the pGG::NAC24-FLAG::mCherry plate were transferred 
to liquid medium for further growth and screening.The mCherry fluorescent signal 
appears in green. 
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4. Discussion & Perspectives 

An eQTL study performed by Laurie Maistriaux identified NAC24 TF as a putative 

regulator of ZmPIP2;5 AQP gene expression. This was confirmed by Estelle Teirlinckx 

and we were interested in identifying the other target genes of NAC24 and its binding 

motifs. To this aim, we set up a DAP-seq experiment with the NAC24 protein. In addition, 

stable lines of BMS suspension cells expressing NAC24-FLAG and GFP-FLAG were 

obtained to further conduct ChIP-seq experiments as well as other potential physiological 

studies.  

4.1. Adjustments to DAP-seq protocol 

To implement the original DAP-seq protocol (Bartlett et al., 2017) in the host laboratory, 

some adaptations were made to cope with the absence of certain equipment (i.e., the 

Covaris S2 ultrasonicator needed for gDNA fragmentation) or kits that had been modified 

since the article was published (i.e., the End-Repair Kit becoming the Fast End-Repair 

Kit). We also modified the gDNA cleaning step. Indeed, after gDNA extraction and 

fragmentation in a sonication bath, a cleaning of the gDNA was necessary, but only 20 to 

25% of gDNA was recovered compared to the 80 to 90% recovery other experimenters 

obtained in the host laboratory. We adapted the amount of gDNA used for sonication, the 

conditions of the sonication and the ethanol percentage used for the cleaning step. This 

optimization of the protocol allowed us to achieve 30 to 35% recovery on average. The 

discrepancy between this and the other experimenter’s recovery rate was hypothesized to 

be due to the type of tissue used.  Indeed, as reported by Varma et al. (2007), contaminants 

such as polysaccharides are difficult to detect in gDNA samples and difficult to remove. 

Besides, they give false indications of the presence of high amounts of gDNA as 

explained by Varma et al. (2007). Primary roots contain high amounts of starch amongst 

others, which can explain the difference as the other researchers extracted their gDNA 

from leaves. We thus decided to continue the experiment bearing in mind that the 

concentration of gDNA measured before the cleaning step was probably overestimated. 

This was confirmed as the recovery rates went up to 80-90% for the subsequent washing 
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steps. The remaining steps in the creation of DNA libraries followed the original protocol: 

an end-repair reaction, an A-tailing reaction, and a final adaptor ligation step. 

To successfully conduct the DAP-seq protocol, plasmids expressing Halo-NAC24 and 

Halo-GFP were constructed and the proteins produced using an in vitro protein expression 

system. The Halo-tagged fusion proteins were then bound to HaloTag-binding magnetic 

beads, forming covalent bonds. The prepared DNA libraries were then added, mixed, and 

washed to ensure that only the DNA strands recognized by the protein remained attached. 

The DNA was released and amplified by PCR with specific primers. After purification, 

the solution was sent to Microgen Bioproducts for Illumina sequencing.  

4.2. Analysis of DAP-seq results 

As studied by O’Malley et al. (2016), NAC TFs showed a high success rate compared 

with 151 other A. thaliana TFs. At the time of writing, the DAP-seq sequencing results 

have not yet been received. The way in which the analysis could be done is thus presented 

here, adapted from the protocol developed by O’Malley et al. (2016). The sequencing 

reads will be mapped to the B73 genome sequence using bowtie2 (Langmead & Salzberg, 

2012) with a post-processing filter that removes reads that have been mapped to multiple 

locations at once. Next, peak calling will determine which parts of the genome are  

enriched in reads and will be achieved using GEM peak caller (Y. Guo et al., 2012) with 

the B73 nuclear genome sequence. Next, quality control metrics will be calculated by the 

R package ChIPQC (Carroll et al., 2014). To compute the read coverage across the 

genome, deepTools (Ramírez et al., 2014) will be used. To link peaks to gene features 

and repeat regions, Genome Association Tester (Heger et al., 2013) will be used. In 

Malley et al. (2016), all these manipulations were done in the snakemake bioinformatics 

workflow engine (Köster & Rahmann, 2012). For motif discovery, GEM generally finds 

short motifs, whereas the meme-chip tool in the MEME suite discovers longer motifs 

(Machanick & Bailey, 2011). Of course, it will be necessary to collaborate with the 

LIBST bioinformatician to properly perform all these analyses. Thanks to this analysis, 

peaks at genome locations where NAC24 binds will be detected. From those peaks, the 
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targets and binding motifs will be deduced. Compared to NAC24 peaks, the GFP signal 

should be continuously flat, as it expects to bind non-specifically to the gDNA. 

4.3. Expected DAP-seq results  

As mentioned in the introduction, a genome-wide analysis classifies NAC24 as part of 

the NAM subfamily, which is related to shoot apical meristem, flower development and 

senescence. NAC24 also possesses ABRE, MBS and WRKY binding sites in its promoter 

region, indicating a link with abiotic stress response. Additionally, a study by Wang et al. 

(2020) showed that NAC24 was more expressed after drought stress and repressed after 

rewatering. This can provide insight into potential binding sites that can be expected from 

the DAP-seq analysis, such as sites linked to development, growth and drought stress. 

Other target genes may be members of the PIP AQP subfamily, mostly located in the 

plasma membrane and generally functioning as water channels (Chaumont et al., 2001; 

Gomes et al., 2009). Indeed, an interaction between PIP2;5 and NAC24 has already been 

demonstrated in the laboratory, and, recently, preliminary results indicated a 

transactivation of ZmPIP2;9 by NAC24, although this has to be confirmed. In addition,  

NAC TFs share common expression patterns with AQPs in response to abiotic stresses 

and in some developmental processes (Afzal et al., 2016; Capuano, 2023; Nuruzzaman 

et al., 2010). Multiple occurrences between NACs and AQPs were reported in different 

species. In Tamarix hispida, direct binding of ThNAC12 to the ThPIP2;5 AQP promoter 

leading to its activation in salt stress conditions was demonstrated  (R. Wang et al., 2021). 

In rose, RhNAC100 binds to the promoter of RhPIP1;1 and RhPIP2;1 (Pei et al., 2013), 

and in prunus armeniaca, coexpression of AQP and NAC genes was detected during 

dormancy as well as sprouting stages, an observation that could be linked to cold 

resistance (Capuano, 2023; S. Li et al., 2021). We expect to find fragment(s) of  

ZmPIP2;5 promoter in the NAC24 DAP-seq sequencing data, which should help 

determining the still unknown NAC24 binding site(s). In addition, other AQP promoter 

fragments could be identified, placing NAC24 as a master regulator of AQPs. 
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4.4. Synergy between DAP-seq and ChIP-seq 

DAP-seq is not an alternative to ChIP-seq. While both methods are quite similar in 

principle, they complement each other and bring different information on TF 

mechanisms. On one hand, the in vitro nature of the DAP-seq allows the protein to bind 

without interference from the cellular machinery, with the exception of DNA 

methylations (which can also be removed by ampDAP-seq). The TF binding profiles 

obtained by DAP-seq are valuable when characterizing open chromatin regions as well 

as direct in vivo binding  (O’Malley et al., 2016). On the other hand, ChIP-seq has in vivo 

interference. TFs can be hindered by chromatin availability or by other protein bound to 

the target region. Conversely, another protein binding to the TF could induce changes in 

its 3D structure, which may change its binding characteristics (O’Malley et al., 2016). 

In conclusion, peaks which are only present in DAP-seq generally indicate targets that 

are not available in vivo, while peaks that can only be observed in ChIP-seq are mostly 

explained by indirect binding. A combination of the two will bring high motif scores and 

better predictions (O’Malley et al., 2016). 

To provide additional information to the DAP-seq results by performing ChIP-seq 

experiments, we choose to express a tagged version of NAC24 in BMS cells. Therefore, 

plasmids were constructed using Golden Gate cloning to obtain a final plasmid containing 

a kanamycin resistance cassette, a cassette expressing either a tagged NAC24 or tagged 

GFP fused with a NLS sequence, and a mCherry cassette. The tags, either FLAG or Myc, 

were added to the N-terminal part of the proteins. After agroinfiltration of these plasmids 

into N. benthamiana leaves, the different cassettes were correctly expressed. 

Furthermore, it indicated that the FLAG tag has a higher affinity for its antibody 

compared to Myc tag, which is an important factor for the efficiency of the ChIP-seq 

immunoprecipitation step. We therefore decided to proceed only with the FLAG tag 

constructs. These constructs were then biolistically introduced into BMS maize cells, 

which were then selected on selective medium. 
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4.5. NAC24 overexpressing BMS cells potential studies 

Due to time constraints, the cell lines were not screened for the expression of GFP-FLAG 

and NAC24-FLAG, but the mCherry fluorescence indicated that the transformation was 

effective. We will characterize the obtained lines by Western blot for the protein 

production and analyze the genomic insertion by iPCR.  

To confirm the DAP-seq results, qPCR can be performed during ChIP-seq on selected 

NAC24 targets found during the process, comparing the wild type and NAC24 

(over)expressing cells. We will start  with the PIP2;5 promoter.  In addition, other studies 

can be carried out on BMS cells overexpressing NAC24. Swelling assays is often used 

for AQP activity determination and we hypothesize that the permeability of the cells 

expressing NAC24 would be higher, as NAC24 is expected to induce PIP2;5 expression  

(Cavez et al., 2009; Moshelion et al., 2009; Pickard, 2008). Physiological tests such as 

studying cell growth under abiotic stress are another option.   
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5. Materials and methods 

5.1. Materials 

5.1.1. Media 

5.1.1.1. Lysogeny broth 

Lysogeny broth (LB) medium was used for E. coli culture. It contains 10 g/L tryptone, 

10 g/L NaCl and 5 g/L yeast extract for liquid culture. Additionally, 15 g/L agar was 

added for solid medium. For selective media, either 100 mg/L of spectinomycin (LBS), 

carbenicillin (LBC), kanamycin (LBK) or ampicillin (LBA) was added. For blue/white 

screening, 40 mg/L IPTG and 40 mg/L X-Gal were added to the solid medium. 

5.1.1.2. 2x Yeast extract and tryptone  

2x Yeast extract and tryptone (2YT) medium was used for A. tumefaciens culture. It 

contains 16 g/L tryptone, 5 g/L NaCl, 10 g/L yeast extract and 0.4 g/L MgSO4. 

Additionally, 15 g/L agar was added for solid medium. For selective media, 20 mg/L 

rifampicin, 40 mg/L gentamycin and 100 mg/L kanamycin were added (2YTRGK). 

5.1.1.3. MS medium 

Murashige and Skoog (MS) medium was used for culture of BMS maize cells culture. It 

contains 4.4 g/L Murashige and Skoog Basal Salts with minimal organics, 30 g/L sucrose, 

0.2 g/L L-asparagine and 3 mg/L 2,4-Dichlorophenoxyacetic acid (2,4D) at pH 5.8 

(KOH). Additionally, 9 g/L agar was added for solid medium. For selective media, 100 

mg/L or 150 mg/L kanamycin was added. 

5.1.1.4. Leaf infiltration medium 

Leaf infiltration medium (10 mM MES, 10 mM MgCl2 at pH 5.6 (KOH)) was used for 

agroinfiltration. 

5.1.1.5. Extraction medium 
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Extraction medium (60 mM Tris (pH 8), 250 mM sorbitol, 2 mM EDTA, 0.6% polyclar 

AT, DTT 10 mM, 1 mM PMSF 2 mg/L) supplemented with two protease inhibitor 

cocktails (pepstatin and chymostatin; leupeptin, aproptinin and antipain) was used for 

protein extraction from N. benthamiana leaves.  

5.1.2. Cellular strains 

5.1.2.1. E. coli  

The electrocompetent JM109 and thermocompetent TOP10 E. coli strains were used for 

amplification and selection of the plasmids. Bacteria were grown in LB medium in a dark 

room at 37°C. 

5.1.2.2. A. tumefaciens 

The electrocompetent LBA4404VirG A. tumefaciens strain was used for N. benthamiana 

leaf infiltration. This strain has the rifampicin resistance gene TiAch5 in its genome. It 

possesses two plasmids: the disarmed Ti plasmid PAL4404 and the pBBR1MCS-

virG54D, which was mutated for constitutive expressed VirG virulence. The 

pBBR1MCS-virG54D plasmid contains a gentamycin resistance gene for selection. 

Bacteria were grown in 2YTRGS medium in a dark room at 28°C. 

5.1.3. Plant culture 

5.1.3.1. Maize seeds 

The Zea mays B73 inbred line was used for gDNA extraction. The seeds were sterilized 

with a 50% (v/v) bleach solution for 5 min and rinsed 5 times with water. Then, the seeds 

were germinated between moistened paper towels and incubated at 28°C in the dark for 

three days. 

5.1.3.2. N. benthamiana seeds 

N. benthamiana was used for transient expression using agroinfiltration. The seeds were 

put for germination on humid potting soil in a growing chamber at 27°C. After a week, 

the seedlings were transferred to a rehydrated Jiffy soil pellet. After the second week, 
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the growing plants were put in bigger pots and filled with soil. They were then placed in 

a 25°C growing chamber and watered daily.  

5.1.3.3. BMS maize cells 

The BMS suspension cell line was derived from the Zea mays Black Mexican Sweet 

variety, firstly developed by William Sheridan (Sheridan, 1975, 1982). For liquid culture 

BMS cells were grown in 50 mL MS medium in a 250 mL Erlenmeyer flask in the dark 

at 25°C agitated by a rotary shaker (90 rpm, Edmund Buhler GmbH). Every two weeks 

the liquid cultures were put in fresh medium (10 % v/v inoculum). To obtain liquid culture 

5 mL of liquid BMS medium is introduced in an six-well plate and calli are disaggregated. 

After two weeks, the culture can be scaled to bigger volume. 

5.1.4. Plasmids  

5.1.4.1. pIX-Halo::ccdB 

This plasmid was initially constructed by Yazaki et al. (2016) 

 and was used as expression clone in the Gateway cloning method (Katzen, 2007). It 

contained an ampicillin resistance gene bla for bacterial selection, a HaloTag cassette in 

5’ of the cDNA of interest insertion site  and a ccdB sequence used as negative selection 

in Gateway cloning, which was flanked by attR1 and attR2 recombination sites for the 

LR reaction.  

5.1.4.2. pENTR::NAC24 

The pENTR plasmid was used as entry clone in the Gateway cloning method (Katzen, 

2007) and was procured from Thermo Fisher Scientific. It contains a kanamycin 

resistance gene for selection in E. coli and a ccdB sequence used as negative selection in 

Gateway cloning which is flanked by attL1 and attL2 recombination sites for the BP 

reaction. The BP reaction was made previously by Maxime Laurent, who inserted the 

mutated NAC24 cDNA. 

5.1.4.3. pIX::HaloGFP 
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This plasmid contains the GFP cassette from Gateway assembly fused to a HaloTag. It 

was assembled by Alice Berhin. 

5.1.4.4. Golden Gate MoClo Plant Tool and Plant Parts Kits 

These two collections of plasmids contain each 95 empty standardized genetic modules 

used for assembly using the Golden Gate cloning technique (Engler et al. 2014). In this 

study, the plasmids pAGM1287 (Level zero acceptor for coding sequences without stop 

codon with a spectinomycin resistance cassette for bacterial selection), pICH47742 

(Level 1 acceptor for position 2 in forward orientation with carbenicillin resistance 

cassette for bacterial selection), pAGM4673 (Level 2 acceptor with a kanamycin 

resistance cassette for bacterial selection), pICH41766 (End-link 3 for assembling 3 level 

one part into a level 2 acceptor with a spectinomycin resistance cassette for bacterial 

selection) were used. For the Plant Parts kit, the plasmids pICH51277 (promoter (0.4 kb), 

35s (Cauliflower Mosaic Virus) + 5'UTR, Ω (Tobacco Mosaic Virus)), pICH41421 

(3'UTR, polyadenylation signal/terminator, nos terminator (A. tumefaciens)), 

pICSL50007 (C-terminal FLAG tag (3xFLAG octapeptide)) and pICSL50010 (C-

terminal Myc tag (4x Myc)) were used.  

5.1.4.5. pSN39pYSL2-NLS-GFP-GUS-RC 

This plasmid contains the NLS-GFP cassette used for PCR amplification with custom 

primers for the Golden Gate assembly. It was constructed by Alice Berhin. 

5.1.4.6. pGGZmNAC24-2HA 

This plasmid contains the silently mutated NAC24 cassette used for PCR amplification 

with custom primers for the Golden Gate assembly. It was constructed by Nicolas 

Capuano.  

5.1.4.7. pGGp35S-mCherry-tNos  

This level 1 plasmid contains an p35S::mCherry::Tnos cassette which was inserted as a 

cassette in third position in a level 2 plasmid. It was obtained from Marie Peeters.  

5.1.4.8. pGGpNOS-KanR-tOCS   
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This level 1 plasmid contains a Kanamycin resistant cassette which was inserted as a 

cassette in first position in a level 2 plasmid. It was obtained from Marie Peeters. 

5.1.5. Primers 

Table 1: Primers used for DNA sequence cloning. ‘P’ indicates a 5′ phosphate group 

Name Sequence (5' - 3') Purpose 
Lvl0_NAC24ns_F ttggtctcaAATGGAAGCATCAGCAGCAGCAG Cloning of NAC24 with 

overhangs from Golden 
Gate level 0 CDS1  Lvl0_NAC24ns_R ggtctcacgaaccGACTTGGTACCCGCCGGCAGG 

Lvl-1_NLS-GFP_F ttgaagacaaAATGCAGCCTTCTCTTAAACG 
Cloning of NLS-GFP 
with overhangs for 
Golden Gate level 0 

CDS1 cloning Lvl-1_NLS-GFP_R ttgaagacaacgaaccCTTGTACAGCTCGTCCATGC 

Y adaptor strand A ACACTCTTTCCCTACACGACGCTCTTCCGATCT Y adaptor for DAP-seq 
protocol 

Y adaptor strand B 
P-
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC 

 

5.2. Methods 

5.2.1. DNA manipulation 

5.2.1.1. Polymerase Chain Reaction (PCR) amplification 

For amplification from a template, 1 to 20 ng of DNA template, 1.25 µL of 10 µM forward 

and reverse primers, 1 µL of 10 mM dNTPs, 0.25 µL of Q5® High-Fidelity DNA 

Polymerase, 5 µL of Q5® reaction buffer and 5 µL Q5® High GC Enhancer was added 

to a 25 µL reaction mix. The thermocycler was set to the appropriate program, depending 

on the primers and the length of the amplicon. The amplification was verified using gel 

electrophoresis.  

Concerning the DNA amplification for the DAP-seq experiment, 25 µL of the eluted 

resulting DNA was added to 1 µL Phusion® High-Fidelity DNA Polymerase (2000 

U/mL), 10 µL 5X Phusion® HF Buffer, 2.5 µL of 10 mM dNTPs, 2.5 µL of the 10 µM 

chosen sequencing primers mix from the NEBNext® Multiplex Oligos for Illumina® kit 

and 1.5 µL DMSO. Water was added to adjust the volume to 50 µL. The thermocycler 

was set to the following program: 2 min 30 seconds at 98°C, then the following steps 
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were repeated 30 times: 15 seconds at 98°C, annealing for 30 seconds at 60°C, amplifying 

for 2 min at 72°C. In the end, the mix was incubated for 10 min at 72°C and the 

amplification was verified using gel electrophoresis by putting 5 µL of the reaction on 

agarose gel. 

5.2.1.2. Enzymatic control restriction 

For control restrictions, 3 µL of DNA was added to 0.5 µL restriction enzyme, 2 µL 

reaction buffer and the volume was adjusted to 20 µL. The mix was incubated for 1 hour 

at 37°C and verified using gel electrophoresis. 

5.2.1.3. Agarose gel electrophoresis 

The gel was prepared by mixing TAE or TBE with 1 % (v/w) agarose and dissolving it 

by heating using a microwave oven. Midori Green Advance DNA Stain was added at a 

1:20000 dilution. The gel was then cast in an appropriate mold with a comb and left to 

cool down and polymerize. When ready, the gel was placed into the electrophoresis 

equipment in either TAE or TBE buffer. The samples were mixed with 6X loading buffer 

and loaded on the gel, as well as 7 µL of 2-Log DNA ladder. The migration was set at 

100 V for the appropriate time and the results were revealed under UV light (265 nm). 

5.2.1.4. DNA extraction from agarose gel 

This extraction was performed using the innuPREP DOUBLEpure Kit (Analytik Jena, 

Jena, Germany) according to the manufacturer’s instruction. 

5.2.1.5. Sequencing  

The DNA fragments were sequenced using the Sanger method by Microsynth Seqlab, an 

external laboratory. The sequencing primer (30 pmol) was added to 480-1200 ng of 

plasmid DNA in a total volume of 12 µL. 

5.2.1.6. Gateway recombination cloning 
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BP reaction  
For the BP reaction, 150 ng of plasmid containing recombination sites was added to 150 

ng of the pENTR plasmid and diluted to a total volume of 8 µL in TE buffer (pH 8). The 

solution was incubated overnight at RT with 2 µL of BP Clonase II enzyme mix. Samples 

were incubated for 10 min at 37°C with 1 µL of the proteinase K solution to terminate 

the reaction. The resulting plasmid was then transformed in thermocompetent E. coli for 

selection and amplification. 

LR reaction 
For the LR reaction, 150 ng of Entry clone was added to 150 ng of Destination vector 

(pIX-Halo:ccdB) and diluted to a total volume of 8 µL in TE buffer (pH 8). The solution 

was incubated overnight at RT with 2 µL of LR Clonase II enzyme mix. Samples were 

incubated for 10 min at 37°C with 1 µL of the proteinase K solution to terminate the 

reaction. The resulting plasmid was then transformed in thermocompetent E. coli and 

grown on LBA for selection and amplification.  

5.2.1.7. Golden Gate Cloning 

The Golden Gate technique uses type IIS (shifted) restriction enzymes (i.e., BsaI and 

BbsI) in order to facilitate a simultaneous and directed gene assembly of multiple DNA 

parts (Bird et al., 2022; Engler et al., 2008). These shifted enzymes recognize their 

restriction sites and cut next to it, creating 4 bp junction overhangs known as fusion sites, 

which can be designed to fit in a certain place in the construction. In this study, an NLS-

GFP fragment containing fusion sites for level 0 assembly was generated by PCR and 

placed into a level 0 vector (pAGM1287) using Golden Gate. Next, this plasmid was 

inserted into a level 1 vector (pICH47742) between the promoter (pICH51277) and the 

tag (pICSL50007 or pICSL50010) followed by the terminator (pICH41421). For NAC24, 

the PCR fragment was directly inserted in this level 1 plasmid. For the level 2 vector 

(pAGM4673), the kanamycin resistance (pGGpNOS-KanR-tOCS) gene was placed in 

first position, the generated level 1 vector in second and the mCherry cassette (pGGp35S-

mCherry-tNos) in third place.  
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For all reactions, 20 fmol of each required plasmid was added to 1.5 µL T4 DNA Ligase, 

2.5 µL T4 ligase buffer (10X) and 1 µL of either BpiI or BbsI (depending on the cleaving 

sites needed). The volume was adjusted to 25 µL. The solution was inserted into a 

thermocycler for 50 cycles of 2 min at 37°C and 5 min at 16°C which cleaves then ligates 

the fragments. In the end, the temperature stays at 80°C for 10 min. After, the reaction, 

the plasmid was transformed in electrocompetent JM109 E. coli for amplification and 

selection. The destination vector for each level possesses a LacZ operon for blue/white 

screening and a resistance gene. For selection, they were grown on LBS/LBC/LBK with 

IPTG and X-Gal (growing white colonies were selected).  

5.2.1.8. Transformation of E. coli by heat-shock 

After the Gateway recombination, 10 µL of the reaction mix was transferred to 40 µL of 

TOP10 E. coli and left for 5 to 30 min on ice. The solution was then quickly incubated at 

42°C for 45 s. After the shock, the cells were left on ice for 10 min and 300 µL of LB. 

After one hour of incubation at 37°C, 200 µL was spread on a LBA plate and incubated 

at 37°C overnight. 

5.2.1.9. Transformation of E. coli by electroporation 

After the ligation reaction, 10 µL of the reaction mix was desalted by filtering on a 0.025 

µm VSWP Millipore filter placed over Milli-Q water for 10 min. Then 5 µL were 

transferred to 40 µL of JM109 E. coli. After mixing, the cells were transferred to an 

electroporation cuvette (0.1 cm) and transformed at 1750 V for approximately 4 ms. After 

the shock, 1 mL of LB was quickly transferred to the cuvette to recover the cells. After 

one hour of incubation at 37°C, 200 µL was spread on a LB plate containing the 

appropriate antibiotic and incubated at 37°C overnight. 

5.2.1.10. Minipreparation of E. coli plasmid DNA 

A colony from the LB plate was inoculated and incubated in 4 mL of selective LB 

medium for 16 h at 37°C. Extraction of the plasmid was done using the SmartPure DNA 

Purification Kit according to the manufacturer’s instruction. 
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5.2.1.11. Maxipreparation of E. coli plasmid DNA 

This maxiprep was performed using the Nucleobond AX-500 kit (Mackerey Nagel) 

according to the manufacturer’s instruction. 

5.2.2. A. tumefaciens infiltration of N. benthamiana leaves 

5.2.2.1. Transformation of A. tumefaciens by electroporation 

To transform A. tumefaciens, 2 µL of plasmid was mixed with 40 µL of electrocompetent 

LBA4404 virG cells. The cells were transferred to an electroporation cuvette (0.1 cm) 

and transformed at 1320 V for approximately 4 ms. After the shock, 1 mL of 2YT was 

quickly transferred to the cuvette to recover the cells. After incubating them at 28°C for 

one h, 200 µL of the solution was spread on a 2YTRGK plate and incubated at 28°C for 

3 days. 

5.2.2.2. Minipreparation of A. tumefaciens plasmid DNA 

A. tumefaciens colony was inoculated in 10 mL 2YTRGK and incubated overnight at 

28°C. Extraction of the plasmid was performed using the SmartPure DNA Purification 

Kit according to the manufacturer’s instruction. 

5.2.2.3. Agroinfiltration of N. benthamiana leaves 

Transformed A. tumefaciens colonies were streaked on a 2YTRGK plate, incubated at 

28°C for 3 days, inoculated in 10 mL 2YTRGK and incubated overnight at 28°C. The 

optical density at 600 nm (OD600) was measured and the cells diluted to obtain an OD600 

of 0.8 in 10 mL. The cells were centrifuged at 3200 g for 10 min and the supernatant was 

discarded to resuspend the pellet in leaf infiltration medium to infiltrate 4-week-old N. 

benthamiana leaves on the abaxial side using a needleless syringe. 

5.2.3. Protein analysis  

5.2.3.1. N. benthamiana leaves protein extraction  
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Six days after infiltration, four disks (80 mg) were collected from the leaves, frozen in 

liquid nitrogen and grinded in 700 µL extraction medium in a glass tissue grinded size 22 

on ice. The extract was centrifuged 5 min at 9000 g at 4°C. The recovered supernatant 

was centrifuged 15 min at 54000 rpm at 4°C in an Optima MAX Ultracentrifuge 

(Beckman-Coulter). The supernatant was quantified using the Bradford assay before 

conducting a Western blot. 

5.2.3.2. Bradford assay 

Samples were prepared by diluting 4 µL in 96 µL NaOH 0.1 N, 900 µL Bradford reagent 

(100 mg/L Coomassie brilliant blue G-250, 5% ethanol, 8.5% H3PO4) was added and the 

solution was incubated for 5 min. Standards of Bovine Serum Albumine (0 to 12 mg/L) 

0.1 N NaOH were used for the calibration curve. A 96-well plate was used to measure 

the absorbance of 200 µL solution at 595 nm (SPECTROstar Nano BMG Labtech). 

5.2.3.3. Western blot 

For the analysis, samples (20 µg for proteins extracted from N. benthamiana leaves) were 

added to Laemli buffer 3X (240mM Tris HCl, 6% (w/v) SDS, 30% (w/v) glycerol, 0.05% 

(w/v) bromophenol blue, pH 6.8, 3% (w/v) DTT and 2 µg/mL protease inhibitor 

cocktails) and incubated for 10 min at 60°C.  The samples were loaded in a precast gel 

(EUROGENTEC, 4-20%) as well as 7 µL Pageruler Prestained Protein Ladder (Thermo 

Fisher Scientific, Waltham, USA). The migration was done in MOPS buffer (50 mM 

Tris,50 mM MOPS, 1 g/L SDS and 0.3 g/L EDTA) at a constant 150 V and stopped when 

the blue staining exits the gel. The gel was then incubated and agitated for 10 min in 

transfer buffer (6 g/L Tris, 3 g/L glycine, 0.2 g/L SDS, and 20% (v/v) methanol). Transfer 

was done using the Trans-Blot Turbo kit (BioRad) according to the manufacturer’s 

instruction. After the transfer, the membrane was placed in blocking buffer (PBS 1X, 1 

mL/L Tween20, 5 g/L milk powder) and agitated for 60 min. The membrane was then 

transferred in a 50 mL Falcon tube and washed three times for 5 min in washing buffer 

(PBS 1X, 1 mL/L Tween20, 5 g/L milk powder) before being incubated for 60 min with 

the corresponding primary antibody diluted (1/1000 for anti-FLAG, anti-Myc and anti-
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mCherry; 1/2000 for anti-Halo) in the washing buffer. Next, the membrane was washed 

three times for 5 min with the washing buffer and incubated for 60 min with the correct 

secondary antibody diluted (1/10 000 except for the DAP-seq QC analysis where 1/100 

000 was used) in washing buffer. Before revealing, the membrane was washed three times 

for 5 min and incubated in luminol solution for 30 s in the dark. The membrane was 

revealed with the Amersham Imager 600. 

5.2.4. DAP-seq 

5.2.4.1. Genomic DNA extraction 

 Three-day-old maize seed’s primary root was collected, cut into small pieces and 

immediately frozen into liquid nitrogen. The root was ground by a mortar and pestle into 

thin powder and approximately 120 mg of root was distributed in each tube. This 

extraction was performed using the Wizard® Genomic DNA Purification Kit (Promega). 

Initially, 1.2 mL Nuclei Lysis Solution was added. The following steps were processed 

according to the manufacturer’s instruction. 

5.2.4.2. DNA library preparation 

First, 10000 – 20000 ng of gDNA was diluted in 135 µL elution buffer (EB) (Qiagen) 

and sonicated in a Elmasonic S 10 (H) (Elma) sonication bath for 20 min. To verify the 

size, 10 µL of sonicated was analyzed with agarose gel electrophoresis. A sample cleanup 

was performed on the remaining gDNA by adding 12.5 µL of 3M NaOAc and 312 µL 

100% ethanol (at -20°C) and incubating at -80°C for an hour. The solution was 

centrifuged for 20 min at 20000 g (4°C). The supernatant was discarded and the pellet 

was washed with 1 mL 80% ethanol. The sample was centrifuged for 10 min at 20000 g 

at RT. The supernatant was carefully decanted, and the pellet was rehydrated with 44.5 

µL EB overnight. The concentration was verified using a NanoDrop Spectrophotometer. 

The following day, the End-repair reaction was performed using Fast DNA End Repair 

Kit (Thermofisher Scientific), according to the manufacturer’s instructions. A second step 

of sample cleanup was performed with 5 µL NaOAc, 150 µL 100% (v/v) ethanol and 
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rehydrated in 32 µL EB. For the A-tailing reaction, 5 µL NEBuffer2 (NEB), 10 µL 1 mM 

dATP and 3 µL Klenow Fragment (3’-5’ exo-; 5 U/µL) (NEB) was added and incubated 

at 37°C for 30 min. A third sample cleanup step was performed with 5 µL NaOAc, 150 

µL 100% (v/v) ethanol and rehydrated in 30 µL EB. The adaptor ligation step requires 5 

µL T4 DNA Ligase 10X Buffer, 10 µL of 30 µM Y adaptor primer mix and 5 µL T4 

DNA Ligase (3 U/µL) (Promega) to be added and incubated at RT for 3 h. A fourth 

sample cleanup step was performed with 5 µL NaOAc, 150 µL 100% (v/v) ethanol and 

rehydrated in 32 µL EB. The DNA concentration of 2 µL of the sample was measured 

using the Qubit dsDNA HS Assay Kit (Life Technologies) according to the 

manufacturer’s instruction in order to verify that enough DNA was still present to proceed 

to the next step. 

5.2.4.3. In vitro protein expression 

Protein production was done using the TnT® Coupled Wheat Germ Extract (Promega) 

according to the manufacturer’s instruction using the Gateway Recombination produced 

plasmids. Incubation was performed for 2 h and 10 µL of the reaction was taken for later 

quality control (QC) analysis (Western blot analysis comparing the protein content before 

and after contact with the beads to observe a reduction in protein content due to binding 

to the beads). 

5.2.4.4. DAP-seq experiment 

For the experiment, 20 µL of Magne HaloTag Beads (Promega) per sample was 

transferred to a 1.5 mL tube. The tube was placed on a magnetic rack so that the buffer 

can be pipetted off once the beads have been drawn magnetically. Three times, 1 mL 

PBS+NP40 solution (PBS with 25% (v/v) NP40 (Thermofisher Scientific)) was added to 

the beads, mixed, and removed. After the washes, 20 µL per sample PBS+NP40 solution 

was added to the beads and 20 µL of beads solution was transferred to a 0.5 mL tube per 

sample. Additional 20 µL of PBS+NP40 solution as well as 40 µL expression reaction 

was added for a total of 80 µL. The tube was incubated while rotating at 25°C for an hour. 

The supernatant was removed and saved for later QC analysis by placing the tube on a 
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magnetic rack. Four washing steps were performed using 85 µL PBS+NP40 solution. The 

beads were resuspended in 40 µL PBS+NP40 solution and 1000 ng DNA library was 

added. The volume was adjusted to 80 µL with EB and the tube was incubated while 

rotating at 25°C for an hour. The supernatant was removed by placing the tube in a 

magnetic rack and the beads were washed at least five times with 85 µL PBS+NP40. The 

beads were resuspended in 26 µL EB and the tube was placed on a heating block at 98°C 

for 10 min and placed on ice for 5 min immediately afterwards. The 0.5 mL tube was 

placed on a magnetic rack and 25 µL of the supernatant was transferred to a PCR tube. A 

PCR was performed according to subsection 2.2.1.1. The PCR product was purified using 

the MinElute PCR Purification Kit (Qiagen) according to the manufacturer’s instruction 

eluting in 21 µL. As final verification, 1 µL was measured with a NanoDrop 

spectrophotometer and the sample was sent to Microgen Bioproducts for Illumina 

sequencing.  

5.2.5. Biolistic transformation of BMS cell lines 

The day before the bombardment, 2 to 3 mL of 9-day-old BMS cells was placed on a n°4 

Whatman filter paper (Fischer Scientific) and filtered using a Büchner funnel. The cells 

coated filter paper was then transferred to a MS medium plate. The bombardment was 

performed using 1000 ng maxipreps and the biolistic particle delivery system (PDS-

1000/He from Bio-Rad) following the manufacturer’s protocol. The BMS cells were 

placed in the lower half of the vacuum chamber in sterile conditions. Three days later, the 

filter paper was transferred to a fresh MS medium plate containing 100 mg/L kanamycin 

and replaced every two weeks. After 2 months, growing cells were harvested on placed 

on MS medium with 150 mg/L kanamycin without filter paper. After three months of 

growths, surviving cells were studied for fluorescence using the Amersham Imager 600. 

These fluorescent calli have been transferred to MS liquid medium containing 150 mg/L 

kanamycin for liquid culture. 
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Characterization of the ZmNAC24 transcription factor using DAP-
seq and an over-expressing cell line 

Jean Fontaine 

Maize is one of the world’s most important crops used for animal feed, 

human food and non-food applications. As climate change progresses, 

we are observing an increase in abiotic stresses on ecosystems and 

organisms. Regulation of water uptake and movement in plants are 

essentiaI for their physiology, especially in case of drought stress, and 

these processes depend on the activity of aquaporins.  The abundance 

of these water channels in the cell membranes is primarily dependent on 

gene expression and therefore on transcription factors (TFs). The NAC 

TF family play roles in plant responses to abiotic stresses but also in 

development and growth. We previously identified ZmNAC24 as a TF 

controlling the expression of ZmPIP2;5 and ZmPIP2;9 aquaporin genes, 

but little more is known about it.  

In order to identify other NAC24 target genes and its binding motifs, we 

set up a DNA Affinity Purification sequencing approach using NAC24 

protein and maize root gDNA fragments. We adapted and optimized 

different steps of the protocol, and succeeded in obtaining gDNA 

fragments that bind to NAC24. These fragments were sent for 

sequencing.  In addition, we prepare genetic constructs to express 

tagged NAC24 together with the fluorescent mCherry marker in maize 

BMS suspension cells. These cells were transformed and fluorescent 

calli were obtained. These cells lines will be used for a NAC24 ChIP-seq 

analysis and other functional studies. 
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