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Soybean is an important economic crop and its production can be severely affected 
by salinity stress. At present, the soybean response to salinity stress is not clear. In 
my studies, I tried to understand this process from the perspective of proteomics and 
epigenetics, especially histone modifications. 
Proteomics studies with 2-DE revealed that salt treatment may affect soybean 
photosynthesis and chloroplast formation. Comparison between the proteomic 
profiles of salt tolerant soybean variety (wild type) and salt sensitive soybean variety 
(cultivated, Union) indicated that protein levels in the detoxification and defense 
pathway as well as energy metabolism were higher in the wild type soybean，while 
the process of protein metabolism was less active. In addition, proteomic profiles of 
the cultivated soybean roots at different developmental stages were also compared to 
identify proteins related to soybean development. The expression of proteins which 
play critical roles in detoxification and defense pathways were higher at the seedling 
stage, especially the proteins which regulated the formation of ROS. 
Histone modifications and histone variants are of importance in many biological 
processes. Whether they play some roles in regulating soybean salinity stress 
response is unknown. Previously, no study of histone modifications and histone 
variants in soybean were reported. In this study, I elucidated that in soybean leaves, 
mono-, di- and tri-methylation at Lysine (K) 4，27 and 36，and acetylation at Lysine 
14, 18 and 23 were present in histone H3. Moreover, H3K27 methylation and 
H3K36 methylation usually excluded each other. Although H3K79 methylation was 



not reported in Arabidopsis, they were detected in soybean. In soybean histone H4, 
Lysine 8 and 12 were acetylated. In addition, the variants of histone H3 and H4 and 
their modifications were also determined. The variants of histone H3 were different 
at positions of A^'F^'S^^S^^ (histone variant H3.1) and T^^Y^^H^V^ (histone variant 
H3.2), respectively. Lysine 4 and 36 methylation were only detected in histone H3.2, 
suggesting that histone variant H3.2 might associate with actively transcribing genes. 
The two variants of histone H4 (H4.1 and H4.2) were different at amino acid 60. 
Moreover, I also found that the abundance of most of the histone modifications and 
histone variants did not change under the salinity stress except that H3K79 
methylation would be up-regulated by the salinity stress. 
In a parallel study, a PHD (plant homeodomain) finger domain containing protein, 
GmPHDl, was able to decipher the 'code' underlying H3K4 methylation. GmPHDl 
was ubiquitously expressed in soybean and its expression increased upon salinity 
stress. GmPHDl could bind to histone H3K4 methylation, with the preference to 
H3K4 dimethylation. It could then recruit several proteins, which were GmGNATl, 
GmElongin A, and GmlSWL The interaction between GmPHDl and GmGNATl 
was regulated by the self-acetylation of GmGNATl. GmGNATl could also acetylate 
histone H3; GmElongin A was a transcription elongation factor; and GmlSWI was a 
chromatin remodeling protein. Our data also indicated that the GmPHDl located at 
the promoter of several soybean salt stress inducible genes. Therefore, the GmPHDl 
recruited proteins to remodel the chromatin structure and facilitate the transcription 
of those salt stress inducible genes. Moreover, GmGNATl exhibited the preference 
to acetylate histone H3K14, therefore representing a kind of histone crosstalk 
between H3K4 methylation and H3K14 acetylation. 
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中文摘要 

大豆是非常重要的經濟作物，但驢脅迫對其產量有極大的影響。目前我們對大 

豆驢脅迫的反應機制還不是特別清楚。本課題將從蛋白質組學和表觀遺傳學(尤 

其是組蛋白修飾）的角度對此進行硏究。 

蛋白質組學的硏究表明鹽脅迫會抑制大豆的光合作用。對野生型（耐鹽品種） 

和栽培型（敏盤品種）大豆的蛋白質組的比較結果顯示野生型大豆中解毒途徑 

和能量代謝途徑更活躍，但栽培型大豆中蛋白質的新陳代謝則更迅速。在不同 

的生長發育階段，大豆根蛋白質也呈現一種動態變化。許多參與解毒途徑的蛋 

白質在苗期的表達量比在芽期的表達量明顯增高，如過氧化酶。 

組蛋白修飾和異構體是表觀遺傳學的重要組成部分，他們參與生物體內眾多的 

生理生化過程。但他們如何參與植物廳脅迫反應尙無硏究。之前尙無大豆組蛋 

白修飾和異構體的硏究報導。此硏究發現在大豆葉片中，組蛋白H3K4，H3K27 

和 H3K36 可被單、雙和三甲基化，H 3 K 1 4，H 3 K 1 8，H 3 K 2 3，H 4 K 8 和 H4K12 
可被乙酷化。此外被甲基化修飾的H3K27和H3K36 —般不共存於同一組蛋白 

H3上。雖然H3K79在擬南芥中沒有甲基化’但此修飾卻存在於大豆中。 

此硏究還囊定了大豆組蛋白H3和H4的異構體及他們的修飾。兩個組蛋白H3 

異構體在 4個氨基酸位點有不同，分別是A 3 i F 4 i S 8 7 S 9 e (異構體 H 3 . 1 ) 和 

T 3 V 1 H 8 7 L 9 G(異構體H 3 . 2 ) �甲基化修飾的H 3 K 4和H 3 K 3 6主要存在於異構體 

H3.2中，暗示異構體H3.2和活性轉錄的基因相關聯。兩個組蛋白H4異構體在 

第60位氨基酸不同。疆脅迫下，H3K79的甲基化會上升，但其他大多數的組 



蛋白修飾和異構體沒有明顯的變化。 

許多硏究表明甲基化修飾的H3K4是活躍轉錄的基因的標誌。本硏究表明核蛋 

白GmPHDl可以“解碼”甲基化修飾的H3K4�GmPHDl在大豆中廣泛表達 

而且廳脅迫下表達上升�GmPHDl通過其PHD指結構識別甲基化修飾的 

H3K4，並且對雙甲基化修飾的H3K4具有最大親和力�ChlP的結果顯示 

GmPHDl分佈在某些大豆驢脅迫誘導基因的啓動子區�GmPHDl可以和 

GmGNATl, GmElongin A及GmlSWI相互作用�GmGNATl是組蛋白乙酸轉移 

酶；GmElongin A參與基因轉錄的延伸過程；GmlSWI是染色質重塑蛋白。 

GmGNATl也可對自身進行乙醯化進而調節其與GmPHDl的相互作用。 

GmPHDl因而通過這些機制調節大豆的基因轉錄和表達�GmGNATl主要促進 

組蛋白mK14乙醯化，表明植物的組蛋白修飾之間也存在“交流”。 
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Chapter 1 Introduction 

1.1 Salinity stress and plants' response to salinity stress 
Salinity stress, which is caused by the accumulation of excessive amount of salts 
(mainly sodium chloride) in the soil, is one of the most severe abiotic stresses that 
constraint not only crop plant growth but also crop productivity in many parts of the 
world. Both natural processes and human activities results in salinization of soil. 
Natural environmental factors such as backflow of seawater into the seashore region 
could elevate salt contents in the soil (Jain and Selvaraj, 1997). However, prolonged 
irrigation is the major human activity causing salinization in agricultural lands, 
particularly in arid and semi-arid region (Ashraf, 1994; Kozlowski, 2000). Today, 
nearly 340 million hectares of irrigated land, approximately one-third of the world's 
irrigated land, are salt-affected and unsuitable for crop cultivation (Kozlowski, 2000; 
Owens, 2001). As for China, more than 7 million hectares of land are classified as 
saline (Sun, 1987). It has been predicted that salinization of agricultural land will 
affect 30% of cultivated land within the next 25 years, and this will increase to 50% 
by the year 2050 (Wang et al.，2003). 
Salinity imposes three kinds of stresses on plants: (1) water deficiency that results 
from the physiological water loss because of the relatively high salt concentrations in 
the soil; (2) ion toxicity and nutritional imbalance resulting from accumulation of 
high concentration of Na+ and Cr in the cytosol and following impairment in nutrient 
acquisition, such as the Ca2+, K+ input (Blumwald et al, 2000); and (3) oxidative 
stress caused by the reactive oxygen species (ROS), including hydroperoxyl radical 
(HCV), superoxide (O 勺，hydrogen peroxide (H2O2) and hydroxyl radical (OH), 
-fwhich can react with and damage proteins, membrane lipids, and DNA (Dat et al, 
2000). 

Despite of the severe stress that the salinity caused, plants have evolved several 
mechanisms to cope with it, including salt exclusion, selective ion uptake, ion 
compartmentation and ion retranslocation (Blumwald et al.’ 2000; Shi et al., 2000; 
Zhang et al., 2001; Xiong and Zhu, 2002). For example, high concentrations of Na+ 



and Cr ion can be sequestered into vacuoles by ion transport (Hamada et aL, 2001). 
Many ion transport proteins that involved in ion uptake and transport and ion 
homeostasis play important roles in these processes. In some plants, some specialized 
tissues have been developed to deal with high salt in the soil. In the mangrove 
Atriplex spp., excess salts in the cell can be stored in salt glands or salt bladders and 
then be secreted out the leaves (Hamada et al., 2001). Another strategy that many 
plants adopte to cope with the stress is the accumulation of compatible osmolytes 
which are low molecular weight hydrophilic compounds carrying no net charge at 
physiological pH, such as proline and glycine-betaine. Usually, they will not affect 
normal metabolic reactions and can facilitate water absorption by lowering cellular 
osmotic potential. Accumulation of these compatible osmolytes have been observed 
in many plants under abiotic stresses (Yeo, 1998; Xiong and Zhu, 2002). 

1.2 Soybean 
Soybean {Glycine max (L.) Merrill) is one of the most important economical legume 
crops in the world because of its richness of nutritional compositions including 
protein, oil, sugar and fiber in the seed. A 60-pound of soybeans yields about 48 
pounds of protein-rich meal and 11 pounds of oil It is estimated that soybean 
contributes to 30% of edible vegetable oil and 69% of high-protein feed supplements 
worldwide (http://www.soystats.eom/2008/Defaul1:-frames.htni). Moreover, other 
fractions and derivatives of the soybean seed have substantial economic importance 
in a wide range of industrial, food, pharmaceutical, and agricultural products. At 
present, China is the fourth largest soybean production country 
(http ://www. soystats.eom/2008/Default-frames.htm). 
Previously, depending on their threshold salinity level (maximum salinity without 
yield loss), crop species have been categorized into four groups: sensitive, 
moderately sensitive, moderately tolerant and tolerant (Maas and Hoffman, 1977). 
Soybean has many varieties all over the world, exhibiting variability in their level of 
injury under the salt stress. Soybean yield of sensitive cultivars is decreased 
dramatically under salt stress. Soybean yield was 80% at 4.0 dS/m and 44% at 6.7 

2 
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dS/m versus 100% at 0.8 dS/m (Lee et al 2009). 

1.3 Proteomics 
1.3.1 Introduction to proteomics 
Proteomics is the study of the proteome, a term to describe "the analysis of the entire 
PROTEin complement expressed by a genOME, or by a cell or tissue type" (Wilkins 
et al, 1996). 
Recently, great progresses have been achieved in the field of proteomics. On one side, 
large numbers of genome have been sequenced, which provide the 'blueprint' of the 
possible gene products and made the possibility of identification of the proteins by 
searching against these database. On the other side, highly advanced technology have 
been developed, which greatly increase the sensitivity and accuracy of the 
proteomcis (Kavallaris and Marshall, 2005). 
Two-dimensional gel electrophoresis (2DE) coupled with protein identification by 
mass spectrometry (MS) have always been the most widely used tools in the 
proteomic studies since its appearance in the late 70's (O'Farrell, 1975) because of 
its capacity in separating and visualizing a large number of proteins at one time. In 
the first dimension of isoelectric focusing (lEF), a mixture of proteins is separated on 
the basis of their corresponding isoelectric points (pi) by ampholyte gradients. While 
in the second dimension, the separated proteins in the first dimension will be further 
separated according to their molecular weights (MW) (Figure 1.1). Nowadays, the 
immobilized pH gradients (IPGs)-based 2DE technology has greatly enhanced the 
reproducibility, handling, resolution, and separation of very acidic and/or basic 
proteins in the proteomics. 
Mass spectrometry (MS) is able to identify the proteins with extremely high 
sensitivity and accuracy according to the mass to charge ratios (m/z) of peptides. 
During the MS analysis, the sample must first be ionized to generate ions by the 
ionization sources, for example Electrospray Ionization (ESI) (Fenn et al., 1989) or 
Matrix-Assisted Laser Desorption Ionization (MALDI) (Tanaka et al., 1988)，which 
allow the transfer of large, polar, thermally labile biomolecules into the gaseous 
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phase for mass analysis. Then these ions will be separated by mass analyzers such as 
time-of-flight (TOF) according to their m/z ratios and their signals are detected by 
ion detectors (Lane, 2005). By determining a series of accurate masses of peptides 
resulting from a digested unknown protein, a peptide mass fingerprint (PMF) of the 
unknown protein can be obtained. With the reference of PMF, data can be compared 
to in silico fingerprints obtained by theoretical cleavage of protein sequences stored 
in databases, and the top-scoring proteins are retrieved as possible candidate proteins 
(Lane, 2005). Nevertheless, protein identification can be further confirmed by 
tandem MS/MS analysis, in which some peptides detected in MS analysis are 
selected for further fragmentation and their m/z ratios will also be recorded. The 
potential amino acid sequence of the peptide could be deduced from the generated 
fragment ions. Similarly, the posttranslational modifications on the peptide can be 
identified based on the mass shift of the peptides by comparing their detected mass 
and theoretical mass. For example, if the mass of a peptide shift about +14Da from 
its theoretical mass, then it is likely that a methyl group (-CH3) is present in this 
peptide. With the tandem MS/MS analysis, we can even pinpoint where this group 
locates. Therefore mass spectrometry can also be applied to globally identify the 
protein posttranslational modifications, such as methylation, acetylation and 
phosphorylation etc. 
In addition to the classical 2D-PAGE, other proteomic methods which also be able to 
supply the quantitative information of the differentially expression proteins have 
been developed. Some of them are based on the stable isotope labeling of peptides, 
such as isotope-coded affinity tag (ICAT)，in which peptides originating from two 
different samples are labeled either with a heavy or a light ICAT at cysteine residues 
before they are mixed. Similarly, iTRAQ, which stands for isotopic tagging for 
relative and absolute quantification, would targets primary amines and thus labels all 
peptides in a mixture. Subsequently, the peptides with different isotopic tag can be 
distinguished in following mass spectrometric analyses by a characteristic mass shift 
and their relative quantities in the different samples can also be calculated by 
comparing their intensity. These approaches deliver quantitative data in temporal and 



spatial resolution, reveal functional interactions between proteins and protein 
complexes, and depict global proteome dynamics and proteome performances 
(Baginsky, 2009). 

control treated 

W 

sample preparation 

-D PAGE and data analysis 

protein Identification 

Figure 1.1: Demonstration of the processes of the classical 2D-PAGE (modified from 
Qureshi et al； 2007). The proteins are extracted from two experimental samples. 
After separation in lEF and SDS-PAGE gel, the differentially expressed proteins 
between these two samples were selected out and identified by mass spectrometry. 

1.3.2 Why proteomics? 
Several high-throughput RNA measurement tools such as differential display and 
cDNA microarrays have been developed for the analysis of the transcriptome. 
Studies in Arabidopsis using cDNA microarray have revealed that the plants 



regulated gene expression to increase their tolerance to salinity stress (Seki et al., 
2002). Some genes have good correlation at the mRNA and protein levels, however, 
in some case, the amount of mRNA do not offer insight into the quantity and quality 
of their final gene products, namely the proteins, such as rice SALT and tobacco 
osmotin (Jiang et al” 2007; Qureshi et al” 2007). Large differences in mRNA and 
protein turnover, for example some mRNAs could not be translated but degraded 
rapidly, could partially account for the phenomenon; in addition, some 
posttranslational modifications or regulations, such as removal of signal peptides, 
phosphorylation and glycosylation, which can affect the proteins' subcellular 
localization, stability or enzyme activities, could occur after the protein synthesis 
without any detectable change in transcript abundance. Considering this significant 
distinctness, only the study of proteins themselves provides information on their real 
amount and activity under certain given conditions. Therefore, proteoinic studies, 
which are able to detect the protein amount and their modifications directly, are 
necessary to compensate for the micro array studies (Zivy et al., 2000). 

1.3.3 Proteomic studies in plants 
Most plant tissues do not provide a ready source of proteins and several factors 
severely affect the plant proteomic studies. Firstly, the protein may be only a small 
part of the plant biomass, since plant cell wall and the vacuole make up the major 
part, with the cytosol representing only 1-2% of the total cell volume. Secondly， 

plant cells contain many interfering substances such as phenolic compounds, 
proteolytic and oxidative enzymes, terpenes, pigments, organic acids, inhibitory ions, 
and carbohydrates which may be responsible for irreproducible and inferior results 
such as proteolytic breakdown, streaking, and charge heterogeneity in the plant 
proteomic studies (Carpentier et al； 2005). 
Although the aforementioned problems still remain, plant proteomics have gain great 
progress recently. In order to characterize the plant proteomic patterns, several 
methods were applied to various plant samples to enhance the quality of the 
proteomic results. Combination of selected proteomic methods, such as 2-DE, 
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multidimensional protein identification technology (MudPIT) and those for 
quantitative proteomics including DIGE，isotope coded affinity tag (ICAT)， 

Multiplexed isobaric tagging technology (iTRAQ), were employed to facilitate the 
proteomic studies in plants. To enhance the identification of low abundance proteins, 
proteins from distinct plant organelles were extracted for following proteomic studies. 
With these efforts, several proteome analysis of cells, calli, seeds, roots, stem, leaves, 
xylem/phloem sap, pollen or whole seedlings, in relation to different aspects of plant 
biology, from growth and development to stress responses, have been carried out 
(Jorrin et al, 2007). 
Plants are not mobilized to avoid the stress they encounter in their growth condition, 
their response to these stresses are fascinating to many scientists, especially in some 
important agriculture plants. Proteomics has been applied to study the response of 
Arabidopsis, rice, wheat, barley, pea, and many other plants to various abiotic stress, 
including cold, drought, light, salt, metal and other stresses (Ndimba et al., 2005; 
Jiang et al, 2007; Jorrin et al., 2007). Proteins that can counter these stresses directly 
(such as antioxidant enzymes and chapronins) or indirectly (such as enzymes in 
osmolyte synthesis) were reported to be up-regulated in the plants upon the stress. 
Proteomic studies of different plant varieties were also carried out, revealing that 
pathogenesis-, stress-related proteins and antioxidant enzymes were highly expressed 
in stress tolerant/resistant genotypes, while the enzymes of the photosynthesis and 
energy metabolism decreased in the susceptible ones (Jorrin et al, 2007). These 
studies implied that 2D electrophoresis might also function as the DNA 
fingerprinting techniques, such as random amplification of polymorphic DNA 
(RAPD) or amplified fragment length polymorphism (AFLP), to visualize the genetic 
markers which are associated with the variation of quantitative traits in plant and are 
of importance in plant breeding (Zivy et al.，2000). 

As for the salinity stress, several proteins have been identified to be upregulated in 
plants under this kind of stress via the proteomic studies. Osmoprotectants which can 
regulate the osmotic pressure of the cells have been identified in many proteomics of 
plants with salinity stress. The most well known osmoprotectants are proline, glycine 
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betaine and osmotin containing the signature motif of soybean Kunitz trypsin 
inhibitor. Ascorbate peroxidase (APX) and other peroxidases used to reduce 
hydrogen peroxide in the cells were also found to be upregulated under the salinity 
stress. Several signaling pathways were also induced by the salinity stress, including 
salt-overly sensitive (SOS) pathway proteins, abscisic acid (ABA) and jasmonic acid 
(JA) signaling pathway. Other enzymes associated with metabolism, such as 
V-ATPase, P-glucosidase, glutamate ammonia ligase, adenosine kinase (ADK) and 
proteins in sulphur metabolism, all showed some relationships with the plants' 
response to salinity stress as revealed by many proteomic studies (Qureshi et al., 
2007). Together with all the proteomic discoveries, the processes involved in 
detoxification, homeostasis maintenances and growth regulation are definitely of 
importance in the plants' responses to the salinity stress (Zhu, 2001). 

1.4 Epigenetics 
1.4.1 Introduction to epigenetics 
Nowadays, epigenetic mechanisms are considered as important regulation strategies 
in all organisms. Epigenetics, which is termed as 'heritable changes in gene 
expression not attributable to nucleotide sequence variation' (Murrell et al.’ 2005)， 

usually includes two mechanisms: DNA methylation and histone modifications and 
histone variants. 
1.4.1.1 DNA methylation 
DNA methylaiton can be found on cytosine. The 5'- position of cytosine is 
methylated in a reaction catalyzed by DNA methyltransferases (DNMTs) with 
S-adenosyl-methionine as the methyl donor. Symmetric DNA methylation occuring 
at both strands of CG dinucleotides is observed in both animals and plants. However, 
DNA methylation at CNG (where N is any base) and nonsymmetric CHH 
trinucleotides (where H is any base except G) is unique to plants. These types of 
DNA methylation are mediated by the plant-specific chromomethylase CMT3, as 
well as by DRMl and DRM2 (Schob et al, 2006). In animal somatic cells, DNA 
methylation patterns are copied by the maintenance DNA methyltransferase I 
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(DNMTI) positioned at the replication forks, with some cooperation of DNMT3a and 
DNMT3b (Miranda et al., 2007). Thus DNA methylation, maintained through 
mitosis, is considered a stable epigenetic mark. 
In Arabidopsis, DNA methylation can be found in a significant fraction (20-33%) of 
genes besides the transposon rich heterochromatic regions (Zhang et al” 2006). They 
are dynamic, increasing throughout Arabidopsis development, from cotyledons to 
vegetative organs to reproductive organs (Ruiz-Garcia et al., 2005). Although it is 
considered that DNA methylaiton is stable previously, active demethylation has been 
observed in both plants and animals recently. DNA glycosylases of the DEMETER 
(DME) family are responsible for removing methylcytosines from the 5' and 3' end 
of genes in Arabidopsis (Pentemian J, et al., 2007). About 179 loci of the genome are 
demethylated by DME (Penterman J, et al, 2007). 
It is well known that DNA methylation regulate gene expression by silencing genes 
and repetitive elements. It is suggested that DNA methylation can directly impede the 
binding of transcriptional factors to their target sites and recruits methyl-binding 
proteins (MBPs) that specifically bind to methylated CpG sites 
(cytosine-phosphate-guanine), thus prohibiting transcription. They also play 
important roles in chromatin organization and genomic imprinting. They are usually 
associated with the formation of heterochromatin by affecting hi stone modifications 
and nucleosome occupancy (Miranda TB, et al,’ 2007). 
1.4.1.2 Histone modifications and histone variants 
The fundamental structural unit of chromatin in eukaryotic cells is the nucleosome 
that consists of 146 base pairs (bp) of DNA wrapped around a histone octamer, each 
of which is formed by two copies of H2A, H2B, H3 and H4 (Marino-Ramirez, et al” 
2005). An additional histone, HI links these nucleosomes together along the 
chromatin chain. In general, the N terminus of histone H3 and H4, and N and C 
terminus of H2A and H2B are prone to being covalently modified by many enzymes, 
such as HMT (histone methyltransferase) and HAT (histone acetyltransferase). These 
modifications include methylation, acetylation, phosphorylation, ubiquitination, 
glycosylation，ADP ribosylation, carbonylation, sumoylation and biotinylation. By 

9 



using Western blotting and mass spectrometry, increasing histone modification sites 
are discovered in mouse, yeast, Drosophila, Tetrahymena and Arabidopsis (Figure 
1.2) (Allis, et aL, 2007; Fuchs, et al.’ 2006; Johnson, et al., 2004). 
In addition to the canonical histones which package the chromatin and whose 
transcription are tightly coupled to DNA replication, there are some other histone 
genes which are constitutively expressed and encode non-canonical histone variants 
with some differences in primary amino acid sequence from their canonical 
paralogues. Recent studies have showed that non-canonical variants are more diverse 
in their functions than the canonical histones, ranging from DNA repair, meiotic 
recombination, chromosome segregation, transcription initiation and termination, sex 
chromosome condensation to sperm chromatin packaging (Talbert and Henikoff, 
2010). In both D. melanogaster and human cells, H3.3 is deposited into transcribed 
genes, associating with transcriptional induction and elongation (Henikoff, 2008). 
Consistent with their different functions between canonical and non-canonical 
histones, the histone posttranslational modifications in them also exhibit some 
differences. In Drosophila, marks associated with transcriptional activity are enriched 
in H3.3 rather than H3.1 (McKittrick et al., 2004). 
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Figure 1.2: Posttranslational modifications of nucleosomal histones. These 
modifications include acetylation (ac), methylation (me), phosphorylation (ph) and 
ubiquitination (ubl). Globular domains of each core histone are represented as 
colored ovals (Bhaumik et al, 2007). 

1.4.1.3 Relationship between DNA methylation and histone modifications 
Many reports have indicated that DNA methylation cooperated with histone 
modifications to participate in heterochromatin formation. DNA methyltransferases 
interact with the histone methyltransferases SUV39 and EZH2, which is responsible 
for H3K9 and H3K27 methylation respectively. Studies showed that SUV39 is 
important in genomic DNA methylation formation in both Neurospora and 
Arabidopsis and is required for DnmtSb-dependent DNA methylation at pericentric 
repeats in mammal (Miranda TB, et al, 2007). 
Another protein that DNA methyltransferases interact with is the heterochromatin 
protein 1 (HPl), which specifically binds to methylated lysine 9 on histone H3 and is 
vital in the heterochromatin formation. It is likely that HPl bind to H3K9 
trimethylation and then recruit the DNA methyltransferases to these loci (Smallwood 
et al., 2007). Taken together, these results suggest that trimethylation of H3K9 and 
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H3K27 are important markers of DNA methylation. 

1.4.2 Histone modifications: functions, regulations and working mechanisms 
1.4.2.1 The functions of histone modifications are diverse 
Histone modifications play important roles in many fundamental biological processes 
by rearranging the structure and composition of chromatin. Inside the eukaryotic 
cells, such re-structuring events can help partition the genome into distinct domains 
such as euchromatin and heterochromatin and result in other processes, such as DNA 
transcription, DNA repair and DNA replication (Khorasanizadeh et al., 2004; Komili 
et al” 2008). 
The "status" of chromatin might vary substantially between different chromosomal 
positions and different nuclear sites. Chromatin has been divided into two main 
classes based on structural and functional criteria; euchromatin and heterochromatin. 
Modifications on histones, like methylation and actylation, are fundamental for the 
formation of chromatin domains. They can be a landmark to indicate the 
environment of chromatin. For example, condensed chromatin is enriched in 
methylation of H3 lysine 9 and H3 lysine 27 (Nakayama et al, 2001; Bartova et al., 
2008; Adcock et al, 2006). 
In addition, histone modifications have more roles in the cells. H3 Serine 10 
phosphorylation is involved in the chromosome condensation, so they are also 
important in the cell cycle and cell mitosis (Li et al” 2007; Berger, 2007). As the 
basic structure of chromatin, it is not surprising to find that histone modifications 
either involved in DNA repair, such as H3K79 methylation and H4K20 methylation 
(Zhou et al, 2006; Huyen et al., 2004; Sanders et al., 2004). Moreover, several 
histone modifications have been correlated with gene transcription as the following 
discussions. While acetylation and H3K4 methylation are mainly associated with 
active genes; H3K9 and H3K27 methylation are leading to gene silencing (Li et al； 

2007; Berger, 2007). 

1.4.2.2 Regulation of histone modifications: histone modifications are reversible 
12 



On one side, as aforementioned, histone modifications are functionally diverse, 
sometimes even leading to just opposite consequence, for example, transcription 
activation or inhibition. Interestingly, corresponding with their diverse functions, 
different histone modifications have distinct distribution patterns along the chromatin. 
For example, acetylated histories mainly located at the beginning of genes, while the 
distributions of histone methylation are very complicate. H3K4 trimethylation is 
localized to the 5' ends of ORFs. H3K36 trimethylation, however, is more broadly 
distributed throughout the ORF, peaking at the 3' end (Schiibeler et al,’ 2004). On the 
other side, histone modifications are dynamic, varying in different cell types and 
developmental stages (Shechter et al, 2009; Nicklay et al.，2009). Therefore, the 
histone modifications must be delicately modulated to make sure that they are 
working properly, just at the right time and at the right place. Previously, many 
enzymes responsible for modifying the histones have been identified, such as histone 
methyltransferase and histone acetyltransferase (Allis, 2007; Yang and Seto 2008). 
Nowadays, many studies have indicated that histone modifications, including 
methylation, acetylation, phosphorylation, ubiquitination, sumoylation and 
biotinylation, were also dynamic and reversible. 
Numerous enzymes that can remove these modifications from histones have been 
isolated. It has long been known that histone acetylation is dynamic and generally 
removed by histone deacetylase (HDAC) (Allis, 2007; Yang and Seto 2008). 
Previously, it was anticipated that histone methylation was much more stable. 
However, this view was completely changed with the identification of the amine 
oxidase LSDl as an H3K4me2/mel specific demethylase (Shi et al,, 2004). 
Currently, more and more histone demethylase have been identified, including many 
Jumonji C (JmjC) domain containing proteins. They usually specifically remove 
certain kind of modifications. Similarly, other modifications can also be reversed by 
their correspondent enzymes (Agger et al” 2008). 
Recently, a more dramatic way through which multiple marks are simultaneously 
removed from the N tail of histone H3 is reported in mouse and yeast (Santos-Rosa 
et al.’ 2009; Duncan et aL, 2008). Endopeptidase enzymes are responsible for this 
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mechanism. In mouse embryonic stem cells, cathepsin L cleaves after the first 21 
amino acid residues of the N terminus of H3. And in yeast, the as-yet-unidentified 
enzyme is likely to be a serine protease which also cut H3 at the same site. 
Interestingly, the cleavage is regulated by covalent modifications present on the 
histone tail itself. By removing these modifications in the N terminus, H3-tail 
clipping can then regulate gene transcription and nucleosome displacement 
(Santos-Rosa et al, 2009; Duncan et al, 2008). 

1.4.2.3 Working mechanisms of histone modifications: ‘Histone code' hypothesis 
In order to fulfill the multiple roles of histone modifications, many proteins that 
function as the effectors of histone modifications have been characterized. In 2001, 
the concept of "histone code" was raised to explain how the histone modifications 
work. It is speculated that those effectors of histone modifications will recognize 
some histone modifications and then execute their functions in many physiological 
processes (Jenuwein and Allis, 2001). 
1.4.2.3.1 Histone modifications in nucleic structure: heterochromatin formation 
Generally, the chromatin in the interphase can be classified into euchromatin and 
heterochromatin in the nucleic. Euchromatin contains almost all of the genes, both 
actively transcribed and quiescent. Heterochromatin is transcriptionally inert and is 
generally more condensed than euchromatin. Moreover, heterochromatin is able to 
silence euchromatic genes, which occurs when genes are brought into juxtaposition 
with heterochromatin by a chromosomal rearrangement or transposition (Bartova et 
al, 2008; Adcock et al, 2006; Talbert and Henikoff, 2006). 
For a long time, the scientists have been fascinated to try to understand how the 
heterochromatin was formed. A well studied example is the position effect 
variegation (PEV)，where gene silencing is observed in a subset of cells that 
normally express a given gene (Singh et al., 2008). Phenomena of PEV have widely 
been discovered in many organisms, such as yeast, Drosophila and mammal. Several 
mechanisms for gene silencing associated with PEV have been raised, one of which 
is that the alterations in chromatin structure would render a gene inaccessible to 
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regulatory factors. This maybe the results of the spreading of a compacted chromatin 
state from heterochromatin to adjacent genes. During this process, hi stone 
modifications play an important role (Ebert et al., 2006; Wakimoto, 1998; Schotta et 
ai, 2002). A depletion in one of the structural building blocks of heterochromatin, 
heterochromatin protein 1 (HPl), leads to a suppression of PEV (Eissenberg et al,, 
1990). Very interesting, it is necessary for HPl to recognize methylated H3 Lysine 9 
via its chromodomain to induce heterochromatin formation. More interestingly, 
subsequent studies have revealed that HPl was able to recruit other proteins, which 
include histone methyltransferase (HMT), to methylate H3K9 in the next 
nucleosomes, thus spreading the heterochromatin structure to the adjacent regions 
(Johnson et al., 2002). In addition, DNA methyltransferase (DNMT) responsible for 
DNA methylation was also recruited by HPl to the heterochromatin region, which 
further facilitated the heterochromatin formation (Nakayama et al.，2001). Therefore, 
histone modification is supposed to be one factor in regulating heterochromatin 
formation. 

1.4.2.3.2 Histone modifications in modulating the gene transcription and DNA 
damage repair 
Genes are transcribed from DNA that is in complex with proteins, as chromatin. 
Hence, chromatin structure imposes great obstacles on gene transcription. Generally, 
gene transcription only occurs when the chromatin structure is opened up, with 
loosening of the tight nucleosomal structure allowing RNA polymerase II and other 
basal transcription complexes to interact with DNA and initiate transcription. Many 
chromatin regulators can "open" the "closed" chromatin, and histone 
posttranslational modifications contribute greatly in this process (Berger, 2007; Li et 
al., 2007). Many researches have shown that histone modifications serve as the 
binding sites for different effector proteins which will then mediate the biological 
functions of the histone modifications, for example, H3K4 methylation is able to 
recmite many "effector proteins" to the chromatin, which will be discussed in more 
detail later. 
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Another mechanism that histone modifications use to regulate gene transcription is to 
open the structure of chromatin directly. Histone acetylation neutralizes the positive 
charge of histone, reducing the strength of binding of histones-DNA, and finally 
opens the DNA-binding sites (Berger, 2007; Li et al, 2007). 
To repair DNA damage, H3K79 methylations can target p53-binding protein 1 
(53BP1) to DNA double-strand breaks and activate the DNA damage checkpoint 
pathways (Huyen et al” 2004). Another report found that chromatin assembly factor 
1 (CAF-1) also interact with H3K79 to regulate telomeric silencing and DNA repair 
(Zhou et al., 2006). In addition, histone H4 Lysine 20 methylation is evolutionarily 
conserved from yeast to mammals and is also very critical in DNA repair and 
genome integrity (Sanders et al., 2004). 

1.4.3 A paradigm of 'histone code': H3K4 methylation and PHD finger domain 
containing proteins 
1.4.3.1 H3K4 methylation is a marker of transcriptionally active genes 
The hypothesis of 'histone code' conceived that some proteins can interpret the code 
encoded by the histone modifications (Jenuwein and Allis, 2001). Subsequent studies 
with many chromatin proteins which were able to recognize the histone 
modifications contribute the brick to the hypothesis (Kim et al., 2006; Tavema et al” 
2007). Among theses many histone modifications, H3K4 methylation is one of the 
most clearly annotated 'code'. H3K4 can be mono-, di- and tri-methylated in the 
8-amine of the lysine by a series of enzymes such as MLL-family, ASHl, SET7/9, 
SMYD3, and Meisetz, containing the SET domain (Ruthenburg et al., 2007). 
Genomic-scale analyses of H3K4 methylation revealed that H3K4 trimethylation is 
mainly located in the 5' regions of virtually all transcriptionally active genes and that 
this modification is strongly positively correlated with transcription rates, active 
polymerase II occupancy, and histone acetylation. In vertebrates, majority of H3K4 
dimethylation colocalizes with H3K4 trimethylation, however, in S. cerevisiae, it 
appears to spread throughout genes, peaking toward the middle of the coding region. 
And monomethylation most abundant at 3’ ends of genes (Schiibeler et al., 2004; 

16 



Bernstein et aL, 2005; Ruthenburg et al.’ 2007). Despite of this difference in their 
distribution patterns, one conclusion that we can definitely get from these studies is 
that H3K4 methylation is associated with transcriptionally active genes. 
As a mark of active genes, H3K4 methylation must be able to recruit its effector 
proteins and bring about its downstream biological events. So far, a large number of 
proteins that are able to interact with H3K4 methylation have been discovered (Table 
1.1) (Ruthenburg et al., 2007). Most of these proteins contain a specific domain 
through which the methylated H3K4 is recognized specifically. According to the 
domains the proteins contain, they can be classified into two distinct categories: the 
royal superfamily (containing the chromodomain or tudor domain) and the 
PHD-finger superfamily (containing the PHD finger domain). Although these 
domains belong to two different superfamilies of folds, following structure analysis 
showed that there are some commonalities between them. The first most striking 
commonality is that they contain an aromatic cage, which is composed by aromatic 
ring containing amino acids, mediating their interaction with H3K4 methylation. 
Another similarity is that H3R2 methylation, another histone modification very near 
H3K4 methylation in histone H3，can determine the interaction between H3K4 
methylation and its effector proteins (Ruthenburg et al., 2007). 

Proteins Recognized 
modification sites 

Recognition domains Associated complexes 

CHDl Di, tn chromodomain SAGA/SLIK, Pafl 
BPTF Tn PHD finger domain NURF 
INGl Di, tn PHD finger domain mSm3A HDAC; SWI/SNF 
ING2 Tn PHD finger domain mSin3A HDAC; SWI/SNF 
ING3 Di, tn PHD finger domain hNuA4mP60 HAT 
ING4 Tn PHD finger domain HBOl HAT 
ING5 Tri PHD finger domain HBOl HAT; MOZ/MORF HAT 

JMJD2A Tn Double tudor 
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WDR5 Di WD40 SETIA, MLLl and MLL2 H3K4 HMTs 
Table 1.1: Identified proteins that can interact with histone H3K4 methylation. 

The effector protein alone is able to recognize the histone modification，but it is far 
away from enough to regulate the gene transcription. In fact, many of the known 
H3K4 methylation readers reside within protein complexes associated with 
enzymatic activities operating on the chromatin template: Chromatin remodeling 
protein CHDl (chromo-ATPase/helicase-DNA binding domain 1) is able to bind to 
the methylated H3K4 directly via its chromodomain (Pray-Grant, et ai, 2005). It is 
known that Chdl is a component of the transcriptional co-activators SAGA 
(Spt-Ada-Gcn5 acetyltransferase) complex, a conserved multi-subunit histone 
acetyltrasferase (HAT) complex, which particularly induces acetylation in histone H3 
and H2B (Daniel and Grant, 2007). Therefore, the Chdl serves as a platform for 
assembly of SAGA to activate gene transcription. In addition, CHDl is involved in 
ATP-dependent chromatin remodeling by recruiting the member of ISWI/SNF 
superfamily which was able to hydrolysis ATP to regulate chromatin structure (Neely 
and Workman, 2002). The WD40 repeats of WDR5 are also shown to directly 
associate with H3K4 methylation with the preference to H3K4 dimethylation 
(Wysocka et al.’ 2005). Structural studies then exhibited that WDR5 is likely to 
present the methylated H3K4 side chain for further methylation by the MLL family 
HMTase complexes, of which WDR5 is a component (Dou et al., 2006). With these 
proteins, H3K4 methylation may facilitate transcriptional activation by increasing the 
accessibility of the chromatin template to the transcriptional machinery (Ruthenburg 
et al., 2007). 

1.4.3.2 PHD finger domain containing proteins function as ‘histone code' readers 
As aforementioned, the plant homeodomain (PHD) finger domain is also widely used 
by many chromatin proteins to recognize H3K4 methylaitons. PHD finger domain 
was first discovered in the Arabidopsis HAT3.1 homeodomain protein over a decade 
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ago. It comprises about 60 amino acids and shows the characteristic structure of 
Cys4-His-Cys3 (C4HC3) with some other conserved amino acids, most notably a 
tryptophan or other aromatic amino acid (Figure 1.3) (Bienz，2006; Lee et al., 2009). 
It is a Zn2+ binding domain and structurally very similar to the Ring finger which can 
be found in many E3 ligase that mediate ubiquitination process. However, it lacks the 
E2 ligase-interacting surface that is characteristic of many RING domains. They are 
present in many nuclear proteins and predicted to be able to associate with chromatin 
previously. This domain is conserved throughout the eukaryotic proteomic, including 
a large number of chromatin regulatory factors such as recombination activating gene 
2 (RAG2), the acetyltransferase proteins CBP/p300, the chromatin remodeling 
protein ACF, BPTF (bromodomain PHD finger transcription factor), and the putative 
tumor suppressors, ING (mhibitor of growth) family. So far, at least 14 PHD 
finger-containing proteins have been found in the budding yeast, 50 in the fruit fly, 
and up to several hundred in humans (Wysocka, et al.’ 2006; Martin, et al., 2006; 
Bienz, 2006; Baker et al, 2008). 

A l R E l DE CAVC RDGGELIC C]>—GCPR-A FHLACLSP F'L RE I P SGT WRCSSCL Q 
M i - 2 EFCRVC KDGGELLC C E ^ - A C P S - S YHL HCLNP PL P E I P N G E WLCPRCTC 
NURF3 0 1 DHCRVC HRLGDLLC C E — T C P A - V Y H L E CVDP PMNDVPTED WQCGLCR S 
WSTF ARC KVC RKKGE D D K L I L - C D ~ - E CWK - A FHL FCL RP A L YEVP DGE WQCPAC Q P 
KAP - 1 T ICRVCQKPGDLVM C N - - QCEF- CFHLDCHLPAL QDVPGEE WSCSLCHV 
ATRX EQCRWCAEGGNLIC C D “ F C H N - A F C K K C I L r N L " RKELSTIMDENNQWYCYICHP 

ING2 T YC - LCNQVS Y G E M I G C D N E Q C P I E W F H F S C V S L T Y K P K G K WYCPKCRG 

A C F l - 1 SLCKVCRRGSDPEKMLL-C I>—ECNA-GTHMFCLKPKLRSVPPGN WYCNDCVK 

A C F l - 2 KVC QKCFYDGGE I K C V - - Q C R L - F FHL E C^HL KRPPRTD PVCKT C KP 

P 3 0 0 H F C E K C F N E I Q G E S - 3 2 - C T - - E C G R - K M H Q I C V L H H E I I W P A G PVCDGCLK 

C o n s e n s u s C——C C C H——C W - C - - C 
L o o p 1 L o o p 2 

Figure 1.3: Sequence alignment of ten different PHD fingers. The sequence signature 
of PHD finger domain is indicated as the consensus. All sequences are from human 
proteins, except for Pygopus, ACFl and NURF301, which are from Drosophila 
(Bienz et al,, 2006). 

Following studies confirmed that this domain bind to the chromatin through 
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recognizing histone. First, many of the PHD domain containing proteins can 
recognize the methylated lysine through the aromatic cage and these proteins include 
BPTF, ING superfamily member and RAG2 (Figure 1.4) (Ramon-Maiques et al., 
2007). An extensive network of hydrogen bonds and complementary surface 
interactions are responsible for the unique recognition of H3K4 methylation in the 
histone by the PHD finger (Li et al., 2006; Mellor, 2006). More interestingly, they 
can also engage H3R2 methylation through another pocket and an invariant 
tryptophan will separate these two K4me and R2me binding pockets. In addition, the 
binding to H3R2 methylation in different proteins will regulate their affinity to H3K4 
methylation, for example, recognition of H3R2 methylation in the ING2，BPTF will 
inhibit their binding to H3K4me, whereas this does not happen in RAG2 
(Ramon-Maiques et al, 2007; Baker et al, 2008). Lately, the PHD finger domain is 
then found to be able to bind H3K4 without any modification (H3K4nieO) in 
DNMT3L and BHC80, raising the possibility that histone without modifications can 
also serve as a code which need some other proteins to annotate them specifically. 
Structural studies reveal that these PHD fingers recognize the H3K4meO through a 
way which is quite different from that they employ in the H3K4 methylation 
recognition. The establishment of PHD-H3K4meO interaction is mainly through an 
electrostatic bridge between the unmodified epsilon amino group of H3K4meO and 
an acidic residue in PHD finger (Asp90 in DNMT3L or Asp489 in BHC80), and 
methylation at H3K4 sterically excludes such interaction (Baker et al,’ 2008). These 
structural studies also imply that the PHD fingers which lack these aforementioned 
characteristics may not be able to bind to H3K4. Indeed, emerging evidence shows 
that some of them associate with other methylated lysines, for example, some PHD 
fingers in yeast bind to H3K36me and PHD fingers in SMCX and ICBP90 to 
H3K9me. In addition, many PHD fingers may recognize modifications other than 
methyl-lysines or have unknown functions (Baker et al” 2008). 
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RAG2-PHD IHG2-PHD BPTF^PHD 

Figure 1.4: Ribbon diagrams (upper panel) and surface representation (lower panel) 
of PHD fingers of RAG2, ING2 (PDB entry 2G6Q), and BPTF (PDB entry 2F6J) 
bound to H3K4me3 peptide. RAG2-PHD has an open aromatic channel and does not 
possess a negatively charged residue equivalent to E237 in ING2 or D27 in BPTF to 
interact with R2 of the H3 peptide (Ramon-Maiques et aL, 2007). 

In addition to recognize methylated lysine, PHD finger domains are thought to 
facilitate the interactions between the PHD containing proteins and other proteins. 
The ING protein family contains several nuclear proteins that share the highly 
conserved PHD finger domain at their carboxyl termini. Members of this family are 
widely found in multiprotein complexes that posttranslationally modify histones, 
such as histone acetylation and deacetylation (Table 1.1)，suggesting that these 
proteins serve a general role in permitting various enzymatic activities to 
nucleosomes (Martin et aL, 2006). BPTF is important for the structural integrity of 
NURF (nucleosome remodeling factor), a protein complex using the energy of ATP 
hydrolysis to catalyze nucleosome sliding (Xiao et aL, 2001). Therefore, the NURF 
complex might be deposited to the beginning of active genes to regulate the 
chromatin structure and facilitate gene transcription by the binding of the BPTF to 
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the histone via its PHD domain recognizing H3K4 methylation and its bromodomain 
to lysines acetylation (Mellor, 2006; Wysocka et aL, 2006; Li et al, 2006). In 
addition, some studies also suggested that PHD domain was able to bind 
phosphoinositide and served as a nuclear PtdlnsP receptor. The 
PHD-phosphoinositide interaction then may directly regulate nuclear responses to 
DNA damage (Gozani et al., 2003). 
Since their abilities in recognizing histone code and involvement in many 
physiological processes, it is not surprising to find out that many PHD finger 
containing proteins were correlated with many diseases in mammals and human. In 
many immune diseases, mutations in the autoimmune regulator protein (AIRE) and 
the RAG2, which is the catalytic engine of V(D)J recombination and important for 
the B and T cell differentiation, have been reported. In addition, mutation in Inhibitor 
of Growth 1 (INGl) was also correlated with cancer development. More strikingly, 
many of these mutations were located in the PHD finger domain, which may 
subsequently result in the disruption of the structure of the PHD finger or 
interruption their interaction with H3K4 methylation. The functions of these proteins 
in the disease development further highlight the importance of these proteins and 
their interaction with H3K4 methylation (Baker et aL, 2008). 

1.4.4 Studies of histone modifications in plants 
Although histone modifications and their functions are well studied in yeast and 
mammals (Allis et al” 2007; Fuchs et al., 2006; Johnson et al” 2004), such studies in 
plants are just at their infancy stage, focusing on the Arabidopsis, Recently, the 
variants of histone H2A, H2B, H3 and H4 and their modifications in Arabidopsis 
have been identified using mass spectrometry (Johnson et al” 2004; Zhang et aL, 
2007; Bergmuller et al., 2007). These studies reveal some modification sites that are 
unique to plants (Zhange/ al, 2007). The genomic distribution patterns of several 
histone modifications (histone H3K4 di-methylation, H3K9 di-/tri-methylation, and 
H3K27 tri-methylation) in A. thaliana have been determined by microarray 
combined with chromatin immunoprecipitation (ChlP-chip), and those distribution 
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patterns are consistent with their functions (Zhang, 2008). However, the PTMs of 
histone in other plant species are still elusive, including several important crops, like 
soybean, rice and wheat. 
Previous researches in plant reveal that histone modifications can regulate the plant's 
response to internal and external signals, such as cell differentiation, development, 
light, temperature, and abiotic and biotic stresses (Chen et al., 2007). A well known 
process in plant controlled by epigenetics is vernalization, which requires the 
coordination between H3 acetylation and methylations of H3K4, H3K9 and H3K27. 
These modifications regulate the expression of FRIGIDA (FRI), FLOWERING 
LOCUS C (FLC) and other vernalization related gene to ensure flowering at proper 
time (Schmitz et al, 2008; He et al.’ 2003; Xu et al., 2008; Pien et al., 2008; He et 
al” 2005). Histone H3 Serine 10 phosphorylation (H3S10p), H3 and H4 acetylation 
were up-regulated in response to high salinity and cold stress in tobacco and 
Arabidopsis cells (Sokol et al., 2007). Phosphorylation at H3 threonine 11 (H3Tllp) 
or threonine 3 (H3T3p) may serve as a signal for other proteins involved in 
chromosome condensation, while phosphorylation at H3 serine 10 (H3S10p) or 
serine 28 (H3S28p) is involved in sister chromatid cohesion (Houben et al., 2007). In 
maize, histone acetylation and chromatin remodeling are important processes for 
their acclimation to UV-B (280-315nm) (Casati et al, 2008). Histone acetylation can 
also affect cellular pattern in Arabidopsis root epidermis by regulating the expression 
of cellular patterning genes (Xu et al.’ 2005). 
Although many studies of PHD finger domain containing proteins have been done in 
animals, their roles in plant are still elusive. The functions of these PHD finger 
containing proteins in plants are diverse, ranging from regulation of male meiosis to 
specification of vasculature and primary root meristem, and embryogenesis and 
sister-chromatid cohesion, control of vernalization, disease resistance, apical 
meristem maintenance (Wei, et al. 2009). However, little is known about the detail 
mechanisms of PHD fingers in these important developmental or environmental 
regulators in plants (Lee et al., 2009). 
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1.5 Objectives and significances of the present studies 
Since soybean is an important economic crop whose growth and production could be 
affected by salinity stress, study of salt stress response in this crop plant may help to 
increase their tolerance to salinity stress and their yield on saline land. Furthermore, 
these findings may be applicable to crops that are more salt sensitive, such as carrot 
and oranges. Albeit of this importance, the information of the soybean genes which 
can confer salinity tolerance is still limited, suggesting the significances of 
investigating the soybean response to salinity stress. 
Although it is known that plants will alter their protein expression patterns to adapt 
to the environmental stress they encounter, the detailed molecular mechanisms of 
how they sense the stress and then regulate their transcriptome are still not very clear. 
Over the past decades, it was suggested that epigenetics, including DNA methylation, 
histone variants and histone posttranslational modifications (PTMs), regulated many 
physiological processes. Recently, the "histone code" concept was raised which 
indicated that many protein "effectors" will function to decode the "histone code" 
and regulate gene transcription. This concept has been proven in animals; however, 
in plants it is still unknown. In our investigation, we are also trying to understand 
whether/how the histone modifications (in particular, methylation and methylation 
multiplicities) regulate soybean responds to salinity stress. Investigation of the 
histone PTMs under salinity stress can give us some hints to understand the 
epigenetic roles in gene transcription regulation and adaptation to the abiotic stresses 
in soybean and other plants. Our studies should broaden our understanding of the 
plant response to salinity stress from an epigenetic perspective. 

In particular, our objectives are: 
1. to investigate the soybean response to salinity stress through proteomic 
studies 
2. to identify the histone posttranslational modifications in soybean 
3. to elucidate the roles of histone modifications in soybean salinity stress 
response 
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Chapter 2 Proteomic studies in soybean 

2.1 Introduction 
Many proteomic studies have been performed in plants, but most of them were 
carried out in the Arabidopsis and rice. The proteomic studies in soybean are just at 
their infancy stage. The first proteomic study of soybean appeared as early as 2005, 
where the protein profiles of soybean seed filling was investigated (Hajduch et al., 
2005). Later on, proteomic studies of different soybean organelles and tissues were 
carried out，including seed, leaf, hypocotyls, root, nodule, xylem sap, ap op last and 
peroxisomes (Natarajan et al., 2006; Djordjevic et al, 2007; Arai et al., 2008; Oehrle 
et al, 2008; Brechenmacher et al,’ 2008; Afroz et al, 2009). Ahsan et al. compared 
the soybean leaves and flowers at different developmental stages, revealing several 
organ specific functional differentiation proteins (Ahsan et al., 2009). In addition, the 
soybean responses to some abotic stresses were also studied by proteomics recently. 
Cadmium induced the expression of several proteins in soybean cells, such as 
superoxide dismutase, histone H2B, chalcone synthase and glutathione transferase 
(Sobkowiak et al., 2006). Danchenko et al revealed the changes of protein profiles 
of soybean seed from the Chernobyl area under the radioactive environment, most of 
which were involved in protein destination and storage followed by disease and 
defense, suggesting that the soybean have adapted to the radioactive regions 
(Danchenko et al, 2009). Proteome analysis of root and early stage soybean seedling 
and plasma membrane proteins under the water stress have been performed 
(Komatsu et al., 2009; Hashiguchi et al., 2009; Yamaguchi et al,’ 2009). 
Investigation the impact of solar ultraviolet-B (UV-B) radiation on the soybean leaf 
proteome showed that higher levels of flavonoids would lead to a reduction in UV-B 
sensitivity at the proteomic level (Xu et al.’ 2008). 
In order to increase the soybean tolerance to salinity stress, it is imperative to identify 
genes whose products confer improved salt tolerance. However, limited information 
is available about salt-response genes in soybean at present, and the study of protein 
expression in response to salinity may therefore help identify the genes responsible 
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for salt adaptation mechanisms in this important crop. Recently, proteome analysis 
was performed in the hypocotyls and root of soybean to identify the salt stress related 
proteins of soybean. Instead of using MALDI-TOF/TOF to identify the differentially 
expressed proteins, these proteins were identified by Edman sequencing. Their 
results indicated that LEA, P-conglycinin，elicitor peptide and basic/helix -loop-helix 
protein were up-regulated and protease inhibitor, lectin and stem 31-kDa 
glycoprotein were down-regulated in the salinity stress (Aghaei et al,, 2009). In order 
to further understand the salinity stress response in other tissues such as leaves, I 
compared the soybean leaf protein profiles under salinity stress. 
Moreover, treated the plant with salt stress intensively in laboratory may only 
activate the plant acute response to the stress and some novel processes or 
mechanisms unique to naturally stress-tolerant plants could be difficult to be revealed 
by this way (Riccardi et cd.’ 1998; Zhu, 2001). Therefore, several groups have 
compared the proteomics of different varieties of barley and Populus xeuramericana, 
including varieties that were sensitive and tolerant to the abiotic stresses (Bonhomme 
et al, 2009; Witzel et al.’ 2009). In order to understand the adaptation and tolerance 
mechanisms to salinity in the naturally salinity stress tolerant soybeans, I compared 
the proteomic profiles of two soybean varieties, wild soybean and cultivated soybean 
(Union) by two-dimensional gel electrophoresis and indentified the differentially 
expressed proteins with MALDI-TOF/TOF. Although the cultivated soybean was 
sensitive to the salinity stress, the wild type soybean was originally grown well in 
saline land and tolerant to the stress. I also tried to use proteomic tools to understand 
the soybean development, by identifying some development related proteins. All of 
these results provided some potential breeding targets for improvement of salt 
tolerance in the cultivated soybean and some proteins for regulating root 
development. 

2.2 Material and methods 
2.2.1 Plant materials and stress treatment 
Cultivated soybean {Glycine max. Union) and wild type soybean were germinated 
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and grown in Metromix-200 soil (Hummert International Horticultural Supplier, 
Early City, MO, USA) in the green house of the Department of Biology at the 
Chinese University of Hong Kong. The temperature was kept between 25-30 
60-90% humidity, natural light, 500-2000 jiEM'̂ h"^. During germination stage and 
seedling stage, soybeans were collected and divided into two portions: roots and 
above ground tissues, including leaves and shoots. In order to investigate the leaves 
response to salinity stress, cultivated soybean {Glycine max, Union) were first 
germinated in Metromix-200 soil and then transferred to Ix Hoagland's solution to 
grow into 3-4 trifoliates under the same condition as mentioned before. The plantlets 
were then treated with 0.9% sodium chloride for 48 hours before the leaves were 
collected. Samples without salt treatment were collected as control. All the samples 
were stored at -80°C until used. 

2.2.2 Protein extraction and two dimensional gel electrophoresis 
For protein extraction, the collected soybean tissues were first ground into fine 
powder in liquid nitrogen and total proteins were extracted with TCA/acetone 
extraction method. After overnight precipitation in 10% TCA/acetone at -20 "C, 
proteins were dissolved in rehydration buffer, which contained 6 M urea, 2 M 
thiourea and 4% 3 - [(3-cholamidopropyl) dimethylammonio] -1 - propanesulfonate 
(CHAPS). Finally, 0.2% (w/v) dithiothreitol (DTT) and 0.5% IPG buffer were added 
into the samples before lEF. The protein concentration was determined by 2-D Quant 
kit (GE healthcare) and total 250 jal samples containing about 200 |ig proteins were 
applied to the dry IPG strips (13cm, pH 3-10 nonlinear, GE healthcare). The program 
oflEF was as followed: rehydration at 2 0 f o r 7 hrs，30 V for 7 hrs, 150 V for 2 hrs, 
500 V for 0.5 hrs, 1000 V for 0.5 hrs, 4500 V for 3000 vhs, 8000 V for 66000 vhs. 
Focused strips were first equilibrated by incubating in equilibration buffer (6 M urea, 
30% v/v glycerol, 2% w/v SDS, 50 mM Tris-HCl, pH 8.8, and 1% w/v DTT) for 
15min, followed by incubation in the same equilibration buffer containing 4% w/v 
iodoacetamide (lAA) instead of DTT for another 15 min. For the second dimension, 
the focused IPG strips were laid horizontally on the 12% acrylamide SDS-PAGE 
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separating gels, and sealed with 1% agarose, and electrophoresis were run at 85 V. 

2.2.3 Gel staining and image analysis 
After SDS-PAGE, the PAGE gels were stained with silver and the image were 
captured by magic scanner. The gel images were then analyzed using ImageMaster^'^ 
2D Platinum 5.0 software (GE Healthcare). The protein expression profiles were 
compared and the protein spot volumes were normalized automatically against the 
total spot volume of the gel using the software. The relative volume (%Vol) for each 
protein spot was obtained and analyzed. At least two independent experiments of 
each sample were performed to ensure technical reproducibility and the differentially 
expressed protein spots which were reproducibly detected to be changed over 1.5 
fold in these repeated gels or whose p<0.05 in the two-sample Student's t test 
analysis were considered to be significantly different and selected out for further 
analysis. 

2.2.4 Tryptic in-gel digestion 
Protein spots of interest were manually excised out from the 2-D gels. They were 
destained with an equal volume mixture of 30 mM potassium ferricyanide and 100 
mM sodium thiosulfate until the color disappeared. After washing in Milli-Q water 
twice, the gel plugs were equilibrated in 50 mM ammonium bicarbonate for 10 min 
twice. The destained gels were finally soaked in 100% acetonitrile to be dehydrated. 
Thereafter, vacuum-dried gel plugs were rehydrated with 10 mg/ml of trypsin in 25 
mM ammonium bicarbonate (pH 8.0) for 30 min on ice. Proteins were proteolyzed 
for 16-18 h at 30°C and digested peptides were extracted from the gels with 80% 
acetonitrile/2.5% trifluoroacetic acid. 

2.2.5 Protein identification by tandem mass spectrometry 
Mass spectrometric analysis was carried out using a MALDI-TOF/TOF mass 
spectrometer 4700 Proteomics Analyzer (Applied Biosystems, USA). For acquisition 
of mass spectra, 0.5^1 of overnight digested peptides were spotted onto the 
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MALDI-plate, followed by adding 0.5 matrix solution (5 g/L 
a-cyano-4-hydroxycinnamic acid in 50% acetonitrile/0.1% trifluoroacetic acid) and 
allowed to dry in air. Mass data acquisitions were piloted by 4000 Series Explorer^^ 
software using batched-processing and automatic switching between MS and MS/MS 
modes. All MS survey scan were acquired over the mass range m/z 700-3500 Da in 
the reflectron positive-ion mode and accumulated from 1000 laser shots with 
acceleration of 20 kV. The MS spectra were internally calibrated using porcine 
trypsin autolysis products {m/z 805.417，m/z 906.505, m/z 1153.574, m/z 2163.057 
and m/z 2273.160) resulted in mass errors of less than 20 ppm. Peptide precursor ions 
corresponding to contaminants were excluded and the filtered precursor ions with a 
user-defined threshold (S/N ratio >50) could be selected for a MS/MS scan. 
Fragmentation of precursor ions were performed using argon as the collision gas and 
MS/MS spectra were accumulated from 3000 laser shots with a default calibration. 

2.2.6 Database analysis 
MS and MS/MS spectra from the 4700 Proteomics Analyzer were loaded into GPS 
ExplorefTM software and searched against the soybean database which was 
downloaded from http://www.phytozome.net/soybean using the MASCOT search 
engine for combined MS and MS/MS analysis. The following search parameters 
were used: 700-3500 Da; monoisotopic peptide mass (MH+); pi 0-14; taxonomy, 
Glycine max.; enzyme, trypsin; precursor-ion mass tolerance, SOppm; MS/MS 
fragment-ion mass tolerance, 0.1 Da; variable modifications, oxidation for 
methionine and carboxyamidomethylation of cysteine 

2.3 Results 
2.3.1 Comparative proteome study of soybean in different variants and 
developmental stages 
In order to identify the differentially expressed proteins which may associate with the 
salinity tolerance ability of the wild type soybean, proteomic profiles of the wild type 
and cultivated soybean were compared. These soybean samples were collected at 
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germination stages and seedling stages and total proteins were extracted from the 
roots and above ground tissues at each stage with TCA/acetone method, separated in 
2-D gels and stained with silver. Gels were analyzed and total over 300 spots were 
reproducibly detected in each gel (Figure 2.1-2.4). My results showed that total about 
117 spots were significantly changed between the wild type and cultivated soybean. 
While 72 spots were up-regualted or de novo synthesis in the wild type soybeans, the 
rest 45 spots were down-regulated (Table 2.1). 
Comparative analysis the protein profiles of the roots of the cultivated soybean at 
germination stage and seedling stage were conducted, in an effort to identify some 
proteins and physiological processes that may be specifically function in the root at 
certain developmental stage (Figure 2.5). These comparisons displayed that 53 spots 
were changed over 1.5 fold at different developmental time. Of these spots, 31 spots 
were up-regulated or de novo synthesis in the germination stage while 22 spots were 
down-regulated (Table 2.2). 
Similar experiment was carried out to identify the proteins associated with soybean 
response to salinity stress in the leaves (Figure 2.6). Proteins from leaf samples with 
and without salinity treatment were extracted and the results show that 18 spots were 
greatly down-regulated under the salinity stress while 4 spots were up-regulated 
(Table 2.3). 

31 



10
 

3 
10 

Un
ion

 ab
ove

 gr
oun

d t
iss

ues
 se

edl
ing

 sta
ge 

(U
LS

) 
Wi

ld 
abo

ve 
gro

und
 tis

sue
s g

erm
ina

tio
n s

tag
e (

ML
S) 

Fig
ure

 2.
1: 

2-D
E p

rof
ile

s o
f p

rot
ein

s e
xtr

act
ed 

fro
m 

the
 ab

ove
 gr

oun
d t

iss
ues

 of
 un

ion
 an

d w
ild

 ty
pe 

soy
bea

n a
t th

e s
eed

lin
g s

tag
e. 

Up
-re

gul
ate

d 
pro

tei
ns 

in 
the

 un
ion

 so
ybe

an 
we

re 
ind

ica
ted

 by
 ar

row
s i

n t
he 

UL
S g

el, 
wh

ile 
up-

reg
ula

ted
 pr

ote
ins

 in
 th

e w
ild

 ty
pe 

soy
bea

n w
ere

 in
dic

ate
d i

n 
the

 M
LS

 ge
l 

32 



Un
ion

 ab
ove

 gr
oun

d t
iss

ues
 ge

rm
ina

tio
n s

tag
e (

UL
G)

 
Wi

ld 
abo

ve 
gro

und
 tis

sue
s g

erm
ina

tio
n s

tag
e (

ML
G)

 

Fig
ure

 2
.2:

 2
-D

E 
pro

file
s o

f p
rot

ein
s e

xtr
act

ed 
fro

m 
the

 ab
ove

 g
rou

nd 
tiss

ues
 o

f u
nio

n 
and

 w
ild

 ty
pe 

soy
bea

n 
at 

the
 g

erm
ina

tio
n 

sta
ge.

 
Up

-re
gu

lat
ed 

pro
tei

ns 
in 

the
 un

ion
 so

ybe
an 

we
re 

ind
ica

ted
 by

 ar
row

s in
 th

e U
LG

 ge
l, w

hil
e u

p-r
egu

late
d p

rot
ein

s in
 th

e w
ild

 ty
pe 

soy
bea

n w
ere

 
ind

ica
ted

 in
 th

e M
LG

 ge
l. 

33 



_ 

Un
ion

 ro
ot 

see
dli

ng 
sta

ge 
(U

RS
) 

Wi
ld 

roo
t se

edl
ing

 sta
ge 

(M
RS

) 
Fig

ure
 2.

3: 
2-D

E p
rof

ile
s o

f p
rot

ein
s e

xtr
act

ed 
fro

m 
the

 ro
ots

 of
 un

ion
 an

d w
ild

 ty
pe 

soy
bea

n a
t th

e s
eed

lin
g s

tag
e. 

Up
-re

gul
ate

d p
rot

ein
s i

n t
he 

uni
on 

soy
bea

n w
ere

 in
dic

ate
d b

y a
rro

ws
 in

 th
e U

RS
 ge

l, w
hil

e u
p-r

egu
lat

ed 
pro

tei
ns 

in 
the

 wi
ld 

typ
e s

oyb
ean

 w
ere

 in
dic

ate
d i

n t
he 

MR
S g

el. 

34 



Un
ion

 ro
ot 

ger
mi

nat
ion

 sta
ge 

(U
RG

) 
Wi

ld 
roo

t g
erm

ina
tio

n s
tag

e (
MR

G)
 

Fig
ure

 2,
4: 

2-D
E p

rof
ile

s o
f p

rot
ein

s e
xtr

act
ed 

fro
m 

the
 ro

ots
 of

 un
ion

 an
d w

ild
 ty

pe 
soy

bea
n a

t th
e g

erm
ina

tio
n s

tag
e. U

p-r
egu

lat
ed 

pro
tei

ns 
in 

the
 un

ion
 so

ybe
an 

we
re 

ind
ica

ted
 by

 ar
row

s i
n t

he 
UR

G 
gel，

whi
le u

p-r
egu

late
d p

rot
ein

s i
n t

he 
wil

d t
ype

 so
ybe

an 
we

re 
ind

ica
ted

 in
 th

e M
RG

 
gel

. 

35 



1 5 
...

,
纖

謹
 

7
 

‘ 
“

、
 

« 

% 

MM
. 

.2
44
-1
 

m 
27
6 

t 
攀
!i m 

40
2 

. 

.11 
itM

S'i 

54
0 

—
B

g
g

g
B

g
B

B
i

—
•

w
g

g
g

w
w

w
w

w
—

w
•

—
•

•
w

w
i

i
w

i
w

—
…

I
I

1
1

、
 

i 
i"^

"丄
、

^.
.s

^s
m

m
sm

sm
m

m
^.

m
m

 
m

m
m

m
m

m
m

m
m

m
m

m
am

m
m

m
m

m
m

m
m

iiim
m

m
m

m
m

 
i释

^
j'

^
m

m
i^

^
• 

‘、
餅

 
-

—
 

See
dli

ng 
sta

ge 
Ge

rm
ina

tio
n s

tag
e 

Fig
ure

 2.
5: 

2-D
E p

rof
ile

s o
f p

rot
ein

s e
xtr

act
ed 

fro
m 

the
 ro

ots
 of

 un
ion

 at
 th

e g
erm

ina
tio

n s
tag

e a
nd 

see
dli

ng 
sta

ge.
 U

p-r
egu

lat
ed 

pro
tein

s 
see

dli
ng 

sta
ge 

we
re 

ind
ica

ted
 by

 ar
row

s i
n t

he 
see

dli
ng 

sta
ge 

gel
, w

hil
e u

p-r
egu

late
d p

rot
ein

s i
n t

he 
wil

d t
ype

 so
ybe

an 
we

re 
ind

ica
ted

 
ger

mi
nat

ion
 st

age
 ge

l. 

36 

in 
the

 
in 

the
 



0
.9

%
 N

a
C

I 
tr

e
a
te

d
 4

8
h

 
Co

nt
ro

l 
Fig

ure
 2.

6: 
Pro

tei
n p

rof
ile

s o
f s

oyb
ean

 le
ave

s u
nde

r c
ont

rol
 an

d s
alt 

tre
ate

d c
ond

itio
n. 

Co
ntr

ol:
 to

tal 
pro

tein
s f

rom
 so

ybe
an 

lea
ves

 w
ith

out
 sa

lt 
tre

atm
ent

. 0
.9%

 N
aC

l tr
eat

ed 
48h

: to
tal 

pro
tei

ns 
fro

m 
soy

bea
n l

eav
es 

tre
ate

d w
ith

 0.
9%

 N
aC

l fo
r 4

8 h
our

s. P
rot

ein
s w

ere
 do

wn
-re

gul
ate

d a
fte

r 
sal

t tr
eat

me
nt 

we
re 

cir
cle

d i
n t

he 
con

tro
l g

el i
ma

ge,
 w

hil
e u

p-r
egu

lat
ed 

pro
tei

ns 
we

re 
cir

cle
d i

n t
he 

tre
ate

d g
el 

im
age

. 
37 



2.3.2 Identification of differentially expressed proteins in different varieties and 
developmental stages 
Differentially expressed spots were excised from the gels and applied for trypsin 
digestion. The digested peptides were extracted from the excised gels and analyzed 
by MALDI-TOF/TOF. The peptide mass lists were searched against the data base 
which was downloaded from soybean genome data base 
(http://www.phytozome.net/soybean). Since most of the proteins were still not 
experimentally annotated in soybean, their functions were predicted according to-
their homologs in other species using blast to search against the NCBI data base. 
Following this way, I confidently identified 112 spots out of the 117 changed spots in 
the wild type soybean and cultivated soybean (Table 2,1). While at different 
developmental stages, of the 53 spots which were changed in the roots of the 
cultivated soybean as they grew，51 spots were confidently identified by 
MALDI-TOF/TOF (Table 2.2). Of the 22 spots that were changed under the salinity 
stress, 18 spots were also confidently identified (Table 2.3). 
Interestingly, comparison of the proteomics of the wild type and cultivated soybean 
showed that several differentially expression spots were finally turned out to be the 
same protein, such as aminomethyltransferase, cytosolic phosphoglycerate kinase, 
and isocitrate dehydrogenase (NADP). Meanwhile, several spots which all 
represented for stem 28 kDa glycoprotein or stem 31 kDa glycoprotein were detected 
in the proteomic profiles of the above ground tissues of the wild type soybean at the 
seedling stage. This phenomenon may be result from the difference in the 
posttranslational modifications of these proteins, since their pi and molecular weight 
varied as displayed in the gels (Figure 2.1-2.4). Although whether the modifications 
of these proteins have any effects on their activities need further studies, this result 
supported that post-transcriptional regulation played important roles in the plants' 
response to stress, and highlighted the necessary to combine transcriptomic and 
proteomic analyses (Jiang et ai, 2007). Similar results can also be obtained by 
comparing the proteomic profiles of soybean roots at different developmental stages, 
like peroxidase precursor. 
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The expression of different isoforms of a gene may be dynamic according to their 
growth condition (Espartero et al., 1994). I observed that the isoforms of chalcone 
isomerase, glyceraldehyde-3-phosphate dehydrogenase, isocitrate dehydrogenase, 
methionine synthase, peroxisomal voltage-dependent anion-selective channel protein, 
S-adenosylmethionine synthetase and transketolase were differentially expressed in 
the two soybean genotypes, indicating that these two soybean varieties have distinct 
regulation mechanisms to control these isoforms' expression. However, it is still 
unknown whether there are any differences in the activities of these isoforms. 
The differentially expressed proteins between wild type and cultivated soybean could 
be classified into 7 categories according to their probable biological functions. About 
23% of these proteins contributed directly to the stress/defense pathway, which is one 
of the major parts of the differentially expressed proteins. Moreover, most of the 
proteins belonging to this category were found to be up-regulated in the wild type 
soybean except several peroxidases. Other functional categories of energy 
metabolism, protein and amino acid metabolism, secondary metabolism and protein 
storage were represented at 23%, 20%, 5% and 5%, respectively (Figure 2.7A). The 
above observation might suggest that the wild type soybeans were actively engaged 
in the plant defense responses which usually be observed when the plants were 
treated with salinity stress. 
The developmental dependent changed proteins could also be sorted into 6 functional 
categories (Figure 2.7B). Surprisingly, the proteins involved in the stress/defense 
pathway also took the dominant part, about 34% of the differentially expressed 
proteins. The expressions of other proteins involved in energy metabolism, protein 
and amino acid metabolism, and secondary metabolism were also found to be 
changed at different developmental stages, which took 27%, 17% and 4% of these 
changed proteins respectively. Storage proteins and adenosine kinase involved in the 
purine metabolism were up-regulated in the germination stage. 
When the soybeans were treated with salinity stress, several differentially expression 
spots with different pi and molecular weight were also turned out to be the same 
proteins, such as ribulose 1,5-bisphosphate carboxylase/oxygenase and oxygen 
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evolving enhancer protein 1 (OEEl). Those salt inducible proteins can be separated 
into 5 groups (Figure 2.7C), with the proteins involved in photosynthesis taking the 
dominant part (about 61%). The rest of the proteins were involved in other processes 
such as protein and amino acid synthesis, stress and defense and primary 
metabolism. 
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Figure 2.7: Functional classification of differentially expressed proteins based on 
known as well as putative functions. A: in the wild type and union soybean, total 117 
proteins, representing 94 nonrediindant protein species, were categorized into 7 
functional classes. B: in different developmental stages, total 53 proteins, 
representing 52 nonredundant protein species, were categorized into 6 classes. C: 
identified differential expression proteins in the salt treatment were classified into 5 
catalogs. 

2.4 Discussions 
2.4.1 Comparative proteomic studies of cultivated and wild type soybean 
Upon comparative proteomic studies, several distinguish physiological processes 
between wild type soybean and cultivated soybean were identified: energy 
metabolism, detoxification and defense, and protein metabolism. Although in my 
studies, these proteins were identified to be changed in the soybean varieties without 
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salinity stress, many of them were confidently to be involved in salinity stress as 
showed in many other studies (Zhu, 2001; Shulaev et al., 2008). Therefore, I 
believed that this set of proteins could contribute to the differences in the abilities of 
the two soybean varieties to tolerant the salinity stress. By regulating these processes, 
the wild type soybean may yield a physiological advantage under the salinity stress. 

2.4.1.1 Energy metabolism 
The energy metabolism was actively regulated in the wild type soybean. Glycolysis 
and tricarboxylic acid cycle (TCA cycle) were the most important pathways that 
produce ATP to support most of the physiological processes. My proteomic studies 
showed that many proteins involved in glycolysis and TCA cycles, such as 
phosphoglycerate mutase, aconitate hydratase and malic enzyme, were up-regulated 
in wild type soybean. Pyruvate metabolism was essential in the TCA cycles, in which 
the pyruvate dehydrogenase complex catalyzed the overall conversion of pyruvate to 
acetyl-CoA to drive the TCA cycles. Two enzymes of the pyruvate dehydrogenase 
complex, dihydrolipoyllysine residue acetyltransferase and pyruvate decarboxylase 
isozyme 1，were unpregulated in the wild type soybean in my studies. 
Ferredoxin—NADP reductase, which played a key role in regulating the cyclic and 
non-cyclic electron flow to meet the demands of the plant for ATP and reducing 
power, was found to be highly expressed in the wild type soybean. Other pathways 
including the oxidative pentose phosphate pathway (PPP) and ketogenesis were also 
involved in energy production. The PPP pathway was central in carbohydrate 
metabolism in plants and provides both reducing power and precursors for 
biosynthesis of other cell components (Liska et al” 2004). 6-phosphogluconate 
dehydrogenase, a key enzyme of the PPP pathway catalyzing the conversion from 
6-phospho-D-gluconate to D-ribulose 5-phosphate, was significantly increased in the 
wild type soybeans. Previous studies in wheat, rice and Dunaliella also showed that 
the expression of 6-phosphogluconate dehydrogenase was induced by salinity stress 
(Liska et al” 2004; Huang et al, 2003). Acetoacetyl-CoA thiolase involved in the 
ketogenesis was also up-regulated in the wild type soybean. Acetoacetyl-CoA 
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thiolase catalyzed the first step of ketogenesis through which the acetyl-CoA was 
converted to acetoacetate, which sometimes served as important metabolic fuels. 
Some previous studies have already indicated that proteins involved in glycolysis, 
TCA cycle, and/or the oxidative pentose phosphate pathway were induced by 
prolong and progressive stress treatment (water stress and salinity stress) in cells of 
rice, maize and Dunaliella (Riccardi et al., 1998; Liska et al, 2004; Huang et al., 
2003). Under those abiotic stresses, in addition to keep their normal development and 
growth, the plants also needed large amount of energy to eliminate the adverse effect 
of such stress conditions. For example, they required heat shock proteins to keep the 
normal structure of the protein under the stress condition which usually needed large 
amount of energy to function (Tapley et al., 2009). They also need lots of the 
intermediates of these metabolism pathways to synthesis other osmolytes like 
glycerol (Liska et al.’ 2004). Therefore, it was likely that the plants had to activate 
these pathways to fulfill these requirements because some other physiological 
processes such as photosynthesis might be inhibited owing to stomatal closure and 
limited carbon dioxide uptake under the water stress (Hashiguchi et al., 2009; 
Bailey-Serres et al., 2008; Zhu, 2001). So it was not surprising to find out the 
simultaneously induction of these pathways to generate energy and maintain 
homeostasis for survival in the wild type soybean. 

2.4.1.2 Detoxification and defense pathway 
Stress including salinity stress induced the accumulation of reactive oxygen species 
(ROS) such as superoxide, hydrogen peroxide, and hydroxyl radicals in many plants 
(Hasegawa et al.’ 2000). A proper amount of ROS was acquired as substrates and 
signals not only in normal cell metabolism, growth, and differentiation, but also in 
inducing ROS scavengers and other protective mechanisms against the stress. 
Therefore, copper amino oxidase which contributed to the synthesis of ROS was 
up-regulated in wild type soybean. Alternatively, quinone oxidoreductase and 
benzoquinone reductase in the wild type soybean could also produce hydrogen 
peroxide and superoxide anion by oxidizing quinones (Vianello et al., 1991). 
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Strangely, several peroxidases were found to be up-regulated in the root of cultivated 
soybean in my studies. Peroxidase were not only important in removing certain types 
of ROS，but also responsible for producing some kinds of them and inducing root 
growth as the followed discussion, suggesting that they might induce root growth in 
cultivated soybeans, which was evidenced by the observation of the faster growth of 
the root in the cultivated soybeans than the wild type soybean. 
Despite of their positive roles in plant growth, the homeostasis of ROS must be kept 
in the cells under the stress condition, since they could either induce stress injury 
when their concentration was elevated by the abiotic stress. It was well documented 
that plants would activate the detoxification and defense pathway to eliminate the 
over-produced ROS under stress (Zhu, 2001; Shulaev et al., 2008). One of the 
important mechanisms was to upregulate ascorbate peroxidase (APX) which could 
reduce hydrogen peroxide to H2O with the concomitant generation of 
monodehydroascorbate dependent on ascorbate. Previous studies in barley, wheat 
and Arabidopsis have confirmed that APX was a key component in scavenging ROS 
under various stresses (Witzel et al., 2009; Shigeoka et al” 2002; Jiang et al.’ 2007; 
Caruso et al., 2008; Wang et al” 2008). The ROS scavenging system would collapse 
in the Arabidopsis absent of the cytosolic APX (Davletova et al.’ 2005). Transgenic 
plants overexpressing ROS scavengers or mutants with higher ROS scavenging ability 
showed increased tolerance to environmental stresses (Xiong et al, 2002). Hence, it 
was not surprising to found that the APX was up-regulated to counter its active 
ROS-producing system in the wild type soybean. However, I found that other spots 
(ULG1072，ULS14, URS513) which also represent for the APX but with a bigger pi 
were greatly induced in the cultivated soybean. Previous reports showed that some 
soybean varieties may have two isoforms of APXs and their catalytic activities were 
different (Caldwell et al,’ 1998). Moreover, those soybean varieties with only one 
APX were more tolerable to chilling treatment (Funatsuki et al.’ 2003), suggesting 
that the lacking of one APX in the wild type soybean might partially correlate with 
its salinity tolerance. However, the underlying mechanisms needed further studies. 
As another product of the reaction catalyzed by APX, monodehydroascorbate can be 
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reversed to ascorbate by the enzyme monodehydroascorbate reductase, which was 
also increased in the wild type soybean, probably to maintain the concentration of the 
reduced agents. 
I also identified GST as well as actoylglutathione lyase (glyoxalase I) were 
up-regulated in the wild type soybean. GST was another protein well-known for its 
ability to conjugate reduced glutathione with various compounds and involvement in 
oxidative stress responses (Droog, 1997). Glutathione was also necessary in the 
lactoylglutathione lyase mediated detoxification process of the methylglyoxal (MG), 
the accumulation of which was indicative of abiotic stress conditions, such as salinity, 
drought, and cold. Recent studies showed that overexpression of GST or glyoxalase I 
in tobacco both could enhance their tolerance to salinity during germination 
(Singla-Pareek et al” 2003; Witzel et al., 2009). 
As a well known stress marker gene, alcohol dehydrogenase 1 which catalyzed the 
oxidation of alcohols to aldehydes or ketones was up-regulated in wild type soybean. 
Large number of previous work have showed that its expression was stress-related 
and it was likely that they were required to remove the alcohols, which were 
commonly produced through lots of metabolic pathways with deleterious effects on 
many cellular components such as nucleic acids, proteins and carbohydrates 
(Sengupta et al., 2009). I also found that the enzyme aldehyde dehydrogenase and an 
aldo-keto reductase which involved in oxidative stress tolerance by detoxifying 
reactive aldehydes derived from lipid peroxidation during abiotic stress were induced 
in wild type soybean. Previously, Oberschall et al. also indicated that an 
aldose/aldehyde reductase was able to provide protection to transgenic plants against 
lipid peroxidation under chemical and drought stresses (Oberschall et al.’ 2000). 
Wild type soybean accumulated much more lipoxygenase than the cultivated soybean. 
Lipoxygenase initiated the synthesis of a series of oxylipins, which were acyclic or 
cyclic compounds with diverse functions, particularly in responses to herbivory and 
pathogen invasion (Feussner et al” 2002; Wang et al., 2009). In addition, they also 
associated with many other stress stimuli, including cold and radiation stress 
(Danchenko et al.’ 2009). 
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Abiotic stress including salinity stress would cause proteins to denature. Similar to 
other plants response to the salinity stress, heat shock proteins 90 (Hsp90) and 
cyclophilin were found to be up-regulated in wild type soybean. Heat shock proteins 
were among the most well-known stress-related proteins in plants which could be 
induced by several types of stresses such as heat, osmotic and salt stress. These 
proteins could act as chaperones to accelerate protein folding and protect them from 
denaturing under stress conditions (Aghaei et al., 2008). In addition, they could also 
decrease the intracellular level of reactive oxygen species (ROS). Cyclophilin, 
another ubiquitously distributed protein which also catalyzed the folding of proteins， 

could be induced by abiotic stresses, such as drought stress, too (Hajheidari et al., 
2005). 

2.4.1.3 Protein metabolism pathway 
Compared with cultivated soybeans, the protein and amino acid metabolism might be 
less active in the wild type soybeans. Enzymes such as cysteine synthase and 
glutamine synthase were down-regulated in wild type soybean. It was known that 
these enzymes were important in amino acid synthesis and protein synthesis (Aghaei 
et al.’ 2008; Teixeira et al” 2006). This result indicated that the wild type soybean 
might be inclined to decrease the level of free amino acid pool. Consistent with this, 
the protein synthesis was suppressed in the wild type soybean, since that several 
proteins involved in this process, such as ribosomal protein L12-A, translational 
elongation factor 1 subunit B, and nascent polypeptide associated complex alpha 
subunit, were down-regulated in them. This observation was also very similar to the 
plants' responses to salt stress, where the transcription of ribosome was severely 
depressed in Arabidopsis roots (Jiang and Deyholos, 2006). 
Another interesting result was that more storage proteins, including stem 28 kD 
glycoprotein and 31 kD glycoprotein, were accumulated in the wild type soybean 
during their germination and seedling stage. These glycoproteins were among the 
major proteins in leaves and most other vegetative tissues of soybean. Studies have 
showed that they may be rapidly degraded according to the need for nutrients by 
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other tissues of soybean plants (Ahsan et aL, 2009; Staswick, 1989). The more 
accumulation of these storage proteins in the wild type soybean might be caused by 
that the system of protein degradation was less efficient in them than in cultivated 
soybean, since I have observed that proteins which played roles in this process, such 
as leucine aminopeptidase, Clp protease ATP-binding subunit clpC, and prolyl 
oligopeptidase family protein, were down-regulated in wild type soybean. 
Different isoforms of serine hydroxymethyltransferase and methionine synthase 
variedly expressed in wild type soybean and cultivated soybean, which might be 
account for their multiple functions. On one side, they were involved in the amino 
acid synthesis; on the other side, they were also revealed to be associated with plant 
stress response. For example, serine hydroxymethyltransferase could catalyze the 
interconversion of serine and glycine and several recent studies have indicated that it 
was important in photorespiration (Xu et al., 2010; Roth et al., 2006; Moreno et al, 
2005). Another study found that the mutant plants without serine 
hydroxymethyltransferase accumulated more H2O2 than wild-type plants when 
subjected to salt stress, indicating that serine hydroxymethyltransferase was part of 
the dissipater mechanisms of plants to minimize production of ROS at the 
chloroplast and to minimize oxidative damage provoked by abiotic stresses (Moreno 
et al., 2005). Similarly, methionine synthase, alongside with S-adenosylmethionine 
synthetase were also involved in the lignifications of the cell wall for turgor 
maintenance to avoid water loss from the cells under stresses. During this process, 
methylation of the lignin monomer was necessary, which was carried out by 
5'-adenosylniethionine synthetase transferring the methyl group from 
5'-adenosylmethionine, a common methyl group donor. To fulfill the demand for 
more methyl groups for lignin methylation under stresses, more methionine synthase 
was necessary to produce more methionine for S-adenosylmethionine generation 
(Bhushan et al” 2007). 

2.4.1.4 Other proteins 
In addition to these three main types of proteins, some other proteins that have been 
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reported to be involved in the plant responses to salinity stress were also up-regulated 
in the wild type soybean. Under the salinity stress, plants activated several ion 
transporters to maintain the homeostasis of ion. In the wild type soybean, the V type 
proton ATPase was up-regulated, in agreement with that V-ATPase underwent 
moderate changes in expression of its subunits and modulations of its structure to 
regulate its activity to adapt to the environmental stress (Ratajczak, 2002). The 
V-ATPase created an electrochemical proton gradient which was the driving force 
for a variety of transport events of ions and metabolites by pumping protons into the 
vacuolar lumen with ATP hydrolysis. 
In plant, salt stress increased sucrose and other osmolytes to reduce water loss. 
UDP-glucose pyrophosphorylase, a key enzyme in carbohydrates metabolism, was 
up-regulated in the wild type soybean. UDP-glucose pyrophosphorylase was 
responsible for the synthesis and pyrophosphorolysis of UDP-glucose, the key 
precursor of sucrose and cell wall components {e.g. cellulose, p-glucans). In 
Arabidopsis, the UDP-glucose pyrophosphorylase was induced by light and cold 
stress (Yan et al., 2005). In addition, my results showed that sucrose synthase was 
also greatly increased in the wild type soybean. Sucrose synthase catalyzed the 
reversible conversion of sucrose and was also known for its role in energy 
metabolism especially under energy limiting conditions during stresses (Femandes et 
al. 2004; Sengupta et al., 2009). In addition, a portion of sucrose synthase existed as 
a membrane-bound form in association with the cellulose/callose synthase complex, 
contributing to cell wall biosynthesis (Sengupta et al.’ 2009). Thus the highly 
expressed UDP-sugar pyrophosphorylase and sucrose synthase together with 
methionine synthase, and S-adenosylmethionine synthetase in wild type soybean 
might function coordinately in strengthening their cell wall, maintaining the cell 
turgor to avoid water loss and regulating their growth when they encounter the 
salinity stress in their natural growth condition. 
Trypsin inhibitor was also reported to be induced by the stress condition in many 
plants. Although their roles in the salt stress response remain unclear, they constitute 
an important defense line to fight against pathogens probably by neutralizing the 
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proteases produced by the pathogens (Aghaei et aL, 2009). Lectin was also induced 
by wounding and viral infection in plants (Showalter, 1993). Moreover, they could 
be regulated by drought stress and might be involved in stabilizing the cytoskeleton 
structure under stress conditions (Bhushan et aL, 2007). Previous study in some 
cultivar soybean which could not appropriately respond to salinity showed that some 
protease inhibitors and lectin were down regulated after salinity stress (Aghaei et al., 
2009), and now my result indicated that wild type soybean would increase their 
expressions, implying that they were likely to help the plant to adapt to the salinity 
stress appropriately. 

2.4.2 Comparative proteomic studies between different developmental stages in 
soybean 
In order to identify any proteins that were important in certain developmental stage, I 
compared the proteomic patterns of the soybean root in germination stage and 
seedling stage. Surprisingly, the most dramatically changed proteins between these 
two developmental stages were the proteins involved in the stress and defense 
pathway. 
Proteins, such as peroxidases, laccase 110a as well as several quinone 
oxidoreductases, which accumulated abundantly in the root at the seedling stage, all 
led to the production of the ROS. Aside from their 'notorious' roles in inducing the 
stress damage in the cells under the stress condition, recently, ROS were realized to 
have a 'benign' facet with essential roles in cell growth and cell shape fomation. 
Peroxidases, owing to their great catalytic versatility to eliminate H2O2 or inversely 
to produce ROS, played a prominent role in apoplastic ROS metabolism. It was 
present in almost all plant tissues, but particularly abundant in roots. Plants contained 
numerous peroxidase genes and it was predicted that these various genes had 
different functions and distribution patterns along the roots (Tognolli et al,’ 2002; 
Passardi et al., 2006). In the elongation and meristematic zone where 02*" 
accumulated, peroxidases worked with O 2 t o produce 0H» necessary for cell wall 
loosening and induce root growth, while in the differentiation zone where H2O2 
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predominated, peroxidases together with H2O2 to induce root hair formation and 
inhibited cell elongation because of their abilities to oxidize the growth promoting 
hormone auxin and to stiffen cell walls by crosslinking between phenolic groups 
(tyrosine, phenylalanine, femlic acid) in wall proteins, pectins, and other wall 
polymers, which further led to the formation of lignin (Dunand et al.’ 2007; Ros 
Barcelo, 1997; Foreman et al,’ 2003). In the soybean genome, there were at least 351 
loci encoding the putative peroxidase and my results showed that at least 6 
proxidases were up-regulated in the root at seedling stage while another one was 
up-regulated at the germination stage. I predicted that these peroxidases had distinct 
distribution patterns in the soybean root at different developmental stages and 
function in various physiological processes to properly regulate root growth. 
Similarly, other proteins involved in the production of ROS, including laccase 110a 
as well as several quinone oxidoreductases, might also contribute to the root growth 
through the ROS as the peroxidase, however, further studies were required to test this 
hypothesis. 
Consistent with the increasing of ROS production in the seedling stage，it was not 
surprising to find that many proteins involved in the detoxification pathway were 
also up-regulated simultaneously to keep the homeostasis of ROS during root growth. 
These proteins included GSH-dependent dehydroascorbate reductase 1 and 
monodehydroascorbate reductase. Therefore, the plants have evolved perfect 
mechanisms to fine tune the effects of ROS during their growth. 

2.4.3 Comparative proteomic studies of soybean with salinity stress 
Using the soybean leaves to study the soybean responses to salinity stress revealed 
that the expressions of the proteins involved in the photosynthesis were significantly 
suppressed under the stress. Ribulose 1,5-bisphosphate carboxylase/oxygenase 
(rubisco), rubisco activase, chlorophyll a-b binding protein 3, HCF136 (High 
chlorophyll fluorescence 136)，oxygen evolving enhancer protein 1 (OEEl) and ATP 
synthase CFl alpha subunit were the important components of the photosynthesis 
machine of the plants, functioning in light absorption, carbon dioxide fixation and so 
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on. The 5OS ribosomal protein LI, which was located in chloroplasts and contributed 
to chloroplast proteins synthesis, and glutamate-1 -semialdehyde 2, 1-aminomutase 
involved in porphyrin and chlorophyll biosynthesis were both down-regulated after 
salt treatment. Obviously, these proteins were of importance in the chloroplast 
formation. This results indicated that salt stress not only inhibit photosynthesis 
process, but also affect the biosynthesis of the chloroplast. Together with previous 
results that chlorophyll and total carotenoid contents of leaves decreased in general 
under salt stress (Parida and Das, 2005)，my results therefore indicated that 
chloroplast was one of the major organelles that can be severely affected by the salt 
stress. Meanwhile, lipoxygenase and serine hydroxymethyltransferase involved in 
the stress and defense response, as mentioned before, were up-regulated in the 
soybean leaves by the salt treatment. 
In order to further understand the influence of the salt stress on the chloroplasts, I 
have tried to isolate the chloroplasts and performed the organelle proteomic studies. 
Although some proteins involved in the photosynthesis were again identified to be 
affected by the salt stress (such as rubisco and rubisco activase), the protocols still 
needed further optimization. 
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Chapter 3 Identification of histone modifications and histone variants in 
soybean 

3.1 Introduction 
My proteomic studies in soybean and many other studies in plants have indicated that 
plants regulate their gene transcriptions to adapt to the abiotic stress. However, how 
can these plants perceived these stress signals and then regulate their transcriptions 
are still not very clear. As aforementioned, histone modifications play important roles 
in many physiological processes, including regulating gene transcription. Therefore, I 
wonder whether these histone modifications also involved in the plants response to 
abiotic stress by regulating their gene transcription. 
Epigenetic studies of chromatin in model organisms have provided insights into the 
modifications of histones, ranging from the identification of several enzymes and 
related effectors associated with histone modifications to their biological functions in 
cell (Kouzarides et al.’ 2007; Simon et al., 2007). Although numerous works have 
been done, information of the plant histone modifications was still limited. Moreover, 
most of them were mainly focusing on Arabidopsis, rice and maize. Previously, no 
study about histone modifications in soybean, an important economic crop with a 
diploidized tetraploid genome (�950Mb) which is much larger than that of A. 
thaliana (125Mb) {Arabidopsis Genome Initiative, 2000), has been reported. In order 
to facilitate my following studies about understanding the relationships between 
histone modifications and soybean salinity stress response, I first tried to reveal the 
histone modification patterns and histone variants of soybean using matrix-assisted 
laser desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF MS), in 
combination with nano-liquid chromatography (nano-LC). I also hypothesized that 
histone modifications and histone variants might change when the soybeans were 
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treated with salt, leading me to investigate their dynamic changes under the salinity 
stress. 

3.2 Material and methods 
3.2.1 Plant materials 
Soybean {Glycine max [L.] Merr. Cultivar Union) was germinated in soil under 
greenhouse conditions. One week later, the plants were transferred and cultured in 1 x 
Hoagland nutrient solution. At the growth stage with 3-4 leaves, the leaves were 
harvested, frozen immediately in liquid nitrogen and stored at -80 °C. 

3.2.2 Nuclei extraction and histone isolation 
Soybean tissues were ground into powder in liquid nitrogen, and suspended in nuclei 
isolation buffer (NIB) containing 20 mM Tris-HCl (pH 7.5)，10 mM KCl, 10 mM 
MgCl2, 6% sucrose, 0.6% Triton X-100, 0.05% p-mercaptoethanol, 1 mM 
phenylmethylsulfonyl fluoride (PMSF)，as described (with some modifications) 
previously (Calikowski et al., 2006). After being homogenized on ice bath, the tissue 
was filtered using filter paper (pore size 30 |im). The resulting nuclei fraction was 
harvested by centrifugation at 4000 g for 10 min, and then washed twice with NIB. 
Core histories were extracted in 0.4 M hydrochloric acid (HCl). The extract was then 
centrifuged at 12000 g for 10 min. The core histories in the supernatant were 
precipitated by TCA. The pellet of core histone mixture was collected and stored at 
-20 ° C until use. 
In order to separate the individual histone molecules, 100 \ig of purified core histories 
were dissolved in water and separated by reversed-phase high performance liquid 
chromatography (RP-HPLC) (Agilent 1100 series) using C4 column (4.6x250mm; 5 
^m) at a flow rate of 1 ml/min (Shechter et al., 2007). The running program was: 
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buffer A 10 min; 35% to 65% buffer B in 100 min, then 65% to 100% buffer Bin 10 
min. Buffer A was 0.1% TFA in water; Buffer B was 0.05% TFA in ACN. The eluted 
fractions were lyophilized and stored at -80° C until use. 

3.2.3 Histone protein in-gel digestion and nano-liquid chromatography 
The purified histone powder was re-dissolved using 1 x SDS-PAGE sample loading 
buffer and subjected to 15% SDS-PAGE for analysis. Corresponding histone bands 
were excised and cut into small pieces. The gel was de-stained twice using the 
destaining buffer (50% methanol, 50mM Na2C03 in water), dehydrated using ACN 
and then dried by SpeedVac for 5 min. The de-stained gel slices were immersed in 
10-15 10,1 endoproteinase (15 ng/|il trypsin (Promega) or 5 ng/|ji Lys-c (Roche)) and 
after overnight digestion at 30 °C, the gel was sonicated (135W, 42 KHz) for 10 min 
to extract the digested peptides. After centrifugation, 0.8 (al aliquots of the 
supematants were spotted onto the MALDI sample plate and dried in air, followed by 
adding 0.5 |j.1 of the matrix solution containing a-yano-4-hydroxycinnamic acid in 
50% ACN / 0.1% TFA for MS analysis. 
The purified histone powder was also subjected to in solution digestion. The powder 
was suspended in 20 jil endoproteinase and digested at 30 °C overnight. The solution 
was then adjusted to 40 [il with buffer A (2 % ACN, 0.05 % TFA in water) and 
separated by Nano-LC which was automatically performed using the CI8 
microcolumn (PrepMaplOO 3|am，15cmx75jLim, LC Packings, Dionex) on the 
nano-LC Packings UltiMate™ systems (UltiMate System SwitchosII, Advanced 
Microcolumn Switching Unit, FAMOSII™ Microautosampler, Probot™ 
MicroFraction Collector). The elution of peptides was accomplished adopting a 
linear gradient from 30 % mobile phase buffer A to 90 % buffer B (80% ACN, 0.05 
% TFA in water) in 90 min at a flow rate of 0.3jil/min. Each fraction was 
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autocollected on the MALDI-TOF sample plate. 

3.2.4 Mass spectrometry 
Mass spectrometric analysis was carried out using a MALDI-TOF/TOF tandem mass 
spectrometer ABI 4700 proteomics analyzer (Applied Biosystems, USA). Mass data 
acquisitions were piloted by 4000 Series ExplorerTM Software v3.0. Linear mode MS 
were operated over the mass range 5k-25k m/z for full protein detection. Reflector 
mode MS survey scan were acquired over the mass range 600-3500 m/z in the 
positive-ion mode and accumulated from 2000 laser shots with acceleration of 20 kV. 
The MS spectra were internally calibrated using porcine trypsin autolytic products 
{m/z 842.509, m/z 1045.564，m/z 1940.935 and m/z 2211.104) resulted in mass errors 
of less than 30 ppm. The MS peaks (MH+) were detected on minimum S/N ratio>20 
and cluster area S/N threshold >25 without smoothing and raw spectrum filtering. 
Peptide precursor ions corresponding to contaminants including keratins and the 
trypsin autolytic products were excluded. The filtered precursor ions with a 
user-defined threshold (S/N ratio >50) were selected for the MS/MS scan. 
Fragmentation of precursor ions was performed using MS-MS IkV positive mode 
with CID on and argon/air as the collision gas. MS/MS spectra were accumulated 
from 3000 laser shots using default calibration with Glu-Fibrinopeptide B from 4700 
Calibration Mixture (Applied Biosystems, USA). The MS/MS peaks were detected 
on minimum S/N ratio >3 and cluster area S/N threshold >15 with smoothing. 

3.2.5 Database search 
The MS and MS/MS data were loaded into the GPS Explorer™ software v3.5 
(Applied Biosystems, Foster City, USA) and searched against NCBI database by 
Mascot search engine vl.9.05 (Matrix science, London, UK) using combined MS 
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(peptide-mass-fingerprint approach) with MS/MS {de novo sequencing approach) 
analysis for protein identification. The following search parameters were used: 
monoisotopic peptide mass (MH+); 700-3500 Dalton; one missed cleavage per 
peptide; enzyme, trypsin/Lys-C; taxonomy, all taxonomy and green plants; p/, 0-14; 
precursor ion mass tolerance, SOppm; MS/MS fragment-ion mass tolerance, 0.1 Da; 
variable modifications, carbamidomethylation of cysteine, oxidation of methionine, 
acetylation of Lysine and arginine, mono-, di- and tri-methylation of Lysine were 
allowed. Known contaminant ions corresponding to trypsin and keratins were 
excluded from the peak lists before database searching. Top ten hits for each protein 
search were reported. For PTMs confirmation by MS/MS analysis, De novo 
Explorer™ software (Applied Biosystems, Foster City, USA) was used to deduce the 
amino acid sequence of the selected peptide. 

3.2.6 Western blotting 
Ten |ig core histone mixtures were separated in SDS-PAGE gel, and transferred to a 
polyvinylidene difluoride (PVDF) membrane. The membranes were first blocked in 
5% not-fat milk in TBS, and probed with specific primary antibody (1:1000). After 
three washes with TBST，the membranes were incubated with alkaline 
phosphatase-conjugated secondary antibody (goat-Anti-rabbit IgG-AP, Santa Cruz 
Biotechnology) at 1:2000 dilution in TBS. The signal is developed by the NBT/BCEP 
(Roche). Specific antibodies used in the experiments included: H3K18 acetylation 
(Upstate, 07-354), H3K23 acetylation (Upstate, 07-355), H3K4 trimethylation 
(MILLIPORE, 04-745), H3K27 trimethylation (LPBio，AR-0171), H3K36 
trimethylation (Upstate, 05-801), H3K79 monomethylation (LPBio, AR-0172) and 
H3K79 dimethylation (LPBio, AR-0177), H4K8 acetylation (Upstate, 07-328), 
H4K12 acetylation (Upstate, 04-119). 
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3.3 Results 
3.3.1 Isolation and identification of core histories of soybean 
Using reversed phase high-performance liquid chromatography (RP-HPLC), core 
histories of soybean were separated and eluted in the order of H2B, H4, H2A and H3 
between 38-55% of buffer B, and collected according to the UV signal (210 nm) 
(Figure 3.1). MALDI-TOF MS (linear mode) was employed to monitor the isolated 
histones in the collected fractions and the calculated mass of histone H4, H3, H2A 
and H2B were approximately 11.3, 15.2, 15.3 and 16.1 kDa, respectively. According 
to the results of the RP-HPLC analysis (Figure 3.1)，several variants of H2B and 
H2A were detected. Triton-acetic acid-urea (TAU) gel indicated that at least 5 
variants of histone H2B and 4 variants of histone H2A were present in soybean 
(Figure 3.13). By extending the slope of gradient of buffer B from 35% to 65% ACN 
in 100 min, two variants of histone H3, H3.1 and H3.2, were also separated (Figure 
3,1). 
Individual histone protein was also separated via SDS-PAGE. Protein bands 
containing the corresponding core histones were excised and followed by 
endoproteinase in-gel digestion. Each histone protein band was divided into two 
portions and subjected to trypsin or Lys-C digestion respectively before MS analysis. 
MS analysis covered most of the amino acid sequence of histone H3, which consists 
of 135 amino acid residues. Most of the 102 amino acid residues in soybean histone 
H4 were also identified using MS analysis. 
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Figure 3.1: Spectrum of histone isolation with RP-HPLC. The core histones were 
extracted in acid and separated by RP-HPLC. They were eluted in the sequence of 
histone H2B, H4, H2A and H3. Several variants of histone H2B, H2A and H3 were 
separated and their retention times were labeled on the top of their corresponding 
peaks. 

3.3.2 Histone modifications of soybean histone H3 and its variants 
Two variants of histone H3 were determined in soybean. Although the amino acid 
sequences of the two variants of D. melanogaster histone H3 were very similar and 
with only four amino acid differences, they could be separated by extending the slope 
of gradient of buffer B during RP-HPLC separation (McKittrick et al., 2004). Similar 
methods were adopted to isolate soybean histone H3 variants (Figure 3.1). Two 
consecutive peaks were eluted between 46.2% - 47.2% of buffer B. These two peaks 
were collected, digested by trypsin and analyzed by nano-LC/MS-MS separately. In 
the mass spectrum of the first peak, the histone peptide with the mass of 929.53 
containing ^^KSAPA^^TGGVK^^ was detected (Figure 3.2). In the mass spectrum of 
the second peak, another histone peptide with the mass of 959.58，corresponding to 
2 7kSAPT 3 1tGGVK 3 6 was identified (Figure 3.3). These two histone peptides were 
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different in the amino acid residue 31, so the first and second peaks were designated 
histone H3.1 and H3.2, respectively. I further analyzed the variants of hi stone H3 
using the information from soybean genome database 
(http://www.phytozome.net/soybean). Data from soybean genome showed that these 
two histone H3 variants in soybean differed in four amino acids at the position of 
amino acid 31, 41, 87 and 90. They were A^̂ F'̂ ^S^̂ S^̂  and T^^Y^^rfV® in histone 
H3.1 and H3.2，respectively. Three more peptides from my MS analysis further 
confirmed this conclusion: peptide precursor ion at m/z 3396.60 containing 
8 4 fQSS8 7 a vS9 0 a lQEAAEAYLV1 1 5 and peptide precursor ion at m/z 1016.57 
containing 4 1 f R P G T V A L R 4 9 in the mass spectrum of histone H3.1, peptide precursor 
ion at m/z 1032.60 corresponding to 4 1yRPGTVALR 4 9 in the mass spectrum of 
histone H3.2 (Figure 3.4). In the soybean genome, I also found another histone H3 
variant, centromere specific histone H3, which differed greatly in amino acid 
sequence from the other two variants (Figure 3.5). 
Next, the modifications of histone H3 were investigated. Modifications of histone H3 
were complicated due to its high abundance of both Lysine and arginine in its 
primary amino acid sequence (Table 3.1). From the MS analysis, mono-, di- and 
tri-methylation of Lysine 27 were detected in both histone H3 variants; with 
mono-methylation as the predominant modification (Figure 3.2 and 3.3). In the 
trypsin digestion, peptide precursor ions with the mass of m/z 959.58, 973.59 and 
987.61 represented the mono-, di-, and tri-methylated peptides ^^KSAPTTGGVK^^ 
of histone variant H3.2 respectively (Figure 3.3). Although such peptide contained 
two potential methylation sites (Lysine 27 and Lysine 36), de novo sequencing 
clearly indicated that methylation were mainly located at Lysine 27 (Figure 3.3). 
Methylated Lysine 36 was determined by other peptides whose mass were m/z 
1349.81, 1363.83 and 1377.84 containing ^^SAPTTGGVKKPHR^^ of histone variant 
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H3.2. De novo sequencing showed that it could also be mono-，di- and tri-methylated 
(Figure 3.6). More interestingly, most of histone H3 Lysine 36 methylation did not 
appear in those peptides which contained histone H3 Lysine 27 methylation, since 
only two very small peaks whose mass were m/z 1001.59 and 1015.61 were detected 
in the MS spectrum (Figure 3.3A), which may be corresponding to the peptides 
containing methylation at both Lysine 27 and Lysine 36. In addition, no peptide that 
contained both tri-methylated Lysine 27 and Lysine 36 was identified because of the 
absence of peptide precursor ion at m/z 1029 in Figure 3.3A. Similar results were 
also obtained in histone variant H3.1 (Figure 3.2). Other PTMs were also observed in 
the peptides of histone H3, Peptide ^TKQTAR^ containing mono-, di- and 
tri-methylated histone H3 Lysine 4，of which mass were m/z 718.43, 732.44 and 
746.46 respectively, were detected (Figure 3.7A). Of these three modifications, 
histone H3 Lysine 4 mono -methylation was the dominant one, and this result was 
similar to that in A. thaliana (Zhang et al., 2007). Lysine acetylation in soybean 
histone H3 was also identified. Peptides ^^STGGK'^^'APR^^ at the m/z 815.40 and 
i8kAcqlATK23 at the m/z 730.42 containing acetylated Lysine 14 and Lysine 18 
respectively were shown in Figure 3.7B and 3.7C. Another peptide at the m/z 
1028.57 containing acetylated Lysine 23 was also detected, which was 
i9qlATK23Acaark27 (Figure 3.7D). Since the mass shift of acetylation and 
tri-methylation were very similar (�42Da) , Western blotting with specific antibodies 
to these acetylation and tri-methylation sites was performed and further confirmed 
my MS results (Figure 3.8A). 
Methylation of histone H3 Lysine 79 was observed in my studies. Such methylation 
was frequently found in mammals (Barski et al., 2007). Compared with the mass of 
the peptide at m/z 1335.66, the mass of the peptides at m/z 1349.68 and 1363.69 
shifted about 14Da and 28Da (Figure 3.9A). This indicated that these peptides might 
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be methylated. Fragmentation of the methylated peptide at m/z 1349.68 resulted in a 
MS-MS spectrum containing both complete b-ion series and y-ion series. According 
to this spectrum (Figure 3.9B), the amino acid sequence of 
73EIAQDFK79MonoTDLR83 could be assigned to this peptide, which revealed that 
there was mono-methylation at Lysine 79 in soybean histone H3. Western blotting 
was performed to confirm this result (Figure 3.8A). Consequently, the peptide with 
the mass 1363.69 should contain di-methylated histone H3 Lysine 79. Due to their 
low abundance, de novo sequence was not successful; however, Western blotting 
supported this prediction (Figure 3.8A). 
The differences of the modification patterns found in these histone H3 variants were 
obvious. Although most of their acetylation patterns were similar, their methylation 
patterns exhibited several differences. Almost all of Lysine 27 in histone variant H3.2 
were methylated, whereas some histone variant H3.1 were not methylated at Lysine 
27. A peptide precursor ion at m/z 915.49 which contained the unmethylated Lysine 
27 was detected in histone H3.1 (Figure 3.2A) while the peptide containing 
unmethylated Lysine 27 of histone H3.2 (with a theoretical mass about 945) were 
absent in Figure 3.3A. While Lysine 36 methylation can be easily detected in histone 
H3.2 (Figure 3.6), such methylation was not detected in histone H3.1. Another 
difference between these two variants was that mono-, di- and tri- methylated Lysine 
4 were also only present in histone H3.2 (Figure 3.7A), Although the modifications 
of the soybean centromere specific histone H3 were not identified in this study, the 
amino acid residues at all the acetylated sites and two methylated sites (Lysine 27 
and Lysine 79) of histone H3.1 and H3.2 were different in the centromere specific 
histone H3 (Figure 3.5), indicating that the centromere specific histone H3 might 
have distinct histone modification patterns from that of H3.1 and H3.2. 
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Figure 3.2: Determination ofhistone variant H3.1 and identification of methylation at 
Lysine 27 ofhistone variant H3.L A. MALDI-TOF mass spectrum showing non-
(m/z 915.52), mono- {m/z 929.53), di- (m/z 943.53) and tri- (m/z 957.55) methylation 
at Lysine 27 in the peptide ^^KSAPATGGVK^^ ofhistone H3.L B，C, D and E. 
MS/MS spectrum of the peptide precursor ion at m/z 915.52, 929.53，943.53 and 
957.55 determining non-，mono-, di- and tri-methylation at Lysine 27 in the peptide 
of 27kSAPATGGVK36 ofhistone H3.1, respectively. These results clearly showed 
that the amino acid sequence of this peptide was KS APATGGVK and only Lysine 27 
was methylated, but not Lysine 36. 
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Figure 3.3: Determination of histone variant H3.2 and identification of methylation at 
Lysine 27 of histone variant H3.2. A. MALDI-TOF mass spectrum showing mono-
(m/z 959.58), di- {m/z 973.59) and tri- (m/z 987.61) methylation at Lysine 27 in the 
peptide ^^KSAPTTGGVK^^ of histone H3.2, but without non-methylation (about m/z 
945) at this site. B, C and D. MS/MS spectrum of the peptide precursor ion at m/z 
959.58, 973.59 and 987.61 respectively determining mono-, di- and tri-methylation at 
Lysine 27 in the peptide of ^^KSAPTTGGVK^^ of histone H3.2. B, C，and D 
indicated that the amino acid sequence of this peptide was KSAPTTGGVK and only 
Lysine 27 was methylated, but not Lysine 36. 
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Figure 3.4: Confirmation of two variants of histone H3 of soybean. A and B. 
MALDI-TOF mass spectrum showing the peptide precursor ion at m/z 3396.60 and 
1016.57 corresponding to the peptide '̂̂ FQSS AVSALQEAAEAYLV' ^̂  and 
4 1fRPGTVALR 4 9 of histone variant H3.1 respectively. C. MALDI-TOF mass 
spectrum showing the peptide precursor ion at m/z 1032.60 corresponding to the 
peptide 41yRPGTVALR49 of histone variant H3.2. 
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Figure 3.5: Protein sequence alignment of the three variants of histone H3 in soybean. 
The cetromere specific histone H3 (centro. H3) was very different from the other two 
histone variants H3.1 and H3.2, while H3.1 and H3.2 were different from each other 
in only 4 amino acids, A^^F^^S^V^ in H3.1 and T^V^^rf^L^® in H3.2, which were 
indicated by red triangle in the figure. Sequences were downloaded from soybean 
genome database (http://www.phvtozome.net/sovbea3i). Accession numbers were as 
follows: Glymallg37960.1 for histone H3.2; Glymallgl 3940.1 for histone H3.1; 
Glyma07g06310.1 for centro.H3. 
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Figure 3.6: Identification of methylation of Lysine 36 of histone variant H3.2. A. 
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MALDI-TOF mass spectrum showing mono- {m/z 1349.81)，di- (w/z 1363.83) and 
tri- {m/z 1377.84) methylation at Lysine 36 of histone H3.2. B, C and D. MS/MS 
spectrum of the peptide precursor ion at m/z 1349.81，1363.83 and 1377.84 which 
determined mono-, di- and tri-methylation at Lysine 36 of histone H3.2, respectively. 
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Figure 3.7: Identification of modification sites of histone H3. A. MALDI-TOF mass 
spectrum showing mono- (m/z 718.43), di- (m/z 732,44), tri- (m/z 746.46) 
methylation at Lysine 4 of histone H3. B. MALDI-TOF mass spectrum showing 
acetylation (m/z 815.40) at Lysine 14 of histone H3. C. MALDI-TOF mass spectrum 
showing acetylation (m/z 730.42) at Lysine 18 of histone H3. D. MALDI-TOF mass 
spectrum showing acetylation {m/z 1028.57) at Lysine 23 of histone H3. Me: 
methylation; Ac: acetylation. 
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Figure 3.8: Identification of histone modifications in histone H3 and H4 by Western 
Blotting. Ten [ig soybean core histone mixtures were separated in 15% SDS-PAGE 
gel, and transferred to a PVDF membrane (one |ig samples were used when 
antibodies that recognized H3K18Ac and H3K23Ac were used). A. Western blotting 
showed the presence of H3K18Ac, H3K23Ac, H3K4Tri-me, H3K27Tri-me, 
H3K36Tri-me, H3K79Mono-me and H3K79Di-me in histone H3. B. Western 
blotting showed the presence of H4K8Ac and H4K12Ac in histone H4. C. 
Coomassie stained SDS-PAGE gel showed the soybean core histone H2A, H2B, H3 
and H4. Specific antibodies used were marked under their corresponding figure. Ac: 
acetylation; Me: methylation. 
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Figure 3.9: Identification of methylation at Lysine 79 of histone H3. A. MALDI-TOF 
mass spectrum showing non- (m/z 1335.66)，mono- (m/z 1349.68), and di- (m/z 
1363.69) methylation at Lysine 79 of histone H3. B. MS/MS spectrum of the peptide 
precursor ion with the mass 1349.68, demonstrating mono-methylation at Lysine 79 
in the peptide ^^EIAQDFK^^TDLR^l However, my data did not indicate that whether 
histone H3 Lysine 79 methylation was located in certain histone H3 variant. 
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Table 3.1: Comparison of PTMs of histone H3 in Glycine max, A. thaliana and 
mammals 

Modification Sites Functions 

Mammals A. thaliana G. max 

Acetylation K9 + nd Transcriptional activation 

K14 + Transcriptional activation 

K18 

K23 

+ 

+ 

+ + Transcriptional activation 

+ Transcriptional activation 

K56 nd + nd 

Methylation K4 + + Transcriptional activation 

K9 + nd Transcriptional repression 

K27 + + + Transcriptional repression 

K36 

K64 + 

+ + Transcriptional activation 

nd nd 

K79 + nd Telomere silencing 

K122 + nd nd 

nd, not detected; +, modification present. 

3.3.3 Histone modifications of soybean histone H4 and its variants 
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Purified histone H4 was digested separately with either trypsin or Lys-C and the 
corresponding digested fractions were separated and analyzed by nano-LC combined 
with MS/MS. Most of the potential PTM sites were examined and compared to other 
species. Acetylation of histone H4 was observed. As shown in Table 3.2, Lysine 8 of 
histone H4 was acetylated in the peptide with the mass of 658.37 
(Figure 3.1 OA). Lysine 12 was acetylated in the histone H4 peptide 
9gLGK12AcggAK16 with mass at m/z 729.42 (Figure 3.10B). None of the two 
unacetylated or di-acetylated peptide precursor ions was detected. I also detected a 
peptide precursor ion with mass at m/z 1456.92, which corresponded to the peptide 
1 S G R G K G G K G L G K 1 2 A c g g A K 1 6 (Figure 3.10C), and further proved that Lysine 12 
could be acetylated. Similarly, these acetylation sites were further verified by 
Western blotting with specific antibodies to histone H4 Lysine 8 acetylation and 
Lysine 12 acetylation (Figure 3.8B). However, acetylation of Lysine 5 and 16 were 
not detected. My data thus indicated that Lysine 8 and 12 were the main acetylation 
sites in the N terminus of soybean histone H4 and their acetylation might not happen 
simultaneously; a result that is differed from those found in histone H4 of A. thaliana 
and mammals (Zhang et al., 2007). In my MS analysis, I cannot detect histone H4 
Lysine 20 modification, whereas the Western blotting results showed that histone H4 
Lysine 20 methylation did present in soybean. 
Two variants of histone H4 were identified (designated as H4.1 and H4.2), which 
varied at the amino acid residue of histone H4.1 and V ^ � o f histone H4.2 (Figure 
3.11). The trypsin digested peptides of histone H4 were directly applied to 
MALDI-TOF/TOF analysis and after peptide mass fingerprinting search, the peptide 
precursor ion at m/z 1003.65 was readily detected. Further de novo sequencing 
showed that it contained the amino acid sequence of ^^IFLENVIR^^. Meanwhile, in 
the nano-LC fractionated histone H4 peptides, another peptide with the amino acid 
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sequence of ^VfLENVIR^^ with the mass of 989.55 was detected. Although only 
one peak representing hi stone H4 was observed in the RP-HPLC spectrum (Figure 
3. IB), it may be due to the high similarity in the hydrophobicity of the two variants 
so that they can not be separated using such method. 
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Figure 3.10: Identification of acetylation sites in histone H4. A. MALDI-TOF mass 
spectrum showing the acetylation (m/z 658.37) at Lysine 8 of histone H4. B and C. 
MALDI-TOF mass spectrum showing the acetylation {m/z 729.42 and 1456.92 
respectively) at Lysine 12 of histone H4. Ac: acetylation. 
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Figure 3.11: Identification of the two variants of histone H4. A. MALDI-TOF mass 
spectrum showing that the amount of the peptide with calculated mass of m/z 1003.6 
from histone H4.1 was much more than that of the peptide (m/z 989.6) from histone 
H4.2 in the peptide mass fingerprinting of trypsin digested histone H4. B. MS/MS 
spectrum showing peptide (m/z 1003.6) corresponding to ^^IFLENVIR^^ of histone 
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variant H4.1. C. MALDI-TOF mass spectrum showing the peptide (w/z 989.6) from 
histone H4.2 after nano-LC separation. D. MS/MS spectrum showing the peptide 
{m/z 989.6) corresponding to ^VfLENVIR^^ of histone variant H4.2. 

Table 3.2: Comparison of PTMs of histone H4 in Glycine max, A. thaliana and 
mammals 

Modification Sites Functions 

Mammals A. thaliana G. max 

Acetylation K5 

K8 

K12 

K16 

+ 

+ 

+ 

+ 

nd Transcriptional repression 

+ Transcriptional activation 

+ Transcriptional activation 

nd Transcriptional activation 

K20 nd + nd 

Methylation K20 + nd 

nd, not detected; +, modification present 

+ Heterochromatin silencing 

3.3.4 Dynamic changes of histone modifications and histone variants under the 
salinity stress 
With these preliminary results, I then tried to correlate these soybeans' histone 
modifications and variants with salinity stress by monitoring their dynamic changes 
under the salinity stress. 
Western blotting results showed that salt treatment did not induce obvious changes of 
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most of the detected histone modifications including histone H3K4 trimethylation, 
H3K27 trimethylation and H3K36 trimethylation (Figure 3.12). However, compared 
with the control histone, H3K79 mono-methylaiton and di-methylation increased 
under the salinity stress. With TAU-SDS PAGE gels, histone variants were separated 
and their amount was compared. Unfortunately, I did not observe any dramatic 
changes in these variants when the soybeans were treated with salt (Figure 3.13). 
Similar results can also be obtained from the RP-HPLC spectrum. 
I then tried to work out the roles of the histone H3K79 methylation in the soybean 
response to salinity stress. According to the "histone code", I struggled to identify 
whether there were any proteins that would be recruited by this kind of modifications. 
I synthesized the peptides which contained the modified or unmodified lysine 79 and 
performed the peptide pull down assays. Unlikely, I could not detect any proteins 
which exhibited the potential to interact with histone H3K79 methylation specifically 
(Figure 3.14). 
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Figure 3.12: Determine the dynamic change of histone modifications under the 
salinity stress by western blotting. No obvious change of histone H3K4 
trimethylation, H3K27 trimethylation and H3K36 trimethylation was observed, while 
H3K79 methylation (mono- and di-) were increased under the salinity stress. 
Coomassie blue staining gel was showed as loading control. 6C, 48C and 72C: 
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Figure 3.13: Histone variants did not change dramatically under the salinity stress. 
Upper panel: Spectrum of histone isolation with RP-HPLC. Control: histone was 
extracted from untreated soybean leaves. Treated 48h: histone was extracted from 
soybean leaves treated with 0.9% NaCl for 48 hours. Lower panel: TAU-SDS PAGE 
gel images of the control and treated histone. Equal amount of control and treated 
histone were applied to the TAU-SDS PAGE gels and histone variants were separated. 
Different histone variants did not change greatly after salt treatment in consistent 
with the RP-HPLC results. 
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control for 6 hours, 48 hours and 72 hours respectively; 6T, 48T and 72T: samples 
were treated with 0.9% NaCl for 6 hours, 48 hours and 72 hours respectively. 
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Figure 3.14: Peptide pull down assay with peptide containing H3K79 methylation. 
Peptide containing H3K79 monomethylation (H3K79mel) or un-modified H3K79 
(H3K79meO) were immobilized onto the beads and the nucleic proteins pulled down 
by these peptides were separated in SDS-PAGE gel and stained by silver. No specific 
band was present in the H3K79mel peptide pulled down samples. M: marker. 

3.4 Discussions 
In general, the amino acid sequences of histones in eukaryote are highly conserved 
and the posttranslational modification (PTM) patterns on specific amino acid 
residues are also quite similar. Characterization of histone modifications of histones 
H3 and H4 in soybean showed similarities to that of A. thaliana and other organisms. 
High density acetylations in the N-terminal tails of histone H3 and H4 were detected 
in both soybean and other organisms (Allis et al” 2007; Fuchs et al., 2006; Johnson 
et al, 2004, Berger, 2007). It is suggested that these acetylations play important roles 
in the transcriptional regulation of many physiological processes in plants, including 
cold tolerance, floral development and light responsiveness (Earley et al., 2007; Zhu 
et al.’ 2008). 
However, histone modification patterns in different eukaryotes may also have some 
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distinct properties. For example, previous studies indicated that histone H4 Lysine 20 
modifications were quite distinct between animal and plant. Histone H4 Lysine 20 
methylation is evolutionarily conserved from yeast to mammals and is very critical in 
DNA repair and genome integrity (Sanders et aL, 2004), However, histone H4 Lysine 
20 was acetylated in A. thaliana (Zhang et aL, 2007). My results also showed some 
differences that exist between soybean and the model dicot A. thaliana: mono- and 
di- methylation of Lysine 79 were detected in soybean but such PTMs were not 
found in A. thaliana (Zhang et aL, 2007). Western blotting results also showed that 
methylated histone H3 Lysine 79 might not be widely distributed throughout the 
whole soybean genome, since when equal amount of histone was applied, the signals 
of histone H3 Lysine 79 methylation were much weaker than that of other 
modifications of histone H3 (Figure 3.8A). Studies in yeast and mammals show that 
histone H3 Lysine 79 is hypermethylated at silenced loci and is important in DNA 
repair and genome stability (Allis et aL, 2007; Ng et aL, 2003). Whether this 
modification is also crucial in maintaining soybean genome integrity requires further 
investigations. 
The patterns of histone H3 Lysine 27 and Lysine 36 methylation were also different 
between soybean and A. thaliana. Previous studies indicate that methylation of 
Lysine 27 and Lysine 36 carry independent functions: Histone H3 Lysine 27 
methylation is mainly involved in gene silencing and heterochromatin formation 
while methylated histone H3 Lysine 36 is found to be associated with the 
phosphorylated CTD of Pol II, suggesting a role in gene expression and elongation 
(Li et al.y 2003). In A. thaliana, the MADS-box transcription repressor 
FLOWERING LOCUS C (FLC) is a crucial regulator in controlling flowering time. 
Histone H3 Lysine 27 methylation usually represses FLC expression while histone 
H3 Lysine 36 methylation has an opposite effect, suggesting that the modifications at 
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these two sites must be carefully regulated in order to flower properly (Bastow et al., 
2004; He et al., 2005; Xu et al, 2008). In A. thaliana, it was reported about 15% of 
the peptides from histone variant H3.2 were modified with both histone H3 Lysine 
27 di-methylation and Lysine 36 mono-methylation (Johnson et aL, 2004). So it 
seems that methylated Lysine 27 and Lysine 36 can coexist on the same histone H3 
N-terminus in A. thaliana. However, my present MS data revealed that most of the 
methylated Lysine 27 and methylated Lysine 36 were unlikely to coexist on the same 
histone H3 molecule in soybean. Therefore, I speculate that soybean and Arabidopsis 
may regulate the occurrence of histone H3 Lysine 27 and Lysine 36 methylation by 
different ways, although so far little about the relationship between histone H3 
Lysine 27 and Lysine 36 has been known. 
Analysis of the public database of soybean genome revealed that at least 14 variants 
of H2A and 12 variants of H2B were present in soybean. It may be due to the gene 
duplications and reshuffling events happened during soybean diploidized tetraploid 
genome formation, which occurred at about 8-10 million years ago and 40-50 million 
years ago respectively (http://soybeangenome.siu.edu). However, I have not 
identified any PTMs of soybean histone H2B and H2A in my studies so far. 
Genomic analysis also found 3 variants of histone H3 in soybean: H3.1, H3.2 and 
centromere specific histone H3, but I could not isolate the centromere specific 
histone H3. It may account for the absence of centromere specific histone H3 in 
soybean leaves which do not undergo active cell division, since other studies indicate 
that the expression of this variant peaks in late S/G2 phase and it is mainly deposited 
at functional centromeres (Jansen et al.’ 2007; Bernstein et al, 2006). The 
modification patterns of the other two histone H3 variants in soybean were different 
from those in A. thaliana. Only tri-methylation at histone H3 Lysine 36 was found in 
histone H3.1 of A. thaliana (Johnson et al.’ 2004) while methylated histone H3 
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Lysine 36 including tri-methylation was absent in soybean hi stone H3.1 and mono-, 
di- and tri-methylation of histone H3 Lysine 36 were found in soybean hi stone H3.2. 
Besides, histone H3 Lysine 4 methylation was only detected in histone variant H3.2. 
Histone H3 Lysine 4 methylation is suggested to be associated with euchromatin 
region and viewed as a marker of transcriptionally active genes (Schiibeler et al., 
2004; Li et al., 2007). In addition, methylated Lysine 36 is also associated with gene 
transcription (Li et al., 2003). Previous studies suggested that different variants of 
histone H3 might carry different functions (Ahmad et al” 2002; Hake et al,, 2006). In 
D, melanogaster and A. thaliana, the replication-independent histone H3 variants 
which are usually associated with actively transcribing regions are rich in active 
modifications, including histone H3 Lysine 4 methylation and acetylations ((Johnson 
et al” 2004; McKittrick et al., 2004). The presence of modifications (methylation at 
Lysine 4 and Lysine 36 and acetylation) in soybean histone H3.2 suggested that the 
soybean histone H3.2 might also be related to actively transcribing genes. 
Two soybean histone H4 variants were identified in my study, although histone H4 
was the most conserved core histone, and no variant of histone H4 was found 
previously (Marino-Ramirez et al., 2005). The significance of these two novel 
histone H4 variants of soybean awaits further investigations. 
Western blotting indicated that histone H3K4 trimethylation, H3K27 trimethylation 
and H3K36 trimethylation did not increase dramatically under the salinity stress. 
However, these modifications still may be dynamic, since they may increase in some 
regions of the genome while decrease in other regions, which will not to be reflected 
in the western blotting where the total histone are used. Therefore, it is necessary to 
determine whether there are any changes in their distribution patterns and location 
sites in the genome after the salt treatment. Indeed, some recent reports showed that 
some histone modifications did increase in some genome regions, such as histone 
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acetylation and H3S10 phosphorylation (Sokol et al” 2007; Kim et al,’ 2008). 
Interestingly, H3K79 methylation was increased under the salinity stress. Lysine 79 
methylation (H3K79me) on histone H3 is a highly conserved modification that exists 
in many organisms, from fungi to mammal. Dotl (disrupter of telomeric silencing-1) 
is responsible for this modification. In yeast, H3K79 methylation is widely 
distributed across genome but depleted from telomeic loci and other sites where 
heterochromatin form (Steger et al, 2008). Currently, it is known that the formation 
of heterochromatin is because of H3K79 methylation refining SIR proteins at 
heterochromatic sites where repressive complexes assemble (Im et al., 2003). In 
Drosophila and mammals, H3K79 methylation is also located at euchromatin, which 
indicates H3K79 methylation may associate with gene transcription (Steger et al., 
2008). Chromatin assembly factor 1 (CAF-1) interacts with H3K79 to regulate 
telomeric silencing and DNA repair (Zhou et al., 2006). Another report has found 
that H3K79 methylation targets p53-binding protein 1 (53BP1) to DNA 
double-strand breaks and activates the DNA damage checkpoint pathways (Huyen et 
al., 2004). Therefore, it is predicted that H3K79 methylation may has multiple 
biological functions, ranging from gene transcription, heterchromatin formation to 
DNA double-strand breaks (DSBs) repair. 
I have made efforts to isolate some effector proteins that may specifically recognize 
this modification via peptide pull down assay, but disappointingly, I could not get 
any candidates. Actually, many research groups have failed in trying to find these 
kinds of proteins in animals. Some researchers supposed that 53BP1 might function 
as the histone code reader of this modification (Huyen et al,’ 2004), but recently it 
turned out to that 53BP1 would recognize H4K20 methylation rather than H3K79 
methylation (Botuyan et al., 2006). With so many efforts in vain, some scientists 
proposed that there were no protein that might specifically recognize this 
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modification. H3K79 methylation was a quite special histone modification. Rather 
than located at the N termini of histone H3 where most of the histone modifications 
located, it was at the core domain of histone, indicating that its surrounding amino 
acids and structures might be also important for its functions and being recognized 
by other proteins in vivo. However, the protein structure could not be mimicked in 
vitro by peptides which were used in the pull down assay. This finding also indicated 
that in order to find out the true effector proteins of the H3K79 methylation, the 
nucleosomes containing only H3K79 methylation should be used to perform the in 
vitro pull down assay. 
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Chapter 4 GmPHDl and histone H3K4 methylation 

4.1 Introduction 

Previous studies demonstrated that histone modifications, such as H3 and H4 
acetylation, H3S10 phosphorylation were increased and involved in the plant salinity 
stress (Sokol, et al., 2007). ChIP studies indicated that levels of H3K4me3, H3K9ac, 
H3K14ac, H3K23ac and H3K27ac were altered on the coding regions of drought 
stress-responsive genes, including RD29A, RD29B, RD20, when they were activated 
under drought stress conditions (Kim et al, 2008). However their detail molecular 
mechanisms in these processes remain elusive. 
H3K4 methylation is widely considered as a marker of active transcriptional genes, 
since it can recruit many proteins to active gene transcription. Previous reports 
indicated that PHD containing proteins can read the histone code by recognizing 
H3K4 methylation via its PHD finger domain. Several proteins containing such 
domain have been reported in plants; VIN3, VILl and VRN5 are involved in 
vernalization-mediated epigenetic silencing and regulate the flowering time of 
Arabidopsis (Sung and Amasino, 2004; Sung et al., 2006; Greb et al, 2007; Lee et 
al., 2009). Another PHD containing protein ORCl，the large subunit of the origin 
recognition complex, is involved in defining origins of DNA replication, and could 
bind to H3K4me3 with its PHD domain and regulate transcription in Arabidopsis 
(De et al, 2009). Interestingly, some other studies suggested that the expression of 
alfalfa Aflinl and Arabidopsis Alfinl-like (AL) gene, which all contained a PHD 
finger in their C terminus, were increased under salinity stress (Seki et al., 2002; 
Winicov, 1993). A recent study indicated that its homo log in soybean was located in 
the nuclei and its level was up-regulated under salinity stress (Wei et al. 2009). 
Recently, the PHD fingers of the Alfin-like proteins from Arabidopsis have been 
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found to bind to hi stone posttranslational modifications H3K4me3/2 (Lee et al., 
2009). In this study, I find that GmPHDl proteins may function as the 'code reader' 
of H3K4 methylation to regulate the gene expression and further the salinity stress 
response in the soybean. 

4.2 Materials and methods 
4.2.1 Gene cloning and plasmid construction 
Synthesised soybean cDNA was gifts from Miss Fuk Ling Wong from Professor 
Hon-ming Lam's lab. The PCR reaction was set as follow: 2 [il template was mixed 
with 0.5 [d dNTP (10 mM), 0.5 |j1 forward primer (10 pM) and 0.5 reverse primer 
(10 ^iM), 2.5 [d 10 X PCR buffer, 0.3 |il high fidelity platinum Taq polymerase 
(invitrogen) and 1.5 |j,1 MgCl2 (25 mM). The final volume was adjusted to 25 )il by 
distilled milliQ water. The following primers were used in cloning the gene 
GmPHDl, GmlSWIl, GmlSWU, GmGNAT’ GmElongin and constructing the 
expression vectors: 

Genes Primers 

GmPHDl Forward 

Reverse 

5 ’ AGTGGATCCGAAGGAGTACCGC ACCCAA 3， 

5 ‘ TCAGTCGACCTCAAACTCTAACCCTCTTGT 3’ 

GmlSWIl Forward 

Reverse 

5' AGTGGATCCCAGAAAATGAAGAAACAGAAG 3， 

5' TCAGTCGACCTCATAAATAATCTTCGAGTATGTC 3' 

GmlSWn Forward 

Reverse 

5，AGTGGATCCATGTTTCGTGGATATCAAT 3， 

5' TCAGTCGACCTTATTTTCTTCTCTTCCCC 3’ 

GmGNAT Forward 

Reverse 

5 ‘ AGTGGATCCATGGCTGCAGCATCATCAA 3’ 

5，TCAGTCGACCTCACATAGTCTTTTGCTCAT 3， 

GmElongin Forward 5 ’ AGTGGATCCATGATGAGAAGAGATCAA 3 ‘ 
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Reverse 5，TCAGTCGACCCTAAAATACCCTCTTTGT 3’ 

GmPHDl-C Forward 

Reverse 

5’ AGTGGATCCACATGTGGTGCTTGCGGTG 3’ 

5' TCAGTCGACCTCAAACTCTAACCCTCTTGT 3， 

GmPHDl-N Forward 

Reverse 

5' AGTGGATCCGAAGGAGTACCGCACCCAA 3， 

5, TCAGTCGACCTCATGCACCCTGTTCATCATCT 3' 

In order to subclone these genes into the expression vector, specific restriction 
enzyme recognize sequences {BamHL GGATCC，Sail: GTCGAC) were introduced 
into the primers. The PGR was performed in the following program: 
Number of cycles Length of time Temperature 

1 cycle 5 minutes 94 T： 

5 cycles 30 seconds 
30 seconds 

1 minute 

94°C 
451： 

irc 
25 cycles 30 seconds 

30 seconds 
1 minute 

94�C 
50°C 
irc 

cycle 10 minutes 12V 

In order to construct the plasmid for recombinant expression, the PGR products were 
separated in 1% agarose gel and the DNA fragments were purified from the gel 
followed with overnight digestion with specific restriction enzymes {BamHI and Sail, 
New England Biolabs). Expression vector plasmid (GST: pGEX-4T-l, GE healthcare; 
MBP: pMAL-C2, New England Biolabs) was prepared from E. coli and subsequently 
digested with the same restriction enzymes. The isolated candidate DNA fragments 
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were ligated with the digested expression vector in a molar ratio of 10:1 
(insert:vector) by adding Ixligase buffer (Promega) and 3U of T4 DNA ligase 
(Promega). GmPHDl was inserted into the GST expression vectors, while other 
cloned genes, GmlSWIl, GmISWI2, GmGNAT, and GmElongin, were ligated into the 
MBP expression vector. 

4.2.2 Transformation and positive clone screening by PGR 
After overnight ligation at 16°C，the ligated PCR products were transformed into E. 
coli (bacteria strain: DH5a). The CaCl2 treated competent cells were thawed on ice 
and gently mixed by tapping the tube. Ten fil of the above ligation mix was added to 
1 OOfil of competent cells and the mixture was placed on ice for 20 minutes, then 
subjected to a heat pulse at 42°C for 2 minutes and cooling on ice for another 2 
minutes, followed by addition of 1 ml LB broth to rescue the cells. The transformed 
cells were incubated at 37"C with shaking for 1 hour and then spread on LB agar 
plates supplemented with 100 |ig/ml of ampicillin. The plates were incubated at 37°C 
overnight. 
The colonies from the above plates were picked by a toothpick, inoculated into a LB 
agar plate supplemented with 100 |ig/ml of ampicillin, and the remaining cells were 
washed out into a PCR reaction mix with 2.5 |j,l of lOxPCR reaction mix, 0.5 jil of 10 
mM dNTPs mix, 0.5 |xl of 10 }iM specific forward primer and 0.5 }j,l of 10 |iM 
specific reverse primer and 0.5 jil Taq DNA polymerase (Promega). The final volume 
was made up to 25|il by double distilled water. It was subjected to the following PCR 
profile. PCR products were tested in the 1% agarose gel. 
Number of cycles Length of time Temperature 

1 cycle 5 minutes 94�C 
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30 cycles 30 seconds 94�C 
30 seconds 52V 

1 minute 72�C 
1 cycle 10 minutes 72 "C 

4.2.3 Plasmid extraction and sequencing 
One positive colony was inoculated into 5 ml of LB broth supplemented with 100 
|xg/ml of ampicillin and grown at 37°C overnight with shaking. The recombinant 
plasmid was extracted by using Wizard™ Plus Minipreps DNA purification systems 
(Promega). The cells were pelleted and resuspended in 200|a.l of Cell Resuspension 
Solution. Two hundreds |il of Cell Lysis Solution was added and the solution was 
mixed by gently inverting the tubes for several times till the suspension turned clear. 
Then, 200 |il of Neutralization Solution was added. The solution was inverted gently 
four times and centrifuged at 10,000 g for 5 minutes. The supernatant was transferred 
into a barrel of the Minicolumn/Syringe assembly and centrifuged for 2 minutes. One 
ml of Column Wash Solution was applied to wash the column twice. The 
Minicolumn was then transferred to a new microcentrifuge tube and 80 jil of double 
distilled water was added to elute the bound plasmids by centrifuging at 10,000 g for 
1 minute. DNA concentration and quality were determined by spectrophotometric 
measurements at optical density 260mn and 280nm. 
The ABI PRISM™ dRhodamine Terminator Cycle Sequencing Ready Reaction kit 
(Perkin Elmer 402078) was used to make single-stranded DNA by PCR for 
sequencing. Two of 3 M sodium acetate, pH5.2 and 50 |li1 95% ethanol were 
added to the PCR products. The mixture was kept on ice overnight and centrifuged at 
I4,000g for 30 minutes then. The DNA pellet was washed in 70% ethanol. The 
washed and air-dried pellet was then resuspended in 15 jiil Template Suppression 
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Reagent (Perkin Elmer), denatured at 95 "C for 2 minutes and placed on ice 
immediately. The sample was then applied to the Genetic Analyzer ABI prism 310 to 
resolve the cycle sequencing product. Raw data of the sequencing reaction were 
collected by ABI PRISM 310 Genetic Analyzer Data Collection software and 
analyzed by ABI PRISM 310 Genetic Analyzer Sequencing Analysis software. 

4.2.4 Recombinant protein expression in E. coli 
Plasmids with the correct sequence were transformed into the expression host 
bacterial cells (bacteria strain: DE3). The transformed bacteria were then inoculated 
into LB broth supplemented with 100 |ig/ml of ampicillin and grown at 37°C for 
2.5-3 hours when the OD reached about 0.6-0.8. EPTG was added to get a final 
concentration of 1 mmol/1 to induce the expression of the recombinant proteins at 
25 °C. After overnight expression, bacteria were collected, suspended in PBS and 
lysised with 1 mg/ml lysosome by incubating the cells on ice for at least 1 hour. 
Supernatant were collected after centrifUgation at 4°C for 15 minutes at maximum 
speed and stored at -80°C until use. 

4.2.5 Soybean nucleic proteins extraction 
Soybean nuclei were isolated from leaves as mentioned in Chapter 3. Isolated nuclei 
were swelled in low salt buffer (20 mM Tris-HCl，pH 7.6, 10 mM KCl, 2.5 mM 
MgCl2, 2 mM DTT and 0.5mM PMSF), and total nuclear proteins were then 
extracted by high salt extraction buffer (500 mM NaCl, 25% glycerol in low salt 
buffer) (Wysocka, 2006). The concentration of the NaCl in the extracted proteins was 
diluted to 250 mM before use. 

4.2.6 Isolation and identification of the interaction proteins of GmPHDl 
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Recombinant GST fusion protein GST-PHDl was first bound to the GST column 
(GE health) by incubating the protein with GST agarose beads at room temperature 
for 30 minutes. Following that, the extracted nucleic proteins were applied to the 
beads and incubated at 4°C overnight. The beads were then washed 10 times with 
wash buffer (25 mM Tris-HCl (pH 8.0)，10% glycerol, 1 mM EDTA，200 mM NaCl， 

1 mM PMSF, 1 mM DTT, 0.1% Triton X-100) and subsequently boiled with 
SDS-PAGE gel loading buffer at 99�C for 10 minutes before applying for 
SDS-PAGE gel separation. SDS-PAGE gel was stained with silver and the different 
protein bands were excised and destained as described in Chapter 3. The proteins 
were identified by MALDI-TOF/TOF as aforementioned. 

4.2.7 In vitro GST pull down assay 
Recombinant GST-PHDl protein was incubated with MBP-ISWI, MBP-ISWI2, 
MBP-GNAT, MBP-elongin in the GST column at 4°C overnight, respectively. Then 
the individual column was washed extensively with buffer containing 25 mM Tris 
buffer (pH 8.0), 10% glycerol, ImM EDTA, 500 mM NaCl, 1 mM PMSF, 1 mM 
DTT, 1% Triton X-100 twice, followed with another 6 washes with buffer containing 
25mM Tris buffer (pH 8.0)，10% glycerol, 1 mM EDTA, 150 mM NaCl, 1 mM 
PMSF, 1 mM DTT, 0.1% Triton X-100. Finally, the beads were recovered from each 
of the column and they were boiled separately with SDS page gel loading buffer at 
99 °C for 10 minutes and the western blotting was performed as aforementioned with 
anti-MBP antibody. 

4.2.8 In vitro acetyltransferase activity assay 
MBP-GNAT protein was mixed with 125 fiM Acetyl-Coenzyme A (GE health), 60 
^g histone extracted from soybean or other tested proteins, 1.5 mM DTT, 10% 
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glycerol, 0.15 mM EDTA, 15 mM sodium butyl, 15 mM nicotiamide, 1 mM PMSF, 1 
mM protease inhibitor and then incubated at 30°C overnight. The reaction was then 
concentrated and protein acetylation was tested by western blotting with the 
anti-acetyl-K antibody (Millipore, 05-515). 

4.2.9 Chromatin immunoprecipitation 
Chip was performed using the chromatin immunoprecipitation (ChIP) assay kit 
(Millipore). Briefly, the soybean leaves were first fixed in 1% formaldehyde for 15 
minutes. The fixation was then terminated by adding glycine to a final concentration 
of 125 mM. Nuclei were then extracted from the fixed leaves and resuspend in SDS 
lysis buffer and incubated for 10 minutes on ice. The lysate were sonicated to shear 
the genome DNA to lengths between 200-1000 bp. After sonication, the samples 
were centrifuged for 10 minutes at maximum speed at 4°C. The supernatant was then 
diluted 10 folds with ChIP dilution buffer and 1% of the sample were aliquot as input 
sample. The diluted samples were subsequently pre-cleared with protein A 
agarose/salmon sperm DNA (50% slurry) for 1 hour at 4°C with agitation. 
Immunoprecipitating antibody was then added into the pre-cleared sample and 
incubated overnight at 4°C with rotation. Then protein A agarose/salmon sperm DNA 
(50% slurry) was used to precipitate the antibody/protein/DNA complex, following 
washed with low salt wash buffer, high salt wash buffer, LiCl wash buffer and TE 
buffer sequentially. Bound protein/DNA complex was then eluted from the beads 
with freshly prepared elution buffer (1% SDS, 0.1 M NaHCO�). To reverse the 
protein-DNA crosslinks, 5 M NaCl was applied to the elution sample to get a final 
concentration of 200 mM and heating at 65 °C for over 4 hours. The DNA was finally 
recovered from the sample by phenol/chloroform extraction and ethanol precipitation. 
The primers for PGR were as follow: HML806-VI: 
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5 'CGTTTAACTGTTTAAGGAA3 ’ and 5 'AAATGGGTAGGAGACGAT3 ’ ； 

HML806-?2: 5'GGAAAAGAAGAAAGCCACACTCTGA3' and 5' 
AATTGGACATTGATCGATTGATGA 3’； HML806-EX.. 5’ 
AGGCCAGGTGCTGCATAATCT 3’ and 5' ATGGATTGCCACCAGTGCAA 3’; 
HML806-L: 5’ AGTCCTTCTTTCCTGTTCT 3' and 5' 
TACTATCTACAACGATTTAC 3'; 
HML1107-?\ 5'TTAGGGCGGTGTTACTC3‘ and 5'CGTATTATCGCTCTTCTT3‘. 
ChlP-PCR reaction was set up as followed: 4 )li1 template was mixed with 0.4 |il 
dNTP (10 mM), 0.4 \i\ forward primer (10 ^M) and 0.4 reverse primer (10 ^M), 2 
|Lil lOxPCR buffer, 0.25 Taq polymerase (Promega) and 1 |xl MgCl2 (25mM). The 
final volume was adjusted to 20 jal by distilled milHQ water. PCR was carried out 
using the following parameter: 
Number of cycles Length of time Temperature 

1 cycle 5 minutes 94V 
38 cycles 30 seconds 94 V 

30 seconds 42�C 
1 minute 72 V 

1 cycle 10 minutes 72 V 
The PCR product was then tested in 2% agarose gel. 

4.2.10 Peptide synthesis and antibody production 

Peptides (GKNERKRLFQMINDLPT and TPAKAEHIKQYK from GmPHDl, 
GEEATAELDAKMKKFTEDAIK from GmlSWI) were synthesized using the 
standard procedures of F-moc solid-phase peptide synthesis protocol on the Applied 
Biosystems 433A solid-phase peptide synthesizer. The synthesized peptides were 
dissolved in milli-Q water, and then purified by standard reversed-phase HPLC. The 
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homogeneity of the purified peptides was determined by MALDI-TOF mass 
spectrometry (ABI, 4700 proteomics analyzer). 
The purified peptides were conjugated to KLH (Keyhole Limpet Hemocyanin，Sigma, 
H8283). About 1 mg purified peptides were mixed with 1 ml KLH solution and the 
mixture was sonicated for 30 minutes. NHS (5 mg/ml, Pierce) and ED AC (10 mg/ml, 
Sigma) were added into the mixture which was stirred for another 30 minutes. 
Meanwhile, G-25 Sephadex desalting column (PD-10, GE healthcare) was 
equilibrated with 3 volumes of PBS. Then peptide-KLH solution was loaded onto the 
desalting column and eluted with PBS. Cloudy elution was collected and kept at 
-20V until used. 
Equal amount of complete Freunds adjuvant (Sigma) was mixed with purified 
peptide-KLH solution (contain about 100 |ig peptide). The mixture was then 
emulsified manually until the emulsion becomes very thick and did not disperse 
when a drop of it was placed on the surface of a saline solution. The 6-8 weeks old 
rabbits were immunized with these emulsions subcutaneously. After the priming 
immunization, rabbits were boost with lOOjig antigen emulsified in incomplete 
Freunds adjuvant (Sigma) (1:1) for 3 times at 2 weeks intervals. Finally, the serum 
was collected and tested with western blotting. Control serum was collected before 
the priming immunization. All the rabbits were raised in the animal centre of The 
Chinese University of Hong Kong according to the animal ethics. 

4.2.11 Peptide pull down assay 
Biotin-conjugated peptides containing H3K4 mono-, di- and tri-methylation were 
purchased [Millipore, catalog number: 12-563 (mono-), 12-460(di-), and 
12-564(tri-)]. Biotin conjugated peptides containing H3K9 trimethylation (Millipore, 
12-568) were used as control. They were immobilized onto the avidin agarose beads 
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(Pierce, 20219). Recombinant GST-GmPHDl was then incubated with these beads at 
4°C overnight. The beads were then washed with buffer containing 25 mM Tris 
buffer (pH 8.0), 10% glycerol, 1 mM EDTA, 500 mM NaCl, 1 mM PMSF, 1 mM 
DTT, 1% Triton X-100 twice, followed with another 6 washes with buffer containing 
25 mM Tris buffer (pH 8.0), 10% glycerol, 1 mM EDTA, 150 mM NaCl, 1 mM 
PMSF, 1 mM DTT, 0.1% Triton X-100. Finally, the beads were boiled with 
SDS-PAGE gel loading buffer at 99 "C for 10 minutes and western blotting was 
performed as aformentioned with anti-GST antibody (Sigma, G7781). 

4.3 Results 
4.3.1 GmPHDl is a PHD finger domain containing protein 
The soybean GmPHDl was cloned from the soybean leaves cDNA，the full length of 
which is 756bp, encoding a protein containing 251 amino acid (Figure 4.1 A). 
SMART analysis (http:"smart.embl-heidelberg.de/) showed that it contained a PHD 
finger domain in its C termini which had the typical character of the PHD finger 
domain, C4HC3 (Figure 4.IB) 
More interestingly, sequence alignment analysis showed that the PHD finger domain 
of the GmPHDl also contained the aromatic amino acids which have been 
demonstrated to be conserved and important for the PHD finger to recognize histone 
H3K4 methylation by forming a pocket (Figure 4.1C). Another pocket which was 
composed by the negative charge containing amino acid, such as aspartic acid and 
glutamic acid, and of importance in holding the H3R2 methylation was also found in 
the GmPHDl (Figure 4.1C). Therefore, it was likely that the GmPHDl might also be 
able to recognize the H3K4 methylation and H3R2 methylation as most of the PHD 
finger containing proteins. 
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Figure 4.1: Soybean GmPHDl was a PHD finger domain containing protein. A: 
Nucleotide and amino acid sequences of soybean GmPHDl. The amino acids in the 
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red rectangle were the PHD finger domain. B: The GmPHDl contained a PHD finger 
domain in its C termini, which has the typical C4HC3 structure, as highlighted in 
pink and blue rectangles. C: Alignment of the PHD finger domain of 必INGl， 

Ms-Alfin 1, AtAL6, i^sBPTF, //5ING2, GmPHDl. The red rectangle indicated the 
conserved aromatic amino acids which composed the pocket recognizing H3K4 
methylation. The blue rectangle indicated the conserved amino acids which 
composed the pocket recognizing H3R2 methylation. ^^INGl:at3g24010; MsAlfin 
1:AAA20093.2; AtAL6\ at2g02470; i/^BPTF: NP_872579 .2 ;协 ING2: 
NP_001555.1. At: Arabidopsis thaliana; Ms: Medicago sativa; Hs: Homo sapiens; 
Gm: Glycine max, 

4.3.2 The expression of GmPHDl in soybean 
The synthetic peptides were used to immunize the rabbits and the antibody that could 
specifically recognize the GmPHDl protein was raised. Compared with the 
pre-immune sera, the anti-PHDl antibody could recognize a protein whose molecular 
weight was about 35 kD. Meanwhile, the recombinant proteins could also be 
recognized by the anti-PHDl antibody (Figure 4.2A and 4.2B). Theoretically, the 
GmPHDl was about 28 kD, which was smaller than the observed molecular weight. 
Considering that many proteins have been posttranslationally modified, such as 
glycosylation, this difference was acceptable. 
With this antibody, I tried to find out the distribution patterns of the GmPHDl in 
soybean with western blotting. Total proteins were extracted from leaves and roots 
and the results indicated that it was ubiquitously expressed in both leaves and roots 
(Figure 4.2C). In addition, when the soybeans were treated with salt stress, the 
expression of GmPHDl would increase both in leaves and roots, as expected (Figure 
4.2D) (Seki，et al., 2002; Winicov, 1993). 
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Figure 4.2: GmPHDl was ubiquitously expressed and its expression was 
up-regulated by salinity stress in soybean. A: The specificity of anti-PHDI antibody 
was tested with recombinant GST-PHDl by western blotting. B: The specificity of 
anti-PHDI antibody was tested with soybean total proteins by western blotting. 
Anti-PHDI: anti-PHDI antibody, Control: preimmune antiserum. C: GmPHDl was 
expressed in roots and leaves. Upper panel: western blotting results. Lower panel: 
SDS-PAGE gel image of the total proteins from soybean roots and leaves. D: 
GmPHDl was upregulated by salinity stress in soybean. Upper panel: western 
blotting results. Lower panel: coomassie blue staining SDS-PAGE gels of soybean 
total proteins were showed as loading control. 

4.3.3 GmPHDl recognized hi stone H3K4 methylation 
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Sequence alignment analysis suggested that GmPHDl might interact with histone 
H3K4 methylation (Figure 4.1C). For validation, I first expressed the GmPHDl 
fused with GST in E. coli (Figure 4.3A). The fusion proteins were then incubated 
with histone extracted from soybean leaves to test their ability to interact with 
soybean histone. The results clearly demonstrated that histone H3 and H2A can be 
pulled down by the GST-PHDl (Figure 4.3B) and histone H3K4 methylation was 
present in these pulled down histone H3 (Figure 4.3C). 
Since H3K4 can be mono-, di-，and tri- methylated, I then wondered which 
modification was mainly recognized by GmPHDl. Similar to other PHD finger 
containing protein, GmPHDl have the preference for H3K4 dimethylation in the 
peptide pull down assay (Figure 4.3D). However, GmPHDl would recognize H3K4 
trimethylation with very low affinity, even lower than that to H3K4 monomethylation 
(Figure 4.3D), which is quite different from other PHD finger containing protein 
such as ING protein and BPTF, 
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Figure 4.3: GmPHDl interacted with histone H3 and recognized H3K4 methylation. 
A: GST-PHDl fusion proteins were expressed in E. coli and purified. B: SDS-PAGE 
gel showed that histone H3 was pulled down by the GmPHDl in the GST pull down 
assay. C: Western blotting showed that H3K4 methylation was present in the histone 
H3 pulled down by GmPHDl. D: peptide pull down assay indicated that GmPHDl 
recognized histone H3K4 methylation with the preference to H3K4 dimethylation. 

4.3.4 GmPHDl located in the promoter region and the body of some salt stress 
inducible genes 
Since GmPHDl can interact with H3K4 methylation, which was widely distributed 
along transcriptionally active genes, I then curious about the distribution patterns of 
GmPHDl in the soybean genome. 
Chip was then performed with GmPHDl antibody and the location of GmPHDl 
along the HML806, a soybean salt stress inducible gene, was then selected for further 
analysis. The PCR product of HML806-?\ located in the far promoter region (from 
-886bp to -685bp upstream of the start codon); while the PCR product of 
HML806-P2 was in the near promoter region (-188bp upstream of the start codon and 
contained partial of the first exon of the HML806, including the start codon). The 
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PCR product using primer HML806-EK contained partial of intron 1 and exon 2 and 
the set of primer HML806-L was in the 3’ UTR of the genes, +3582 downstream of 
the start codon. ChlP-PCR clearly showed that GmPHDl was mainly located in the 
near promoter region (primer HML806-V2) and the body of the genes (primer 
HML806-EX\ while in the far promoter region (primer HML806-V\) and the 3'UTR 
(primer HML806-L), the GmPHDl was hard to be detected (Figure 4.4A). In another 
salt stress inducible gene, HML1107, the GmPHDl was also detected to be located in 
the near promoter region (Figure 4.4B). Meanwhile, the signal in the Actin was very 
weak. These results indicated that the GmPHDl was not uniformly distributed in the 
genome; instead it might localize in certain kinds of genes and regulate their 
transcription, such as some salt stress inducible genes. 
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Figure 4.4: GmPHDl located in the promoter and body of some salt stress inducible 
genes. A: ChIP results showed that GmPHDl was mainly located in the near 
promoter region (HML806-P2) and the body (HML806-EX) of HML806 while low 
abundance of GmPHDl was located in the far promoter {HML806~V\) and 3'UTR 
{HML806-L) of HML806. B: GmPHDl also located in the near promoter of another 
salt stress inducible gene, HML1107 {HML1107-?). A very small amount of 
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GmPHDl located in the body of actin. Control Ab: preimmune antiserum. 

4.3.5 Identification of proteins that interacted with GmPHDl in soybean 
The following question intrigued me most was that whether and how the GmPHDl 
can regulate the gene transcription. Obviously, there was no known domain or 
structure in the GmPHDl implying that they could regulate gene transcription by 
themselves. Therefore, it was very likely that they would work together with other 
proteins. 
I incubated the recombinant GST-GmPHDl proteins with extracted soybean nucleic 
proteins and found that several proteins could be pulled down in this way (Figure 
4.5A). Western blotting with anti-H3K4 methylation showed that histone H3 was 
also pulled down by the recombinant GmPHDl (Figure 4.5B), validating the 
conclusion that GmPHDl could recognize histone H3K4 methylation and suggesting 
that some interaction patterns were indeed pulled down in this experiment. Therefore, 
I tried to identify the pulled down proteins by mass spectrometry, with two of them 
were successfully determined, which were elongin A and GNAT (GCN5-related 
N-acetyltransferase (GNAT) family protein) (Figure 4.5C and 4.5D). 
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Figure 4.5: Identification of GmPHDl interaction proteins. A: silver staining gel of 
GST-PHDl pulled down proteins. Proteins only present in the GST-PHDl pulled 
down samples were picked out for mass spectrometry analysis. Proteins with 
confident identifications were indicated in the gel (band 1 and 2). B: histone H3 were 
pulled down by GST-PHDl in this experiment as determined by western blotting. C: 
protein 1 was identified as GNAT by mass spectrometry. Upper panel: the mass 
spectrum of protein 1. Middle panel: the amino sequence of the GmGNAT. The 
peptide highlighted in red was the detected peptides by mass spectrometry. Lower 
panel: the structure of the GmGNAT. D: protein 2 was identified as Elongin A by 
mass spectrometry. Upper panel: the mass spectrum of protein 2. Middle panel: the 
amino sequence of the GmElongin A. The peptide highlighted in red was the detected 
peptides by mass spectrometry. Lower panel: the structure of the GmElongin A. 

Next, I tried to validate the interaction of GmPHDl with GmGNAT and GmElongin 
A. Both genes (GmGNAT and GmElongin A) were firstly cloned from soybean. 
Luckily, two isofonns of GmGNAT were cloned in this process, which were named 
GmGNAT 1 and GmGNAT2, separately (GmGNAT 1 is the originally identified 
protein in the mass spectrometry). These two isoforms displayed 89% identities in 
their nucleotide sequences and 87% identities in their amino acid sequences (Figure 
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4.6). An acetyltransferase domain was present in these proteins (Figure 4.5C and 4.6). 
The Gmelongin A was a subunit of RNA polymerase II transcription factor SIII 
(Elongin) with a characteristic structure in its N termini (Figure 4.5D). 
These two genes were subsequently cloned into the MBP vector for recombinant 
expression (Figure 4.7A) and these expressed MBP fusion proteins were then 
incubated with GST-PHDl for GST pull down assay. These assays definitely 
supported our previous mass spectrometry results, as MBP-GNATl and 
MBP-elongin A can be pulled down by GST-PHDl (Figure 4.7B). 
The GmPHDl was further investigated to find out which part of it was responsible 
for its interaction with GmGNATl and GmElongin A. The N termini without the 
PHD finger domain and the C termini which contained only the PHD finger was 
fused with GST and expressed (Figure 4.7C). Similarly, GST pull down assays were 
performed and it showed that the N termini of GmPHDl were enough for its 
interaction with GmGNATl although the PHD finger had some weak interactions 
with GmGNATl (Figure 4.7D), However，the truncated GmPHDl would severely 
impair its interaction with GmElongin A (Figure 4.7D), indicating the importance of 
the full length of GmPHDl in its interaction with GmElongin A. 

GmGNATl GmGNAT2 
CanGNATl <»aGN&T2 
GmGNATl GmGNAT2 
(StlGNATl QnGNAT2 
C&nGNAT2 
GmGNATl GmGHhUZ 

TGRFLSMDELBRLRLLEXFLYR TGBFI.SNDELRRLBLLSTFI.YR 
PQFXVKFIAFIVKQyXLDBilSIMEHIATXVî FyTQ̂ rj PQPYVKFIflFIVKQYLLDBPSIidPHTaTÎ aFYTgT 
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Figure 4.6: Alignment of the two GmGNATs of soybean. These two isoforms of 
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GrtiGNAT displayed 89% identities in their nucleotide sequences and 87% identities 
in their amino acid sequences. The GCN5-related N-acetyltransferase domain 
(GNAT superfamily) was indicated in this figure. 

B 
A 

M B P 

MBP-Elongin 

MBP-GNAT1 

GST 

GST-PHD1 
75 

- 5 0 

-75 

- 5 0 

C PHD1• 

PHD1-NI 

D 
MBP-GNAT1 

MBP-曰 ongm 

GST-PHD1-N 

GST-PHD1-C 

PHD1-C - 7 5 

[HIPHDftnger 

Figure 4.7: Validation of the interaction between GmPHDl and GmGNATl, 
GmElongin A by GST pull down assay. A: Inputs of the GST pull down assay. B: 
Western blotting results of the GST pull down assay. C: The diagram of the 
construction of the truncated GmPHDl. The N termini of the GmPHDl without its 
PHD finger domain and the C termini of the GmPHDl with only the PHD finger 
domain were inserted into the GST expression vector. D: GST pull down assay with 
the truncated GmPHDl. 

4.3.6 GmGNATl is an acetytransferase 
The presence of the acetyltransferase domain in the GmGNATl suggested that it 
might transfer the acetyl group to its substrates from acetyl-CoA. However, its 
substrates remained elusive. 
As the GmGNATl could interact with GmPHDl and might be recruited to the 
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histone H3 by GmPHDl, I then tested whether GmGNATl could acetylate GmPHDl 
and histone H3. With the antibody which could specifically recognize acetylated 
lysine, I found that acetylation in the extracted soybean histone H3 increased after 
the in vitro acetyltransferase assays with GmGNATl (Figure 4.8A). Since several 
lysines in the histone H3 could be acetylated, including lysine 9，14 and 18，I then 
used the antibody which specifically recognized these acetylated sites to detect if the 
GmGNATl could specifically modify certain sites in histone H3. While the 
acetylation at histone H3 lysine 9 and lysine 18 did not change much, the H3K14 
acetylation increased significantly after the acetyltransferase assay (Figure 4.8B). 
However, no obvious acetylation signal were observed in the GmPHDl with similar 
assays (Figure 4.8C)，stating that GmPHDl might not be the substrates of 
GmGNATl although they could interact with each other directly. 
More interestingly, I also found that GmGNATl could be self acetylated, since the 
acetylation signal can be detected only when the GmGNATl was present (Figure 
4.8D). This result thus intrigued me to study the roles of GmGNATl self-acetylation. 
Although so far I have not identified which amino acid of the GmGNATl was 
acetylated by itself, the acetyl group in the GmGNATl would impair the interaction 
between GmGNATl and GmPHDl (Figure 4.8E). 
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Figure 4.8: GmGNATl acetylated histone H3 and itself. A: In vitro acetyltransferase 
assay indicated that GmGNATl acetylated histone H3. B: GmGNATl acetylated 
histone H3 mainly at histone H3K14. C: GmGNATl could not acetylate GmPHDl. 
D: GmGNATl was self-acetylated. E: GmGNATl self-acetylation inhibited its 
interaction with GmPHDl. 

4.3.7 GmPHDl also interacted with GmlSWI 
ISWI (imitation switch) is a much conserved protein from yeast to mammal (He et 
ah, 2008). It contains several domains such as DEXDx, HELICs and SANT domain 
and functions in remodelling the chromatin structure by hydrolysis ATP. Previous 
reports showed that some PHD finger containing proteins, such as INGl and ING2, 
could interact with these proteins to facilitate gene transcription (Ruthenburg et ai, 
2007). Therefore, I conceived that GmPHDl could also recruit GmlSWI to remodel 
chromatin structure. I then cloned the GmlSWI and expressed them in E. coli as the 
MBP fusion proteins. Since the full length of GmlSWI contained 972 amino acids 
and the full protein was not suitable for expression in E. coli’ it was divided into two 
portions, GmlSWI 1 which contained the first DEXDx domain, and GmISWI2 which 
contained the rest of GmlSWI. Similarly, I found that MBP-ISWIl could be pulled 
down by the GST-GmPHDl in the GST pull down assay, while GmISWI2 was not 
able to be pulled down (Figure 4.9B). Therefore, GmlSWI might interact with 
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GmPHDl through its N termini. 
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Figure 4,9: GmPHDl could interact with GmlSWI. A: The structure of GmlSWI and 
the two constructed vectors which were expressed in E. coli. B: GST pull down assay 
indicated that GmlSWI interacted with GmPHDl through its N termini. 

4.4 Discussions 
I confirmed that GmPHDl was up-regulated under the salinity stress with western 
blotting, as expected. Wei et al. also showed that its expression was induced to a 
higher intensity in the drought- and salt-tolerant soybean variety than that in the 
sensitive ones under the stresses, further correlating this protein with stress response 
and tolerance in soybean (Wei et al., 2009). Actually, there are six homologs of 
PHDl in soybean and their response to abiotic stresses, such as salinity, cold and 
drought stress, were different, suggesting that although these six GmPHDs were 
highly conserved, their activities might not be the same (Wei et al, 2009). Whether 
other GmPHDs had the similar working mechanisms or would work as the ING 
family members by recruiting different protein complexes is still unknown and more 
efforts are required. 

GmPHDl could interact with H3K4 methylation and show some similarity to Alfinl 
in alfalfa and Alfinl-like protein in Arabidopsis in their amino acid sequences. Alfinl 
was characterized as a transcriptional factor that could bind to the promoter of 
salt-inducible MsPR2 and enhance its expression at the transcriptional level in alfalfa 
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roots (Bastola et al.，1998). Recently, soybean PHD type transcription factor was also 
reported to be able to bind to the cw-element "GTGGAG" directly (Wei et al., 2009). 
On this point, the interaction between GmPHDl and histone H3K4 methylation 
might not play the essential roles in initiating the recruitment of GmPHDl to its 
target DNA region. Therefore, the major roles of their interaction might stabilize or 
enhance the interaction between DNA/chromatin and GmPHDl. 

Many studies showed that the PHD finger domain managed to distinguish the state of 
lysine methylation, for example, BPTF, ING superfamily members and RAG2 
mainly recognized histone H3K4 di- and tri-methylation, while DNMT3L and 
BHC80 bound to H3K4meO (Baker et al,, 2008). However, none of the paper has 
stated that the PHD finger proteins were able to distinguish H3K4 dimethylation and 
trimethylation. In our studies, I found that GmPHDl has the affinity to histone H3K4 
methylation in the order of dimethylation > monomethylation > trimethylation. How 
is able for GmPHDl to distinguish the minute difference between dimethylation and 
other methylation states remains an interesting question and need further structure 
analysis. Interestingly, some other proteins without the PHD finger domain showed 
the preference to H3K4 dimethylation, rather than trimethylation. The WDR5, which 
contained WD40 repeats, would associate with H3K4 dimethylation through the 
WD40 repeats (Wysocka et al., 2005). Some histone demethylases also conferred the 
similar selectivity for distinct methylation states. Histone demethylase JMJD2A only 
functioned as trimethylation-specific demethylases, but not be able to remove the 
methyl group from di- and mono-methylation (Whetstine et al” 2006). Structural 
analysis then revealed that its specificity may be dependent on the CH…O hydrogen 
bonding between the lysyl ^-methyl groups and the oxygens in the active site in its 
methylammonium-binding pocket. Amino acid substitution which would disrupt this 

118 



bond would increase the JMJD2A's preference to dimethylation (Couture et al.’ 
2007). 

My present studies have identified different proteins that can interact with GmPHDl, 
including GmGNAT, GmElonging A and GmlSWI. 

GmGNAT belongs to the GNAT family, which catalyzes the transfer of an acetyl 
group from acetyl coenzyme A to a primary amine. The most well studied hi stone 
acetyltransferase in the GNAT family is the GCN5. Yeast GCN5 (yGCN5) 
regioselectively transferred acetyl group to K14 of histone H3 and to K8 and 16 of 
histone H4 (Vetting et al., 2005). In addition, they interacted with enhancer-binding 
factors and linked the upstream activating sequence (UAS) and the basal 
transcription machinery in yeast to facilitate gene transcripiton. My results showed 
that GmGNAT 1 was an acetyltransferase with the ability to acetylate histone H3， 

mainly at the H3 lysine 14. Many studies have suggested that histone acetylation is 
an integral part of transcriptional regulatory systems. They can neutralize the positive 
charge of the histone and attenuate the DNA-histone contacts, eventually loose the 
structure of chromatin and induce gene transcription; at the same time, they can 
affect the interaction of the amino-terminal tails with non-histone chromatin proteins, 
such as those bormodomain containg proteins (Yang, 2004; Ruthenburg et al., 2007; 
Berger, 2002; Brownell and Allis, 1996; Benhamed et al., 2006). Therefore, the 
GmGNAT 1 may modulate the chromatin structure and induce gene transcription via 
histone acetylation. 
In addition to the N-acetyltransferase domain which serves as the catalytic domain, 
GCN5 contains a bromodomain, which is able to tether them to specific 
chromosomal sites directly by binding to the acetylated lysine as other transcription 
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factors that contain separable activation and sequence-specific DNA-binding 
domains (Brownell and Allis, 1996). As for the GmGNATl, since its lack of the 
bromodomain, it may not be able to bind to the chromatin directly just like GCN5. 
Therefore, its interaction with GmPHDl which can directly bind to the histone 
and/or DNA would be very crucial for its location to the appropriate sites in the 
chromatin. Actually, GCN5 also exists as a component of large complexes, for 
example, in yeast, GcnSp existed in a heteromeric complex with at least two 
additional partners, ADA2 and ADAS. GcnSp were then recruited to a specific 
promoter or chromatin domain by these trans-acting factors (Brownell and Allis, 
1996). 
Many reports demonstrate that there are some crosstalks between different histone 
modifications, suggesting that one histone modification promotes or inhibits the 
generation of another one (Suganuma and Workman, 2008). Phosphorylation of 
serine 10 on histone H3 by the Snfl kinase promoted the acetylation of H3 lysine 14 
by the Gcn5 acetyltransferase. Ubiquitination of H2B lysine 123 was a prerequisite 
for H3 lysine 4 methylation (Sun and Allis, 2002). H3K4 methylation, especially 
dimethylation and trimethylation, have long been viewed as a marker of actively 
transcription genes and correlated with histone acetylation (Schiibeler et al, 2004; Li 
et al., 2007; Ruthenburg et al, 2007). Actually, several Yngl (another PHD finger 
domain containing protein) containing protein complexes can acetylate histone lysine, 
including H3K14，and positively regulate gene transcription at different loci (Rando, 
2007; Tavema et al, 2006). My results showed that protein GmPHDl bind to the 
histone H3K4 methylation, and then recruit GmGNATl to acetylate H3K14. 
Therefore, it represented for another kind of histone modification crosstalk between 
H3K4 methylation and H3K14 acetylaiton to cooperate in regulating gene 
transcription. 

120 



GmElongin A is a member of the RNA polymerase II transcription factor SIII 
(Elongin) subunit A. In mammals, the Elongin complex activates elongation by 
suppressing transient pausing of the RNA polymerase II during transcription. Elongin 
is a heterotrimer composed of A, B, and C subunits. Subunit A has been shown to 
function as the transcriptionally active component of Elongin (Aso et ai, 1995). 

ISWI uses the energy of ATP hydrolysis to alter nucleosome position and/or structure. 
In human, the homologs of ISWI are SNF2h (sucrose nonfermenting 2 homologue) 
and SNF2L (sucrose nonfermenting 2-like)，both of which can be found in several 
small protein complexes, such as hACF (human ATP utilizing chromatin assembly 
and remodeling factor，consisting of hACFl and SNF2h), RSF (remodeling and 
spacing factor, consisting of Rsfl and SNF2h), CHRAC (chromatin accessibility 
complex, consisting of hACFl, SNF2h, pl5，and pi7), WICH (Williams syndrome 
transcription factor-imitation switch, consisting of WSTF and SNF2h), NoRC 
(nucleolar remodeling complex, consisting of human TIPS and SNF2h) and WCRF 
(Williams syndrome transcription factor-related chromatin remodeling factor, 
consisting of WCRF 180 and SNF2h). Most of these complexes play important roles 
in the establishment and maintenance of heterochromatin and, by extension, gene 
repression (Barak et al,’ 2003). More interestingly, SNF2L can also associate with 
BPTF (bromodomain PHD finger transcription factor) and RbAP46/48 
(retinoblastoma-associated protein 48 and 46) to form the NURF (nucleosome 
remodeling factor) complex, which can regulate chromatin structure and induce gene 
transcription. Human NURF (hNURF) is enriched in brain and interacts with the 
promoter of some developmentally important genes to activate their expression with 
its nucleosome-stimulated ATPase activity in remodeling the chromatin template 
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(Barak et al.’ 2003). 

Chip results suggested that GmPHDl may be mainly located in the near promoter 
and the body of some genes. Some studies have showed that H3K4 methylation also 
mainly located in a similar region (Schubeler et al.’ 2004; Bernstein et al., 2005). 
This is in agreement with that GmPHDl prefer to recognize H3K4 dimethylation. In 
addition to the salt inducible genes {HML806 and HML1107), the GmPHDl also 
located in other genes, such as actin. However, the signal was much weaker than that 
in the HML806 and HML1107\ indicating that may be less amount of the GmPHDl 
was located in the actin body. Therefore, it is likely that GmPHDl may be widely 
distributed in some salt stress inducible genes and regulate their expression. 
Transgenic Arabidopsis with GmPHD increased the expression of several proteins 
involved in ROS scavenging, such as monodehydroascorbate reductase, peroxidase 
and some other proteins in the stress signal transduction like the ABI5, an 
ABA-responsive basic leucine zipper transcription factor (Wei et al., 2009), 
supporting my conception that GmPHDl may play important roles in regulate the 
salt stress responsive gene expression. 

At this point, it seems to be controversial when there are reports indicating that 
GmPHD can repress several gene transcriptions, such as some negative regulators of 
stress tolerance in plants (Wei et al., 2009). Although previously the NURF was 
found to mainly involve in the transcription activation, now it is known that the 
Drosophila NURF complex could be recruited by transcriptional repressor Ken 
protein to the STAT-binding sequence overlapped by the Ken-binding sites in 
hemocytes, then repressed STAT responders and regulated the expression of genes 
involved in Drosophila innate immunity (Kwon et al., 2008). Therefore, the NURF 
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complex could active and repress the gene transcription, depending on where the 
nucleosome is positioned by the complex (Kwon et al, 2008). It is likely that the 
GmPHD-GmlSWI complex will work in a similar way to both active and repress 
gene transcription. 

In addition to histone, other non-histone proteins can also be acetylated. So far, 
acetylation in the non-histone proteins is reported to be able to regulate the proteins' 
activity in several ways. First, they can regulate the proteins localization and stability, 
as the observation in p53 where lysine acetylation maintains it in the nucleic and 
prevents it from exposure to proteosome in the cytosol. Second, lysine acetylation 
also induces the protein-protein interaction, for example, the acetyl group supply 
docking sites in p53 for recruitment of transcriptional co-activators, such as TAFl, a 
TFIID subunit. Third, lysine acetylation has also been found in many enzymes, 
including acetyl-CoA synthase, nitric oxide synthase and other metabolic enzymes 
and these modifications usually modulate their activities. More interestingly, several 
acetyltransferase themselves are auto-acetylated, such as p300 and CBP (Yang and 
Seto, 2008). In my studies, I also presented that GmGNATl themselves were 
auto-acetylated and this acetylation would obviously prohibit its interaction with 
GmPHDl. As a histone acetyltransferase which may play roles in regulating gene 
transcription, the auto-acetylation of GmGNATl might function as a brake in the 
gene transcription and therefore represented for a negative regulation mechanism to 
prevent over-response to the stresses, for example keeping a homeostasis of ROS in 
plant. 

In conclusion, GmPHDl might directly bind to some DNA sequence with its N 
termini (Wei et al, 2009), and I proposed that GmPHDl recognized the histone 

123 



H3K4 methylation, especially dimethylation, to stabilize or enhance its interaction 
with DNA at the same time. Subsequently, GmPHDl was able to recruit several 
interaction patterns, such as GmElongin A, GmlSWI, and GmGNATl and they might 
facilitate the chromatin remodeling and further recruit gene transcription machinery 
to induce gene transcription. Under the salinity stress, the GmPHDl was 
up-regulated. Transgenic Arabidopsis with GmPHDl showed greater stress tolerance 
than the wild type plants; likely through upregulating the ROS scavenge system (Wei 
et al., 2009) which played important roles in the plant's response to salinity stress. 
Chromatin immunoprecipitation results indicated that GmPHDl could locate in the 
promoter and body of several salt stress inducible genes in soybean. Self acetylation 
of GmGNATl might play some self-regulation mechanisms to minimize the 
overreaction of the salinity stress response by prohibiting its interaction with 
GmPHDl. Therefore, GmPHDl played a rather important role in regulating the 
transcription of stress related genes under salinity stress and salt stress response in 
soybean. In this way, through the GmPHDl, I managed to correlate epigenetic 
(histone H3K4 methylation) to soybean salinity stress (Figure 4.10). 
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Figure 4.10: A proposed model for GmPHDl in regulating gene expression. 
GmPHDl bound to the promoter region and body of some salt stress inducible genes 
and recruited GmGNAT, GmElongin A and GmlSWI to regulate gene transcription in 

124 



soybean. 
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Chapter 5 Conclusions and perspectives 

Salinity stress is a kind of abiotic stress which severely affects plant growth and crop 
production. My present studies aimed to understand the physiological processes 
involved in the salinity stress and the regulation mechanisms in the salinity stress 
response in soybean. In addition, I believed my data may also be applicable for 
enhancing soybean tolerance to such abiotic stress. 

Previous investigations have confirmed that plants could regulate their metabolome 
and transcriptome to adapt to the salinity stress. My proteomic studies in the soybean 
leaves showed that plant photosynthesis was severely impaired; and the chloroplasts 
were one of the major organelles to be damaged by the salinity stress. Some studies 
also proposed that salt stress could inhibit photosynthesis by reducing water potential 
(Panda and Das, 2005). So one efficient way to increase the soybean tolerance to 
salinity stress is to maintain their water potential, increase their water consumption 
efficiency and induce their photosynthesis under salinity. 
Moreover, my comparative proteomic studies on the salt sensitive cultivated (Union) 
and salt tolerant wild type soybean revealed other biological processes/mechanisms 
that may altered in the affected plant upon salinity stress. In the present study, wild 
type soybean was found to be capable of regulating the expression of several salt 
stress response proteins to control the energy homeostasis, detoxification processes 
and growth even when they did not encounter the salinity stress, which was quite 
similar to the plants' response to salinity stress when they were treated with such 
stress (Urano et al, 2010). This phenomenon could represent a pre-existing tolerance 
mechanism in the wild type soybean. Considering the long history of soil salinity 
even more ancient than humans and agriculture (Zhu, 2001)，it is likely that the wild 
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type soybean achieves this ability during evolution because of the natural selection 
pressure resulted from the surrounding salty environment where they grow. On the 
other hand, some important stress tolerant genes may be lost upon the long term 
man-made selection during artificial breeding, which finally resulted in the genotype 
and phenotype differences between wild type and cultivated soybean. 
Soybean is originated from China, where it has been domesticated for more than 
5000 years. A large collection of soybean germplasms including wild type and 
cultivar are available in China, with observable differences in the salt tolerance 
capabilities in different varieties (Shao, et al., 1993). In addition, previous genetic 
analysis by the cross between a salt tolerance variety (Wenfeng?) and a salt sensitive 
variety (Union) suggests that the salt tolerance ability in soybean is inheritable (Shao 
et al.’ 1994). All these basic researches have implied that it is possible for me to 
obtain new varieties with high productivity and salt tolerance property by artificial 
crossing. My proteomic studies therefore could provide a platform and generate 
protein markers for high-output screening in soybean breeding. 

Interestingly, proteomic comparisons between different developmental stages also 
reveal that proteins involved in the stress response are also regulated in the soybean 
root as they grow. These proteins may play important roles in plant root development, 
as the peroxidases which produce the ROS to regulate root growth. In addition, the 
plant growth may result in a protein redox pressure in the plant cell and thus need the 
detoxification system to maintain the homeostasis of protein redox. However, clear 
understanding these proteins in the plant growth needs further studies. 

I present the first report of histone H3 and H4 variants and their PTMs in the legume 
plant soybean using nano-LC combined with mass spectrometry, mainly focusing on 
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the acetylation and methylation of histone H3 and H4 and their variants (Wu et al, 
2009). Significant differences are found in histone modifications between soybean 
and A. thaliana, especially in histone H3K79 methylation and the modification 
patterns of the two histone H3 variants, suggesting that although the amino acid 
sequences of histories are conserved in evolution, their modification patterns can be 
quite different. The modifications of the variants of soybean histone H3 are also 
different, further proving that histone variants have distinct biological functions 
which are consistent with their specific modification patterns. In addition, the 
dynamic changes of these histone modifications and histone variants upon the 
salinity stress are also investigated. These results present comprehensive information 
for my following studies on understanding the biological functions of histone 
modifications in regulating the DNA transcription in soybean. 

Although several histone modifications have been correlated with plants' response to 
abiotic stresses, the roles they played in this process are still not clear. In my studies, 
I propose a model through which the H3K4 methylation is able to regulate the 
salinity stress response in soybean. I have identified a soybean PHD finger domain 
containing protein, GmPHDl, which is up-regulated under the salinity stress and 
widely expressed in many organs of soybean and it can recognize histone H3K4 
methylation, especially H3K4 dimethylaiton. After binding to the chromatin, 
GmPHDl then functions as a histone code reader to decode the signal under H3K4 
methylation by recruiting several other proteins, such as GmElongin A，GmlSWI, 
and GmGNATl, to remodel the chromatin structure and facilitate gene transcription. 
With chromatin immunoprecipitation assay, the GmPHDl are found to be located in 
the promoter and body of several salt stress inducible genes in soybean, such as 
HML806, HML1107. Moreover, in the transgenic plants, the GmPHDl increases the 
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plants' tolerance to salinity stress by regulating the transcription of genes in ROS 
scavenge system (Wei et al’ 2009)，which have been confirmed to be important in the 
soybean response to salinity stress in my proteomic studies. Therefore, GmPHDl 
may work as a transcription co-activator to regulate the expression of such salt stress 
responsive genes under the salinity stress. At the same time, the activity of the 
GmPHDl protein complex may be auto-regulated by self-acetylation of the 
GmGNATl. Together with previous studies in soybean histone modifications and 
variants, I believe that my present investigations shed some light to better 
understanding the mechanism and functional significance of epigenetics in plants and 
the GmPHDl may be a target with which the plants' tolerance to salinity stress can 
be modulated. 

In order to validate the roles of GmPHDl in regulating the expression of salt stress 
related genes, more regions where the GmPHDl located in the genome are needed to 
be identified in the following studies. My proteomic studies have applied several 
potential candidate regions which can be confirmed by chromatin 
immunoprecipitation. Of course, ChlP-sequencing or ChlP—chip analysis using the 
tiling array will enable the genome-wide identification of the GmPHDl location and 
supply us more information (Kim et al’ 2010). 
Referring to ‘Epigenetics，，which is the 'heritable changes in gene expression not 
attributable to nucleotide sequence variation' (Murrell et al., 2005); an important but 
unclear question can be raised: As a mechanism of epigenetics, can the histone 
modifications induced by the salinity stress be inherited by the next generation in 
plants? If such stress memory does exist, then we may increase the salt tolerance in 
the offspring by monitoring the epigenetic changes in their parents via simple salt 
treatment. However, at present, it is still a task of impossible, since so far we have 
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not understood how these histone modifications pass from the parents to their 
offsprings. In addition, we are still not sure whether epigenetic changes induced by 
abiotic stress might have an adaptive advantage for stress tolerance. Moreover, we 
have no idea what kind of histone modifications are likely to work in this way (Kim 
et al, 2010). Altogether, more efforts are needed in this interesting field in future. 
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