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Abstract

Background: Lysine crotonylation, as a novel evolutionarily conserved type of post-translational modifications, is
ubiquitous and essential in cell biology. However, its functions in tea plants are largely unknown, and the full
functions of lysine crotonylated proteins of tea plants in nitrogen absorption and assimilation remains unclear. Our
study attempts to describe the global profiling of nonhistone lysine crotonylation in tea leaves and to explore how
ammonium (NH4

+) triggers the response mechanism of lysine crotonylome in tea plants.

Results: Here, we performed the global analysis of crotonylome in tea leaves under NH4
+ deficiency/resupply using

high-resolution LC-MS/MS coupled with highly sensitive immune-antibody. A total of 2288 lysine crotonylation sites
on 971 proteins were identified, of which contained in 15 types of crotonylated motifs. Most of crotonylated
proteins were located in chloroplast (37%) and cytoplasm (33%). Compared with NH4

+ deficiency, 120 and 151
crotonylated proteins were significantly changed at 3 h and 3 days of NH4

+ resupply, respectively. Bioinformatics
analysis showed that differentially expressed crotonylated proteins participated in diverse biological processes such
as photosynthesis (PsbO, PsbP, PsbQ, Pbs27, PsaN, PsaF, FNR and ATPase), carbon fixation (rbcs, rbcl, TK, ALDO, PGK
and PRK) and amino acid metabolism (SGAT, GGAT2, SHMT4 and GDC), suggesting that lysine crotonylation played
important roles in these processes. Moreover, the protein-protein interaction analysis revealed that the interactions
of identified crotonylated proteins diversely involved in photosynthesis, carbon fixation and amino acid metabolism.
Interestingly, a large number of enzymes were crotonylated, such as Rubisco, TK, SGAT and GGAT, and their
activities and crotonylation levels changed significantly by sensing ammonium, indicating a potential function of
crotonylation in the regulation of enzyme activities.

Conclusions: The results indicated that the crotonylated proteins had a profound influence on metabolic process
of tea leaves in response to NH4

+ deficiency/resupply, which mainly involved in diverse aspects of primary
metabolic processes by sensing NH4

+, especially in photosynthesis, carbon fixation and amino acid metabolism. The
data might serve as important resources for exploring the roles of lysine crotonylation in N metabolism of tea
plants. Data were available via ProteomeXchange with identifier PXD011610.
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Background
Ammonium (NH4

+) and nitrate (NO3
−) are the major

sources of nitrogen (N) in higher plants. As a kind of
beverage leafy crop, tea plant (Camellia sinensis L.) pre-
ferred NH4

+ over NO3
− [1, 2]. Compared with the NH4

+

supply, the contents of chlorophyll and biomass were
more lower in tea plants when NO3

− was supplied as the
sole nitrogen source [3]. Compared with NO3

− supply,
the biosynthesis of free amino acids and catechins was
more effective in tea plants under NH4

+ supply, resulting
from expression of N transporter genes [4]. NH4

+ defi-
ciency could lead to clearly reduce the accumulation of
amino acid, while NH4

+ supply could improve the status
of carbohydrate in tea plants [1, 4]. Moreover, previous
study in our laboratory showed that the levels of lysine
acetylation in tea leaves changed dynamically under
NH4

+ resupply. And lysine acetylated proteins might
regulate photosynthesis, glycolysis and secondary me-
tabolism in tea leaves after NH4

+ resupply [5]. How-
ever, the global profiling of lysine crotonylated
proteins in tea plants in response to NH4

+ resupply
remains largely unknown.
Post-translational modifications (PTMs) of histone

were well-known for its critical roles in cellular path-
ways, which could change the physicochemical proper-
ties of proteins and affect their activity and stability [6,
7]. As a novel evolutionarily conserved type of PTMs,
the histone crotonylation level could be regulated by cel-
lular concentration of crotonyl-CoA [8]. The previous
reports demonstrated that a subset of genes could be
differentially regulated by histone crotonylation, and se-
lective histone decrotonylation could repress the global
transcription of mouse embryonic stem cells to some ex-
tent [9]. Recently, the global profiling of crotonylation
has been reported in tobacco and rice [10, 11], which re-
vealed that crotonylation was correlated with signal
transduction and cellular physiology. However, there
have not been systematically reported about the dynamic
viewing of nonhistone lysine crotonylation responding to
N, especially ammonium. In order to explore whether
the crotonylation is connected with NH4

+ resupply and
to obtain a comprehensive characterization of lysine cro-
tonylation in tea leaves, we adopted an integrated system
using the peptide prefractionation, immunoaffinity en-
richment, and coupling with highly sensitive mass spec-
trometry combined with affinity purification analysis.
We examined the crotonylated proteins in tea leaves
under NH4

+ deficiency/resupply and analyzed the Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) and protein-protein interaction (PPI) of
these proteins. This research not only greatly extended
the list of crotonylated proteins in tea plants but also
paved the way for exploring the roles of crotonylated
proteins in the utilization of N in tea plants.

Methods
Plant materials and growth conditions
The 1-year-old seedlings of the tea plants cultivar ‘QN3’
planted in pots at the greenhouse of the Tea Research
Institute, Qingdao Agricultural University in Shandong
Province of China (36°19′ N, 120°23′ E, 54.88 m above
the sea level), were used to Hydroponics. For hydropon-
ics, the tea plants were suspended in a hydroponic nutri-
ent solution (Additional file 1). The growth conditions
were set as follows: temperature, 25 ± 1 °C /15 ± 1 °C (14
h day/10 h night); lighting, 260–280 μM•m− 2•s− 1 photon
flux densities; and humidity, 75 ± 5% relative humidity.
After hydroponic seedlings were grown in the green-
house for two weeks to recover, which used to perform
the NH4

+ deficiency/resupply experiments. Firstly,
hydroponic seedlings were transferred to NH4

+ defi-
ciency nutrient solution ((NH4)2SO4 deleted) for 14 days
(tea plants of NH4

+ deficiency). Then, these seedlings
were retransferred to NH4

+ resupply nutrient solution
((NH4)2SO4 added) for 3 days. Finally, the third and/or
fourth mature leaves from the terminal bud were sam-
pled at NH4

+ deficiency (DN), 3 h (3hN) and 3 days
(3dN) of NH4

+ resupply. All samples were quickly frozen
in liquid nitrogen and stored at − 80 °C for further study.
Three biological replicates were performed for each
sampling time point.

Physiological determinations
For physiological experiments, more than ten plants
were harvested and pooled for each treatment group at
DN, 3hN and 3dN. And the leaves were collected three
times as biological replicates. The nitrogen content (NC)
of tea leaves was measured after Kjeldahl digestion. The
chlorophyll content (CC) of samples was measured as
described by Lichtenthaler et al [12]. The measurement
of obtain maximum photochemical quantum yield of PS
II (Fv/Fm) referred to Zheng et al. [13]. Samples were
analyzed for the contents of free amino acids (AA), and
measurement followed the Sate Standard of China for
tea content determination recorded as: GB 8314–87.

Western blot
The samples of tea leaves that in been grown in the
presence of DN, 3hN and 3dN, were performed by west-
ern blotting (WB) analysis based on a previously de-
scribed method [14]. For western blot, protein was
diluted with SDS loading buffer, and 30 μg protein of
each sample was separated by 12% SDS-PAGE and
electro-blotted onto PVDF. First antibody and second
antibody were probed using Anti-crotonyllysine Anti-
body (PTM-502, PTM Biolabs, Hangzhou, China) in the
1:1000 dilution and HRP AffiniPure Goat Anti-Rabbit
IgG (31,430, Thermo Fisher Scientific, Waltham, USA)
in 1:10000 dilution, respectively.
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Protein extraction and digestion
The protein extraction and digestion of the samples were
following by previous method [15]. And then the protein
solution was reduced with 5mM dithiothreitol for 30min
at 56 °C and alkylated with 11mM iodoacetamide for 15
min at room temperature in darkness. The protein sample
was then diluted by adding 100mM NH4HCO3 to urea
concentration less than 2M. Finally, trypsin (Promega,
Madison, WI, USA) was added at 1:50 trypsin-to-protein
mass ratio for 12 h and 1:100 trypsin-to-protein mass ratio
for a second 4 h-digestion. And the more detailed infor-
mation was shown in Additional file 2.

HPLC fractionation and affinity enrichment
For global proteome analysis, the tryptic peptides were
fractionated into fractions by high pH reverse-phase
HPLC using Agilent 300 Extend C18 column (5 μm par-
ticles, 4.6 mm ID, 250 mm length). Briefly, peptides were
first separated with a gradient of 8 to 32% acetonitrile
(pH 9.0, Fisher Chemical) over 60 min into 60 fractions.
Then, the peptides were combined into four fractions
and dried by vacuum centrifuging. 200 μg peptides were
used for HPLC fractionation in this process.
To enrich crotonylated peptides, tryptic peptides dis-

solved in NETN buffer (100Mm NaCl, 1 mM EDTA, 50
mM Tris-HCl, 0.5% NP-40, pH 8.0) were incubated with
pre-washed antibody beads (PTM-402, PTM Biolabs,
Hangzhou, China) at 4 °C overnight with gentle shaking.
Then the beads were washed four times with NETN buf-
fer and twice with H2O. The bound peptides were eluted
from the beads with 0.1% trifluoroacetic acid (Sigma,
Saint Louis, USA). Finally, the eluted fractions were
combined and vacuum-dried. For LC-MS/MS analysis,
the resulting peptides were desalted with C18 ZipTips
(Millipore, Saint Louis, USA) according to the manufac-
turer’s instructions, followed by LC-MS/MS analysis. In
this process, 1.5 mg peptides were used for each affinity
enrichment.

LC-MS/MS analysis
The tryptic peptides were dissolved in solvent A (water
on 0.1% formic acid) and directly loaded onto a
home-made reversed-phase analytical column (15-cm
length, 75 μm i.d.). For global proteome analysis, the gra-
dient of was comprised of an increase from 6 to 23%
solvent B (0.1% formic acid in 90% acetonitrile) over 40
min, 23 to 35% in 14min and climbing to 80% in 3 min
then holding at 80% for the last 3 min, all at a constant
flow rate of 400 nL/min on an EASY-nLC 1000 UPLC
system (Thermo Fisher Scientific, Waltham, USA). For
crotonylome analysis, the gradient of was comprised of
an increase from 7 to 25% solvent B (0.1% formic acid in
90% acetonitrile) over 38 min, 25 to 40% in 14 min and
climbing to 80% in 4 min then holding at 80% for the

last 4 min, all at a constant flow rate of 700 nL/min on
an EASY-nLC 1000 UPLC system.
The peptides were subjected to NSI (neutral spray

ionization) source followed by tandem mass spectrom-
etry (MS/MS) in Q Exactive™ Plus (Thermo Fisher Sci-
entific, Waltham, USA) coupled online to the UPLC.
The electrospray voltage applied was 2.0 Kv for crotony-
lome analysis or 2.1 Kv for global proteome analysis.
The m/z scan range was 350 to 1800 for full scan, and
intact peptides were detected in the Orbitrap at a reso-
lution of 70,000. Peptides were then selected for MS/MS
using NCE setting as 28 and the fragments were de-
tected in the Orbitrap at a resolution of 17,500. In order
to improve the efficiency of mass spectrometry, auto-
matic gain control (AGC) was set at 5E4, signal thresh-
old was set at 10000 ions/s for crotonylome analysis or
20,000 ions/s for global proteome analysis, the max-
imum injection time was set at 200ms for crotonylome
analysis or 100ms for global proteome analysis, and the
dynamic exclusion time of tandem mass spectrometry
was set at 15 s for crotonylome analysis or 30 s for global
proteome analysis.

Database search and bioinformatic analysis
For protein quantification of global proteome and croto-
nylome, the resulting MS/MS data were processed using
MaxQuant search engine (v.1.5.2.8). Tandem mass spec-
tra were searched against Camellia sinensis database
(36,951 sequences, http://www.plantkingdomgdb.com/
tea_tree/) concatenated with reverse decoy database.
Trypsin/P was specified as cleavage enzyme allowing up
to 4 missing cleavages for lysine crotonylome, and 2
missing cleavages for global proteome. The mass toler-
ance for precursor ions was set as 20 ppm in First search
and 5 ppm in Main search, and the mass tolerance for
fragment ions was set as 0.02 Da. For global proteome
analysis, carbamidomethyl on Cys was specified as fixed
modification, oxidation on Met and acetylation on the
protein N-terminus was specified as variable modifica-
tions. For crotonylome analysis, carbamidomethyl on
Cys for fixed modification and oxidation on Met, croto-
nylation on lysine and acetylation on the protein
N-terminus for variable modifications. And then,
Label-free quantification method was LFQ, FDR was ad-
justed to < 1% and minimum score for peptides or modi-
fied peptides were set > 40.
Soft motif-x (http://motif-x.med.harvard.edu/) was

used to analyze the model of sequences with amino acids
in specific positions of modify-21-mers (10 amino acids
upstream and downstream of the site) in all protein se-
quences. The subcellular localization was performed by
wolfpsort (http://www.genscript.com/wolf-psort.html).
The GO annotation and enrichment analyses were done
by UniProt-GOA database (http://www.ebi.ac.uk/GOA/).
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KEGG database was adopted for the enrichment of path-
ways by functional annotation tool of DAVID against the
background of Camellia sinensis. To perform a PPI net-
work analysis, the STRING database (http://string-db.
org/) was used and then functional protein interaction
networks were visualized by using Cytoscape (v.3.7.0).

Enzyme assays
The activity of Rubisco, TK, PRK, SGAT, GGAT and
SHMT were measured at DN, 3hN and 3dN in tea
leaves, using ELISA kit from Jiangsu Meimian industrial
Co. Ltd. The enzyme activity was tested using ELISA kit
from Jiangsu Meimian industrial Co. Ltd. in 50 mg sam-
ple of each enzyme. Finally, the reaction was terminated
by the addition of a sulphuric acid solution and the color
change was measured spectrophotometrically at a wave-
length of 450 nm. Each treatment was designed with
three replicates randomly. The more detail information
was shown in Additional file 3.

Results
Physiological characterization of tea leaves after NH4

+

resupply
To describe the major physiological changes of tea
plants in varying NH4

+ resupply, we measured the NC,
CC, Fv/Fm and AA under NH4

+ deficiency/resupply
(Additional file 4: Figure S1). We found that NC, CC,
Fv/Fm and AA at DN were all lower than those of NH4

+

resupply, and they showed upward trends with the NH4
+

resupply prolonged (3hN and 3dN). These results indi-
cated that NH4

+ could affect the physiological property
of tea leaves.

WB analysis of tea leaves after NH4
+ resupply

In order to test whether there was crotonylation in pro-
teins of tea leaves after NH4

+ resupply, we performed
SDS-PAGE and WB analysis. As a quantitative control
in three samples, the results of SDS-PAGE showed that
the amount of proteins added to the three samples was
consistent (Additional file 4: Figure S2). And then, the
results of WB showed that proteins in tea leaves were
widely crotonylated, and crotonylation levels showed
changes between each time point (Fig. 1a), suggesting
that lysine crotonylation underwent significantly dy-
namic changes in response to NH4

+ resupply.

Detection of lysine crotonylome and global proteome in
tea leaves
In this study, we combined antibody against crotony-
lated lysine, LC −MS/MS and intensive bioinformatics
for comprehensive study of lysine crotonylome in tea
leaves upon NH4

+ treatment. In order to validate the MS
data, we firstly checked the mass error of the identified
peptides. The distribution of mass errors was near zero,
and most errors were less than 4 ppm, indicating the ac-
curacy of the MS data (Fig. 1b). The lengths of most

Fig. 1 The WB analysis and proteome-wide identification of lysine crotonylation sites in tea leaves. a WB analysis of the total protein content of
tea leaves showing duplicates at three time-points after NH4

+ resupply. b The mass error distributions of crotonylation profiles. c The peptide
length distributions of crotonylation profiles
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identified peptides were in the range of 7 to 17 amino
acids, which were consistent with the property of tryptic
peptides, indicating that the sample preparation achieved
a reasonable standard (Fig. 1c). Each treatment was de-
signed with three biological replicates. As a result, a total
of 2260 modified peptides were identified on 971 proteins,
containing 2288 crotonylation sites (Additional file 5).
Among of them, the majority of crotonylated proteins
(698, 71.9%) identified contained only one or two crotony-
lation sites (Additional file 4: Figure S3). Fifty representa-
tive LC-MS/MS spectra of crotonylated peptides were
shown in Additional file 6. Furthermore, global proteome
data for normalization were also collected with identified
5312 protein groups (Additional file 7).

Functional classification and motif analysis of the lysine
crotonylome in tea leaves
To better understand the function of proteins in crotony-
lome and global proteome, we conducted their functional
classification. The results of subcellular localization re-
vealed that a majority of crotonylated proteins were
mainly located in chloroplast (36.8%), cytoplasm (33.0%)
and nucleus (13.7%), suggesting that the crotonylated pro-
teins distributed broadly in tea leaves (Additional file 8:
Fig. 2a). The subcellular localization of global proteome
showed that the proteins were mainly located in chloro-
plast (34.7%), cytoplasm (30.3%) and nucleus (17.8%).
Then, the analysis of molecular functions showed that
crotonylated proteins and global proteins presented a
similar pattern, and the vast majority of proteins partici-
pated in binding and catalytic activity (Additional file 8:
Fig. 2b). And the percentage of crotonylome and global
proteome in each category was also very close. Based on

the results, we found that the subcellular localization and
molecular functions between the crotonylome and global
proteome have no significant difference.
To determine whether there were any specific amino

acid biases adjacent to crotonylation sites, we investi-
gated the sequence of all identified crotonylated peptides
with the motif-x program (Additional file 9). As a result,
the amino acid sequences were classified into 15 con-
served motifs, including E-1Kcr, KcrD + 1 K + 7, KcrK + 5,
KcrD + 7, A-1Kcr, KcrE+ 1/+ 6, K-10/− 9/−7Kcr, E-1KcrK +
7, K-7/−6KcrE+ 1, A-2KcrK + 1 (Fig. 3a). Among them,
E-1Kcr, KcrD + 1, A-1Kcr, KcrD + 1 and KcrE+ 1 have been
reported as crotonylation motifs [10, 16], while the
others were first reported in our study. In addition, we
found that the abundances of E-1Kcr, E-1Kcr, KcrK + 7
and KcrD + 1 were comparatively higher than the other
11 conserved motifs (Fig. 3b). In accordance with these
findings, crotonylation was preferred on lysine residues
that adjacent to alanine, glutamate and lysine (Fig. 3c).

The crotonylated proteins in tea leaves after NH4
+

resupply
From these, we quantified 2164 crotonylation sites on
945 proteins, and then normalized the quantitative lysine
crotonylome with the data of the global proteome (Add-
itional file 10). Compared with the NH4

+ deficiency, 232
crotonylation sites on 183 proteins were up-regulated
and 72 crotonylation sites on 63 proteins were
down-regulated at 3hN based on a fold-change thresh-
old > 1.5, whereas 218 crotonylation sites on 172 pro-
teins were up-regulated and 57 crotonylation sites on 52
proteins were down-regulated at 3dN (Additional file 11).
Furthermore, 39 crotonylation sites on 33 proteins were

Fig. 2 Functional classification of lysine crotonylome compared to global proteome. a Subcellular localization of lysine crotonylome compared to
global proteome. b Molecular function of lysine crotonylome compared to global proteome. Abbreviation: Chlo for chloroplast, Cyto for
cytoplasm, Nucl for nucleus, Mito for mitochondria, Plas for plasma membrane, Extr for extracellular, Bind for binding, Cata for catalytic activity,
Stru for structural molecule activity, Tran for transporter activity, Anti for antioxidant activity, and Elec for electron carrier activity
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up-regulated and 71 crotonylation sites on 50 proteins
were down-regulated at 3dN/3hN. These results proved
that lysine crotonylation in tea leaves could directly re-
spond to NH4

+ resupply.

Design of Venn diagram and functional analysis of lysine
crotonylated proteins
To deeply investigate the cellular processes regulated by
crotonylation in tea leaves at 3 h and 3d of NH4

+ resup-
ply, a Venn diagram of differentially expressed crotony-
lated proteins (DCPs) was structured (Additional file 4:
Figure S4, Additional file 12). We found that 121 DCPs
were specifically observed at 3hN/DN, and 143 DCPs
were specifically observed at 3dN/DN. Moreover, 94
DCPs were identical in two conditions. These results
proved that the expression of crotonylated proteins was
specific at different time points of NH4

+ resupply.
To explore the relevant biological functions and pathways,

we performed GO and KEGG enrichment analysis based on
the data of Venn analysis (Additional files 13 to 14). The re-
sults showed that GO terms of DCPs were enriched exclu-
sively at 3hN/DN, such as structural molecule activity, metal
ion binding, cation binding, protein folding and structural

constituent of ribosome (Fig. 4a). The GO terms of common
DCPs in 3hN/DN and 3dN/DN were similar and both in-
cluded terms associated with lyase activity, carbon-carbon
lyase activity, fructose bisphosphate aldolase activity, carbo-
hydrate binding and carbon fixation (Fig. 4b). Moreover, GO
terms of DCPs were enriched exclusively at 3dN/DN, such
as protein heterodimerization activity, nucleosome, DNA
packaging complex, chromatin and glycine metabolic
process (Fig. 4c). These results implied that crotonylated
proteins in tea leaves plays an important role in these pro-
cesses by sensing NH4

+ nutrition.
KEGG pathway analysis showed that 3hN/DN-specific

DCPs were enriched to ribosome, protein processing in
endoplasmic reticulum, phenylpropanoid biosynthesis
and plant−pathogen interaction (Fig. 4d). Furthermore,
common DCPs modulated at 3hN/DN and 3dN/DN
were enriched to similar pathways, including photosyn-
thesis, carbon fixation in photosynthetic organisms, pro-
tein export and other glycan degradation (Fig. 4e). In
addition, many 3dN/DN-specific DCPs were enriched to
carbon metabolism, glyoxylate and dicarboxylate metab-
olism, peroxisome, glycine, serine and threonine metab-
olism (Fig. 4f ). In total, crotonylated proteins in tea

Fig. 3 Motif analysis of lysine crotonylated peptides. a Crotonylated sequence motifs and conservation of crotonylation sites. The 0 position K
refers to the crotonylation sites. b Number of identified peptides containing crotonylation in each motif. c Heatmap of the amino acid
compositions of the crotonylation sites showing the frequency of the different of amino acids around the crotonylation. “+ 1” and “-1” represent
the position around the crotonylation
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leaves after NH4
+ resupply was involved in photosynthesis,

carbon metabolism, glyoxylate and dicarboxylate metabol-
ism, ribosome, glycine, serine and threonine metabolism.

The analysis of interaction network in lysine crotonylated
proteins
To deeply understand the interactions of crotonylated
proteins, we constructed the PPI networks for DCPs
(Additional file 15). The results showed that 86 specific

DCPs were closely connected at 3hN/DN, which
mapped to the protein interaction database (Fig. 5a).
There was a strong interaction between crotonylated
proteins involved in photosynthesis or biosynthesis of
amino acids. In this network, 28 crotonylated proteins
were identified with the node degree over 10, such as
endoplasmin homolog and ALDO. Furthermore, 66
common DCPs were closely connected between 3hN/
DN and 3dN/DN (Fig. 5b). There was a close interaction

Fig. 4 Enrichment analysis of DCPs in tea leaves after NH4
+ resupply. a GO enrichment analysis of specific DCPs at 3hN/DN. b GO enrichment

analysis of common DCPs at 3hN/DN and3dN/DN. c GO enrichment analysis of specific DCPs at 3dN/DN. d KEGG pathway enrichment analysis of
specific DCPs at 3hN/DN. e KEGG pathway enrichment analysis of common DCPs at 3hN/DN and3dN/DN. f KEGG pathway enrichment analysis of
specific DCPs at 3dN/DN
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between crotonylated proteins involved in photosyn-
thesis, carbon metabolism and biosynthesis of amino
acids. Of which 16 crotonylated proteins were identified
with the node degree over 10, such as FNR, PsbO and
PsaN. In addition, 70 specific DCPs were closely con-
nected at 3dN/DN (Fig. 5c). There was a close inter-
action between crotonylated proteins involved in carbon
fixation or glycine, serine and threonine metabolism.
Thereinto, 21 crotonylated proteins were identified with
the node degree over 10, such as SBPase, SHMT,

γ-ATPase and PRK. These results can be clearly seen that
crotonylated proteins had a close interaction in many pri-
mary metabolic processes of tea leaves under NH4

+ defi-
ciency/resupply.

The changes of crotonylation sites on crotonylated
proteins involved in photosynthesis
To deeply investigate the photosynthesis regulated by ly-
sine crotonylation, we summarized the crotonylated pro-
teins in tea leaves under NH4

+ deficiency/resupply

Fig. 5 PPI network of DCPs after NH4
+ resupply. a The PPI of specific DCPs at 3hN/DN. b The PPI of common DCPs at 3hN/DN and3dN/DN, c The

PPI of specific DCPs at 3dN/DN
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(Fig. 6a, Additional file 16). We found that there were 6
crotonylation sites on 4 specific crotonylated proteins chan-
ged obviously at 3hN/DN, containing K270 (up-regulated)
and K144 (down-regulated) on PsbO, K119 (down-regu-
lated) and k247 (up-regulated) on PsbP, K147 (down-regu-
lated) on PsbQ and K185 (down-regulated) on PsbS.
Meanwhile, there were 5 crotonylation sites on 5 common
crotonylated proteins changed significantly between 3hN/
DN and 3dN/DN, containing K159 (down-regulated) on
PsaN, K121 (down-regulated) on PsbO, K121 (up-regu-
lated) on Pbs27, K238 (down-regulated) on FNR and K117
(down-regulated) on δ-ATPase. Among them, K121
on PsbO and K117 on δ-ATPase decreased more than
3 times and 2 time from 3hN to 3dN, respectively.
Furthermore, at 3dN/DN, there were 6 crotonylation
sites on 4 specific crotonylated proteins changed sig-
nificantly, including K124 (up-regulated) on PsaF,
K116 (up-regulated) and K169 (up-regulated) on
Pbs27, K81 (up-regulated) and K203 (up-regulated) on
FNR and K194 (up-regulated) on γ-ATPase.

The changes of crotonylation sites on crotonylated
proteins involved in carbon fixation
To check into the carbon fixation in photosynthetic or-
ganisms regulated by lysine crotonylation, we mainly an-
alyzed the crotonylated proteins of Calvin cycle in tea
leaves under NH4

+ deficiency/resupply (Fig. 6b, Add-
itional file 17). We found that there were 2 crotonylation
sites on 2 specific crotonylated proteins marked change
at 3hN/DN, containing K138 (down-regulated) on rbcs
and K314 (up-regulated) on TK. Meanwhile, there were
7 crotonylation sites on 4 common crotonylated proteins
changed significantly between 3hN/DN and 3dN/DN,
such as K190 (up-regulated) on rbcl, K84 (down-regu-
lated) on rbcs, K172 (up-regulated) and K4 (up-regu-
lated) on ALDO, K133 (up-regulated) and K710
(up-regulated) on TK. Furthermore, at 3dN/DN, there
were 15 crotonylation sites on 9 specific crotonylated
proteins changed highly, including K63 (up-regulated),
K110 (up-regulated), K144 (up-regulated) and K160
(up-regulated) on rbcs, K480 (up-regulated) on TK,

Fig. 6 DEPs in involved in primary metabolic processes after NH4
+ resupply. a photosynthesis. b Calvin cycle. c glycine, serine and threonine

metabolism. The rectangle was divided into three equal parts (the left of rectangle represented specific DCPs at 3hN/DN; the middle of rectangle
represented common DCPs at 3hN/DN and 3dN/DN; the right of rectangle represented specific DCPs at 3dN/DN). The color in the rectangle
represents the crotonylated proteins were regulated after NH4

+ resupply (red indicated up-regulation; yellow indicates mutli-regulation; green
indicated down-regulation)
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K207 (up-regulated) and K233 (down-regulated) on
PRK, K125 (up-regulated) on PGK, K212 (up-regulated)
on RPIA, K80 (up-regulated) on ALDO, K108 (up-regu-
lated) and K305 (up-regulated) on SBPase. Among them,
K207 on PRK, K212 on RPIA, K63 and K144 on rbcs
were up-regulated from 3 h to 3d of NH4

+ resupply.

The changes of crotonylation sites on crotonylated
proteins involved in amino acid metabolism
To deeply research the amino acid metabolism regulated
by lysine crotonylation, especially glycine, serine and
threonine (Fig. 6c, Additional file 18), we characterized
the crotonylated proteins in tea leaves under NH4

+ defi-
ciency/resupply. Interestingly, there was no significant
change in crotonylated proteins at 3hN/DN. However,
there were 12 crotonylation sites on 7 specific crotony-
lated proteins changed dramatically at 3dN/DN, such as
K52 (up-regulated) on SGAT, K441 (up-regulated) on
SHMT4, K4 (up-regulated), K35 (up-regulated) and
K357 (up-regulated) on GGAT2, K478 (up-regulated)
and K265 (down-regulated) on GDC, K146 (up-regu-
lated) and (up-regulated) K201 on LPD1. And K146 on
LPD1 also was up-regulated from 3hN to 3dN.

The changes of enzymatic activity and protein contents
of DCPs
To investigate whether the activities of DCPs were
changed after NH4

+ resupply, we measured the activ-
ity of six DCPs involved in Calvin cycle, serine and
glycine metabolism, respectively (Additional file 19).
Among them, Rubisco (rbcl and rbcs were subunits
of Rubisco), TK and PRK were the key enzymes for
CO2 fixation, reduction of 3-phosphoglycerate and
ribulose-1,5-bisphosphate (RUBP) regeneration in Cal-
vin cycle, respectively. Meanwhile, SGAT, GGAT and
SHMT were directly involved in serine and glycine
synthesis. As a result, the activity of Rubisco, TK and
PRK were significantly enhanced after NH4

+ resupply.
And the activity of SGAT, GGAT and SHMT were
specifically increased at 3dN. Besides, we found that
the expression levels of some proteins had no signifi-
cant change (F > 1.5, P < 0.05) after NH4

+ resupply
which were dramatically expressed at crotonylation
level involved in Calvin cycle and serine and glycine
synthesis (Additional file 20).

Discussion
As a kind of evergreen crop, tea plants highly prefer to
NH4

+. However, the lysine crotonylation of proteins in
tea leaves responding to NH4

+ nutrition has not been
studied. Therefore, we investigated the global profiling
of lysine crotonylation in tea leaves under NH4

+ defi-
ciency/resupply. A total of 2288 high-confident crotony-
lation sites on 971 proteins were identified, which

greatly expanded the catalog of crotonylated proteins in
plants. With the quantitative lysine crotonylome data
normalized to the data of the global proteome, we no-
ticed that hundreds of lysine residues and crotonylated
proteins changed significantly during NH4

+ resupply.
These DCPs were associated with primary metabolism,
including photosynthesis, carbon fixation and amino
acid metabolism. The PPI network analysis also indi-
cated that a wide range of protein interactions involved
in these biological processes was likely modulated by
crotonylation.

DCPs participated in photosynthesis after NH4
+ resupply

Photosynthesis could convert light energy into chemical
energy to synthesize NADPH and ATP. Previous re-
search showed that total photosynthetic performances
were positively correlated with N content [17]. N deficient
leaves damaged capacity for electron transport, thus limit-
ing ATP synthesis and RuBP regeneration [18, 19]. In our
study, we noticed that NC and Fv/Fm showed upward
trends after NH4

+ resupply. Moreover, large proportions
of crotonylated proteins related to photosynthesis were
significantly changed after NH4

+ resupply (Fig. 6a), mainly
including PsbO, PsbP, PsbQ, Pbs27, PsaN, PsaF, FNR,
γ-ATPase and δ-ATPase, suggesting that lysine crotonyla-
tion could play active roles in response to NH4

+ resupply.
PS II was a protein complexes that converted light en-

ergy into the electrochemical potential energy required
to split water into H+, electrons, and molecular oxygen,
which was dynamic and constantly underwent assembly,
disassembly and repair [20, 21]. However, the rate of
repairment and destruction of PS II was unbalanced under
various stress conditions, like N deficiency [22, 23]. PsbO,
PsbP and PsbQ were extrinsic proteins of PS II complexes,
which were indispensable for photosynthetic oxygen evo-
lution and essential for the regulation and stabilization of
PS II in higher plants [24, 25]. However, the information
about PsbO, PsbP and PsbQ in tea plants were very lim-
ited. In this research, the crotonylated PsbO (K121, K144
and K270), PsbP (K119 and K247) and PsbQ (K147) were
significantly changed at crotonylation level after NH4

+ re-
supply. So, our results could provide references for explor-
ing the functions of related proteins and improving the
stability of PS II in tea leaves after NH4

+ resupply. In
addition, lipoprotein Pbs27 was involved in assembly of
the water-splitting site of PS II and the turnover of the
complex [26]. In our research, crotonylated Pbs27 was sig-
nificantly up-regulated at K121 and K116, K121 and K169
at 3hN/DN and 3dN/DN, respectively. This suggested that
the crotonylated Psb27 might play a positive function in
repair of PS II after NH4

+ resupply. Thus, considering the
dynamic changes of crotonylated proteins and the upward
trends of Fv/Fm after NH4

+ resupply, we speculate that
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NH4
+ could influence the crotonylation levels of proteins

contained in PS II, thus modulating the activity of PS II.
As a sunlight energy converter, the regulation of PS I

cyclic electron transport has been considered necessary
for photosynthesis and plant growth. N deficiency pref-
erentially affected the activity of PS I, which displayed
lower efficiencies for electron flow from intermediate
carriers to final PS I acceptors [26]. In PS I, PsaN and
PsaF were essential intermediates for electron transfer-
ring from plastocyanin to the oxidized reaction centre of
P700+. In the present study, crotonylated PsaN (K159)
was significantly down-regulated at 3hN/DN and 3dN/
DN, while crotonylated PsaF (K124) up-regulated only at
3dN/DN. In addition, we found that crotonylated FNR
(K81 and K203), γ-ATPase synthase (K195) and
δ-ATPase (K117) were notably changed at 3dN/DN.
And K117 on δ-ATPase decreased more than 2 time
from 3hN to 3dN. It was reported that FNR had been
implicated in cyclic electron transfer around PS I, which
catalyzed the last of the light reactions by transferring
electrons from ferredoxin to NADP+, and was essential
for efficient photosynthetic performance [17, 27]. As
subunits of ATP synthase, γ-ATPase and δ-ATPase were
participated in creating the energy storage molecule
ATP, which could facilitate electron transport in both PS
I and PS II [28, 29]. From the above, we speculate that
lysine crotonylation played important roles in electron
transport of PS I in tea leaves after NH4

+ resupply, and
specific expression of crotonylated FNR, γ-ATPase and
δ-ATPase could have a significant effect on promoting
photosynthetic electron transport.

DCPs involved in the carbon fixation after NH4
+ resupply

Under abiotic stress, particularly in nitrogen nutrition
changes, plants gradually adjust the mechanisms of car-
bon metabolism. Several papers described that N defi-
ciency exacerbated the limitations of photosynthesis
performance by reducing the capacity of key enzymes in-
volved in carbon fixation [30, 31]. The Calvin cycle is
the primary pathway of carbon fixation. Previous study
showed that the transcription levels of genes in the Cal-
vin cycle had distinctly changed when N deficiency seed-
lings received N [32]. In this work, the almost all
enzymes in the Calvin cycle were specifically expressed
at crotonylation level after NH4

+ resupply (Fig. 6b), such
as rbcs, rbcl, TK, ALDO, PGK and PRK, suggesting that
lysine crotonylation participated in the regulation of car-
bon fixation in tea leaves under NH4

+ resupply.
Rubisco catalyzes the carboxylation of RuBP, which is

the first step of the Calvin cycle. Previous studies
showed that the content of Rubisco was strictly con-
trolled to maintain C/N balance, and the N source pro-
vided by Rubisco degradation under N deficiency [30]. N
deficiency reduced the activity of Rubisco in Arabidopsis

and Kentucky Bluegrass, while the activity of Rubisco in-
creased with increasing N content [33, 34]. The results
from the current paper indicated that the activity of Ru-
bisco increased after NH4

+ resupply, crotonylated rbcs
(K63, K110, K144 and K160) and rbcl (K190) changed
significantly. However, the expressions of rbcs and rbcl
showed no significant changes at protein level after
NH4

+ resupply. So, we speculate that lysine crotonylation
was closely related to the activity of Rubisco, and crotony-
lated Rubisco had a role in regulating the carboxylation of
RuBP and the balance of C/N after NH4

+ resupply.
TK centrally locates in the Calvin cycle where it cata-

lyzes the generation of ribose 5-phosphate and erythrose
4-phosphate. Up to now, the crotonylated TK has not
been reported in plants. In this research, the activity of
TK and the abundance of crotonylated TK were in-
creased after NH4

+ resupply. Because TK was important
to maintaining RuBP regeneration and aromatic amino
acids synthesis [35, 36], crotonylated TK might be con-
tributing to the regulation of these processes in tea
leaves after NH4

+ resupply.
PRK catalyzes the phosphorylation of D-Ribulose

5-phosphate into RuBP, which is the last step of the
Calvin cycle. The activity of PRK often determined
the metabolic rate in organisms for which carbon fix-
ation was key to survival [37]. Low N reduced the ac-
tivity and content of PRK in transgenic tobacco, thus
limiting photosynthesis and biomass production [38].
In this study, K207 on PRK was increased after NH4

+

resupply. The crotonylated PRK (K207 and K233) was
significantly changed at 3dN, and the activity of PRK
was increased under NH4

+ deficiency/resupply. As a
consequence, we deduce that the crotonylated PRK
played key roles in RuBP regeneration after NH4

+

resupply.

DCPs involved in the amino acid metabolism after NH4
+

resupply
The high levels of amino acids principally contributed to
mellowness and freshness in tea [39]. NH4

+ supply was
found to effectively enhance the biosynthesis of cate-
chins and free amino acids in tea leaves [1]. Our present
study showed that the content of free amino acids was
significantly increased after NH4

+ resupply, and large
amounts of enzymes participated in glycine, serine and
threonine metabolism were specifically changed at cro-
tonylation level after 3dN, not at 3hN (Fig. 6c), suggest-
ing that lysine crotonylation could selectively participate
in the amino acid metabolism under NH4

+ deficiency/
resupply.
GGAT and SGAT can function cooperatively in the

production of glycine. Previous research showed that the
activity of GGAT was sharply down-regulated and the
activity of SGAT was little affected in rice under N
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deficiency. The substrate glutamate was accumulated
while downstream products of glycine and serine were
significantly reduced, indicated that the glycine forma-
tion from glyoxylate relies sensitively on GGAT than
SGAT [40]. However, the response mechanism of
SGAT and GGAT at crotonylation level have not been
reported. In this research, we found that the activity
of GGAT and SGAT were increased at 3dN, and cro-
tonylated GGAT (K4, K35 and K367) and SGAT
(K52) were significantly up-regulated, while GGAT
and SGAT were not significantly changed at protein
level after NH4

+ resupply. We contemplate that lysine
crotonylation might participate in regulating the activ-
ity of GGAT and SGAT after NH4

+ resupply, but it
still needs further investigation. In addition, according
to previous reports, the improvement of GGAT activ-
ity could enhance the efficiency of nitrate and ammo-
nium assimilation [41]. Thus, the crotonylated GGAT
might plays important roles in N metabolism and gly-
cine formation in tea leaves after NH4

+ resupply.
SHMT is an essential player in the serine homeostasis,

which catalyzes the reversible serine to glycine conver-
sion. In microalgae, the SHMT might aid in maintaining
cellular homeostasis during later stages of N deficiency
[42]. In Agrostis stolonifera, the abundance of SHMT de-
creased with N deficiency, affecting the biosynthesis of
amino acids and lipids [43]. In this study, the abundance
of SHMT showed no remarkable change under NH4

+

deficiency/resupply, while the activity of SHMT and the
abundance of crotonylated SHMT4 (SHMT subunit)
were significantly increased at 3dN/DN. We have reason
to deduce that the crotonylated SHMT4 might affect the
activity of SHMT and then consequently regulate the
amino acids homeostasis in tea leaves after NH4

+

resupply.

Conclusion
Above all, lysine crotonylation in tea leaves subjected
to NH4

+ deficiency/resupply was described as a pio-
neering study of crop. We quantified 2288 crotonyla-
tion sites on 971 proteins in tea leaves. After
NH4

+resupply, the crotonylated proteins played key
roles in primary metabolic processes, especially in
photosynthesis, carbon fixation and amino acid me-
tabolism in tea leaves. Furthermore, the results of
analysis implied that lysine crotonylation was associ-
ated with activities of certain enzymes by sensing
NH4

+. The ultimate function of the crotonylated
proteins requires further thoroughly research by
site-specific crotonylation antibodies. The information
obtained from the lysine crotonylation could be help-
ful in exploring metabolic mechanism of proteins of
tea plants in response to N.
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