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Abstract: The urgency of developing thermotolerant crops is highlighted by the threat of global 8 

warming to plant survival and its detrimental impact on growth and agricultural productivity. 9 

Achieving this objective requires a deep understanding of plant responses to heat stress at the mo- 10 

lecular level. In pursuit of this understanding, we conducted an investigation into proteome dy- 11 

namics in Arabidopsis thaliana seedlings exposed to moderate heat stress (30°C). By employing a 12 

novel approach that integrates 15N-stable isotope labeling and the ProteinTurnover algorithm, we 13 

conducted a thorough examination of proteomic changes across various cellular fractions. Our 14 

study revealed significant alterations in the turnover rates of 571 proteins, with a median increase 15 

of 1.4-fold, indicating heightened protein dynamics in response to heat stress. Interestingly, soluble 16 

proteins in the roots displayed minor changes, suggesting the presence of tissue-specific adaptive 17 

mechanisms. Additionally, our analysis identified substantial turnover variations in proteins asso- 18 

ciated with redox signaling, stress response, and metabolism, highlighting the complexity of the 19 

response network. Conversely, proteins involved in carbohydrate metabolism and mitochondrial 20 

ATP synthesis showed minimal turnover fluctuations, underscoring their inherent stability. This 21 

comprehensive assessment provides insights into the proteomic adaptations of Arabidopsis seed- 22 

lings to moderate heat stress, elucidating the delicate balance between proteome stability and adapt- 23 

ability. These findings enhance our understanding of plant thermal resilience and provide valuable 24 

support for the development of crops with enhanced thermotolerance. 25 

Keywords: 15N-stable isotope labeling, crop resilience, Arabidopsis thaliana, heat stress, protein turn- 26 

over, proteomics, thermal adaptation. 27 

 28 

1. Introduction 29 

High temperature is one of the most deleterious abiotic stresses for plants as it affects 30 

many aspects of plant growth, reproduction, and yield. Greenhouse gases have been 31 

greatly elevated since the Industrial Revolution resulting in global warming, and there is 32 

a greater than 90% chance that by the end of the 21st century, the average growing season 33 

temperatures in the tropics and subtropics will exceed the highest temperature on record 34 

(1990-2006) [1]. With this warming climate, the development of crop cultivars engineered 35 

for improved thermotolerance [2,3] is needed to insure the food supply. At the whole 36 

plant level, heat stress induces observable phenotypes such as suppressed seed germina- 37 

tion, inhibited shoot and root growth, fruit discoloration, leaf senescence, and reduced 38 

yield [4]. At the cellular level, heat stress leads to physical perturbations like increased 39 

membrane fluidity and protein denaturation, affecting protein synthesis, enzyme activity, 40 

and metabolism [5,6]. Conversely, moderate heat stress, such as 28˚C, induces phenotypes 41 

suggesting enhanced evaporative cooling capacity, despite increased water loss and tran- 42 

spiration rates [7]. 43 
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Photosynthesis, particularly Photosystem II (PSII), is significantly affected by heat 44 

stress, with moderate heat causing PSII photoinhibition [8] and higher temperatures lead- 45 

ing to dissociation or inhibition of the oxygen-evolving complex [9]. While Rubisco, the 46 

enzyme responsible for carbon fixation, is inherently thermostable in higher plants, heat 47 

stress can inhibit Rubisco activase, thereby impacting carbon assimilation rates [10,11]. 48 

Research by Kurek et al. highlights Rubisco activase as a major limiting factor in plant 49 

photosynthesis under heat stress, with the introduction of thermostable Rubisco activase 50 

variants resulting in increased carbon assimilation rates under moderate high tempera- 51 

tures [10]. 52 

Plants employ multiple molecular mechanisms to adapt to elevated ambient temper- 53 

atures. Elevated temperatures increase the concentration of misfolded, unfolded, and ag- 54 

gregated proteins, leading to the transcriptional activation of heat stress-induced genes 55 

[12]. These genes include various families of heat shock proteins (HSPs), which function 56 

as molecular chaperones controlling protein folding and stability [2]. The unfolded pro- 57 

tein response (UPR) in plants is a vital signaling pathway in response to stress, triggering 58 

processes including protein translation attenuation, activation of the ER-associated deg- 59 

radation pathway, and induction of endoplasmic reticulum (ER) chaperones [13]. As heat 60 

stress affects protein stability, it also disrupts specific enzyme functions, perturbing me- 61 

tabolism. Oxidative stress accompanies the heat stress response, leading to the accumula- 62 

tion of reactive oxygen species (ROS). Coping with the accumulation of ROS and other 63 

oxidative stress injuries is a major challenge for organisms facing heat stress. ROS produc- 64 

tion triggers an antioxidant response mediated through a MAPK signal pathway and in- 65 

duction of downstream transcription factors. A key aspect of this response involves re- 66 

moving ROS molecules using ROS scavenging enzymes such as ascorbate peroxidase 67 

(APX) and catalase (CAT) [12]. 68 

 In the field of genomics, researchers have identified thousands of genes that may be 69 

differentially regulated at the transcriptional level in response to heat stress in various 70 

plant species, including Arabidopsis [14], tomato [15], rice [16], barley [17], wheat [18], and 71 

maize [19]. However, the steady-state levels of transcripts do not fully reflect the levels of 72 

corresponding proteins, as translation serves as a crucial point of regulatory control in the 73 

plant heat stress response [20,21]. These studies underscore the inadequacy of solely rely- 74 

ing on transcriptional analyses of the heat response in plants. 75 

With continuous advancements in liquid chromatography (LC) coupled mass spec- 76 

trometry (MS) instrumentation over the past two decades, proteomics has enabled new 77 

approaches for analyzing protein abundance and dynamics in response to stress condi- 78 

tions [22]. However, based on our knowledge, relatively few have explored the effects of 79 

stress conditions on protein dynamics or turnover. Isotopic labeling techniques have be- 80 

come indispensable tools for investigating turnover dynamics within plant sys- 81 

tems[23,24]. One such example is documented by Li et al. [25], who utilized 15N-labeling 82 

and two-dimensional fluorescence difference gel electrophoresis with LC-MS/MS to meas- 83 

ure the protein degradation rates of 84 proteins in Arabidopsis suspension cells. They then 84 

calculated the protein synthesis rate based on degradation rates and changes in protein 85 

relative abundance. The study concluded that protein turnover rates generally correlated 86 

with protein function and among protein complex subunits. Proteins associated with 87 

RNA/DNA binding and metabolism, protein synthesis and degradation, and stress and 88 

signaling exhibited higher degradation and synthesis rates, while those associated with 89 

antioxidant and defense mechanisms, mitochondrial energy metabolism, and primary 90 

metabolism had lower rates. Within these functional categories, the stress and signaling 91 

category displayed the highest average degradation and synthesis rate. Furthermore, the 92 

relative degradation and synthesis rates were examined to determine which proteins 93 

would experience changes in abundance due to alterations in their turnover dynamics. 94 

The study found a positive correlation between synthesis and degradation rates for pro- 95 

teins involved in antioxidant defense and protein synthesis and degradation categories, 96 

but no correlation for mitochondrial energy, primary metabolism, or stress and signaling 97 



 3 of 31 
 

 

proteins. This suggests a tendency to maintain stable levels of proteins in the antioxidant 98 

defense and protein synthesis and degradation categories while allowing for rapid re- 99 

sponses of cytosolic and nuclear proteins to environmental changes or stress. Specific pro- 100 

teins, such as glutathione peroxidase 6 involved in antioxidant stress defense, heat-shock 101 

protein 60 (HSP60) involved in protein folding, and the glutathione S-transferase Phi fam- 102 

ily involved in detoxification, exhibited slow degradation rates. Moreover, mitochondrial 103 

proteins were generally more stable than cytosolic and nuclear proteins, indicating a pref- 104 

erence for maintaining stable mitochondrial protein function while allowing for the dy- 105 

namic adjustment of cytosolic and nuclear proteins to environmental stimuli or stressors. 106 

 Using a similar approach, Nelson et al. further measured the degradation rate (Kd, 107 

day-1) of 224 mitochondrial proteins using 7-day-old Arabidopsis cell culture with 1, 4, 5, 108 

and 7 days of 15N-label incorporation [26]. Both studies utilized the Isodist algorithm [27] 109 

to assign the isotopic abundance of natural abundance and labeled peptide mass spectral 110 

data to obtain Relative Isotope Abundance (RIA) values for each peptide throughout the 111 

time course. However, for each replicate, a protein’s RIA at a given time point was calcu- 112 

lated as the median of all measured peptide RIA values for the corresponding protein. 113 

The average RIA value across all replicates was then used as the given protein’s RIA at 114 

each time point. The protein degradation rate was computed from the slope coefficient of 115 

the linear regression of the natural logarithm of RIA against time. Although this method 116 

is convenient for estimating proteome degradation rates in rapidly growing cellular sys- 117 

tems, the higher complexity of multicellular or slow-growing organisms, coupled with the 118 

difficulties in interpreting overlapping isotopic distributions in partially labeled systems, 119 

limits the applicability of the approach to intact organisms. Another disadvantage is that, 120 

in order to detect significant changes in protein turnover rates across different conditions 121 

or treatments, the individual contributions of specific peptides to the overall protein turn- 122 

over are lost due to the use of median peptide RIA values for each protein. This unneces- 123 

sarily discards potentially important information regarding the inherent heterogeneity of 124 

intracellular protein populations. 125 

Here, a proteome-wide analysis was conducted to monitor changes in proteome turn- 126 

over of Arabidopsis thaliana seedling tissues after exposure to elevated temperature (30˚C). 127 

This study presents a novel approach to evaluate, for the first time, the contribution of the 128 

dynamic balance of protein synthesis and degradation in response to moderate heat stress 129 

in intact plant seedlings. The algorithm ProteinTurnover were used to measures protein 130 

turnover rates using 15N-metabolic stable isotope labeling approach on a proteomic scale 131 

[28]. In this study, hundreds of proteins have been identified in root or shoot soluble, or- 132 

ganellar, and microsomal fractions with significant changes in turnover rates in response 133 

to elevated temperature stress. 134 

 135 

2. Results 136 

The goal of this study was to assess how moderate heat treatment influences protein 137 

turnover rates across various cellular fractions of Arabidopsis seedling tissues on a proteo- 138 

mic scale. To achieve this objective, the seedlings transferred to medium containing stable 139 

isotope 15N were grown under heat stress (30°C), whereas seedlings under control tem- 140 

perature (22°C) were continuously grown on 14N-medium. Root and shoot tissues har- 141 

vested at 5 time points (0, 8, 24, 32, and 48 hours) post-transfer and subjected to differential 142 

centrifugation to isolate fractions enriched in organellar, soluble, or microsome-associated 143 

proteins were analyzed by LC-MS/MS. 144 

 145 

2.1. Peptide Identification and Selection Criteria for Protein Turnover Rate Measurements 146 

From the root tissue, 822 and 857 proteins were identified in the enriched soluble 147 

fraction from the control and 30˚C groups, respectively. In the enriched organelle fraction, 148 

494 and 377 proteins were identified from the control and 30˚C groups, respectively. Ad- 149 

ditionally, 1,222 and 1,054 proteins were identified in the enriched microsomal fraction 150 
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from the control and 30˚C groups, respectively. At the time of analyzing these samples, a 151 

nano-LC inlet was not available. To compensate for this limitation, larger total quantities 152 

of protein were isolated, processed, and analyzed using a 2.1 mm UHPLC column and 153 

flow rates of 300 µL/min. Thousands of identified peptides were required for the subse- 154 

quent turnover analysis due to the lower sensitivity inlet used in this study. As indicated 155 

in Table S-1, each sample contained between 5,000 to 14,000 peptides, but only 30-50% of 156 

them were present in a sufficient number of time points to compute turnover rates. In this 157 

dataset, peptides were most frequently excluded because they were not identified in the 158 

time 0 dataset. 159 

Applying multiple quantitative quality criteria for the inclusion of each peptide can 160 

enhance the quality of the resulting turnover data and accelerate data processing. Peptides 161 

with significant standard errors typically represent those with poor spectral fitting, often 162 

due to co-eluting contaminants (Figure 1, panel A). Peptides were included in further 163 

analysis if they met specific criteria: a visual score for spectral fitting (to the beta-binomial 164 

model) greater than 80 out of 100, a standard error in the turnover rate fitting of less than 165 

10, and data points for at least 3 of the time points (including time 0). These criteria were 166 

chosen based on empirical visual inspection of peptide turnover fitting plots generated by 167 

the algorithm. Additionally, the normal quantile-quantile (Q-Q) plot of peptide log2k was 168 

utilized to assess whether the log2k data were normally distributed (Figure 1, panels B and 169 

D). Scatter plots of log2k and the standard error of log2k (such as shown in Figure 1, panels 170 

A and C) aided in assessing dataset quality. Inspection of Figure 1 panel C also suggests 171 

a potential negative linear correlation between log2k and the standard error of log2k, at 172 

least for this dataset. Nonetheless, only peptides selected using the aforementioned filter- 173 

ing criteria were used for further turnover rate analysis. Once a peptide passed this filter, 174 

it was assumed that the turnover rate calculated for each peptide contributed equally to 175 

the final protein turnover rate. Therefore, the log2k of all selected peptides was averaged 176 

to yield each individual protein turnover rate (log2k) for a given experimental condition 177 

(control vs. treatment). 178 
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Figure 1. Scatter plots and Normal Q-Q plots of all identified Arabidopsis peptides (top) vs. peptides selected with visual 207 

scores higher than 80, standard error lower than 10, and at least 3 labeling time points (bottom). The panels on the left 208 

(A and C) are scatter plots of standard error of log2k (se.log2k) against log2k; the panels on the right (B and D) are normal 209 

Q-Q plots of each peptide’s turnover rate (log2k values). This figure shows only the peptide data from the enriched shoot 210 

soluble fraction and includes data combined from both control and heat treatment groups. The number of peptide 211 

n=10,400 (A and B) and 1,273 (C and D). ‘se’ = standard error.  212 

 213 

2.2. Overview of the Effects of Heat Stress on Peptide and Protein Turnover Rates 214 

2.2.1. Trends of peptide or protein turnover rates 215 

The distributions of peptide turnover rates (log2k) between the control and 30˚C 216 

groups are depicted for comparison purposes as histograms for soluble, organellar, and 217 

microsomal protein-enriched fractions of shoot and root tissues in Figure 2. The distribu- 218 

tions of protein turnover rates (log2k) between the control and 30˚C groups are illustrated 219 

for comparison purposes as histograms for soluble, organellar, and microsomal protein- 220 

enriched fractions of shoot and root tissues in Figure 3. When comparing the mean values 221 

of peptide turnover rates or the median value of protein turnover rates between roots and 222 

shoots, generally across all fractions, the turnover rates of roots were faster than those of 223 

shoots. The average protein turnover rate (log2k) was -5.308, -5.594, and -5.377 in the sol- 224 

uble, organellar, and microsomal fractions, respectively, while in shoots, the average pro- 225 

tein turnover rate was -6.0348, -6.1046, and -5.9765 in the soluble, organellar, and micro- 226 

somal fractions, respectively. For the control group, the mean protein turnover rates 227 

(log2k) were close to -5.39 in roots and -6.03 in shoots, indicating that the mean protein 228 
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half-lives were 29.13 hours in roots and 45.2 hours in shoots, suggesting that root prote- 229 

ome might have a faster turnover rate than shoot proteome in general. This may be related 230 

to the development of root tissue in the young seedling stage of plants, which requires 231 

more rapid changes in protein synthesis and degradation. For example, the fast turnover 232 

rate of plasma membrane proton pump (ATPase 1) (Table 1) suggests that the establish- 233 

ment of protein machinery for metabolite uptake could be essential for growth at this 234 

stage. Although several proteins had dramatically long half-lives (Table 1), the average 235 

protein turnover rates measured in this study were much faster than the average protein 236 

turnover rates in 21 to 26-day-old adult Arabidopsis leaves (~4.6 days) as reported in the 237 

unpublished work from Millar et al. (presented at the 2015 ASPB conference), suggesting 238 

that more rapid protein turnover may be required in the seedling than the adult stage in 239 

plants. 240 

As the mean may be a more robust population estimator than the median for the 241 

bimodal distribution, the mean value was shown in each peptide rate distribution in Fig- 242 

ure 2. In every fraction of root or shoot tissue, the average of peptide log2k of the 30˚C 243 

group was less than that of the control, indicating that peptides tend to turn over faster in 244 

response to higher temperature. The difference in the mean of log2k between the control 245 

and 30˚C was about 0.17 in the root enriched soluble fraction, 0.18 in the root organelle 246 

enriched fraction, 0.25 in the root microsomal enriched fraction, 0.41 in the shoot soluble 247 

enriched fraction, 0.30 in the shoot organelle enriched fraction, and 0.33 in the shoot mi- 248 

crosomal enriched fraction. Therefore, there was a 1.12~1.18-fold change in turnover rate 249 

of root peptides and a 1.23~1.32-fold change in turnover rate of shoot peptides at elevated 250 

temperature. At the level of proteins, the fold change of average turnover rate due to 30˚C 251 

stress ranged from 1.16 in the root enriched soluble fraction, ~1.31 in the root organelle 252 

enriched fraction, 1.22 in the root microsomal enriched fraction, 1.26 in the shoot soluble 253 

enriched fraction, 1.23 in the shoot organelle enriched fraction, and 1.34 in the shoot mi- 254 

crosomal enriched fraction. Both peptide and protein turnover rate distributions in the 255 

three protein fractions indicate that shoot and root proteomes have different scales of re- 256 

sponse to high temperature. Comparing the change in protein turnover rate between roots 257 

and shoots in response to high temperature using ANOVA and Tukey’s HSD test revealed 258 

a significant difference in log2k (p < 0.001). 259 

The histograms of some data groups exhibit bell-shaped distributions with slightly 260 

asymmetrical patterns in both control and treatment groups. It is possible that the bimo- 261 

dality at the peptide level reflects variations in amino acid content, which could influence 262 

peptide turnover rate calculations. In general, the presence of bimodality is less apparent 263 

in the protein turnover histograms (Figure 3) compared to the peptide histograms (Figure 264 

2). This observation is not surprising given the significant decrease in the number of ob- 265 

servations from peptides to protein turnover. One potential method to test for bimodality 266 

is by employing Hartigan’s dip test [29]. In the dip test, the null hypothesis states that the 267 

distribution of the sample is unimodal, while the alternative hypothesis suggests that the 268 

distribution is not unimodal, indicating at least bimodality. The results from the dip test 269 

indicated significant non-unimodal or at least bimodal distribution of peptide turnover 270 

rate (k) in the control group of the root microsomal fraction (p-value = 0.00376) and mar- 271 

ginally non-unimodal in the root organellar fraction (p-value = 0.0847). 272 

 273 

2.2.2. Coefficient of variation in protein turnover as a function of the number of peptide 274 

observations 275 

Figure 4 shows the extent of variation in protein turnover in this experiment as a 276 

function of the number of peptide observations that were averaged to produce the rate for 277 

each protein. Since the protein turnover rates were obtained as the mean of turnover rates 278 

of all selected peptides, the coefficient of variation (CV), also known as relative standard 279 

deviation, can be used to show variability in relation to the mean of the population. Here, 280 

the values of CV were calculated as the standard deviation divided by the absolute value 281 
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of protein turnover rate log2k. Comparing Figure 4A and 4B, it appears that both the con- 282 

trol and 30˚C datasets have similar levels of variability, suggesting consistency in the pro- 283 

tein turnover rates between these two groups. At first, it appears as though the CV values 284 

for the protein turnover rates are larger for the rate values calculated from smaller num- 285 

bers of peptides, but the median CV ranged from 0.02 to 0.05 and is independent of pep- 286 

tide number. The illusion of high CV for small numbers of peptides is due to the inverse 287 

correlation between the numbers of rates calculated and the number of peptides used for 288 

each calculation. As a result, there are significantly more real outliers for the very well- 289 

defined distribution of CV of protein turnover rates from 2 peptides. Most CV values are 290 

within the range of 0 to 0.10, while less than ~10 proteins have a CV greater than 0.10. 291 

When only 2 peptides were computable for one protein, there were only 3 or 4 cases where 292 

the CV was greater than 0.15. Given this analysis of CV, it is quite reasonable to include 293 

proteins with turnover rates calculated from as few as 2 computable peptides and to make 294 

protein turnover rate comparisons between samples with different numbers of computa- 295 

ble peptides. 296 

 297 

 298 

Figure 2. Peptide turnover rate distributions by tissue, fraction, and treatment. Histograms show peptide log2k values 299 

plotted for enriched soluble, organelle, and microsomal fractions of root (panel A, B, C) or shoot (panel D, E, and F) 300 

tissues. The control (ctrl) and 30˚C groups are plotted in the bottom and top frame, respectively. The y-axis is the number 301 

of peptide counts. The mean value is plotted as dashed line in red. The bin width is 0.15 for all histograms.  302 

 303 

 304 

 305 

  306 
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Figure 3. Protein turnover rate distributions by tissue, fraction, and treatment. Histograms show protein log2k values 307 

plotted for enriched soluble, organelle, and microsomal fraction of root (panel A, B, and C) or shoot (panel D, E, and 308 

F) tissues. The control (ctrl) and 30˚C group is plotted in the bottom and top frame, respectively, The y-axis is the 309 

number of protein counts. The median value is labeled and plotted as dashed line in red. The bin width is 0.15 for all 310 

histograms.  311 

 312 
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 314 

Figure 4. Box plots of the coefficient of variation (CV) of protein turnover rates plotted as a function of the number of 315 

peptide rates used in each calculation. The value of CV was calculated from standard deviation of log2k divided by the 316 

mean of log2k. The entire dataset used in this plot analysis includes all unique and shared peptidesand is separated 317 

based on the treatment group: the control (panel A) and 30˚C (panel B). Boxes show the interquartile range (IQR) of 318 

turnover rates of proteins. The error bar represents the entire range of rates and the blue dots represent outliers (1.5 319 

IQR). The number of data points in each x-axis category is given as N, below the x-axis of both plots. 320 

 321 

2.2.3. Statistical significance of changes in protein turnover rates upon heat treatment 322 

Proteomic analysis of protein turnover requires a large number of individual 323 

UHPLC-HRMS/MS analyses to provide data across multiple time points, different tissues, 324 

different biochemical fractions, and test conditions. These analyses take a considerable 325 

amount of time and are expensive. For this reason, it is often impractical to use sampling 326 

of biological replicates as a means of testing statistical significance. Furthermore, these 327 

analyses often fail to identify many of the lower abundance proteins in replicate runs due 328 

to the element of chance in precursor ion detection. As a result, replicated peptide obser- 329 

vations are only available for a portion of the identified proteins and typically only those 330 

in the top several orders of magnitude in protein abundance. Given the time, cost, and 331 

repeatable coverage considerations, a reasonable alternative for determining the signifi- 332 

cance of changes in turnover rate (log2k) between treatments is to apply a linear mixed- 333 

effect model (LMM) [30]. An LMM allows one to estimate the likelihood of a difference in 334 

log2k values between treatments using a linear model consisting of a mixture of fixed and 335 

random effects. The fixed effects represent the errors associated with the conventional lin- 336 

ear and non-linear regression portions of the turnover rate derivation, and the random 337 

effects represent unknown but random effects such as how peptides were selected from 338 

the population of peptides during the UHPLC-HRMS/MS analysis. The LMM approach 339 

is also compatible with taking the average of the peptide turnover rate values to determine 340 

the protein turnover rate. Supplementary Table S-1 lists the output of the LMM estima- 341 

tion. 342 

Summary of the number of identified peptides and proteins in this study, with ap- 343 

plied threshold for selection, and their number with significant changes in turnover rate 344 

(log2k) due to the 30˚C treatment (p < 0.05) identified in the enriched soluble, organellar, 345 
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and microsomal fractions of Arabidopsis seedling root or shoot tissues are listed in Table 346 

S-1. The identified proteins with significant changes in turnover rate (log2k) are listed in 347 

Supplementary Table S-1, with at least 1 unique peptide in both control and 30˚C samples, 348 

which were discussed further (Figures 5, 7, and 8). An overview of the distributions of 349 

estimated differences in protein turnover rates between control and heat stress is shown 350 

in Figure 5 as histograms (Figure 5A) or box plots (Figure 5B). Overall, proteins enriched 351 

in the shoot soluble fraction had the largest change in turnover rate with a median increase 352 

of ~0.492 log base 2 scale, or ~1.41-fold increase in protein turnover rate (k) upon heat 353 

stress. The box plots in Figure 5B demonstrate that all but the root or shoot soluble fraction 354 

had similar variation in the change of protein turnover rate upon heat stress. ANOVA and 355 

Tukey’s HSD tests revealed that there was a significant difference in the fold change of 356 

turnover rate between root and shoot soluble fractions (p < 0.001). There were also differ- 357 

ences between shoot soluble and shoot organellar fractions (p < 0.01) and root soluble and 358 

root microsomal fractions (p < 0.05). It suggests that the proteins in the shoot tissue exhibit 359 

a greater change in rates of turnover in response to high temperature than proteins in the 360 

root tissue. Hence, the root proteome may not be as responsive as the shoot proteome to 361 

temperature change.  362 

  363 
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 388 

 389 

 390 

 391 

 392 

 393 

 394 

Figure 5. The distribution of changes in protein turnover rates across different tissue and enriched fractions. (A) Histo- 395 

grams showing distributions in the estimated fold change in protein turnover ratek values in response to 30˚C plotted 396 

for soluble, organelle, and microsomal fraction of roots (on the top) or shoots (on the bottom), respectively. The bin 397 

width is 0.15 for all histograms. The median value is labeled and plotted as dashed line in red. (B) Box plots of estimated 398 

estimated fold change in protein turnover rate(k) in response to 30˚C of protein identified in the root and shoot enriched 399 

soluble, organelle, and microsomal fractions. The analyzed data only include proteins with significant change in log2k 400 

(p <0.05) at least 1 unique peptides in both control and 30˚C group, which was estimated using a LMM approach after 401 

peptide selection criteria were applied. Boxes show the interquartile range (IQR) of change in turnover rates k. The error 402 

bar represents the entire range of rates and the closed circles represent outliers (1.5 IQR). The estimated change in turn- 403 

over rates were analyzed by Tukey’s HSD (honest significant difference) test and * for p < 0.05, ** for p < 0.01, *** for p 404 

< 0.001.  405 

 406 
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 407 

2.3. Links Between Protein Functional Categories and Changes in Protein Turnover Rates Upon 408 

Heat Treatment 409 

2.3.1. Protein function and turnover rates of proteins  410 

In a comparison of shoot and root soluble fractions, the proteins in shoots exhibited 411 

a much higher change in turnover rates than in the roots (Figure 5). To determine if func- 412 

tion might play a role in protein stability, root and shoot proteins in enriched soluble and 413 

membrane fractions from the control experiment were sorted into functional categories. 414 

The functional categories were adapted from the MapCave website using the TAIR10 da- 415 

tabase. Shown in Figure 6 are box and whisker plots of turnover rates of root (panel A) 416 

and shoot (panel B) proteins from the control experiment categorized by functional 417 

groups. Only proteins with at least 2 unique peptides were reported in Figure 6. For 418 

groups with at least 3 proteins, most of them had fairly similar variation in log2k values, 419 

such as glutathione S-transferase (GST), protein synthesis, protein targeting, glycolysis, 420 

mitochondrial electron chain/ATP synthesis, cellular transport, and stress in root proteins 421 

or amino acid metabolism, the light reaction of photosynthesis, the Calvin cycle of photo- 422 

synthesis, and protein folding in shoot proteins as these categories have well-studied pro- 423 

teins with known function. Some proteins appeared to have more variation in log2k val- 424 

ues, especially the ones in the functional categories like redox reaction (ranged from -4.97 425 

to -6.17 in roots, -4.48 to -6.81 in shoots), signaling (-4.89 to -6.12 in roots), development (- 426 

4.96 to -6.24 in roots), or secondary metabolism (-4.74 to -7.44 in shoots) as the proteins in 427 

these groups are involved in more varieties of function. 428 

Some functional categories exhibited somewhat faster turnover rates, as shown by 429 

higher median log2k values in Figure 6. It has been believed that proteins with faster turn- 430 

over rates could be potential control and regulation points as Heat Shock Proteins (HSPs), 431 

proteins involved in signaling, protein synthesis and degradation, and DNA/RNA pro- 432 

cessing enzymes turned over faster in the proteome turnover study using Arabidopsis cell 433 

culture; while glycolytic enzymes had the slowest turnover rates. The protein function 434 

seem to be related to turnover rates in general in this study. For example, the root proteins 435 

involved in cell wall formation, nucleotide metabolism, RNA processes, protein synthesis, 436 

hormone metabolism, and stress response had faster turnover rates; while proteins in- 437 

volved in DNA processes, oxidative pentose phosphate pathway, major carbohydrate me- 438 

tabolism, and signaling had slower turnover rates. In the shoot tissue, proteins related to 439 

secondary metabolism, protein degradation, stress response had higher turnover rates ap- 440 

peared to turnover faster, while proteins involved in the Calvin cycle, hormone, and nu- 441 

cleotide metabolism had much lower turnover rates. 442 

Some specific proteins and their turnover rates were of special interest. Table 1.1 and 443 

2.2 listed the top 10 fastest and slowest proteins in the control experiment of root and 444 

shoot tissues, respectively. As listed in Supplemental Table S-2, there was a 4.58-fold dif- 445 

ference between the lowest to the highest turnover rate (k) among the identified root pro- 446 

teins (total number 221) while there was a 21.12-fold difference between the lowest to the 447 

highest in turnover rate among the shoot proteins (total number 297). Therefore, the root 448 

proteome appeared to turnover faster but with less variation in general, which suggests 449 

there might be a closer correlation in regulating protein synthesis and degradation in root 450 

tissue. Stress or redox signaling-related proteins like HSP 70-1 and Chaperone protein 451 

dnaJ 3 in roots or HSP 70-11 and Catalase-3 in shoots exhibited relatively rapid turnover. 452 

Proteins involved in the light reaction of photosynthesis, especially Photosystem II D2 453 

protein and Photosystem II CP43 reaction center protein, turned over much faster than 454 

other proteins functioning in photosynthesis. Therefore, these two proteins might need to 455 

be replaced rapidly to maintain normal carbon fixation in plants. Some transport proteins 456 

like plasma membrane ATPase 1 (AHA1) and ABC transporter G family member 36 457 

(ABCG36; PEN3; PDR8) in the root tissue were identified as outliers in the box plot due 458 

to their extraordinarily fast turnover rates. It has been shown that the expression of 459 
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ABCG36/PEN3/PDR8 gene in seedlings is 5 to 40 fold higher than other ABC transporters 460 

and its transcript abundance in leaves is comparable with transcript levels of some house- 461 

keeping genes like cytosolic glyceraldehyde-3-phosphate, suggesting the multiple physi- 462 

ological functions of ABCG36/PEN3/PDR8. It has later been reported that 463 

ABCG36/PEN3/PDR8 is an ATP-binding cassette (ABC) transporter localized on the 464 

plasma membrane and is thought to efflux indole-3-butyric acid (IBA) in root tips, several 465 

biotic, and abiotic stress responses. The fast turnover rate of ABCG36/PEN3/PDR8 in seed- 466 

ling roots could result from the high level of protein synthesis, supporting its multiple 467 

roles in heavy metal ion tolerance as well as regulating the IBA-mediated homeostasis of 468 

auxin in roots. On the other hand, some glycosyl hydrolase family proteins, such as beta- 469 

glucosidase 22 (BGLU22) or beta-glucosidase 23 (BGLU23/PYK10) in the root or shoot tis- 470 

sue had the slowest turnover rates. BGLU family proteins are important for ER formation 471 

and their hydrolytic activity for glucoside that accumulates in the roots of Arabidopsis has 472 

been believed to be important in defense against pests and fungi. It has been proposed 473 

that healthy seedling roots accumulate beta-glucosidases in the ER bodies. Therefore, 474 

when plant cells are under attack from herbivore or pathogen, beta-glucosidases would 475 

leak from the ER body and bind to GDSL lipase-like proteins (GLLs) and Jacalin-related 476 

lectins in the cytosol to form complexes with increased enzyme activity which hydrolyzes 477 

glucosides to produce toxic compounds like scopolin. These proteins are very abundant 478 

and expressed exclusively in Arabidopsis seedlings, so their slowest turnover rates identi- 479 

fied in this study suggest that BGLU22 and BGLU23 act like housekeeping proteins in 480 

Arabidopsis seedlings in order to rapidly trigger defense mechanism on demand. 481 
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Figure 6. The relationship between protein function and protein turnover rates. Box plots of protein turnover rate 482 

log2k for root (Panel A) and shoot (Panel B) proteins from the control experiment are sorted by functional categoriza- 483 

tion, which was adapted from the MapCave website (http://mapman.gabipd.org/web/guest/mapcave) using TAIR10 484 

database, with outliers shown as closed circles. The used data only include proteins at least 2 unique peptides. The 485 

number of protein in each function category is given as N, along the y-axis of both plots. The protein count of each 486 

function group is also labeled in the plot. Abbreviations: 2nd met, secondary metabolism; AA met, amino acid metab- 487 

olism, C1-met, single carbon metabolism; DNA, CHO hydrolases, miscellaneous gluco-, galacto- and mannosidases; 488 

DNA processing; Glc-, Gal- & mannosidases, glucosyl-, galactosyl- & mannosyl- glycohydrolases; GNG, gluconeogen- 489 

esis; GST, glutathione S-transferases; lipid met, lipid metabolism; major CHO met, major carbohydrate metabolism; 490 

MIP, major-intrinsic proteins; MC. ET/ATP syn, mitochondrial electron transport/ATP synthesis; N-met, nitrogen me- 491 

tabolism; OPP, oxidative pentose phosphate pathway; prot.assembly, protein assembly & cofactor ligation; 492 

(A) (B) 
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prot.degrad, protein degradation; prot.folding; protein folding; prot.targeting, protein targeting; prot.PTM, protein 493 

post-translational modification; prot.syn, protein synthesis; PS.C2, photorespiration; PS.light, the light reaction of pho- 494 

tosynthesis; PS.calvin cycle; the Calvin Cyle of photosynthesis; RNA, RNA processing; S-assimilation, sulfur assimila- 495 

tion; TCA, tricarboxylic acid cycle. 496 

 497 

2.3.2. Protein function and change in turnover rates due to high temperature 498 

To further explore functional correlations with protein turnover changes during heat 499 

stress, the proteins with significant changes due to high temperature identified in this 500 

study were also sorted into functional categories. Figure 7A and B are box plots showing 501 

the fold changes in turnover rate in response to high temperature treatment (calculated 502 

from the estimated difference in log2k between the control and 30˚C using the LMM fit) 503 

across functional categories for each tissue and fraction. Only proteins with a significant 504 

change in log2k (p < 0.05) and at least 1 unique peptide in both control and 30˚C groups 505 

were included in this analysis. In each plot, the protein categories were sorted on the y- 506 

axis from largest to smallest median difference in protein log2k. Functional categories with 507 

only 1 data point (1 protein) were included in the plot to provide additional coverage of 508 

the functional categories. The number of proteins in each functional category is given as 509 

N along the y-axis of each plot. Most of the groups had median values ranging from 1.25 510 

to 1.75 fold change. Among those identified in roots, proteins involved in redox signaling 511 

pathways, stress response, protein folding, and calcium-signaling pathways had the larg- 512 

est median changes in turnover rate. In shoots, the beta-glucosidase family and proteins 513 

sorted in photorespiration, protein folding, stress response, hormone, and secondary me- 514 

tabolism exhibited the largest median changes in turnover rate due to heat (~1.5 fold 515 

change in k). 516 

In the functional categories identified in both root and shoot soluble fractions such 517 

as redox signaling, stress response, protein degradation, and glutathione S-transferase 518 

metabolism, shoot proteins exhibited greater changes in turnover rates than root proteins, 519 

as well as secondary metabolism, protein synthesis, and stress response in the enriched 520 

organellar and microsomal fractions (Figures 7B & 7C). On the other hand, proteins as- 521 

signed to the glycolysis, cellular transport, mitochondrial electron chain/ATP synthesis 522 

functional group, TCA cycle, signaling, cell organization, and cell wall structure displayed 523 

similar changes in turnover rate with heat stress in both roots and shoots, suggesting that 524 

the turnover of proteins involved in these biological processes such as mitochondrial ATP 525 

synthesis is regulated uniformly throughout the whole seedling. 526 

Comparing the changes in turnover rates of proteins within the same functional cat- 527 

egory between different root (Figure 8A) or shoot (Figure 8B) fractions could help identify 528 

specific proteins with different levels of responses to heat stress due to compartmentali- 529 

zation. For example, shoot proteins involved in photorespiration appeared to be more af- 530 

fected by high temperature in the soluble fraction than in the membrane fractions in gen- 531 

eral. Although after inspection of the proteins listed in Supplementary Table S-1, excep- 532 

tions such as Glycolate oxidase 1 (GOX 1; At3g14420), which was identified in both soluble 533 

and microsomal fractions, turned over fairly rapidly in both fractions. Other categories 534 

such as the light reaction of photosynthesis, cellular transport, cellular organization, mi- 535 

tochondrial electron transfer/ATP synthesis, protein synthesis, and glycolysis exhibited a 536 

similar breadth of responses across different fractions. This may be due to the fact that 537 

these proteins were relatively abundant so that they are being isolated in multiple frac- 538 

tions. Choroplastic ATP synthase subunit alpha (Atcg00120), for example, was identified 539 

in all three fractions.  540 
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 564 

Figure 7. The relationship between protein function and 565 

change in turnover due to elevated temperature. Box plots 566 

of estimated change in log2k in response to 30˚C (diffs. in 567 

log2k) for root and shoot proteins are sorted by functional 568 

categorization, which was adapted from the MapCave 569 

website using TAIR10 database, with outliers shown as 570 

closed circles. (A) Soluble enriched fraction of root or shoot 571 

tissue homogenate. (B) Organelle enriched fraction of root 572 

or shoot tissue homogenate. (C) Microsomal enriched pro- 573 

tein fraction of root or shoot tissue homogenate. The used 574 

data only include proteins with significant change in log2k 575 

(p <0.05) and at least 1 unique peptides in both control and 576 

30˚C group. The number of protein in each function cate- 577 

gory is given as N, along the y-axis of all plots. 578 

 579 

  580 

(A) (B) 

(C) 
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 581 

Figure 8. Comparison of protein functions with the change of turnover rates in response to 30˚C between different 582 

protein fractions. Boxes show the interquartile range (IQR) of estimated difference in log2k turnover rates of proteins 583 

(diffs in log2k). Proteins are sorted in functional categorization, comparing results between the enriched soluble, orga- 584 

nelle, and microsomal fraction of root (panel A) or shoot (panel B) tissues. The error bar represents the entire range of 585 

rates and the closed circles represent outliers (1.5 IQR).  586 

(A) 

(B) 
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3. Discussion 587 

In this study, a high temperature treatment of 30˚C was applied for durations ranging 588 

from 8 to 48 hours. Despite being relatively moderate compared to typical heat stress stud- 589 

ies, it has been demonstrated that even a modest change in temperature, such as transfer- 590 

ring 12-day-old Arabidopsis seedlings from 12 to 27˚C for 2 hours, can significantly alter 591 

the expression of over 5000 genes by at least 2-fold [31]. The present study's moderate 592 

high temperature treatment aligns with the moderately elevated temperature, contrasting 593 

with the heat stress conditions in the Mittler study [31]. This suggests that different heat 594 

sensors and signaling pathways may perceive these temperature regimes differently. 595 

Results of this study suggest that heat stress cause greater change in shoot proteome 596 

than root proteome. In plants, it is believed that root growth is more sensitive to acute 597 

heat stress than shoot growth as high soil temperature is more detrimental than high air 598 

temperature, and lower soil temperature could help plants survive when grown at high 599 

air temperature [32]. Future studies may employ metabolic flux analysis [33–35] to delve 600 

into metabolite turnover in response to high temperature treatments, offering insights into 601 

molecular-level plant adaptation and aiding the development of strategies to enhance 602 

crop heat tolerance and mitigate climate change's agricultural impact. 603 

  604 

 605 

3.1. Heat shock proteins (HSPs) and chaperones 606 

It has long been known that the expression of stress proteins like HSPs could be in- 607 

duced by heat shock at almost all stages of development, and the induction of HSPs seems 608 

to be a universal response to heat stress among organisms [36]. In the results, HSPs appear 609 

in the stress protein functional category (Table 5). While it is clear that most of the proteins 610 

listed in the table are specifically related to heat stress, such as HSP70-1, HSP70-3, HSP70- 611 

11, HSP90-2, HSP90-3, and the chaperone protein htpG family, in several of the fractions, 612 

there are additional potential stress response-related proteins predicted from the micro- 613 

array gene expression data, such as RD2 protein (involved in the response to desiccation), 614 

major latex protein (MLP)-like proteins 328 and 34 (responsive to biotic stimulus), MLP- 615 

like protein 34, Dehydrin COR47 (responsive to cold), and At4g23670 protein (involved 616 

in the response to salt stress and bacterial infections) [37]. Interestingly, the root soluble 617 

fraction HSPs and stress-related proteins had smaller increases in turnover rate compared 618 

with other fractions. This significantly smaller increase in HSP and stress-related protein 619 

turnover for the root soluble protein fraction may help explain the generally much smaller 620 

change in turnover rate in that fraction compared with the other fractions. 621 

A previous study found that stress response proteins such as heat shock chaperones 622 

and proteins associated with oxidative stress have relatively high degradation rates, alt- 623 

hough that study was performed using an enriched mitochondrial fraction of Arabidopsis 624 

suspension cells [26]. While it is risky to extrapolate from this prior study to intact plants, 625 

it is reasonable to postulate that the rapid turnover rate could be even more dramatic in 626 

planta. As HSPs help to prevent protein degradation and that the aggregation of HSPs 627 

into a granular structure in the cytoplasm helps to protect the protein biosynthesis ma- 628 

chinery from denaturation [5]. Our study indicates the shoot HSP90-5 (Chaperone Protein 629 

htpG family Protein; At2g04030) had a 2.05 fold increase in k in response to heat. Overex- 630 

pression of HSP90-5 in Arabidopsis has been shown to result in reduced plant tolerance to 631 

drought, salt, and oxidative stress, while knocking out the HSP90-5 gene results in an em- 632 

bryo lethal phenotype, indicating that HSP90-5 is an essential gene [38]. It has been shown 633 

that HSP90-5 is important in maintaining the integrity of chloroplast thylakoid formation 634 

[38]. These findings, along with the dramatic change in turnover rate of HSP90-5 when 635 

treated with high temperature in this study all suggest that properly controlled expression 636 

of HSP90-5 is important for plant growth and chloroplast biogenesis. HSPs like HSP70, 637 

HSP90, and HSP60 belong to molecular chaperone families. Molecular chaperones bind 638 
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and catalytically unfold misfolded and aggregated proteins as a primary cellular defen- 639 

sive and housekeeping function [39]. Other proteins with significant changes in turnover 640 

rate in response to high temperature are also involved in protein degradation and protein 641 

folding functions, including several proteinases and multiple chaperones (Supplementary 642 

Table S-1 & Figure 7), including mitochondrial and chloroplast Chaperonin CPN60 643 

(HSP60) and CPN-10, which turnover rapidly in response to heat. Plastidic CPN60 alpha 644 

and beta are required for plastid division in Arabidopsis and CPN60 are required to be 645 

maintained at a proper level for folding of stromal plastid division proteins and are es- 646 

sential for development in chloroplasts [40]. The observed change in CPN60 turnover rates 647 

is somewhat correlated to the study revealing the slightly reduced expression of CPN-60 648 

in seedling shoots when encountering the elevated temperature at 28˚C [40]. Another 649 

chaperone protein AtBAG7 (At5g62390) exhibited faster turnover rate at elevated temper- 650 

ature. AtBAG7 is required to maintain the c and is localized in the endoplasmic reticulum, 651 

which is unique among BAG family members[13,41]. It has been proposed that cactivity 652 

may be regulated post-translationally, given that its gene expression does not appear to 653 

be affected by heat or cold stresses [13]. Since AtBAG7 directly interacts with an HSP70 654 

paralog, AtBAG7 activity is likely regulated post-translationally through modulation of 655 

protein turnover [13]. 656 

 657 

3.2. Photosynthesis and carbon assimilation 658 

As temperature is a crucial factor affecting photosynthetic activity in plants, as ex- 659 

pected, proteins involved in photosynthesis, including components of photosystems I & 660 

II (PSI & PSII), the cytochrome b6-f complex, chloroplast ATP synthase, and the Calvin 661 

cycle, were identified for having varying degrees of change in turnover in response to 662 

heat. Prior heat stress-related studies found that the oxygen-evolution complex (OEC) of 663 

PSII is the main target of heat stress [42]. From this study, changes in turnover rates of 664 

OEC subunits were around 1.21-1.42 fold, similar to the majority of the proteins involved 665 

in photosynthesis, in response to heat (Supplementary Table S-1). There were extreme 666 

cases like RuBisCO activase (At2g39730) and chlorophyll a/b binding protein (LHCB6; 667 

At1g15820) that exhibited larger, 1.57 and 1.60 fold changes in k, respectively. As it is 668 

highly sensitive to heat denaturation, RubisCo activase is thought to be a key element 669 

involved in mediating the heat-dependent regulation of carbon assimilation as it could 670 

limit the photosynthetic potential of plant tissues at high temperature [11]. Although the 671 

enzyme activity of RubisCo activase was not decreased until the temperature was higher 672 

than 37˚C in cotton and tomato leaves [11], our study suggests that this enzyme in Ara- 673 

bidopsis seedlings could "sense" relatively mild elevated temperatures like 30˚C in terms 674 

of protein turnover. It is hard to judge from the results whether the turnover rates of pro- 675 

teins of PSII and light-harvesting complex II (LHCII) were more affected by high temper- 676 

ature than PSI, as it has long been believed that PSII is more vulnerable to elevated tem- 677 

perature [43,44]. A comparison, however, of the differences between PSI and PSII protein 678 

turnover following heat stress should indicate the relative heat tolerance of the two pho- 679 

tosystems under mild elevated temperature conditions. To this end, LHCB6, which is as- 680 

sociated with PSII, turns over significantly faster (1.60 fold change in k) after heat treat- 681 

ment than the Photosystem I reaction center subunit III (1.25 fold change in k). Notably, 682 

these rate changes are on the high and low extremes of the range of changes observed for 683 

protein components of photosynthesis. LHCB6 is a monomeric antenna protein of PSII, 684 

participating in zeaxanthin-dependent photoprotective mechanisms, and is therefore 685 

thought to be specialized in enhancing photoprotection under excess light conditions. The 686 

presence of the protein is often associated with the adaptation of plants to terrestrial eco- 687 

systems [45]. Heat stress at temperatures around 38-40˚C has been demonstrated to cause 688 

structural changes in the thylakoid membranes, as well as increased phosphorylation of 689 

LHCIIs and PSII core subunits, migration of phosphorylated LHCII from the grana stacks 690 

to the stroma lamellae, and cyclic electron flow within PSI [46]. It will be interesting to 691 



 20 of 31 
 

 

study if the change in LHCB6 turnover could be related to the above observations at 40˚C 692 

even when more mild temperature conditions like 30˚C are employed.  693 

 694 

3.3. Redox homeostasis: HSPs, catalases and peroxidases 695 

 The turnover rates of proteins involved in the production of reactive oxygen species 696 

(ROS) were also affected by high temperature. These include several different types of 697 

HSPs, catalases and peroxidases. An additional group of antioxidant enzymes, including 698 

GST, DHAR, and thioredoxins, exhibited significant heat-related changes in turnover 699 

(Supplementary Table S-1). Among those, GST class Tau-member 19 (GSTU19; 700 

At1g78380), the most abundant GST in Arabidopsis, exhibited the smallest difference in 701 

turnover rate (1.31 fold change) in roots but showed a much larger difference (1.75 fold 702 

change) in turnover rate in shoots.  703 

Hydrogen peroxide (H2O2) is an important signaling molecule in plant environmen- 704 

tal responses, and heat shock-induced H2O2 accumulation is required for efficiently in- 705 

ducing the expression of small HSP and ascorbate peroxidase genes (APX1 & APX2) [47]. 706 

Among several types of H2O2-metabolizing proteins, catalases are highly active enzymes 707 

that do not require cellular reductants as they catalyze the dismutation reaction of two 708 

molecules of H2O2 to generate one molecule of O2 and two of H2O. A 1.40 fold change in 709 

turnover rate k was observed for catalase-3 (CAT3; At1g20620) in shoots upon tempera- 710 

ture elevation. APXs are also known to be important H2O2-scavenging enzymes, but they 711 

use ascorbate as an electron donor. Their function is tightly linked to ROS signaling path- 712 

ways and the regulation of cellular ROS levels [47]. In this study, there was a moderate 713 

increase in APX1 (At1g07890) turnover rates under heat stress conditions in both root and 714 

shoot tissues. APX1 is expressed in roots, leaves, stems, and many other tissues [48], and 715 

mutation in Arabidopsis APX1 exhibits increased accumulation of cellular H2O2 and sup- 716 

pressed growth and development [49] . It has been reported that APX1 activity could be 717 

partially inhibited in roots through modification by S-denitrosylation in an auxin-depend- 718 

ent manner [50]. APX1 could be an interesting research target to explore the links between 719 

nitric oxide (NO), H2O2, auxin hormone signaling, and heat stress. 720 

 721 

3.4. Special cases: decreases (negative diff.log2k) or major increases in log2k in re-sponse to heat 722 

3.4.1. GDSL esterase/lipase family 723 

GDSL esterase/lipase 22 (GLL22; At1g54000) showed slightly reduced turnover rates 724 

in both root organellar and microsomal fractions (fold change in k about 0.86 and 0.89, 725 

respectively), indicating that GLL22 becomes more stable and/or with reduced transcrip- 726 

tion or translation when transferred to 30˚C. It has been proposed that under pathogen or 727 

herbivore attack, GLL22 may aggregate with beta-glucosidases (BGLU 21, 22, and 23), and 728 

other Jacalin-related lectins (JALs) in the cytosol [51]. It is possible that under temperature 729 

stress, GLL22 turns over slower due to being recruited into more stable complexes. The 730 

change in turnover rates of the BGLU protein family, on the other hand, had a wide vari- 731 

ation across root or shoot protein fractions (1.09 ~ 2.14 fold change due to heat). BGLU 732 

proteins appeared to turn over faster in the shoot than root tissue, thus the turnover rates 733 

of BGLUs in shoots could be more affected by heat stress than BGLUs in roots. Similar 734 

results were observed for JAL proteins like Jacalin-related lectin 30 (PYK10-binding pro- 735 

tein 1; At3g16420), Jacalin-related lectin 33 (JAL 33; At3g16450), and Jacalin-related lectin 736 

34 (JAL 34; At3g16460), whose turnover rates also had a greater change in shoots than 737 

roots when under heat stress, suggesting these stress-responsive proteins in shoots may 738 

be compromised when plants encounter heat stress. 739 

 740 

3.4.1. 14-3-3 & v-, p-type ATPase  741 

It is intriguing to observe signaling proteins like 14-3-3 family proteins and proton 742 

pump v- and p-type H+-ATPases with significant changes in turnover rate due to elevated 743 



 21 of 31 
 

 

temperature because of their known roles in ABA signaling in response to abiotic stress. 744 

Increased H2O2 production under multiple different abiotic stress conditions has been 745 

shown to result in elevated levels of ABA, which may in turn be involved in the induction 746 

of the temperature stress response in plants [12]. Plant 14-3-3 family proteins function in 747 

a wide range of cellular processes. Two 14-3-3 proteins show fairly large changes in pro- 748 

tein turnover in response to heat stress: 14-3-3-like Protein GF14 mu (General regulatory 749 

factor 9; At2g42590), and 14-3-3-like Protein GF14 epsilon (General regulatory factor 10; 750 

At1g22300) with 1.61 and 1.45 fold changes respectively. It has been discovered that 14-3- 751 

3 mu participates in light sensing during early development through phytochrome B sig- 752 

naling and affects the time of transition to flowering via interaction with CONSTANS [52]. 753 

As T-DNA mutants of the 14-3-3 mu gene exhibit shorter root lengths and a dramatic in- 754 

crease in the numbers of chloroplasts in the roots [53], it is possible that its difference in 755 

heat stress response between root and shoot tissues is related to its role in chloroplast 756 

development. On the other hand, the 14-3-3 epsilon protein may be involved in brassino- 757 

steroid (BR) signaling, like 14-3-3 lambda protein, as the 14-3-3 epsilon protein has been 758 

shown to interact with the BZR1 transcription factor in a yeast-two hybrid screen [54]. 759 

Therefore, these proteins involved in signal transduction may be affected by heat stress 760 

thus influencing the BR hormone regulation.  761 

  762 
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Table 1.1 The 10 fastest and lowest turnover proteins in the enriched soluble or membrane fraction of Arabidopsis rootsa 763 
 

IDb Protein AGIc Fractiond 
Turnover 

ratee 
SDe 

Functional 

categoryf 

Fastest Q9M0A7 Putative uncharacterized protein 

(Gamma-glutamyl peptidase 1) 

At4g30530 S -4.397 0.0238 nucleotide met 

 

A8MRQ4_A8MSB

9_F4JTU2_Q9SVM

8 

Glycine-rich RNA-binding protein 

2, mitochondrial 

At4g13850 S -4.539 0.1128 RNA 

 

P20649 ATPase 1, plasma membrane-type At2g18960 M -4.607 0.0528 transport 
 

Q9SYM5 Trifunctional UDP-glucose 4,6-de-

hydratase/UDP-4-keto-6-deoxy-D-

glucose 3,5-epimerase/UDP-4-keto-

L-rhamnose-reductase RHM1 

At1g78570 M -4.624 0.0156 cell wall 

 

F4KIM7_Q9C5N2 Endomembrane family protein 70 At5g25100 M -4.651 0.0223 N/A 

 

F4J1V2_Q94AW8 Chaperone protein dnaJ 3 At3g44110 M -4.652 0.0881 stress 

 

P22953 Probable mediator of RNA poly-

merase II transcription subunit 37e 

(Heat Shock cognate Protein 70-1) 

At5g02500 S -4.668 0.0276 stress 

 

Q9XIE2 ABC transporter G family member 

36 (AtABCG36)(PEN3)(PDR8) 

At1g M -4.718 0.2347 transport 

 

P31414 Pyrophosphate-energized vacuolar 

membrane proton pump 1 

At1g15690 M -4.742 0.2033 transport 

 

Q9S791 Putative uncharacterized protein At1g70770 O -4.752 0.1353 N/A 
        

Slow-

est 

Q43348 Acid beta-fructofuranosidase 3, vac-

uolar (Vacuolar invertase 3) 

At1g62660 S -6.129 0.3853 major CHO 

met 
 

Q9C8Y9 Beta-glucosidase 22 At1g66280 O -6.150 0.2910 CHO hydro-

lases 
 

P43297 Cysteine proteinase RD21a At1g47128 M -6.170 0.2050 prot.degrad 
 

P25819 Catalase-2 At4g35090 O -6.176 0.4179 redox 
 

Q9FF53 Probable aquaporin PIP2-4 

[Cleaved into: Probable aquaporin 

PIP2-4, N-terminally processed] 

At5g60660 M -6.227 0.0228 transport 

 

P46422 Glutathione S-transferase F2 At4g02520 S -6.244 0.0349 GST 
 

A8MR01_F4JR94_

O23179 

Patatin-like protein 1 (AtPLP1) At4g37070 M -6.245 0.5113 development 

 

Q9LHB9 Peroxidase 32 At3g32980 M -6.261 0.2944 peroxidases 
 

Q9SIE7 Putative uncharacterized protein 

(PLAT-plant-stress domain-contain-

ing protein) 

At2g22170 S -6.314 0.0765 N/A 
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Q9LTQ5 TRAF-like family protein At3g20370 O -6.320 0.3226 N/A 
 

Q9C8Y9 Beta-glucosidase 22 At1g66280 M -6.594 0.5007 CHO hydro-

lases 

 764 

  765 



 24 of 31 
 

 

Table 1.2 The 10 fastest and slowest turnover proteins in enriched soluble or membrane fraction of Arabidopsis shoots a 766 
 

IDb Protein AGIc Fractiond Turnver 

ratee 

SD Functional  

categoryf 

Fastest B9DG18_Q42547 Catalase-3 At1g20620 S -4.479 0.1605 redox 

 

Q9CA67 Geranylgeranyl diphosphate reductase, 

chloroplastic 

At1g74470 M -4.746 0.1219 2nd met 

 

Q9CA67 Geranylgeranyl diphosphate reductase, 

chloroplastic 

At1g74470 O -4.857 0.1659 2nd met 

 

P56761 Photosystem II D2 protein AtCg00270 M -4.979 0.1141 PS.light 
 

P56761 Photosystem II D2 protein AtCg00270 O -4.986 0.0366 PS.light 
 

P56778 Photosystem II CP43 reaction center 

protein 

AtCg00280 M -5.101 0.1626 PS.light 

 

P56778 Photosystem II CP43 reaction center 

protein 

AtCg00280 O -5.127 0.0665 PS.light 

 

P42761 Glutathione S-transferase F10 (GST 

class-phi member 10) 

At2g30870 S -5.168 0.3743 GST 

 

Q9LKR3 Mediator of RNA polymerase II tran-

scription subunit 37a (Heat Shock Pro-

tein 70-11) 

At5g28540 M -5.201 0.4357 stress 

 

P27202 Photosystem II 10 kDa polypeptide, 

chloroplastic 

At1g79040 M -5.220 0.2322 PS.light 

 

Q9LJG3 GDSL esterase/lipase ESM1 At3g14210 O -5.261 0.0880 2nd met 
 

O80860 ATP-dependent zinc metalloprotease 

FTSH 2, chloroplastic 

At2g30950 O -5.307 0.1091 prot.degrad 

 

O80860 ATP-dependent zinc metalloprotease 

FTSH 2, chloroplastic 

At2g30950 M -5.312 0.1564 prot.degrad 

 

Q9SRV5 5-methyltetrahydropteroyltriglutamate--

homocysteine methyltransferase 2 

(AtMS2) 

At3g03780 S -5.356 0.2480 AA met 

        

Slowest O80934 Uncharacterized protein, chloroplastic At2g37660 S -6.783 0.2293 N/A 

 Q8LE52 Glutathione S-transferase DHAR3, chlo-

roplastic 

At5g16710 S -6.816 0.1549 redox 

 

P25857 Glyceraldehyde-3-phosphate dehydro-

genase GAPB, chloroplastic 

At1g42970 M -6.861 0.1967 PS.calvin cycle 

 

Q9XFT3-2 Oxygen-evolving enhancer protein 3-1, 

chloroplastic (OEE3) 

At4g21280 M -6.928 0.2714 PS.light 

 

Q9SR37 Beta-glucosidase 23 At3g09260 O -7.200 0.2308 CHO hydrolases 
 

Q9SR37 Beta-glucosidase 23 At3g09260 M -7.218 0.2027 CHO hydrolases 
 

Q8W4H8 Inactive GDSL esterase/lipase-like pro-

tein 23 (Probable myrosinase-associated 

protein GLL23) 

At1g54010 O -7.438 0.1398 2nd met 
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Q9SR37 Beta-glucosidase 23 At3g09260 S -7.684 0.6082 CHO hydrolases 
 

Q9LXC9 Soluble inorganic pyrophosphatase 6, 

chloroplastic (PPase 6) 

At5g09650 S -7.774 1.5988 nucleotide met 

 

Q9LTQ5 TRAF-like family protein At3g20370 O -7.976 0.2116 N/A 
 

Q93Z83 TRAF-like family protein At5g26280 O -8.472 0.5887 N/A 
 

F4IB98 Jacalin-related lectin 11 At1g52100 O -8.879 1.2147 hormone met 

a Complete list in Table S-2. Only proteins with at least 2 unique peptides were used to calculate protein turnover rates. b Protein 767 

accession number assigned by the UniProt database. c The gene identification number assigned by the Arabidopsis genome initia- 768 

tive. d Enriched protein fractions: Microsomal (M) fraction from the differential centrifugation (1hr x 100,000 g supernatant) of 769 

Arabidopsis root or shoot tissue homogenate; Organelle (O) fraction from the differential centrifugation (5 min x 1,500 g pellet) of 770 

Arabidopsis root or shoot tissue homogenate; Soluble (S) fraction from the differential centrifugation (1hr x100,000 g pellet) of 771 

Arabidopsis root or shoot tissue homogenate. e Standard deviation of protein turnover rate (log2k). f The functional category 772 

adapted from MapCave website.[55] 773 

 774 

4. Materials and Methods 775 

Materials  776 

 Distilled, deionized water was prepared with a Barnstead B-pure water system 777 

(Thermo Scientific, Waltham, MA). Acetonitrile (CHROMASOLV®  Plus for HPLC, 778 

≧99.9%), formic acid (ACS reagent ≧96%), and acetone (CHROMASOLV®  Plus for HPLC, 779 

≧99.9%) were obtained from Sigma-Aldrich (St. Louis, MO). Triton X-100 was obtained 780 

from ICN Biochemicals Inc. (Ohio, USA). 99 atom% K15NO3 and 98 atom% Ca(15NO3)2 781 

were obtained from Cambridge Isotopes Laboratories, Inc. (Andover, MA). Sequencing 782 

grade modified trypsin was purchased from Promega (Madison, WI). Pierce C18 Spin col- 783 

umns were obtained from Thermo Scientific (Pierce Biotechnology, Thermo Scientific, 784 

Rockford, IL). Micro-centrifuge tubes used for the proteomics study in this thesis were 785 

“Protein LoBind Tube 1.5 mL”, obtained from Eppendorf AG (Hamgurg, Germany). Ny- 786 

lon filter membranes (mesh opening 20 μm, Cat. #146510) were obtained from Spectrum 787 

Laboratories Inc. (Rancho Dominguez, CA).   788 

 789 

Plant Growth and Labeling Conditions 790 

 Arabidopsis thaliana ecotype Columbia Col-0 was used for all experiments. Seeds were 791 

sterilized with 30% (v/v) bleach containing 0.1% (v/v) Triton X-100 and vernalized at 4˚C 792 

for two days, Arabidopsis seeds were germinated on a nylon filter membrane placed on the 793 

top of ATS agar plates. The seedlings were grown under continuous fluorescent light (~80 794 

μmole photon m-2 s-1) at 22˚C for 8 days. For the heat-treated group, these 8-day-old seed- 795 

lings along with the nlon membrane (mesh opening 20 μm, Cat. #146510, Spectrum La- 796 

boratories Inc.,Rancho Dominguez, CA) were then transferred onto fresh ATS [56] media 797 

containing 99 atom% K15NO3 and 98 atom% Ca(15NO3)2 (Cambridge Isotopes Laboratories, 798 

Inc., Andover, MA) (15N-medium) and then transfer to the 30˚C growth chamber. For the 799 

control group, seedlings were continuously grown at 22˚C after being transferred to the 800 

ATS medium with the normal nitrogen source (14N-medium).  801 

For both the control and high-temperature groups, crude proteins were extracted at 802 

0, 8, 24, 32, and 48 hours after 15N-introduction (time 0 samples was shared by both 803 

groups). Prior to transferring seedlings from 14N- to 15N-medium, ATS liquid medium 804 

lacking K15NO3 or Ca(15NO3)2 was used to rinse the seedlings.  805 

 806 

Proteomic Sample Preparation 807 

 For the proteomic analysis of Arabidopsis seedlings, hypocotyl and cotyledons (as 808 

“shoot” samples) were dissected from root tissues. From root and shoot tissues, soluble 809 
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and membrane proteins were extracted and enriched by differential centrifugation  as 810 

described previously by Fan et al.[28] in the stable isotope incorporation experiments. . 811 

Soluble proteins (150 μg) were precipitated by addition of ice cold acetone to 80% (v/v) 812 

followed by overnight incubation at –20˚C. The protein precipitate was then pelleted by 813 

centrifugation for 15 min at 16,000 g. The air-dried the pellets were dissolved in 8 M urea/8 814 

mM DTT added to a final protein concentration of 8 μg/μL. The proteolysis of soluble 815 

protein, membranous protein fractions derived from 1,500 × g (organelle), and 100,000 × g 816 

(microsomal) pellets were processed as described previously [28]. The resulting peptides 817 

obtained from soluble or membrane protein fractions were purified by C18 solid phase 818 

extraction using the C18 Spin column (Pierce Biotechnology, Thermo Scientific, Rockford, 819 

IL) and per the manufacturer’s protocol. After purification, peptides were concentrated 820 

under vacuum to dryness using a SpeedVac concentrator (Savant) and were re-suspended 821 

in 5% (v/v) acetonitrile, 0.1% formic acid prior to ultra-high performance liquid chroma- 822 

tography–high resolution tandem mass spectrometry (UHPLC-HRMS/MS) analysis.  823 

 824 

UHPLC-HRMS/MS Analysis 825 

 The tryptic peptides were analyzed by UHPLC-HRMS/MS using a Q Exactive hybrid 826 

quadrupole orbitrap mass spectrometer with an Ultimate 3000 UHPLC inlet (Thermo 827 

Fisher Scientific, CA) equipped with an ACQUITY UPLC BEH C18 reversed phase column 828 

(Waters, 2.1 mm x 100 mm, 1.7 µm particle size). Solvent A (0.1% (v/v) formic acid in H2O) 829 

and B (0.1% (v/v) formic acid in acetonitrile) were used as mobile phases for gradient sep- 830 

aration. The equivalent of 30 μg of soluble protein digest, 10 μg of organellar protein di- 831 

gest or 30 μg of microsomal protein digest were loaded separately onto the column in 5% 832 

solvent B for 12 min at a flow rate of 0.3 mL/min, followed by elution by gradient: 2 min 833 

from 5% B to 10% B, 60 min to 40% B, 1 min to 85% B and maintained for 10 min. The 834 

column was equilibrated for 15 min with 5% B prior to the next run. The MS/MS data were 835 

collected in data-dependent acquisition mode similar to Sun et al.[57] with minor modifi- 836 

cations. Full MS scans (range 350−1800 m/z) were acquired with 70K resolution. The target 837 

value based on predictive automatic gain control (AGC) was 1.0E+06 with 20 ms of maxi- 838 

mum injection time. The 12 most intense precursor ions (z ≥ 2) were sequentially frag- 839 

mented in the HCD collision cell with normalized collision energy of 30%. MS/MS scans 840 

were acquired with 35k resolution and the target value was 2.0E+05 with 120 ms of maxi- 841 

mum injection time. The ion selection threshold of 1.0E+04 and a 2.0 m/z isolation width 842 

in MS/MS was used. The dynamic exclusion time for precursor ion m/z was set to 15 s. 843 

 844 

Protein Identification 845 

All .raw files were converted to mzXML files by msConvert3 tool of ProteoWizard[58] 846 

and then converted to mgf format by MGF formatter (v0.1.0). OMSSA (v2.1.9)[59] was 847 

used for database searching against the UniProt Arabidopsis thaliana database (accessed 848 

on February 2013, 33,311 sequences, http://www.uniprot.org) combined with the contam- 849 

ination list from the cRAP database (common Repository of Adventitious Proteins, ac- 850 

cessed on February 2013, 115 sequences, http://www.thegpm.org/crap/) and reversed se- 851 

quences. The search parameters were: 6 ppm precursor ion mass tolerance, 0.02 m/z prod- 852 

uct ion mass tolerance, methionine oxidation as variable modification and a maximum 853 

missed cleavage of 2. The search results were then analyzed by Scaffold (v3.6.5, Proteome 854 

Software Inc., Portland, OR)[60] to validate MS/MS based peptide and protein identifica- 855 

tions. The results were filtered with a false discovery rate of less than 0.5% on the peptide 856 

level and 1% on the protein level with a minimum of two unique peptides required for 857 

identification. Proteins that contained similar peptides and that could not be differentiated 858 

based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. All 859 

the above activities of data conversion and protein database searching were performed on 860 

the Galaxy-P platform (https://galaxyp.msi.umn.edu/),[61–63]  and supported by Minne- 861 

sota Supercomputing Institute of University of Minnesota). The mass spectrometry pro- 862 
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teomics data have been deposited to the ProteomeXchange Consortium (http://proteome- 863 

central.proteomexchange.org) via the MassIVE partner repository (the dataset identifiers 864 

will become available once the manuscript is accepted). 865 

 866 

Calculation of Protein Turnover Rates 867 

The workflow of using the ProteinTurnover algorithm is described in the following 868 

steps: (1) Data preparation. The Scaffold spectrum report (CSV format) and all MS data 869 

(mzXML format) were uploaded for access by the R script; (2) Parameter settings. Param- 870 

eters such as: stable isotope (15N) used for labeling, experimental design (incorporation), 871 

peptide ID confidence threshold (80), spectral fitting model (beta-binomial), and nonlin- 872 

ear regression setting (log2k) were defined; (3) Outputs generated. After finishing the anal- 873 

ysis of a dataset, the results were compiled in a summary html file, which includes model 874 

plots (spectral fitting by MLE), EIC plots and regression plots (relative abundance fits) for 875 

each individual peptide to be used as needed for manual inspection. The ProteinTurnover 876 

R script also generates a spreadsheet (.csv) containing peptide turnover information, 877 

which includes the peptide amino acid sequences, protein UniProt accession numbers 878 

(ID), visual scores, log2k values and standard errors of log2k.      879 

For isotope label incorporation experiments, the log2 value for each turnover rate 880 

constant (log2k) of each peptide was calculated by performing a non-linear regression of 881 

the distribution abundance ratios of unlabeled peptide population against time, assuming 882 

a single exponential decay, as previously described in ProteinTurnover algorithm [28].  883 

Protein turnover typically exhibits first order kinetics, and the first-order rate con- 884 

stant (k) is related to the half-life of the particular peptide by the expression, t1/2=(ln(2))/k. 885 

In this study, the turnover rate was represented by the log2k values, which are more nor- 886 

mally distributed than the untransformed rate constants. After obtaining the turnover re- 887 

sults from ProteinTurnover, peptides were selected for subsequent inclusion in protein 888 

turnover calculations by applying the following filtering criteria: (1) the visual score of the 889 

spectral fitting (to the beta-binomial model) must be greater than 80; (2) the standard error 890 

of the turnover rate must be less than 10; and (3) data must be available for 3 or more time 891 

points. The log2k data of the selected and unique peptides were then averaged to obtain 892 

the protein turnover rate.  893 

 894 

Estimating the Difference in log2k Due to Heat Stress 895 

  The selected peptides were analyzed in R to calculate the difference of turnover rate 896 

between the control and treated groups. A linear mixed model (LMM) fit with restricted 897 

maximum likelihood (using the lme4 package) was applied to estimate the change of pro- 898 

tein log2k between the control and heat-treated group based on peptide log2k data. The 899 

used formula is listed as following:  900 

 901 

log2k ~ 0 + ID + ID:temp + (1|Sequence:ID), 902 

 903 

where “ID” represents the protein UniProt accession number, “temp” represents ei- 904 

ther the control or 30˚C group, and “Sequence” represent the peptide amino acid se- 905 

quence. At the end, only proteins with significant changes in log2k (p-value less than 0.05) 906 

were included in  Supplementary Table S-1. Only proteins with more than one comput- 907 

able unique peptide in both control and heat-treated group were selected to generate his- 908 

tograms and box plots (Figure 5, 6, 7).   909 

5. Conclusions 910 

This study provides a global look at the dynamics of proteins in plants in response 911 

to moderate heat stress. It was conducted at the cellular level with separated soluble and 912 

membrane enrichments using 15N-stable isotope labeling and the ProteinTurnover algo- 913 

rithm for automated data extraction and turnover rate calculation. A total of 571 proteins 914 
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with a significant change in turnover rates were identified in response to elevated tem- 915 

perature in Arabidopsis seedling tissues. Root proteins involved in the redox signaling 916 

pathway, stress response, amino acid metabolism, GST metabolism, protein synthesis, 917 

protein degradation, and cellular organization appeared to have less change in turnover 918 

than shoot proteins. Proteins involved in GST metabolism, photorespiration, protein fold- 919 

ing, secondary metabolism, stress response, redox signaling pathway, and beta-gluco- 920 

sidase family proteins exhibited the greatest change in turnover when the temperature 921 

was elevated. On the other hand, proteins with the smallest change in turnover were those 922 

involved in major carbohydrate metabolism, glycolysis, protein synthesis, and mitochon- 923 

drial ATP synthesis. This comprehensive study underscores the adaptive mechanisms of 924 

plants at the proteomic level under heat stress conditions, potentially guiding future ag- 925 

ricultural strategies to enhance crop resilience and productivity in the face of global cli- 926 

mate change. 927 
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