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This analysis pipeline is partly based on an analysis workflow developed by Bernd Klaus.

R setup
Defining a working directory
We defined the working directory for the analysis. This directory should contain the metadata file and the
tab delimited text files containing the data.
setwd("~/home/path to the right file location")

Loading packages

library(vsn)
library(limma)
library(MSnbase)
library(gplots)
library(fdrtool)
library(biobroom)
library(tidyverse)

Defining some functions and parameters

customPlot <- list(
theme_bw(base_size = 12),
scale_fill_brewer(palette = "Set1"),
scale_colour_brewer(palette = "Set1")

)
script.version <- "V1"
dir_save <- paste0("data_analysis_results_", script.version)
if (!dir.exists(dir_save))
{

dir.create(dir_save)
}

Loading data and annotating experimental conditions

conditions <- read.delim("metadata.csv", sep = ",")
files <- file.path(unique(conditions$file))
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files <- files[file.exists(files)]
data <- NULL
for (i in seq_along(files))
{

print(files[i])
x <- read_delim(file.path(files[i]), delim = " ")
names(x) <- make.names(names(x))
#keep only proteins with at least two unique peptide matches
x <- x %>%

dplyr::filter(qupm >= 2)
#remove keratines
x <- x %>%

dplyr::filter(!grepl("[K, k][R, r][T, t][0-9]", gene_name))
#remove known contaminants
x <- x %>%

dplyr::filter(!grepl("#+", protein_id))
x$file <- files[i]
keepnames <- as.character(subset(conditions, file == files[i])$col.name)
x <- x[, c("gene_name", "protein_id", "description", "qupm", "top3", "file", keepnames)]
x <- x %>%

group_by(gene_name, protein_id, description, qupm, top3, file) %>%
gather(key = "col.name", value = "value", keepnames)

data <- bind_rows(data, x)
rm(x, keepnames)

}

## [1] "fractionated_merged_results_20210825_1637_proteins.txt"

rm(i, files)
data <- left_join(data, conditions)
data <- subset(data, value > 0)
data$gene_name[is.na(data$gene_name)] <- data$protein_id[is.na(data$gene_name)]

Protein identification overview

sub <- unique(data[, c("gene_name", "file", "rep")])
sub$found <- 1
sub$file_old <- sub$file
sub$file <- paste("file", as.numeric(factor(sub$file)))
print(unique(with(sub, paste(file, "-", file_old))))

## [1] "file 1 - fractionated_merged_results_20210825_1637_proteins.txt"

sub$file_old <- NULL
sub <- unique(sub)
ggplot(data = sub, aes(file, fill = rep)) +

geom_bar(position = position_dodge()) +
customPlot +
theme(axis.text.x = element_text(angle = 45, hjust = 1, vjust = 1))
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with(sub, table(file, rep))

## rep
## file rep1 rep2 rep3
## file 1 759 759 759

sub_i <- data %>%
group_by(gene_name) %>%
dplyr::select(gene_name, rep, file) %>%
unique() %>%
summarise(found.in.files = n())

ggplot(data = sub_i, aes(found.in.files)) +
geom_bar(position = position_dodge()) +
customPlot +
xlab("no of identifications per file")
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##
## 3
## 759

rm(sub_i)
rm(sub)

Identification and removal of duplicated gene names

dup.data <- data %>%
ungroup() %>%
dplyr::select(gene_name, protein_id, file, qupm) %>%
unique() %>%
group_by(file, gene_name) %>%
dplyr::filter(n() > 1)

if (nrow(dup.data) > 0)
{

write.csv(dup.data, file.path(dir_save, paste0("Duplicates_", script.version, ".csv")), row.names = FALSE)
}
dups <- unique(dup.data$gene_name)
if (length(dups) > 0)
{

print("Duplicates were identified:")
print(dups)
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print("Removing genes with smaller numbers of quantified peptides.")
for (dup in dups)
{

for (filen in unique(subset(dup.data, gene_name == dup)$file))
{

sub <- subset(data, gene_name == dup & file == filen)
data <- subset(data, paste(gene_name, file) != paste(dup, filen))
sub <- subset(sub, qupm == max(sub$qupm, na.rm = TRUE))
data <- bind_rows(data, sub)
rm(sub)

}
rm(filen)

}
rm(dup)

}
dup.data <- data %>%

ungroup() %>%
dplyr::select(gene_name, protein_id, file, qupm) %>%
unique() %>%
group_by(file, gene_name) %>%
dplyr::filter(n() > 1)

dups <- unique(dup.data$gene_name)
if (length(dups) > 0)
{

print("Duplicates:")
print(dups)
print("Removing genes with the least overlap of protein ids in other ms experiments")
for (dup in dups)
{

sub <- subset(data, gene_name %in% dup)
IDs <- unlist(strsplit(sub$protein_id, split = "[|]"))
rm(sub)
for (filen in unique(subset(dup.data, gene_name == dup)$file))
{

sub <- subset(data, gene_name == dup & file == filen)
data <- subset(data, paste(gene_name, file) != paste(dup, filen))
sub$ID.count <- 0
for (ID in unique(sub$protein_id))
{

sub$ID.count[sub$protein_id == ID] <- length(which(IDs %in% unlist(strsplit(ID, split = "[|]"))))
}
sub <- subset(sub, ID.count == max(sub$ID.count, na.rm = TRUE))
sub$ID.count <- NULL
data <- bind_rows(data, sub)
rm(sub)

}
rm(filen, IDs)

}
rm(dup)

}
rm(dups, dup.data)
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Transforming long data to wide data

ggplot(data = data, aes(condition, log2(value), fill = rep)) +
geom_boxplot() +
ylab("log2(signal_sum)") +
customPlot +
theme(axis.text.x = element_text(angle = 45, hjust = 1, vjust = 1))
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cdata <- data %>%
group_by(gene_name) %>%
mutate(key = paste("signal_sum", condition, rep, sep = "_")) %>%
dplyr::select(gene_name, key, value) %>%
group_by(gene_name, key) %>%
summarise(value = sum(value, na.rm = TRUE)) %>%
spread(key = key, value = value)

#found.in.files
fdata <- data %>%

group_by(gene_name) %>%
dplyr::select(gene_name, file) %>%
unique() %>%
summarise(found.in.files = n())

fdata_i <- data %>%
mutate(file2 = make.names(file)) %>%
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group_by(gene_name, file2) %>%
dplyr::select(gene_name, file, file2) %>%
unique() %>%
summarise(found.in.file = n()) %>%
mutate(file2 = paste0("found.in.file_", file2)) %>%
spread(key = file2, value = found.in.file)

fdata <- left_join(fdata, fdata_i)
#found.in.conditions
fdata_i <- data %>%

group_by(gene_name) %>%
dplyr::select(gene_name, condition) %>%
unique() %>%
summarise(found.in.conditions = n())

fdata <- left_join(fdata, fdata_i)
#found.in.reps
fdata_i <- data %>%

group_by(gene_name) %>%
dplyr::select(gene_name, rep) %>%
unique() %>%
summarise(found.in.reps = n())

fdata <- left_join(fdata, fdata_i)
#qupm overview
fdata_i <- data %>%

group_by(gene_name) %>%
dplyr::select(gene_name, qupm) %>%
unique() %>%
summarise(max.qupm = max(qupm, na.rm = TRUE))

fdata <- left_join(fdata, fdata_i)
#abundance overview
fdata_i <- data %>%

group_by(gene_name) %>%
dplyr::select(gene_name, top3) %>%
unique() %>%
summarise(average.top3 = mean(top3, na.rm = TRUE))

fdata <- left_join(fdata, fdata_i)
id_data <- data %>%

ungroup() %>%
dplyr::select(gene_name, protein_id, description) %>%
unique()

dups <- id_data %>%
group_by(gene_name) %>%
summarize(n = n()) %>%
dplyr::filter(n > 1) %>%
dplyr::select(gene_name)

if (nrow(dups) > 0)
{

dups <- dups$gene_name
dup.data <- subset(id_data, gene_name %in% dups)
id_data <- subset(id_data, !gene_name %in% dups)
combine_ids <- function(ids)
{

ids <- as.character(ids)
return(paste(
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sort(unique(unlist(strsplit(ids, split = "[|]")))), collapse = "|"))
}
dup.data <- dup.data %>%

group_by(gene_name) %>%
summarise(protein_id = combine_ids(protein_id),

description = combine_ids(description))
id_data <- bind_rows(id_data, dup.data)
rm(dup.data, combine_ids)

}
rm(dups)
fdata <- left_join(id_data, fdata)
rm(id_data)
fdata <- left_join(fdata, fdata_i)
cdata <- left_join(fdata, cdata)
rm(fdata_i, fdata)

Filter data
Only proteins that were quantified with two unique peptide matches are kept for the analysis. Proteins were
filtered according to these condition already when loading the data. Moreover, only proteins were kept if
they were quantified in at least 2/3 of the replicates.
dim(cdata)

## [1] 759 18

min.found.in.files <- 1
min.qupm <- 2
cdata <- cdata %>%

dplyr::filter(found.in.files >= min.found.in.files, max.qupm >= min.qupm)
dim(cdata)

## [1] 759 18

rm(min.found.in.files, min.qupm)

Building an expression set object

# Constructing assay data
raw_data <- cdata %>%

dplyr::select(starts_with("signal_sum")) %>%
as.data.frame()

rownames(raw_data) <- cdata$gene_name
names(raw_data) <- gsub("signal_sum_", "", names(raw_data))

# Constructing metadata
conditions_i <- data.frame(ID = names(raw_data))
conditions_i <- left_join(conditions_i, conditions)

# Constructing fdata
fdata <- cdata %>%

dplyr::select(-starts_with("signal_sum")) %>%
as.data.frame()

8



# Defining ID columns
rownames(fdata) <- fdata$gene_name
rownames(conditions_i) <- conditions_i$ID
colnames(raw_data) <- conditions_i$ID

# Log2-transformation of raw_ signal_sums
raw_data_m <- log2(as.matrix(raw_data))
raw_data_m[is.infinite((raw_data_m))] <- NA
raw_data_m[is.na((raw_data_m))] <- NA

# Creating an expression set
raw_dataE <- ExpressionSet(assayData = raw_data_m,

phenoData = AnnotatedDataFrame(conditions_i),
featureData = AnnotatedDataFrame(fdata))

validObject(raw_dataE)

## [1] TRUE

rm(raw_data, raw_data_m, conditions_i, fdata)

Batch effect removal

batchcl_raw_dataE <- raw_dataE
exprs(batchcl_raw_dataE) <- removeBatchEffect(exprs(batchcl_raw_dataE),

batch = as.character(pData(batchcl_raw_dataE)$rep),
design = model.matrix(~0 + as.character(pData(batchcl_raw_dataE)$condition)))

Data normalization
The vsn package from Wolfgang Huber is used to apply a variance stabilization normalization method on the
log2 raw data.
norm_batchcl_raw_dataE <- batchcl_raw_dataE
for (ng in unique(conditions$norm_group))
{

print(ng)
vsn.fit <- vsn2(2^exprs(norm_batchcl_raw_dataE[, norm_batchcl_raw_dataE$norm_group == ng]))
norm_batchcl_raw_dataE_i <-

predict(vsn.fit, 2^exprs(norm_batchcl_raw_dataE[ , norm_batchcl_raw_dataE$norm_group == ng]))
for (cn in colnames(norm_batchcl_raw_dataE_i))
{

exprs(norm_batchcl_raw_dataE)[ , cn] <- norm_batchcl_raw_dataE_i[, cn]
}
rm(cn, norm_batchcl_raw_dataE_i)
sdplot.object <- meanSdPlot(vsn.fit, plot = FALSE)
print(sdplot.object$gg + ggtitle(ng))
rm(vsn.fit, sdplot.object, vsn.fit)

}

## [1] "Mer2"
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rm(ng)

Calculation of ctrl-fold changes

fc.data <- as.data.frame(2^exprs(norm_batchcl_raw_dataE))
for (i in seq_along(conditions$ID))
{

fc.data[, paste0(conditions$ID[i], ".ctrl.ratio")] <-
fc.data[, as.character(conditions$ID[i])] /
fc.data[, as.character(conditions$ctrl.ID[i])]

}
rm(i)
fc.data <- fc.data %>%

dplyr::select(ends_with(".ctrl.ratio"))
fc.data$gene_name <- rownames(fc.data)
fc.data <- fc.data %>%

dplyr::select(ends_with(".ctrl.ratio"))
ctrl.ratio_dataE <- norm_batchcl_raw_dataE
names(fc.data) <- gsub(".ctrl.ratio", "", names(fc.data))
fc.data <- fc.data[ , colnames(ctrl.ratio_dataE)]
exprs(ctrl.ratio_dataE) <- fc.data %>%

as.matrix() %>%
log2()

rm(fc.data)
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PCA - principal component analysis

# PCA of raw_data
raw_PCA_m <- t(na.omit(exprs(raw_dataE)))
if (length(raw_PCA_m) > 50)
{

raw_PCA <- prcomp(raw_PCA_m, scale = FALSE)
perc_var <-

round(100 * raw_PCA$sdev ^ 2 /
sum(raw_PCA$sdev ^ 2), 1)

PCA_raw_data <-
data.frame(PC1 = raw_PCA$x[, 1],

PC2 = raw_PCA$x[, 2],
rep = pData(raw_dataE)$rep,
condition = pData(raw_dataE)$condition)

print(ggplot(data = PCA_raw_data, aes(PC1, PC2)) +
geom_point(aes(color = condition, shape = rep), size = 4) +
guides(size = FALSE) +
customPlot +
ggtitle("raw_data") +
xlab(paste("PC1 - explaining", perc_var[1], "% of variability")) +
ylab(paste("PC2 - explaining", perc_var[2], "% of variability")))

ggsave(file.path(dir_save, paste0("PCA_raw_data_", script.version, ".pdf")),
width = 7, height = 5)

rm(raw_PCA, perc_var, PCA_raw_data)
}
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rm(raw_PCA_m)

# PCA of batchcl_raw_data
batchcl_raw_PCA_m <- t(na.omit(exprs(batchcl_raw_dataE)))
if (length(batchcl_raw_PCA_m) > 50)
{

batchcl_raw_PCA <- prcomp(batchcl_raw_PCA_m, scale = FALSE)
perc_var <-

round(100 * batchcl_raw_PCA$sdev ^ 2 /
sum(batchcl_raw_PCA$sdev ^ 2), 1)

PCA_batchcl_raw_data <-
data.frame(PC1 = batchcl_raw_PCA$x[, 1],

PC2 = batchcl_raw_PCA$x[, 2],
rep = pData(batchcl_raw_dataE)$rep,
condition = pData(batchcl_raw_dataE)$condition)

print(ggplot(data = PCA_batchcl_raw_data, aes(PC1, PC2)) +
geom_point(aes(color = condition, shape = rep), size = 4) +
guides(size = FALSE) +
customPlot +
ggtitle("batchcl_raw_data") +
xlab(paste("PC1 - explaining", perc_var[1], "% of variability")) +
ylab(paste("PC2 - explaining", perc_var[2], "% of variability")))

ggsave(file.path(dir_save, paste0("PCA_batchcl_raw_data_", script.version, ".pdf")),
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width = 7, height = 5)
rm(batchcl_raw_PCA, perc_var, PCA_batchcl_raw_data)

}
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rm(batchcl_raw_PCA_m)

# PCA of norm_batchcl_raw_data
norm_batchcl_raw_PCA_m <- t(na.omit(exprs(norm_batchcl_raw_dataE)))
if (length(norm_batchcl_raw_PCA_m) > 50)
{

norm_batchcl_raw_PCA <- prcomp(norm_batchcl_raw_PCA_m, scale = FALSE)
perc_var <-

round(100 * norm_batchcl_raw_PCA$sdev ^ 2 /
sum(norm_batchcl_raw_PCA$sdev ^ 2), 1)

PCA_norm_batchcl_raw_data <-
data.frame(PC1 = norm_batchcl_raw_PCA$x[, 1],

PC2 = norm_batchcl_raw_PCA$x[, 2],
rep = pData(norm_batchcl_raw_dataE)$rep,
condition = pData(norm_batchcl_raw_dataE)$condition)

print(ggplot(data = PCA_norm_batchcl_raw_data, aes(PC1, PC2)) +
geom_point(aes(color = condition, shape = rep), size = 4) +
guides(size = FALSE) +
customPlot +
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ggtitle("norm_batchcl_raw_data") +
xlab(paste("PC1 - explaining", perc_var[1], "% of variability")) +
ylab(paste("PC2 - explaining", perc_var[2], "% of variability")))

ggsave(file.path(dir_save, paste0("PCA_norm_batchcl_raw_data_", script.version, ".pdf")),
width = 7, height = 5)

rm(norm_batchcl_raw_PCA, perc_var, PCA_norm_batchcl_raw_data)
}
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rm(norm_batchcl_raw_PCA_m)

# PCA of ctrl.ratio_data
ctrl.ratio_PCA_m <- t(na.omit(exprs(ctrl.ratio_dataE)))
if (length(ctrl.ratio_PCA_m) > 50)
{

ctrl.ratio_PCA <- prcomp(ctrl.ratio_PCA_m, scale = FALSE)
perc_var <-

round(100 * ctrl.ratio_PCA$sdev ^ 2 /
sum(ctrl.ratio_PCA$sdev ^ 2), 1)

PCA_ctrl.ratio_data <-
data.frame(PC1 = ctrl.ratio_PCA$x[, 1],

PC2 = ctrl.ratio_PCA$x[, 2],
rep = pData(ctrl.ratio_dataE)$rep,
condition = pData(ctrl.ratio_dataE)$condition)
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print(ggplot(data = PCA_ctrl.ratio_data, aes(PC1, PC2)) +
geom_point(aes(color = condition, shape = rep), size = 4) +
guides(size = FALSE) +
customPlot +
ggtitle("ctrl.ratio_data") +
xlab(paste("PC1 - explaining", perc_var[1], "% of variability")) +
ylab(paste("PC2 - explaining", perc_var[2], "% of variability")))

ggsave(file.path(dir_save, paste0("PCA_ctrl.ratio_data_", script.version, ".pdf")),
width = 7, height = 5)

rm(ctrl.ratio_PCA, perc_var, PCA_ctrl.ratio_data)
}
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Merge modified data back into ‘cdata’

cdata_i <- as.data.frame(2^exprs(batchcl_raw_dataE))
names(cdata_i) <- paste0("batchcl_raw_signal_sum_", names(cdata_i))
cdata_i$gene_name <- rownames(cdata_i)
cdata <- left_join(cdata, cdata_i)
rm(cdata_i)
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cdata_i <- as.data.frame(2^exprs(norm_batchcl_raw_dataE))
names(cdata_i) <- paste0("norm_batchcl_raw_signal_sum_", names(cdata_i))
cdata_i$gene_name <- rownames(cdata_i)
cdata <- left_join(cdata, cdata_i)
rm(cdata_i)

cdata_i <- as.data.frame(2^exprs(ctrl.ratio_dataE))
names(cdata_i) <- paste0("ctrl.ratio_", names(cdata_i))
cdata_i$gene_name <- rownames(cdata_i)
cdata <- left_join(cdata, cdata_i)
rm(cdata_i)

write.csv(cdata, file = file.path(dir_save, paste0("Full_dataset_", script.version, ".csv")), row.names = FALSE)

Create tidy data

mdata <- NULL

mdata_i <- tidy(raw_dataE)
mdata_i <- mdata_i %>%

mutate(value = 2 ^ value)
names(mdata_i)[1] <- "gene_name"
names(mdata_i)[2] <- "ID"
mdata_i <- left_join(mdata_i, conditions)
mdata_i$measurement <- "raw_signal_sum"
mdata <- bind_rows(mdata, mdata_i)
rm(mdata_i)

mdata_i <- tidy(batchcl_raw_dataE)
mdata_i <- mdata_i %>%

mutate(value = 2 ^ value)
names(mdata_i)[1] <- "gene_name"
names(mdata_i)[2] <- "ID"
mdata_i <- left_join(mdata_i, conditions)
mdata_i$measurement <- "batchcl_raw_signal_sum"
mdata <- bind_rows(mdata, mdata_i)
rm(mdata_i)

mdata_i <- tidy(norm_batchcl_raw_dataE)
mdata_i <- mdata_i %>%

mutate(value = 2 ^ value)
names(mdata_i)[1] <- "gene_name"
names(mdata_i)[2] <- "ID"
mdata_i <- left_join(mdata_i, conditions)
mdata_i$measurement <- "norm_batchcl_raw_signal_sum"
mdata <- bind_rows(mdata, mdata_i)
rm(mdata_i)

mdata_i <- tidy(ctrl.ratio_dataE)
mdata_i <- mdata_i %>%

mutate(value = 2 ^ value)
names(mdata_i)[1] <- "gene_name"
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names(mdata_i)[2] <- "ID"
mdata_i <- left_join(mdata_i, conditions)
mdata_i$measurement <- "ctrl.ratio"
mdata <- bind_rows(mdata, mdata_i)
rm(mdata_i)

mdata$condition <- factor(mdata$condition, ordered = TRUE, levels = c("WT", "MUT", "Control"))
mdata$measurement <- factor(mdata$measurement, ordered = TRUE, levels = c("raw_signal_sum", "batchcl_raw_signal_sum", "norm_batchcl_raw_signal_sum", "ctrl.ratio"))

Data transformation overview

ggplot(data = subset(mdata, !grepl("ratio", measurement)), aes(condition, log2(value))) +
geom_boxplot(aes(fill = rep)) +
customPlot +
theme(axis.text.x = element_text(angle = 90, hjust = 1, vjust = 0.5)) +
facet_grid(. ~ measurement)
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ggsave(file.path(dir_save, paste0("Normalization_overview_", script.version, ".pdf")), width = 10, height = 5)

ggplot(data = subset(mdata, grepl("ratio", measurement)), aes(condition, log2(value))) +
geom_boxplot(aes(fill = rep)) +
customPlot +
theme(axis.text.x = element_text(angle = 90, hjust = 1, vjust = 0.5)) +
facet_grid(. ~ measurement, scale = "free")
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ggsave(file.path(dir_save, paste0("Normalization_overview_ratios_", script.version, ".pdf")), width = 6, height = 5)

LIMMA analysis
A protein is considered a ‘hit’, if the false discovery rate is smaller 0.05 and a fold change of at least 2-fold is
observed. A protein is considered a ‘candidate’, if the false discovery rate is smaller 0.2 and a fold change of
at least 1.5-fold is observed.

Initialize limma results data

limma_results <- NULL

Run limma analysis

limma_data <- norm_batchcl_raw_dataE
limma_weights <- exprs(raw_dataE)
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comparison.list <- c("WT - Control", "MUT - Control", "(MUT - Control) - (WT - Control)")
limma_weights <- ifelse(is.na(limma_weights), 0.05, 1)
limma.cond <- factor(pData(limma_data)$condition, ordered = FALSE)
limma.rep <- factor(pData(limma_data)$rep, ordered = FALSE)
contrast.matrix <- model.matrix( ~ 0 + limma.cond + limma.rep)
colnames(contrast.matrix) <- gsub("limma.cond", "", colnames(contrast.matrix))

limma.object <- eBayes(
contrasts.fit(

lmFit(limma_data, design = contrast.matrix, weights = limma_weights),
makeContrasts(contrasts = comparison.list, levels = contrast.matrix)

)
)
for (comparison in comparison.list)
{

limma_results_i <- limma::topTable(limma.object,
sort.by = "t",
coef = comparison,
number = Inf)

names(limma_results_i)[grep("P.Value", names(limma_results_i))] <- "pvalue.limma"
names(limma_results_i)[grep("adj.P.Val", names(limma_results_i))] <- "fdr.limma"
limma_results_i <- subset(limma_results_i, !is.na(logFC))
fdr_res <- NULL
try(fdr_res <- fdrtool(limma_results_i$t, plot = FALSE, verbose = FALSE))
if (!is.null(fdr_res))
{

limma_results_i$pvalue.fdrtool <- fdr_res$pval
limma_results_i$qval.fdrtool <- fdr_res$qval
limma_results_i$lfdr.fdrtool <- fdr_res$lfdr

}else
{

limma_results_i$pvalue.fdrtool <- 1
limma_results_i$qval.fdrtool <- 1
limma_results_i$lfdr.fdrtool <- 1

}
limma_results_i$comparison <- comparison
limma_results <- bind_rows(limma_results, limma_results_i)
rm(limma_results_i, fdr_res)

}
rm(comparison.list, comparison, contrast.matrix, limma.cond, limma.rep, limma_data, limma_weights, limma.object)

Fdr statistics comparison limma vs fdrtool

ggplot(data = limma_results, aes(abs(t))) +
geom_line(aes(y = fdr.limma, colour = "limma - adj.P.Val")) +
geom_line(aes(y = qval.fdrtool, colour = "fdrtool - qval")) +
geom_point(aes(y = fdr.limma, colour = "limma - adj.P.Val")) +
geom_point(aes(y = qval.fdrtool, colour = "fdrtool - qval")) +
facet_wrap( ~ comparison, scale = "free_x") +
ylab("fdr") +
customPlot
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ggsave(file.path(dir_save, paste0("t_vs_fdr_limma_vs_fdrtool_", script.version, ".pdf")), width = 12, height = 4.5)

ggplot(data = limma_results) +
geom_histogram(aes(pvalue.limma, alpha = 0.5, fill = "limma"), bins = 40) +
geom_histogram(aes(pvalue.fdrtool, alpha = 0.5, fill = "fdrtool"), bins = 40) +
guides(alpha = FALSE) +
xlab("p-value") +
facet_wrap( ~ comparison, scale = "free_y") +
coord_cartesian(xlim = c(0, 1)) +
customPlot

22



(MUT − Control) − (WT − Control) MUT − Control WT − Control

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

0

200

400

600

0

200

400

600

0

25

50

75

100

p−value

co
un

t fill

fdrtool

limma

ggsave(file.path(dir_save, paste0("p-value_histogram_limma_vs_fdrtool_", script.version, ".pdf")), width = 12, height = 4.5)

Hit annotation

limma_results$hit_annotation_method <- NA
fdr_hit_threshold <- 0.05
fdr_candidate_threshold = 0.2
fc_hit_threshold <- 2
fc_candidate_threshold <- 1.5
limma_results$pvalue <- NA
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limma_results$fdr <- NA
for (comparison in unique(limma_results$comparison))
{

limma_hits <-
nrow(limma_results[limma_results$comparison == comparison &

limma_results$fdr.limma <= fdr_hit_threshold, ])
fdrtool_hits <-

nrow(limma_results[limma_results$comparison == comparison &
limma_results$qval.fdrtool <= fdr_hit_threshold, ])

if (limma_hits >= fdrtool_hits)
{

limma_results$hit_annotation_method[limma_results$comparison == comparison] <-
"limma"

}
if (fdrtool_hits > limma_hits)
{

limma_results$hit_annotation_method[limma_results$comparison == comparison] <-
"fdrtool"

}
rm(limma_hits, fdrtool_hits)

}
rm(comparison)
table(limma_results$hit_annotation_method)

##
## fdrtool limma
## 759 1518

limma_results$hit_annotation_method <- "limma"

limma_results$pvalue[limma_results$hit_annotation_method == "limma"] <-
limma_results$pvalue.limma[limma_results$hit_annotation_method == "limma"]

limma_results$fdr[limma_results$hit_annotation_method == "limma"] <-
limma_results$fdr.limma[limma_results$hit_annotation_method == "limma"]

limma_results$pvalue[limma_results$hit_annotation_method == "fdrtool"] <-
limma_results$pvalue.fdrtool[limma_results$hit_annotation_method == "fdrtool"]

limma_results$fdr[limma_results$hit_annotation_method == "fdrtool"] <-
limma_results$qval.fdrtool[limma_results$hit_annotation_method == "fdrtool"]

limma_results$hit <-
with(limma_results, ifelse(fdr <= fdr_hit_threshold & abs(logFC) >=

log2(fc_hit_threshold), TRUE, FALSE))
limma_results$hit_annotation <-

with(limma_results,
ifelse(fdr <= fdr_hit_threshold & abs(logFC) >=

log2(fc_hit_threshold), "hit",
ifelse(fdr <= fdr_candidate_threshold & abs(logFC) >=

log2(fc_candidate_threshold), "candidate", "no hit")))
limma_results$hit_annotation <-

factor(limma_results$hit_annotation,
ordered = TRUE,
levels = c("hit", "candidate", "no hit"))
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# Keep only enriched hits
ctrl.comparisons <- c("WT - Control", "MUT - Control")
limma_results$hit[

with(limma_results, comparison %in% ctrl.comparisons &
hit & logFC < 0)

] <- FALSE
limma_results$hit_annotation[

with(limma_results, comparison %in% ctrl.comparisons &
hit_annotation %in% c("hit", "candidate") &
logFC < 0)

] <- "no hit"

limma_results$hit_annotation <- as.character(limma_results$hit_annotation)
limma_results$hit_annotation.orig <- limma_results$hit_annotation
for (comparison in unique(limma_results$comparison))
{

comparison.orig <- comparison
comparison.list_i <- gsub("[(,)]", "",

unlist(base::strsplit(comparison, split = " - ")))
comparison.list_i <- comparison.list_i[!comparison.list_i %in% conditions$ctrl]
enriched <- NULL
for (comparison_i in comparison.list_i)
{

to_compare <- grep(paste0("^", comparison_i, " -"), ctrl.comparisons, value = TRUE)
enriched <- append(enriched,

as.character(subset(limma_results,
comparison == to_compare &

hit_annotation.orig %in%
c("hit", "candidate"))$gene_name))

}
rm(comparison.list_i, comparison_i, to_compare)
enriched <- unique(enriched)
limma_results$hit_annotation[

limma_results$comparison == comparison.orig & limma_results$gene_name %in% enriched
] <-
paste("enriched", limma_results$hit_annotation[

limma_results$comparison == comparison.orig & limma_results$gene_name %in% enriched
])

}
rm(comparison, ctrl.comparisons, comparison.orig)
limma_results$hit_annotation.orig <- NULL
limma_results$hit_annotation <- factor(limma_results$hit_annotation,

ordered = TRUE,
levels = c("enriched hit",

"hit",
"enriched candidate",
"candidate",
"enriched no hit",
"no hit"))

with(limma_results, table(comparison, hit_annotation))

## hit_annotation
## comparison enriched hit hit enriched candidate
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## (MUT - Control) - (WT - Control) 31 0 120
## MUT - Control 730 0 11
## WT - Control 718 0 16
## hit_annotation
## comparison candidate enriched no hit no hit
## (MUT - Control) - (WT - Control) 0 590 18
## MUT - Control 0 0 18
## WT - Control 0 0 25

Volcano-plot

ggplot(data = limma_results, aes(logFC, -log10(pvalue), colour = hit_annotation)) +
geom_vline(aes(xintercept = 0)) +
geom_point() +
geom_text(aes(label = gsub("[|].+", "", gene_name)),

data = subset(limma_results, hit_annotation != "no hit"),
vjust = 0, nudge_y = 0.1, size = 2, check_overlap = TRUE) +

facet_wrap( ~ comparison + hit_annotation_method) +
xlab("log2(fold change)") +
customPlot
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ggsave(file.path(dir_save, paste0("Volcano_plot_", script.version, ".pdf")), width = 12, height = 4.5)

MA-plot

ggplot(data = limma_results, aes(AveExpr, logFC, colour = hit_annotation)) +
geom_hline(aes(yintercept = 0)) +
geom_point() +
geom_text(aes(label = gsub("[|].+", "", gene_name)),

data = subset(limma_results, hit_annotation != "no hit"),
vjust = 0, nudge_y = 0.1, size = 2, check_overlap = TRUE) +
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facet_wrap( ~ comparison + hit_annotation_method) +
xlab("average log2(signal_sum)") +
ylab("log2(fold change)") +
customPlot
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ggsave(file.path(dir_save, paste0("MA_plot_", script.version, ".pdf")), width = 12, height = 4.5)

##top3-plot
limma_results$top3 <- limma_results$average.top3
ggplot(data = limma_results, aes(top3, logFC, colour = hit_annotation)) +

geom_hline(aes(yintercept = 0)) +
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geom_point() +
geom_text(aes(label = gsub("[|].+", "", gene_name)),

data = subset(limma_results, hit_annotation != "no hit"),
vjust = 0, nudge_y = 0.1, size = 2, check_overlap = TRUE) +

facet_wrap( ~ comparison + hit_annotation_method) +
xlab("average(top3)") +
ylab("log2(fold change)") +
customPlot
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ggsave(file.path(dir_save, paste0("top3_plot_", script.version, ".pdf")), width = 12, height = 4.5)

Fold change correlations

FC.correlation.list <- list(
structure(

c("(MUT - Control) - (WT - Control)", "MUT - Control", "WT - Control"),
.Names = c("MUT_vs_Control_against_WT_vs_Control ", "MUT_vs_Control", "WT_vs_Control")

)
)
fc.cor.data <- NULL
for (i in seq_along(FC.correlation.list))
{

FC.correlation.list_i <- FC.correlation.list[[i]]
fc.cor.data_x <- limma_results %>%

group_by(gene_name) %>%
dplyr::filter(comparison == FC.correlation.list_i[3]) %>%
mutate(x.name = names(FC.correlation.list_i)[3], x = logFC, x.hit = hit_annotation) %>%
dplyr::select(gene_name, x, x.name, x.hit)

fc.cor.data_y <- limma_results %>%
group_by(gene_name) %>%
dplyr::filter(comparison == FC.correlation.list_i[2]) %>%
mutate(y.name = names(FC.correlation.list_i)[2], y = logFC, y.hit = hit_annotation) %>%
dplyr::select(gene_name, y, y.name, y.hit)

fc.cor.data_i <- left_join(fc.cor.data_x, fc.cor.data_y)
fc.cor.data_hit <- limma_results %>%

group_by(gene_name) %>%
dplyr::filter(comparison == FC.correlation.list_i[1]) %>%
mutate(comparison = names(FC.correlation.list_i)[1]) %>%
dplyr::select(gene_name, comparison, hit_annotation)

fc.cor.data_i <- left_join(fc.cor.data_i, fc.cor.data_hit)
rm(fc.cor.data_x, fc.cor.data_y, fc.cor.data_hit)
fc.cor.data <- bind_rows(fc.cor.data, fc.cor.data_i)
rm(fc.cor.data_i)

}
fc.cor.data$hit_x_and_y <- paste(fc.cor.data$x.hit, "x -", fc.cor.data$y.hit, "y")
fc.cor.data$hit_x_and_y <- gsub("enriched ", "", fc.cor.data$hit_x_and_y)
fc.cor.data$hit_x_and_y <- factor(fc.cor.data$hit_x_and_y, ordered = TRUE,

levels = c("hit x - hit y",
"hit x - candidate y",
"candidate x - hit y",
"candidate x - candidate y",
"hit x - no hit y",
"no hit x - hit y",
"candidate x - no hit y",
"no hit x - candidate y",
"no hit x - no hit y"))

no.of.comparisons <- with(fc.cor.data, length(unique(paste(comparison))))
gr.width <- 4 + ceiling(sqrt(no.of.comparisons)) * 5
gr.height <- 3 + floor(sqrt(no.of.comparisons)) * 5
ggplot(data = fc.cor.data, aes(x, y, colour = hit_annotation)) +

geom_vline(aes(xintercept = 0)) +
geom_hline(aes(yintercept = 0)) +
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geom_abline() +
coord_fixed(ratio = 1) +
geom_point() +
geom_text(aes(label = gsub("[|].+", "", gene_name)),

data = subset(fc.cor.data, hit_annotation != "no hit"),
vjust = 0, nudge_y = 0.1, size = 2, check_overlap = TRUE) +

facet_wrap( ~ comparison + x.name + y.name, labeller = "label_both") +
customPlot
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ggsave(file.path(dir_save, paste0("Fold_change_correlation_", script.version, ".pdf")), width = gr.width, height = gr.height)
ggplot(data = fc.cor.data, aes(x, y, colour = hit_x_and_y)) +
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geom_vline(aes(xintercept = 0)) +
geom_hline(aes(yintercept = 0)) +
geom_abline() +
coord_fixed(ratio = 1) +
geom_point() +
geom_text(aes(label = gsub("[|].+", "", gene_name)),

data = subset(fc.cor.data, x.hit %in% c("enriched hit") | y.hit %in% c("enriched hit")),
vjust = 0, nudge_y = 0.1, size = 2, check_overlap = TRUE) +

facet_wrap( ~ comparison + x.name + y.name, labeller = "label_both") +
customPlot
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ggsave(file.path(dir_save, paste0("Fold_change_correlation_alt_hit_class_", script.version, ".pdf")), width = gr.width, height = gr.height)
write.csv(fc.cor.data, file = file.path(dir_save, paste0("Fold_change_correlation_data_", script.version, ".csv")), row.names = FALSE)
rm(FC.correlation.list, gr.width, gr.height)

Save limma results

write.csv(limma_results, file.path(dir_save, paste0("Limma_results_", script.version, ".csv")), row.names = FALSE)

Clustering of data
Preparation of cluster data

hits <- unique(subset(limma_results, hit_annotation %in% c("enriched hit", "enriched candidate"))$gene_name)
m_clust.data <- subset(mdata, measurement == "ctrl.ratio" & gene_name %in% hits) %>%

group_by(gene_name, condition) %>%
summarise(median.value = median(value, na.rm = TRUE))

clust.data_m <- m_clust.data %>%
mutate(key = paste(condition, sep = "_")) %>%
ungroup() %>%
dplyr::select(gene_name, key, median.value) %>%
group_by(gene_name) %>%
spread(key = key, value = median.value) %>%
as.data.frame()
write.csv(clust.data_m, file.path(dir_save, paste0("Clustering_data_", nrow(clust.data_m), "_proteins_", script.version, ".csv")), row.names = FALSE)

rownames(clust.data_m) <- clust.data_m$gene_name
m_clust.data <- m_clust.data %>%

dplyr::filter(gene_name %in% clust.data_m$gene_name)
clust.data_m$gene_name <- NULL
clust.data_m <- clust.data_m %>%

as.matrix() %>%
log2()

clust.data_m[is.na(clust.data_m)] <- 0

PCA of clustering data

clust.data_PCA <- prcomp(clust.data_m, scale = FALSE)
perc_var <-

round(100 * clust.data_PCA$sdev ^ 2 /
sum(clust.data_PCA$sdev ^ 2), 1)

PCA_clust.data <-
data.frame(PC1 = clust.data_PCA$x[, 1],

PC2 = clust.data_PCA$x[, 2],
PC3 = clust.data_PCA$x[, 3])

ggplot(data = PCA_clust.data, aes(PC1, PC2, colour = PC3)) +
geom_point() +
theme_bw(base_size = 12) +
scale_colour_gradientn(colours = c("black", "#377eb8", "#984ea3",

"#e41a1c", "#ff7f00", "#ffff33")) +
ggtitle("PCA clustering data",

subtitle = paste("PC3 - explaining", perc_var[3], "% of variability")) +
xlab(paste("PC1 - explaining", perc_var[1], "% of variability")) +
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ylab(paste("PC2 - explaining", perc_var[2], "% of variability"))
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PCA clustering data

ggsave(file.path(dir_save, paste0("PCA_clustering_data_", script.version, ".pdf")),
width = 7, height = 5)

rm(clust.data_PCA, perc_var)

Set number of clusters

cluster.number <- ceiling(sqrt(sqrt(nrow(clust.data_m)) * ncol(clust.data_m)))
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K-means clustering

# plot within groups sum of squares for different cluster numbers
no <- ceiling(nrow(clust.data_m) / 4)
wss <- (no - 1) * sum(apply(clust.data_m, 2, var))
for (i in 2:(no - 1)) wss[i] <- sum(kmeans(clust.data_m,

centers = i)$withinss)
plot(1:(no - 1), wss, type = "b", xlab = "number of Clusters",

ylab = "within groups sum of squares")
abline(v = cluster.number, col = "red")
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kmeans.fit <- kmeans(clust.data_m, cluster.number)
cluster.groups <- data.frame(gene_name = names(kmeans.fit$cluster),

kmeans.cluster.group = kmeans.fit$cluster)
rm(wss, kmeans.fit, no)

Hierarchical clustering

d <- dist(clust.data_m, method = "euclidean")
hclust.fit <- hclust(d, method = "ward.D2")
cluster.groups_hclust <-

data.frame(gene_name = names(cutree(hclust.fit, k = cluster.number)),
hclust.cluster.group = cutree(hclust.fit, k = cluster.number))

cluster.groups <- left_join(cluster.groups, cluster.groups_hclust)
rm(cluster.groups_hclust)
m_clust.data <- left_join(m_clust.data, cluster.groups)
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m_clust.data$gene_name <- factor(m_clust.data$gene_name, ordered = TRUE,
levels = hclust.fit$labels[hclust.fit$order])

rm(d, hclust.fit)

Plot clustering results

gr.width <- 2.5 + ncol(clust.data_m) * 0.1 + max(nchar(rownames(clust.data_m))) * 0.008
gr.height <- 2.5 + nrow(clust.data_m) * 0.01
ggplot(data = m_clust.data, aes(condition, gene_name)) +

geom_tile(aes(fill = log2(median.value))) +
scale_fill_gradient2(low = "#2166ac", high = "#b2182b", midpoint = 0,

mid = "#f7f7f7", name = "log2.ratio") +
theme_bw(base_size = 12) +
theme(axis.text.x = element_text(angle = 90, hjust = 1, vjust = 0.5),

axis.text.y = element_text(size = 1)) +
ylab("gene")

36



GDH1
SEC53

ARP7
PDB1
DIS3

TUF1
RAD51

ATP3
SSA3
ADH1
SMC5

YNL115C
RPS28B|RPS28A

SGV1
RPS29A

VID27
MRPL40

TSA1
HOM2
SUB2
TPS2
HYP2
IST1

BMH1
HSP60
PGK1
ACS2
GDB1
RPT1
GSY1

P1707_RE|RTN1
RLP7
YPT7

RPS12
YBT1
PMT2
SBP1
YPT1

GND1
SOF1

SDS24
IDH1
IES1

PDR16
RPB4
KRS1
GCN5
SEY1

PET10
CPA2

YHR020W
ATP5

CAR1
FAS1
SIS1

MBF1
CYC1
CRH1

TPI1
TIM44

HttQx_EGFP
PRS3
RAS2
SAM2
ATG8
ILV2

MRPL25
AIM45

ERG13
MSH2

NCE102
RPS0A

RPS19A|RPS19B
SSA1
SNF1

HSP150
SPO14

RPL12A|RPL12B
ACF2
TDH1
IMG2
CPR1
GPM1
PRB1
CST6

RPL24B
LSP1
CKA2
MYO2
ALD6

YDR115W
HCR1
BDH1

MRPL3
COX2
TGS1

RSM18
TUB1|TUB3

CUE5
DMC1
PRS1
POR1

PCS60
DLD1
RIO2

RQC2
YGR266W

BGL2
PDS5
CAT2
IPP1

ARL1
RPT2
MDJ1
MVD1
CRC1
ATP2
GLN1

VPS17
YER079W

GAS1
NUP145

IFM1
PRO3
RPL5
ARE2

SEC26
RNR4
TPS1

MRPL36
SEC27

EIS1
CDC19

PET127
PRE7
RGI1

CPS1
VMA13
MDM38

SLI15
ERG27

CCT3
SDH1

ADE5,7
TRP3
GGA2
ARO9
RRP5
CRM1

YAT2
RPS14A|RPS14B

SCL1
FAA4

YFR006W
BAT2

TRM1
RPS27A|RPS27B

SRL2
PWP1

YMR027W
TUB2
UBP7
COP1
ERG6

RPL10
SPO22

PRE3
STH1

ADE12
ENO2
GPH1
IDP3

SYP1
SRP54
THO1
SEC7
RPN6
RBG1
RPS5
VMA1
NIC96
TAF1

GLC3
YGL081W

GCV1
GUT2
RET2

SEC18
APN1
YCG1
CHD1
GTS1
BDF1
ZTA1

SPT16
FRA1

ERG20
RTS2
CDC3
JHD1

TAF14
FAA1
FHL1
ABF1
IES2

DBP3
SMC4

YLR278C
GRS1
PMT1
ARD1
OSM1
LSC2
KIN1

TCP1
AMS1
PEP4

RPA49
YDR341C

PYC1
TIF5

SHS1
TED1
ALA1
TSL1

YNL181W
DNM1
RNR1

ADE13
GDH2
BRN1
NPL6
EPL1

NOP13
RPN2
GPT2
TAL1

GCV2
MLS1

MRPS35
SCY1
CHC1
RPN1
SCC2
SEG1
SDH2
EFT1

NOP58
RRP14
MSD1
NAT10
PUP2
IMH1
TEF1
TIF35
NAM7
XRN1

MCM4
DBP2
SCS2
KNS1
RPG1
NIP1

PRP19
ADH2
NGG1
ACT1
SSE1

VPS33
FAA2
RPT3

YGL108C
FUM1

CDC12
IMD4

RPS7B
SAC6
AGX1
ENO1

MAK21
NOC2
RPT6

RVS161
PGM2
UBA1
GLK1

NOP12
BRE1
SMC6
SMY2
MET6
VTC4
ADE6

HSC82
INO1

PCK1
PGI1

TMA19
NOP16

RPN3
ETR1

IPI3
RPT4

CNM67
KGD1
UBP6
SAH1
SMC2
RSP5

YNR021W
VPS1

RPA190
SPP41

SLA1
TFC3
CDS1
NOP1
PHO2

POM33
GAR1
LAP3

SAM1
TIF34
RRN5
TAF6
APL2
DOT5
MLH1
RLI1
TAF5

DMA2
ICL1
LAT1

RFC3
TMA7
EAF3
IST2

VPS5
ACC1
RVB1

YNL247W
ISW2
CCT4

JIP5
GDI1
ULS1
CBF1
REP2

MCM3
MPH1
GTT3
HOS3

SCP160
FRS2
HIR3

MGA2
RAD16

EDE1
HTZ1

UTP23
EHT1
HIR1

RAP1
SHE10
VPS72
ARB1
CSE4
KAR2

RPO31
GGA1
SEC4
ARG1
HSV2
NTH1
LYS1

SSC1
RPL22A

VAS1
CBR1

YNL040W
PAB1
UTP5

SUP45
HPC2
SPF1
LSC1

TMA64
LSM12
RPB11

OLA1
SEC23
MKT1
TOP1
RTG2
OAF1
OLE1
DEF1
TIF1

CFT2
DUG1
PBP1
SEC8
RFC1
VAC8
GLR1
HEF3
GPD1
CAM1

HSP104
MRPS5

NSR1
RPL14A|RPL14B

RPP0
RPL36B

RPL2A|RPL2B
RPL34B|RPL34A

RPL29
CLU1
STM1
RED1

RPL32
CTA1

RPL18A|RPL18B
RML2

RPS18A|RPS18B
RPL42A|RPL42B
RPS23A|RPS23B

FOX2
RPL30
NAM9

RPL7A
RPL1A|RPL1B

RPL16A
RSM24
HHO1

RPL11A|RPL11B
GSP2
SUI3

HTA1|HTA2
RTT106

CMR1
SKO1
HTB1
HTB2

RPC10
RPS2
RNP1
THS1

RPL19A|RPL19B
EGD1
YRA1
RGI2

RPS7A
TFC6
HIS3

RPS1A
RPS24A|RPS24B

RPL15A
RPS8A|RPS8B

YTA7
LOC1
YNG1
ADR1
ISW1
SAS3
SPP1
BDP1

REC107
RPH1
SWC4
SWR1

TRI1
POB3

RPO21
LSB3
REB1
MSH6

NHP6B
HIR2

RPB8
CAD1

MGM101
SUI2

CRZ1
PCT1
IOC2
RSF1

HMO1
SUP35
RPC82

BRF1
IOC3
RIM1

CDC60
RPB2

SWC3
MRPS28

GLT1
NHP6A
ERV29
SRM1
WRS1

CDC10
RPB5
MST1

RPS30A|RPS30B
ARP4
NHP2
TFC4
ABF2
RPB3

FUN12
SPT15

TIF4631
PIP2

SPT5
SUB1
TFC8

UME6
SES1
ZUO1
RFA1

MSH1
FRS1
PDE2
HHF1
NTO1

YLR455W
DBP5
HHT1
SHM1
TEF4

DPM1
UBP3
TRA1

SRP72
YAT1

GCD11
HOM6

MRPL10
SMC1
HFD1
PSH1
SSD1
APE2

MDH2
SUC2
ACO1
NOP2
RSR1

RPL37A
TMA22
HOP1
PUF3
PAT1

SRP40
MSS116

HTS1
SMC3
BFR1
CBF5
DED1
SRP1
TFC1
FPR3

RPL16B
RPL27A|RPL27B
RPL43A|RPL43B

CKA1
RSM23

MRPL16
RPL4A
RPS15

RPS4A|RPS4B
MRPL22

MDH3
RIM4
SLM1

MRPL9
YGR169C−A

CIT1
YTM1

RPL28
KAP95

YHR097C
YPK2

YGR130C
RPL8A

RPL21A|RPL21B
RPL6A

NSA1
PRP43

MIR1
GET4
YHM2
CIC1

ACH1
IRR1
ALD4
ZIP1

EBP2
POX1
MSY1
MND1
RTS1
MRP7
REC8
BRX1
NOP7

HSP82
MRPS9

ERB1
PIL1

DST1
MRPL35

RPS11A|RPS11B
RPL13B|RPL13A
RPS25B|RPS25A

KIN2
SRO9
CYT1
HRK1
CWP1
TOR2
ADY3

MRP20
RPS13

RRF1
COR1
AMD1

RPL6B
GUS1

STE24
DPS1
RSC9
NUS1
YAF9

GLO3
MRPL32

IDP2
NOP56
MDG1
RVB2

RPS31
MRPS17

SSB1|SSB2
ARP8
RPL3

DED81
URA2

SEC61
SSZ1
TOP2
MRT4

SEC63
ARX1

SEC24
PDH1
PDI1

MOT1
LPD1
YEF3
DHH1
NAT1

SPS19
PRT1
RFC2
PDA1
YCS4

RPL35A|RPL35B
CDC24
RPL9B
RSC2
CRP1
RPS3
MIS1
PUF6

RPS20
RAD52

ADH3
PMA1

RPS1B
TES1

RPL24A
MCK1
SPB4
FBP1
PSA1
HAS1
ACS1
PFK2
KGD2
NDI1

MRPL17
POL30

RPL20A|RPL20B
RPL25
ADE3
QCR2
WTM1

YJR005C−A
GCN2
XDJ1
LEU4
RSC8
UGP1
ARO4
TYS1
ASC1

MRPL11
BBC1

ERG10
ADE17
SHM2
SPT7

INO80
PFK1
CCT8
ATP1

RPA135
MRM1
NOG1

RPS17A|RPS17B
MRPL24

ADE4
HRR25
MYO3
IMG1
LPX1

RPS16A|RPS16B
ADE2

MET17
REP1

YEL020C
PET9
PDC1
RSA4
SPT6

RPS6A|RPS6B
TKL1

VMA2

W
T

M
U

T

C
on

tr
ol

condition

ge
ne

0

2

4

6

log2.ratio

ggsave(file.path(dir_save, paste0("Heatmap_hits_", nrow(clust.data_m), "_proteins_", script.version, ".pdf")), width = gr.width, height = gr.height)

# Clustering heatmaps
ggplot(data = cluster.groups, aes(hclust.cluster.group, kmeans.cluster.group)) +

geom_abline(colour = "grey") +
geom_jitter(width = 0.2, height = 0.2, alpha = 0.3) +
scale_x_continuous(breaks = 1:cluster.number) +
scale_y_continuous(breaks = 1:cluster.number) +
customPlot +
theme(panel.grid.minor = element_blank())
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# PCA with cluster results
m_cluster.groups <- cluster.groups %>%
group_by(gene_name) %>%
gather(-gene_name, key = "cluster.group", value = "cluster") %>%
mutate(cluster.group = gsub(".cluster.group", "", cluster.group))

PCA_clust.data$gene_name <- rownames(PCA_clust.data)
PCA_clust.data <- left_join(PCA_clust.data, m_cluster.groups)
PCA_clust.data$cluster <- factor(PCA_clust.data$cluster)
ggplot(data = PCA_clust.data, aes(PC1, PC2, colour = cluster)) +

geom_point() +
theme_bw(base_size = 12) +
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facet_wrap(~ cluster.group) +
geom_text(aes(label = gene_name), size = 0.2, colour = "black")
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ggsave(file.path(dir_save, paste0("PCA_clustering_data_", cluster.number, "_cluster_", nrow(clust.data_m), "_proteins_", script.version, ".pdf")),
width = 10, height = 5)

gr.height <- 2.5 + nrow(clust.data_m) * 0.01 + cluster.number * 0.1
ggplot(data = m_clust.data, aes(condition, gene_name)) +

geom_tile(aes(fill = log2(median.value))) +
scale_fill_gradient2(low = "#2166ac", high = "#b2182b", midpoint = 0,

mid = "#f7f7f7", name = "log2.ratio") +
facet_grid(hclust.cluster.group ~ ., scale = "free", space = "free") +

39



theme_bw(base_size = 12) +
theme(axis.text.x = element_text(angle = 90, hjust = 1, vjust = 0.5),

axis.text.y = element_text(size = 1)) +
ylab("gene") +
ggtitle("hierarchical clustering")
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GDH1SEC53ARP7PDB1DIS3TUF1RAD51ATP3SSA3ADH1SMC5YNL115CRPS28B|RPS28ASGV1RPS29AVID27MRPL40TSA1HOM2SUB2TPS2HYP2IST1BMH1HSP60PGK1ACS2GDB1RPT1GSY1P1707_RE|RTN1RLP7YPT7RPS12YBT1PMT2SBP1YPT1GND1SOF1SDS24IDH1IES1PDR16RPB4KRS1GCN5SEY1PET10CPA2YHR020WATP5CAR1FAS1SIS1MBF1CYC1CRH1TPI1TIM44HttQx_EGFPPRS3RAS2SAM2ATG8ILV2MRPL25AIM45ERG13MSH2NCE102RPS0ARPS19A|RPS19BSSA1

KIN2SRO9CYT1HRK1CWP1TOR2ADY3MRP20RPS13RRF1COR1AMD1RPL6B

GDI1ULS1CBF1REP2MCM3MPH1GTT3HOS3SCP160FRS2HIR3MGA2RAD16EDE1HTZ1UTP23EHT1HIR1RAP1SHE10VPS72ARB1CSE4KAR2RPO31GGA1SEC4ARG1HSV2NTH1LYS1SSC1RPL22AVAS1CBR1YNL040WPAB1UTP5SUP45HPC2SPF1LSC1TMA64LSM12RPB11OLA1SEC23MKT1TOP1RTG2OAF1OLE1DEF1TIF1CFT2DUG1PBP1SEC8RFC1VAC8GLR1HEF3GPD1CAM1HSP104

MRPS5NSR1RPL14A|RPL14BRPP0RPL36BRPL2A|RPL2BRPL34B|RPL34ARPL29CLU1STM1RED1RPL32CTA1RPL18A|RPL18BRML2RPS18A|RPS18BRPL42A|RPL42BRPS23A|RPS23BFOX2RPL30NAM9RPL7ARPL1A|RPL1BRPL16ARSM24

HHO1RPL11A|RPL11BGSP2SUI3HTA1|HTA2RTT106CMR1SKO1HTB1HTB2RPC10RPS2RNP1THS1RPL19A|RPL19BEGD1YRA1RGI2RPS7ATFC6HIS3RPS1ARPS24A|RPS24BRPL15ARPS8A|RPS8B
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log2.ratio

hierarchical clustering

ggsave(file.path(dir_save, paste0("Clustering_heatmap_hits_hclust_", cluster.number, "_cluster_", nrow(clust.data_m), "_proteins_", script.version, ".pdf")),
width = gr.width, height = gr.height)

ggplot(data = m_clust.data, aes(condition, gene_name)) +
geom_tile(aes(fill = log2(median.value))) +
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scale_fill_gradient2(low = "#2166ac", high = "#b2182b", midpoint = 0,
mid = "#f7f7f7", name = "log2.ratio") +

facet_grid(kmeans.cluster.group ~ ., scale = "free", space = "free") +
theme_bw(base_size = 12) +
theme(axis.text.x = element_text(angle = 90, hjust = 1, vjust = 0.5),

axis.text.y = element_text(size = 1)) +
ylab("gene") +
ggtitle("kmeans clustering")
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RSM18TUB1|TUB3POR1PCS60DLD1RIO2RQC2YGR266WBGL2PDS5CAT2IPP1ARD1OSM1LSC2KIN1TCP1AMS1PEP4RPA49YDR341CPYC1TIF5SHS1TED1TSL1YNL181WDNM1RNR1ADE13GDH2BRN1NPL6EPL1NOP13RPN2GPT2TAL1GCV2MLS1MRPS35SCY1CHC1RPN1SCC2SEG1SDH2EFT1NOP58RRP14MSD1NAT10PUP2IMH1TEF1TIF35NAM7XRN1MCM4DBP2SCS2KNS1RPG1NIP1PRP19ADH2NGG1ACT1SSE1VPS33FAA2RPT3YGL108CFUM1CDC12IMD4RPS7BSAC6AGX1ENO1MAK21NOC2RPT6RVS161PGM2UBA1GLK1NOP12BRE1SMC6SMY2MET6VTC4ADE6HSC82INO1PCK1PGI1TMA19NOP16RPN3ETR1IPI3RPT4CNM67KGD1VPS1SLA1TFC3CDS1NOP1PHO2POM33GAR1LAP3SAM1TIF34RRN5TAF6APL2DOT5TAF5DMA2ICL1LAT1RFC3TMA7EAF3IST2VPS5ACC1RVB1YNL247WISW2CCT4JIP5CYT1HRK1RPS1BTES1RPL24AMCK1SPB4FBP1PSA1HAS1ACS1PFK2WTM1YJR005C−AGCN2XDJ1INO80PFK1MRM1MRPL24

MRPS5NSR1RPL14A|RPL14BRPL36BRPL2A|RPL2BRPL34B|RPL34ARPL29CLU1STM1RED1RPL32CTA1RPL18A|RPL18BRML2RPS18A|RPS18BRPL42A|RPL42BRPS23A|RPS23BFOX2RPL30NAM9RPL7ARPL1A|RPL1BRPL16ARSM24HHO1RPL11A|RPL11BGSP2SUI3HTA1|HTA2RTT106CMR1SKO1HTB1HTB2RPC10RPS2RNP1THS1RPL19A|RPL19BEGD1YRA1RGI2RPS7ATFC6HIS3RPS1ARPS24A|RPS24BRPL15ARPS8A|RPS8BLSB3REB1NHP6B

GDH1SEC53ARP7PDB1RAD51ATP3SSA3ADH1SMC5YNL115CRPS28B|RPS28ASGV1RPS29AVID27MRPL40TSA1HOM2SUB2TPS2HYP2IST1BMH1HSP60PGK1ACS2GDB1RPT1GSY1P1707_RE|RTN1RLP7YPT7RPS12YBT1PMT2SBP1YPT1GND1SOF1SDS24IDH1IES1PDR16RPB4KRS1GCN5SEY1PET10CPA2YHR020WMRPL25ERG13SYP1SRP54THO1RPN6RBG1RPS5NTH1LYS1SSC1CBR1YNL040WPAB1UTP5

SNF1HSP150SPO14RPL12A|RPL12BACF2TDH1IMG2CPR1GPM1SRO9

DIS3TUF1ATP5CAR1FAS1SIS1MBF1CYC1CRH1TPI1TIM44HttQx_EGFPPRS3RAS2SAM2ATG8ILV2AIM45MSH2NCE102RPS0ARPS19A|RPS19BSSA1

APN1YCG1CHD1GTS1BDF1ZTA1SPT16FRA1ERG20RTS2CDC3JHD1TAF14FAA1FHL1ABF1IES2GRS1ALA1GDI1ULS1CBF1REP2MCM3MPH1GTT3HOS3SCP160FRS2HIR3MGA2RAD16EDE1HTZ1UTP23EHT1HIR1RAP1SHE10VPS72ARB1CSE4KAR2RPO31GGA1SEC4ARG1HSV2SUP45HPC2SPF1LSC1TMA64LSM12RPB11OLA1SEC23MKT1TOP1RFC1VAC8CAM1HSP104ABF2HHF1

UBP6SAH1SMC2RSP5YNR021WRPA190SPP41MLH1RLI1CDC10RPB5MST1RPS30A|RPS30BARP4NHP2TFC4RPB3FUN12SPT15TIF4631PIP2SPT5SUB1TFC8UME6SES1ZUO1RFA1MSH1FRS1PDE2DPM1GCD11HOM6MRPL10SMC1HFD1PSH1SSD1APE2MDH2SUC2ACO1NOP2ALD4MSY1MND1RTS1GUS1STE24DPS1RSC9NUS1YAF9GLO3MRPL32IDP2NOP56MDG1RVB2RPS31MRPS17SSB1|SSB2ARP8RPL3DED81URA2SEC61SSZ1TOP2MRT4SEC63ARX1SEC24PDH1PDI1MOT1LPD1YEF3DHH1NAT1SPS19PRT1RFC2PDA1YCS4RPL35A|RPL35BCDC24RPL9BRSC2CRP1RPS3MIS1PUF6RPS20RAD52ADH3PMA1LEU4RSC8UGP1ARO4TYS1ASC1MRPL11BBC1ERG10ADE17SHM2SPT7CCT8ATP1RPA135NOG1ADE4HRR25MYO3IMG1LPX1RPS16A|RPS16BADE2MET17REP1YEL020CPET9PDC1RSA4RPS6A|RPS6BVMA2

PRB1CST6RPL24BLSP1CKA2MYO2ALD6YDR115WHCR1BDH1MRPL3COX2TGS1CUE5DMC1PRS1ARL1RPT2MDJ1MVD1CRC1ATP2GLN1VPS17YER079WGAS1NUP145IFM1PRO3RPL5ARE2SEC26RNR4TPS1MRPL36SEC27EIS1CDC19PET127PRE7RGI1CPS1VMA13MDM38SLI15ERG27CCT3SDH1ADE5,7TRP3GGA2ARO9RRP5CRM1YAT2RPS14A|RPS14BSCL1FAA4YFR006WBAT2TRM1RPS27A|RPS27BSRL2PWP1YMR027WTUB2UBP7COP1ERG6RPL10SPO22PRE3STH1ADE12ENO2GPH1IDP3SEC7VMA1NIC96TAF1GLC3YGL081WGCV1GUT2RET2SEC18DBP3SMC4YLR278CPMT1RPL22AVAS1RTG2OAF1OLE1DEF1TIF1CFT2DUG1PBP1SEC8GLR1HEF3GPD1

RPP0RPL37ATMA22FPR3RPL16BRPL27A|RPL27BRPL43A|RPL43BCKA1RSM23MRPL16RPL4ARPS15RPS4A|RPS4BMRPL22MDH3RIM4SLM1MRPL9YGR169C−ACIT1YTM1RPL28KAP95YHR097CYPK2YGR130CRPL8ARPL21A|RPL21BRPL6ANSA1PRP43MIR1GET4YHM2CIC1ACH1IRR1ZIP1EBP2POX1MRP7REC8BRX1NOP7HSP82MRPS9ERB1PIL1DST1MRPL35RPS11A|RPS11BRPL13B|RPL13ARPS25B|RPS25AKIN2CWP1TOR2ADY3MRP20RPS13RRF1COR1AMD1RPL6BKGD2NDI1MRPL17POL30RPL20A|RPL20BRPL25ADE3QCR2RPS17A|RPS17BSPT6TKL1

YTA7LOC1YNG1ADR1ISW1SAS3SPP1BDP1REC107RPH1SWC4SWR1TRI1POB3RPO21MSH6HIR2RPB8CAD1MGM101SUI2CRZ1PCT1IOC2RSF1HMO1SUP35RPC82BRF1IOC3RIM1CDC60RPB2SWC3MRPS28GLT1NHP6AERV29SRM1WRS1NTO1YLR455WDBP5HHT1SHM1TEF4UBP3TRA1SRP72YAT1RSR1HOP1PUF3PAT1SRP40MSS116HTS1SMC3BFR1CBF5DED1SRP1TFC1
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kmeans clustering

ggsave(file.path(dir_save, paste0("Clustering_heatmap_hits_kmeans_", cluster.number, "_cluster_", nrow(clust.data_m), "_proteins_", script.version, ".pdf")),
width = gr.width, height = gr.height)
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# Line plots
gr.width <- 4 + ceiling(sqrt(cluster.number)) * 3
gr.height <- 2.5 + floor(sqrt(cluster.number)) * 3
ggplot(data = m_clust.data, aes(condition, log2(median.value))) +

geom_hline(yintercept = 0) +
geom_line(aes(group = paste(gene_name, hclust.cluster.group)), alpha = 0.1) +
geom_smooth(fun.data = "mean_se", stat = "summary", aes(group = paste(hclust.cluster.group))) +
facet_wrap(~ hclust.cluster.group) +
customPlot +
theme(axis.text.x = element_text(angle = 90, hjust = 1, vjust = 0.5)) +
ggtitle("hierarchical clustering") +
ylab("log2(ratio)")
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ggsave(file.path(dir_save, paste0("Clustering_line_plot_hclust_", cluster.number, "_cluster_", nrow(clust.data_m), "_proteins_", script.version, ".pdf")),
width = gr.width, height = gr.height)

ggplot(data = m_clust.data, aes(condition, log2(median.value))) +
geom_hline(yintercept = 0) +
geom_line(aes(group = paste(gene_name, kmeans.cluster.group)), alpha = 0.1) +
geom_smooth(fun.data = "mean_se", stat = "summary", aes(group = paste(kmeans.cluster.group))) +
facet_wrap(~ kmeans.cluster.group) +
customPlot +
theme(axis.text.x = element_text(angle = 90, hjust = 1, vjust = 0.5)) +
ggtitle("kmeans clustering") +
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ylab("log2(ratio)")
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kmeans clustering

ggsave(file.path(dir_save, paste0("Clustering_line_plot_kmeans_", cluster.number, "_cluster_", nrow(clust.data_m), "_proteins_", script.version, ".pdf")),
width = gr.width, height = gr.height)

write.csv(cluster.groups, file.path(dir_save, paste0("Cluster_results_",cluster.number,"cluster_", nrow(clust.data_m), "_proteins_", script.version, ".csv")), row.names = FALSE)
rm(gr.width, gr.height)
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Save R workspace

save.image(file.path(dir_save, paste0("Workspace_", script.version, ".RData")))
# load(file.path(dir_save, paste0("Workspace_", script.version, ".RData")))

Save Session information

sessionInfo()

## R version 4.0.4 (2021-02-15)
## Platform: x86_64-w64-mingw32/x64 (64-bit)
## Running under: Windows 10 x64 (build 17763)
##
## Matrix products: default
##
## locale:
## [1] LC_COLLATE=English_United States.1252
## [2] LC_CTYPE=English_United States.1252
## [3] LC_MONETARY=English_United States.1252
## [4] LC_NUMERIC=C
## [5] LC_TIME=English_United States.1252
##
## attached base packages:
## [1] stats4 parallel stats graphics grDevices utils datasets
## [8] methods base
##
## other attached packages:
## [1] forcats_0.5.1 stringr_1.4.0 dplyr_1.0.4
## [4] purrr_0.3.4 readr_1.4.0 tidyr_1.1.2
## [7] tibble_3.0.6 ggplot2_3.3.3 tidyverse_1.3.0
## [10] biobroom_1.22.0 broom_0.7.5 fdrtool_1.2.16
## [13] gplots_3.1.1 MSnbase_2.15.7 ProtGenerics_1.22.0
## [16] S4Vectors_0.28.1 mzR_2.24.1 Rcpp_1.0.6
## [19] limma_3.46.0 vsn_3.58.0 Biobase_2.50.0
## [22] BiocGenerics_0.36.0
##
## loaded via a namespace (and not attached):
## [1] bitops_1.0-6 fs_1.5.0 lubridate_1.7.9.2
## [4] RColorBrewer_1.1-2 doParallel_1.0.16 httr_1.4.2
## [7] tools_4.0.4 backports_1.2.1 utf8_1.1.4
## [10] R6_2.5.0 affyio_1.60.0 KernSmooth_2.23-18
## [13] DBI_1.1.1 colorspace_2.0-0 withr_2.4.1
## [16] tidyselect_1.1.0 compiler_4.0.4 preprocessCore_1.52.1
## [19] cli_2.3.1 rvest_0.3.6 xml2_1.3.2
## [22] labeling_0.4.2 caTools_1.18.1 scales_1.1.1
## [25] hexbin_1.28.2 affy_1.68.0 digest_0.6.27
## [28] rmarkdown_2.7 pkgconfig_2.0.3 htmltools_0.5.1.1
## [31] highr_0.8 dbplyr_2.1.0 rlang_0.4.10
## [34] readxl_1.3.1 rstudioapi_0.13 impute_1.64.0
## [37] farver_2.0.3 generics_0.1.0 jsonlite_1.7.2
## [40] mzID_1.28.0 BiocParallel_1.24.1 gtools_3.8.2
## [43] magrittr_2.0.1 MALDIquant_1.19.3 munsell_0.5.0
## [46] fansi_0.4.2 lifecycle_1.0.0 stringi_1.5.3
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## [49] yaml_2.2.1 MASS_7.3-53.1 zlibbioc_1.36.0
## [52] plyr_1.8.6 grid_4.0.4 crayon_1.4.1
## [55] lattice_0.20-41 haven_2.3.1 hms_1.0.0
## [58] knitr_1.31 pillar_1.5.0 codetools_0.2-18
## [61] reprex_1.0.0 XML_3.99-0.5 glue_1.4.2
## [64] evaluate_0.14 pcaMethods_1.82.0 BiocManager_1.30.10
## [67] modelr_0.1.8 vctrs_0.3.6 foreach_1.5.1
## [70] cellranger_1.1.0 gtable_0.3.0 assertthat_0.2.1
## [73] xfun_0.21 ncdf4_1.17 iterators_1.0.13
## [76] IRanges_2.24.1 ellipsis_0.3.1

Plot individual proteins

f.name <- file.path(dir_save, paste0("all_proteins_", script.version, ".pdf"))
pdf(width = 6, height = 14, file = f.name)
genes <- unique(cdata$gene_name)
genes <- sort(genes)
pb <- txtProgressBar(min = 0, max = length(genes), style = 3)
for (i in seq_along(genes))
{

gene <- genes[i]
setTxtProgressBar(pb, i)
mdata_i <- subset(mdata, gene_name == gene)
cdata_i <- subset(cdata, gene_name == gene)
if (nrow(cdata_i) == 1 & nrow(mdata_i) > 0)
{

titlestring <- paste(cdata_i$gene_name[1], "-", cdata_i$protein_id[1])
try(

print(
ggplot(data = mdata_i, aes(condition, log2(value), fill = condition)) +

geom_boxplot() +
geom_point(aes(shape = rep)) +
facet_grid(measurement ~ ., space = "free_x", scale = "free") +
customPlot +
theme(axis.text.x = element_text(angle = 90, hjust = 1, vjust = 0.5)) +
ggtitle(titlestring, subtitle = cdata_i$description[1])

)
)
rm(titlestring)

}
rm(mdata_i, cdata_i)

}
dev.off()
close(pb)

f.name <- file.path(dir_save, paste0("hit_proteins_", script.version, ".pdf"))
pdf(width = 6, height = 14, file = f.name)
genes <- unique(subset(limma_results, hit)$gene_name)
genes <- sort(genes)
pb <- txtProgressBar(min = 0, max = length(genes), style = 3)
for (i in seq_along(genes))
{

gene <- genes[i]
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setTxtProgressBar(pb, i)
mdata_i <- subset(mdata, gene_name == gene)
cdata_i <- subset(cdata, gene_name == gene)
if (nrow(cdata_i) == 1 & nrow(mdata_i) > 0)
{

titlestring <- paste(cdata_i$gene_name[1], "-", cdata_i$protein_id[1])
try(

print(
ggplot(data = mdata_i, aes(condition, log2(value), fill = condition)) +

geom_boxplot() +
geom_point(aes(shape = rep)) +
facet_grid(measurement ~ ., space = "free_x", scale = "free") +
customPlot +
theme(axis.text.x = element_text(angle = 90, hjust = 1, vjust = 0.5)) +
ggtitle(titlestring, subtitle = cdata_i$description[1])

)
)
rm(titlestring)

}
rm(mdata_i, cdata_i)

}
dev.off()
close(pb)
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