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Abstract 11 

Autophagy is a degradative pathway by which eukaryotic cells cope with stress to maintain cellular 12 
homeostasis. This catabolic process is triggered by a wide range of stress conditions. The main 13 
hallmark of autophagy is the formation of autophagosomes, double membrane vesicles where the 14 
intracellular material that will be finally degraded in the vacuole or lysosome is engulfed. Autophagy 15 
related genes, known as ATG, are a highly conserved family of genes that encode core proteins for the 16 
autophagy process. ATG8 is a protein that mediates autophagosome development, forming part of a 17 
conjugation complex for its target membrane binding. In the last years, Chlamydomonas has emerged 18 
as a photosynthetic model organism for studying autophagy since this microalga presents a high 19 
metabolic plasticity and all ATG genes, including ATG8, are in single copy in its genome.  Therefore, 20 
we performed gene and functional characterization of an atg8 mutant from the model microalga 21 
Chlamydomonas reinhardtii. To do so, differential expression analysis of RNA-seq data from wild-22 
type and atg8 cells was carried out using Bioconductor’s DESeq2 package. To emulate stress 23 
conditions, we treated WT and atg8 cells with cerulenin, which is a specific fatty acid synthase inhibitor 24 
and has been shown to have strong negative effects on chloroplast photosynthetic efficiency and cell 25 
homeostasis, enhancing autophagy. Our results revealed the lack of ATG8 may damage early stages of 26 
autophagy, being precise, the initiation of the autophagosome formation. For instance, cerulenin 27 
treatment on atg8 cells has showed higher gene expression of ATG genes, such as VPS34, ATG2 or 28 
ATG7. Functional enrichment analysis revealed similar and different functions, hinting possible 29 
architecture changes following treatment. In conclusion, the transcriptomic characterization of an atg8 30 
mutant in Chlamydomonas has unraveled stronger differences between wild-type and atg8 cells 31 
following cerulenin treatment.  32 
 33 



1 Introduction 34 
 35 
Photosynthetic organisms like plants and algae need to adapt to external conditions to preserve cellular 36 
survival and growth. Stress, known as a periodic or sporadic perturbation of cellular homeostasis, plays 37 
a key role in cell growth and differentiation. Eukaryotes have developed numerous metabolic pathways 38 
regarding stress control and regulation; autophagy serves as a good example (Liu and Bassham, 2012). 39 
It is a catabolic process consisting of unnecessary material degradation, where various cytosolic 40 
components are enclosed in bulk within a doble-membrane structure (autophagosome) and transported 41 
to the vacuole or lysosome for recycling or degradation (Xie and Klionsky, 2007; Nakatogawa et al., 42 
2009); moreover, autophagy is known to participate in programmed cell death (Hofius et al., 2009). 43 
This process can also be target specific, as seen in mammals, yeasts or plants, where it can affect 44 
organelles or protein aggregates (Kraft et al., 2009; Floyd et al., 2012; Li and Vierstra, 2012; Michaeli 45 
et al., 2016; Kellner et al., 2017). 46 
 47 
Although autophagy occurs at basal levels under normal conditions (Inoue et al., 2006; Li and Vierstra, 48 
2012), during the last decade, several studies have demonstrated that it is triggered during specific 49 
development stages and stress-driven events (such as pathogens, nutrient starvation, or high light stress; 50 
Perez-Perez, 2010, 2012a, 2012b). Neither of these factors implies a negative effect of autophagy in 51 
the organism, since it is a mechanism promoting cellular survival and a reduced physiological response 52 
to damage in affected cells. In addition, autophagy regulates lipid metabolism in mammals, yeasts, 53 
plants, and algae by mediating the accumulation of lipid droplets in them (reviewed in Elander et al., 54 
2018; reviewed in Barros et al., 2020).  55 
 56 
Autophagy is mediated by autophagy related genes (ATG; Fig. 1; Perez-Perez et al., 2017). This is a 57 
highly conserved family in eukaryotes, which has led to the discovery of orthologs in plants or algae 58 
(Thompson and Vierstra, 2005; Bassham et al., 2006; Díaz-Troya et al., 2008; Shemi et al., 2015). One 59 
of the central proteins of autophagy is ATG8, which has an interesting background. ATG8 is a 60 
ubiquitin-like protein required in autophagosome formation, as it binds to the autophagosome 61 
membrane through a covalent bond to phosphatidylethanolamine (PE; Mizushima et al., 2011), ATG8 62 
has been widely used for autophagy monitorization in mammals, yeasts, plants, and algae (Klionsky et 63 
al., 2021). Several studies have measured the turnover of the ATG8-PE complex (Klionsky et al., 64 
2021), or the fluorescent characterization of autophagy using the green fluorescent protein (Chung et 65 
al., 2009; Suttangkakul et al., 2011).  66 
 67 
Due to the fact that ATG8 proteins are highly conserved in eukaryotes, including algae (Perez-Perez 68 
and Crespo, 2014), the freshwater algae Chlamydomonas reinhardtii has emerged as a good model 69 
organism for its study (Harris, 2001). Chlamydomonas expresses ATG genes stored in a single copy, 70 
which is helpful as it simplifies research (Heredia-Martinez et al., 2018). In Chlamydomonas, extensive 71 
studies have been carried out to expand the knowledge of autophagy, for instance, uncovering the 72 
development of the autophagosome, depicted in figure 1 (Perez-Perez et al., 2017). Increasing evidence 73 
that autophagy is upregulated in Chlamydomonas in response to a wide range of stress conditions 74 
including oxidative stress (accumulation of reactive oxygen species; Perez-Perez et al., 2012b), photo-75 
oxidative damage caused by carotenoid deficiency (Perez-Perez et al., 2012a), high light stress (Perez-76 
Perez et al., 2017), nutrient starvation (mostly nitrogen and carbon; Perez-Perez et al., 2010), or the 77 
accumulation of unfolded proteins in the endoplasmic reticulum (Perez-Perez et al., 2010).  78 
 79 
Other regulatory factors can modify autophagy activity and the Target of Rapamycin (TOR) kinase is 80 
one of the main regulators of autophagy (Diaz-Troya et al., 2008). TOR inhibition by rapamycin 81 
induces autophagy enhancing the kinase ATG1 activation (Kamada et al., 2000). Complementary with 82 



ATG8 studies, C. reinhardtii growth is also sensible to rapamycin (Crespo et al., 2005), which could 83 
be an excellent organism to uncover related or antagonic pathways – with direct or indirect influence 84 
– regarding autophagy.  85 
 86 
Photo-oxidative damage generated for the lack of carotenoids and high light stress triggers autophagy 87 
in Chlamydomonas, this brought a possible link between chloroplast activity and autophagy regulation 88 
(Perez-Perez et al., 2012a). Interestingly, a mutant of the ClpP protease, which is responsible for 89 
chloroplast integrity, has an enhanced autophagy activity (Ramundo et al. 2014). Finally, molecular 90 
compounds such as cerulenin, a specific keto-acyl-ACP synthase of the fatty acid type II synthase 91 
inhibitor, downregulated chloroplast’s fatty acid metabolism, causing negative effects in chloroplast 92 
survival and triggering autophagy in Chlamydomonas (Heredia-Martinez et al., 2018).  93 
 94 
The aim of this study was to characterize a novel Chlamydomonas ATG8 deficient mutant, named atg8, 95 
since ATG8 has been a useful tool for autophagy experimentation, as explained above. Gene 96 
differential expression analysis of wild-type and atg8 cells was carried out to discover gene and 97 
functional differences, and to unravel the effects of cerulenin between both cell lines. The analysis of 98 
upregulated and downregulated differential expressed genes (DEG) given their genotypes and 99 
conditions, followed by their gene functional enrichment brought up plenty of information over the 100 
autophagy process. 101 
 102 
Our findings reveal that the lack of ATG8 may have a more crucial role than previous studies had 103 
proposed (reviewed in Kim et al., 2012) regarding autophagy. For instance, the lack of ATG8 has shown 104 
a strong upregulation of autophagy core machinery genes, which take part in the initiation of autophagy 105 
and the early autophagosome formation. Moreover, gene functional enrichment analysis hinted 106 
possible changes in cell architecture following cerulenin treatment. Overall, this study has also 107 
contributed to future bioinformatic approaches for atg8 research. 108 
 109 
2 Materials and Methods 110 
 111 
To easily understand the methods used in this analysis, figure 2 summarizes the workflow taken for 112 
this study.  113 
 114 
2.1 Strains, Media, and Growth Conditions 115 
 116 
C. reinhardtii isogenic wild-type 4A+ strain (CC-4051) was obtained from the Chamydomonas 117 
Resource Center (https://www.chlamycollection.org/); Chlamydomonas atg8 strain was obtained using 118 
CRISPR/Cas9 method. Chlamydomonas cells were grown under standard illumination (40–50 μE m−2 119 
s−1) at 25°C in TAP medium as described previously in Harris, 1989. When required, cells in the 120 
exponential growth phase (∼106 cells mL–1) were treated with cerulenin (Sigma-Aldrich; C2389) at 5 121 
μM; stock solutions of cerulenin were prepared with ethanol.  122 
 123 
2.2 Experimental Design 124 
 125 
For both mutant and wild-type cells, samples were taken 0 and 4 hours after cerulenin treatment, in 126 
order to monitor changes in gene expression; four technical replicates were taken for each condition 127 
and genotype (wild-type 0 hours, wild-type 4 hours, atg8 0 hours, atg8 4 hours), all of them consisting 128 
of three biological replicates. Finally, twelve samples were subsequently processed and analyzed. The 129 
approach of this study was to assess differences in gene expression between wild-type and atg8 130 
genotypes with and without treatment, giving an important appreciation to possible effects of cerulenin 131 



on each of them. Gene differential expression analysis was performed to hypothesize four crucial 132 
contrasts: i) the differences between wild-type and atg8 without treatment (at 0 hours); ii) the 133 
differences between wild-type and atg8 with treatment (at 4 hours); iii) genotype specific responses to 134 
cerulenin; iv) the specific genomic interaction between both genotypes.  135 
 136 
2.3 Data Acquisition 137 
 138 
C. reinhardtii wild-type 4A+ and atg8 strains were grown in TAP medium as described above. Total 139 
RNA from Chlamydomonas wild-type 4A+ and atg8 cells treated with 5 μM cerulenin for 0 and 4 140 
hours was isolated from frozen cell pellets using a phenol-chloroform procedure as described 141 
previously in Crespo et al., 2005. RNA-seq data was generated by STABvida 142 
(http://www.stabvida.com) according to the following procedure. Quality control of RNA was 143 
confirmed by analyzing the RNA integrity number and the concentration with a Bioanalyzer (Bio-Rad). 144 
cDNA libraries were prepared using the Kapa Stranded mRNA Library Preparation Kit (Roche) and 145 
sequenced in the Illumina HiSeq 4000 platform using 150-bp paired-end sequencing reads. 146 
 147 
2.4 Sample Quality Control and Processing 148 
 149 
The analysis of the generated sequence raw data was carried out using Bash-scripting using a dedicated 150 
bioinformatic server provided by CICA (Centro Informático Científico de Andalucía, Seville, Spain), 151 
with FastQC (Andrews, 2010), HISAT2 (Kim et al., 2019), SAMtools (Danecek et al., 2021) and 152 
StringTie (Pertea et al., 2015) tools, which consist of the use of different programming platforms such 153 
as Java or Python. High-quality sequencing reads were generated after trimming and then mapped to 154 
the version 5.5 assembly of the C. reinhardtii genome with HISAT2 (Merchant et al., 2007). Read 155 
quality control was performed with FastQC (Andrews, 2010); reports showed the expected properties 156 
of the C. reinhardtii genome, known for having an unusual high guanine-cytosine percentage 157 
(Merchant et al., 2007). Then, gene expression count matrix was generated with HISAT2’s prepDE.py 158 
tool; the count matrix consisted of an un-normalized data table which reports the number of sequence 159 
fragments that have been assigned to each gene for each sample. Further analysis was carried out with 160 
RStudio (2021.09.0 Build 351 for macOS; https://www.rstudio.com/), using Bioconductor’s DESeq2 161 
package (available at https://bioconductor.org/packages/release/bioc/html/DESeq2.html; Love et al., 162 
2014). 163 
 164 
2.5 Data Transformations and Previsualizations 165 
 166 
In order to perform a correct analysis, DESeq2 requires two conditions: first, a table of un-normalized 167 
counts, and second, an experimental design for the data to be interpreted. The second condition was 168 
completed with a pheno-data.csv file, which consisted of a list of all samples with their specific 169 
genotypes and conditions; for example, sample_01 had genotype “wt” and condition “0h”. With these 170 
data, a DESeq Data Set (DESeqDataSet) can be constructed, specificizing the experimental design 171 
formula genotype + condition ~ genotype:condition and a reference level (for further contrasts), “wt” 172 
(wild-type) in this particular experiment. Pre-filtering the DESeq object was necessary, since some 173 
genes in the count matrix had no expression; in addition, low counts were conserved due to their 174 
abundance and to determine novel genes of which its expression could be strongly induced following 175 
cerulenin treatment for both genotypes. Technical replicates were collapsed into 12 samples using the 176 
function collapseReplicates (for more information, check 9. Data and Code Availability Statement). 177 
 178 
After executing the DESeq2 primary function (DESeq) with the DESeq Data Set object, outliers were 179 
counted with the default Cook’s distance values generated within the experiment (Cook’s distance is 180 



often used as a useful tool to filter data in DESeq results, this is known as Cook’s cutoff). A visual 181 
representation of DESeq sample data can be seen in Fig. 3A, most of it was correctly distributed; 182 
however, because low counts were conserved, Cook’s cutoff wasn’t considered in the results of 183 
differential expression analysis.  184 
 185 
In order to visualize and cluster data, three transformations were tested for data visualization and 186 
clustering: the logarithm, the variance stabilizing and the regularized logarithm transformations. The 187 
variance stabilizing method was finally selected, since it relied on the same principle as the regularized 188 
logarithm transformation, which consisted of removing the dependence of the variance on the mean, 189 
and it allowed a faster processing without letting data down. Principal component analysis and 190 
hierarchical gene clustering of preliminary and resulting data were made using this transformed data, 191 
showing a correct distribution of data within the samples and some preliminary approaches (Fig. 3B, 192 
C; Fig. 7). The image design program Adobe Illustrator (26.2.1, 2022 version, Adobe Inc.) was used 193 
in order to edit and build all figures generated from RStudio – except figure 7 – in this study.  194 
 195 
2.6 Differential Expression Analysis 196 
 197 
Differential expression analysis was performed using DESeq2 negative binomial distribution models 198 
with the DESeq function (Love et al., 2014); no Cook’s cutoff and independent filtering – an automatic 199 
low count removing tool – were required, as explained above. For each contrast, a results table was 200 
obtained. The results table consists of a list of log2 fold changes (|log2FC|), P values and adjusted P 201 
values (q values) for each gene. Two DEG lists were extracted for each results table, consisting of 202 
expressed and repressed genes, respectively, given the wild-type genotype and the condition 0 hours 203 
(0h) as the reference level. A |log2FC| > 1 and q value < 0.05 threshold was established for DEG 204 
acquisition. MA-plots  were chosen as the main DEG visualization (Fig. 4), as they provide a global 205 
view of the relationship between the average expression strength of the DEG and the expression 206 
change; Venn diagrams were performed with VennDetail package (Guo and McGregor, 2022; Fig. 5) 207 
to determine shared and independent DEG for various contrasts, such as the effect of treatment in wild-208 
type or the effect of treatment in the atg8 mutant (Fig. 6).  209 
 210 
2.7 Gene Functional Enrichment Analysis 211 
 212 
Gene functional enrichment analysis of data was performed using the online tool ALGAEFUN 213 
(https://greennetwork.us.es/AlgaeFUN/; Romero-Quesada et al., 2022), which not only gave a detailed 214 
table of gene ontology terms, but built several useful visualizations, some of which were used to 215 
interpret data in this study (Fig. 9). 216 
 217 
3 Results and discussion 218 
 219 
3.1 Preliminary approaches 220 
 221 
Original data count matrix consisted of 17749 genes distributed in rows for each individual sample. 222 
Since some sample consisted of missing values or zeroes, prefiltering of the sample data was necessary. 223 
A total of 13977 genes were conserved; subsequently, analysis was carried out with its data. The 224 
analysis of Cook’s distance from the sample data after executing DESeq2 (Fig. 3A) showed no outliers 225 
and a correct data distribution; further principal component analysis with transformed data (using 226 
variance stabilizing transformation; Fig. 3B) showed 90% of variability within 2 components, 227 
successfully grouping data according to both genotypes and conditions. Finally, hierarchical gene 228 
clustering prior to the analysis for the 25 genes with higher variance using transformed data (Fig. 3C) 229 



presented difficulties grouping genotypes at 0 hours; nevertheless, it allowed to assess differences 230 
between both conditions, as seen clearly in Fig. 3C. 231 
 232 
3.2 Differential expression analysis: cerulenin triggered a higher response in the mutant atg8 233 
 234 
Differential expression analysis was performed in order to determine differences between wild-type 235 
and the novel mutant atg8, which lacks the ATG8 protein, a core protein in the autophagy process 236 
(Mizushima et al., 2011). Previous studies place ATG8 in a crucial position as it is part of the core 237 
machinery of the conjugation system for autophagosome formation (Harris, 2001; Mizushima et al., 238 
2011). However, some others consider it as not essential to carry on with autophagy, since atg8 mutants 239 
in the model plant Arabidopsis thaliana resulted in non-lethal embryos and had a regular initial 240 
development (reviewed in Kim et al., 2012). It is important to note that autophagy is a complex 241 
mechanism which involves more proteins from the ATG family, such as ATG1, which forms the 242 
autophagy initiation complex, ATG6, responsible of the phosphatidil-I-3-kinase nuclease complex 243 
(PI3K), or ATG9, part of the phosphatidil-1-3-phosphatase binding complex (PI3P; reviewed in Kim 244 
et al., 2012 & Perez-Perez et al., 2017). Nevertheless, since C. reinhardtii offers single copies of the 245 
ATG8 gene, characterization of this mutant may reveal novel pathways or mechanisms regarding 246 
autophagy. A recent study showed that treatment of Chlamydomonas cells with cerulenin, a specific 247 
fatty acid synthase inhibitor (Moche et al., 1999; Johansson et al., 2008), stimulated autophagic flux 248 
(Heredia et al., 2018). Now, in order to investigate the role of ATG8 in this response, differential 249 
expression analysis was also performed to determine the differences between wild-type and atg8 cells 250 
in the presence of cerulenin. 251 
 252 
As a first approach, contrasts were hypothesized to answer 3 fundamental questions: i) the effect of 253 
cerulenin on both genotypes; ii) the differences between genotypes before (0h) and after (4h) cerulenin 254 
treatment; iii) the difference between both genotypes regarding the cerulenin response (interaction). 255 
Analysis of the effect of cerulenin on wild-type and atg8 cells – i.e., the effect in each genotype resulted 256 
on a large number of upregulated and downregulated DEG (genes within a threshold of |log2FC| > 1 257 
and q-value < 0.05) after cerulenin treatment. Regarding the wild-type, 458 upregulated and 350 258 
downregulated DEG were found (Fig. 4A), while 618 upregulated and 441 downregulated genes were 259 
found in atg8 (Fig. 4B). These results show a higher response of atg8 following cerulenin treatment. 260 
Moreover, Venn diagrams built with both upregulated (Fig. 5A) and downregulated (Fig. 5B) DEG 261 
from the two genotypes show are mostly shared regarding upregulated DEG, with a total of 337 genes; 262 
interestingly, only 101 downregulated genes were shared, claiming that the mutant atg8 had a different 263 
response to cerulenin with respect to the wild-type. Differences between genotypes before and after 264 
cerulenin were also analyzed using a contrast with sample data from genotypes at 0 hours, and other 265 
with sample data from genotypes at 4 hours; figure 4C and 4D illustrate upregulated and downregulated 266 
DEG for each one, respectively. A number of 83 upregulated and 117 downregulated genes were found 267 
for wild-type vs. atg8 at 0 hours, while 193 upregulated and 187 downregulated genes were found at 4 268 
hours. According to these results, following cerulenin treatment differences between both genotypes 269 
become more noticeable.  270 
 271 
The analysis of the interaction term for both genotypes was performed to identify the most relevant 272 
DEG between both genotypes after cerulenin treatment. In this case, upregulated and downregulated 273 
genes are referred as differential expressed genes between genotypes, given the 4 hours condition. A 274 
total of 190 DEG were obtained, as seen in figure 4E. Further information about the interaction term is 275 
discussed later in this study. 276 
 277 



As a result of early differential expression analysis, atg8 shows a higher DEG number after cerulenin 278 
treatment, with a large difference regarding the downregulated DEG; a shared DEG percentage of 279 
14,65 % suggests an atg8 genotype-differential response to the inhibition of the fatty acid synthase. In 280 
addition, cerulenin treatment makes differences between both genotypes more evident, as shown in 281 
figure 2C, and the interaction term shows a remarkable divergence between both genotypes. Because 282 
treatment of Chlamydomonas cells with cerulenin promotes a stress response, blocks cell division and 283 
downregulates several processes such as photosynthesis (Heredia et al., 2018), these results suggest 284 
that altered autophagy enhances this response. 285 
 286 
3.3 Differential expression analysis: autophagy and chloroplast genes detection 287 
 288 
To better understand the differential response of the atg8 mutant, we explored the DEG from the 289 
previously performed contrast. Cerulenin treatment resembles the effects of environmental stress and 290 
nutrient starvation in C. reinhardtii’s cells (Heredia et al., 2018), where reactive oxygen species are 291 
generated and there is a reduction of photosynthetic efficiency. Consequently, stress mitigating 292 
mechanisms such as autophagy are triggered (Heredia et al., 2018). Therefore, previous studies have 293 
shown not only the importance of target autophagy genes detection, but also chloroplast stress and 294 
redox genes (Perez-Perez et al., 2010, 2012b; Heredia et al., 2018). For instance, three lists for core 295 
autophagy machinery and chloroplast chaperone, stress and redox genes were gathered from previous 296 
studies on C. reinhardtii and other model organisms (Table 1), were used to measure differences in 297 
their expression for both genotypes after treatment. To do so, detection of these genes in upregulated 298 
and downregulated list of genes was necessary; then, a comparative of their relative abundance was 299 
made for each list of target autophagy and chloroplast genes (Fig. 6). As shown, atg8 has a general 300 
higher relative abundance of these selected genes, compared to the wild-type, with an expected low 301 
level of ATG8 (Fig. 6A). These results revealed interesting characteristics which will be discussed 302 
below. 303 
 304 
3.3.1 Chloroplast damage induced by inhibition of fatty acid synthesis induces autophagy genes 305 

differentially in the atg8 mutant 306 
 307 
The study of relative abundance of autophagy core machinery genes (Fig. 6A) revealed strong 308 
differences between wild-type and atg8 cells following treatment; not only did the previous differential 309 
expression analysis show a greater response of atg8, but at this point, four marker genes stand out from 310 
the rest. They are – in order, as shown – VPS34, ATG7, ATG2, ATG13 and ATG101; the first two are 311 
greater than the following. VPS34 kinase is a protein part of the PI3K nucleation complex, which 312 
participates in the membrane nucleation process and in the recruitment of the PI3P binding complex; 313 
the ubiquitin-activating enzyme-like ATG7 is part of ATG8 and ATG12 conjugation systems and 314 
participates on the ATG8 conjugation or ATG8 lipidation (ATG8-PE) with the help of other ATG 315 
complexes; ATG2 is a protein part of the P13P binding complex, which is in charge of the expansion 316 
of the phagophore; ATG13 and ATG101 are proteins part of the ATG1 autophagy initiation complex, 317 
which catalyzes the induction of autophagy (Fig. 1; reviewed in Perez-Perez et al., 2017).  318 
 319 
It’s clear that the absence of ATG8 alters the autophagy process, increasing the expression of genes 320 
related to early stages of autophagosome formation and development, regarding the 321 
preautophagosomal structure. Enzymes such as VPS34 and ATG7 have a higher relative gene 322 
abundance in absence of ATG8 levels, followed by other ATG proteins such as ATG2, ATG13 and 323 
ATG101. Then, overexpression of these autophagy core machinery genes seems to be related to 324 
impaired autophagy or incomplete autophagy in the atg8 mutant. Future studies using specific tools to 325 



monitor autophagy and electron microscopy may determine how autophagosomes in the atg8 mutant 326 
differ from the wild-type. 327 
 328 
3.3.2 The atg8 mutant shows increased up-regulation of chloroplast chaperone, stress, and 329 

redox markers 330 
 331 
Chloroplast genes were used to determine whether cerulenin had pernicious effects on atg8 or not. 332 
Heredia et al. in 2018 demonstrated that cerulenin had harmful effects on chloroplast state, concluding 333 
that the inhibition of fatty acid synthesis caused massive damage to chloroplasts in C. reinhardtii. 334 
Following their discoveries, wild-type cells treated with cerulenin displayed similar results even with 335 
lower levels of cerulenin (Fig. 6B, C). On the one hand, some of their chloroplast chaperone and stress 336 
genes were detected (Fig. 6B); they consisted of the small heat shock proteins HSP22E and HSP22E, 337 
and the substrates VIPP1 and VIPP2, most of them strongly upregulated (except VIPP1). On the other 338 
hand, chloroplast redox related proteins genes – they are, proteins involved in reactive oxygen species 339 
detoxification – were detected on a lower level, except GSTS1; the glutathione S transferase GSTS1, 340 
the glutathione peroxidase GPX5, and the ascorbate peroxidase APX1 were detected. The mutant atg8 341 
displayed a similar behavior as the wild-type (Fig. 6B, C), but showed a higher relative abundance of 342 
each chloroplast target gene pointed in this study. Downregulation of ATG8 after cerulenin treatment 343 
may cause even more damage to chloroplast inner machinery, increasing chloroplast sensibility to 344 
environmental stress in C. reinhardtii atg8 cells. These results are concordant to initial atg8 approaches 345 
in Perez-Perez lab, which showed a stronger cerulenin sensibility and higher levels of reactive oxygen 346 
species, followed by a limitation of cell growth (unpublished data). 347 
 348 
3.4 The differences between wild-type and atg8 becomes more relevant following cerulenin 349 

treatment 350 
 351 
Differential expression analysis made to answer the different questions related to atg8 characterization 352 
allowed to study the interaction, as explained above, and the effect of cerulenin in both individual cell 353 
lines; a higher number of DEG were obtained in atg8, compared to the wild-type (Fig. 4B); the initial 354 
interaction term approach led to 190 DEG (Fig. 4E) which indicated clear differences between them. 355 
However, interaction DEG MA-plot lacked visual information about these differences (Fig. 4E). 356 
Therefore, a hierarchical gene clustering heatmap was built (Fig.7; the principal aim of it was to 357 
visualize the principal variations of the top 50 genes given a threshold of |log2FC| > 1 and q-value < 358 
0.05 within samples, and their average gene expression; the Z-score value was obtained through scaling 359 
the transformed values from the DESeq2 object. Note that discussion of these results is supported from 360 
several points throughout the study, since a single hierarchical gene clustering visualization based on 361 
Z-score may not always reflect the truth of overall results.  362 
 363 
Nevertheless, figure 7 showed general dissimilarities between genotypes which are more evident after 364 
treatment with cerulenin. Genes with a higher average expression tend to have an antagonic Z-score 365 
output. Another aspect of clustering shows that genes with a higher |log2FC| have lower average 366 
expression, which can also be seen in figure 4D (the contrast of wild-type and atg8 at 4 hours); this is 367 
a common event regarding studies which analyze transcriptomes given stress conditions, where genes 368 
with higher expression levels tend to be practically silenced at standard growth conditions. All in all, 369 
cerulenin treatment led to greater differences between both genotypes, suggesting autophagy as the 370 
main conditioning point, since atg8 appears to lack autophagy activity. Gene functional analysis was 371 
performed with the interaction upregulated and downregulated DEG, however, with unsuccessful 372 
results; this is because it involved yet unknown genes, which opens a path to interesting research in the 373 
future.  374 



3.5 Gene functional enrichment analysis: shared and antagonic responses to autophagy 375 
between both strains 376 

 377 
Gene functional enrichment analysis of DEG from contrasts regarding the effect of cerulenin for each 378 
individual genotype carried on with ALGAEFUN (Romero-Quesada et al., 2022), unveiled similar and 379 
different functions within upregulated and downregulated DEG (Fig. 8).  380 
 381 
Previous studies have shown that cerulenin enhances a variety of functions related to protein, 382 
chloroplast, RNA, transport, lipid metabolism or nucleotide metabolism, among others, in wild-type 383 
cells (Heredia et al., 2018); our results show only functions related to protein synthesis, transport and 384 
RNA for wild-type treated cells (Fig. 8A). This may be caused by a difference in the use of cerulenin 385 
concentrations, since Heredia et al., 2018 used a concentration of 10 µM compared to the concentration 386 
of 5 µM used in this study; in addition, gene functional enrichment was performed manually using 387 
genes with known function in Heredia et al., 2018, compared to the use of the online tool ALGAEFUN 388 
(Romero-Quesada et al., 2022) in our study, which relies on the use of gene databases. In contrast, atg8 389 
treated cells bring up a wider sample of functions, involving biosynthesis of molecules including lipids 390 
and response to oxidative stress (Fig. 8B). In addition to the gene functional enrichment analysis, 391 
previous differential expression analysis and target gene detection showed greater differences between 392 
wild-type and atg8 treated cells (Fig. 4A, B). T The induction of autophagy allows lipid recycling in 393 
the wild-type strain after cerulenin treatment and inhibition of fatty acid synthesis. However, it is 394 
plausible that impaired autophagy in the atg8 mutant causes upregulation of a higher number of genes 395 
related to lipid synthesis. 396 
 397 
Autophagy causes changes in cellular morphology in C. reinhardtii (Heredia et al., 2018). Some 398 
processes which take part in cell architecture modifications take place after cerulenin treatment, 399 
modifying cell morphology (Heredia et al., 2018); the cascade of molecular processes regarding 400 
autophagy has a direct effect on microtubule structure and viability. Although no morphology 401 
experiments were performed in this study, functional enrichment analysis of downregulated genes from 402 
wild-type (Fig. 8C) and atg8 (Fig. 8D) treated cells show a direct implication of microtubule-related 403 
and cellular movement genes following cerulenin treatment, which suggest that both cell lines 404 
architecture may resemble one to another. Regarding other functions of wild-type downregulated 405 
genes, some are related to cell cycle and mitotic events; the total absence of these functions in atg8 406 
downregulated genes makes an interesting point: Is atg8 resistant to cell death following cerulenin 407 
treatment at 4 hours? However, this question is highly improbable due to the higher sensibility of the 408 
chloroplast in the atg8 strain to environmental stress. 409 
 410 
3.6 The atg8 characterization in Chlamydomonas reinhardtii: considerations 411 
 412 
During sample analysis and interpretation of the DESeq results, several decisions were taken in order 413 
to answer some crucial initial questions for atg8 characterization. First, low-counts were not filtered to 414 
determine strong differences between genotypes following cerulenin treatment; this revealed numerous 415 
DEG given stress conditions, which was the aim of this study. Second, differential expression analysis 416 
regarding contrasts between wild-type and atg8 at 0 hours showed practically no differences between 417 
both strains, which matches with previous studies in which they sowed wild-type and atg8 cells have 418 
a similar growth and development (unpublished data) and to the fact that autophagy occurs at basal 419 
levels in C. reinhardtii. Third, the log2FC threshold stablished for this study brought a high resolution 420 
and variety of data; however, it must be taken to account that to further characterize and unravel 421 
differences at an adaptational level, nor those regarding the response of the mutant atg8, a lower log2FC 422 
threshold could be used. Nevertheless, the use of this threshold has demonstrated to be successful to 423 



assess phenotypical changes in the mutant atg8 at 8/16 hours following treatment with cerulenin at low 424 
concentrations. 425 
 426 
All in all, this study revealed plenty of information of the atg8 cell line, highlighting new possible 427 
pathways of ATG8 regulation, and differences and similarities with wild-type C. reinhardtii’s cells. 428 
Table 2 gathers all the useful information we unconvert throughout this study. 429 
 430 
4 Conclusions 431 
 432 
Transcriptomic analysis of the C. reinhardtii atg8 mutant was the main aim of this study. For this 433 
purpose, gene differential expression analysis was carried out, followed by gene functional enrichment 434 
analysis, with wild-type and atg8 cell lines given standard growth conditions followed by cerulenin 435 
treatment, which triggers the autophagy process in this microalga. The lack of ATG8 in the atg8 strain 436 
revealed interesting findings and raised several new questions, which must be answered with future 437 
research. 438 
 439 
Regarding wild-type and atg8 cells, preliminary transformed data could successfully group not only 440 
genotypes, but conditions; differential gene expression analysis and gene functional enrichment 441 
analysis of treated atg8 cells showed a higher DEG number; Venn diagrams showed a stronger response 442 
of atg8 to cerulenin, with clear differences in downregulated DEG and little shared genes (14,65%). In 443 
addition, gene functional enrichment analysis of both downregulated genes hinted that both cell lines 444 
may share common alteration of cell architecture. Relative abundance of autophagy core machinery 445 
genes revealed that the lack of ATG8 may compromise the autophagy process in atg8 cells, and thus 446 
increase the expression of other ATG involved in the autophagosome biogenesis and development, such 447 
as VPS34, ATG2, ATG7, ATG13 and ATG101. Moreover, a stronger chloroplast response to cerulenin 448 
was detected, suggesting that atg8 may have a higher chloroplast sensibility to environmental stress. 449 
The differential expression analysis of the interaction term unveiled interesting DEG for further 450 
investigation, most of them yet unknown; for such, they may have a compensative regulatory role 451 
regarding the lack of autophagy in atg8 cells following cerulenin treatment. 452 
 453 
However, these results need to be confirmed with several experiments in following studies. For a better 454 
understanding of ATG8, molecular tracking must be carried out in atg8; since most highly expressed 455 
autophagy core machinery genes are part of the initial steps of autophagosome formation, 456 
immunofluorescence studies of untreated and treated cells would be helpful for image analysis via 457 
optical density quantification. Furthermore, cellular and chloroplast morphology experiments of atg8 458 
cells would confirm the alterations in cell architecture in both genotype cell types. Finally, gene 459 
analysis on the interaction term DEG is desirable, in addition to transcript and protein network building 460 
for molecule interaction and pathway understanding following treatment in atg8. In conclusion, atg8 461 
has made a name for itself as a new C. reinhardtii cell line, uncovering numerous genes which trigger 462 
following cerulenin treatment, which mark clear differences between both cell lines. 463 
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 628 
Figure Legends 629 
 630 
Figure 1. The autophagy machinery during autophagosome formation in Chlamydomonas. Autophagy 631 
is a complex process that compromises autophagy target genes, known as ATG. Each ATG protein 632 
fulfills specific functions of the autophagosome development and formation, which consists of 3 633 
principal stages: the pre-autophagosomal structure (PAS), the phagophore and the final 634 
autophagosome. Several ATG protein complexes mediate the autophagosome formation, which 635 
represents one of the most important stages of autophagy, and part of the interest of this study. ATG1 636 
and ATG3 are part of the ATG1 initiation complex, which triggers autophagy initiation, coupled with 637 
the P13K nucleation complex, composed of ATG6, ATG14, VPS15 and VPS34, that is in charge of 638 
membrane nucleation and PI3P binding complex, a phagophore expansion specific group formed by 639 
ATG2, ATG9 and ATG18. Two conjugation complexes – both ubiquitin-like systems – are responsible 640 
of vesicle expansion and autophagosome development, among other functions; they are the ATG8 641 
system, with the implication of ATG4, ATG7 and ATG8, and the ATG12 system, composed by ATG5, 642 
ATG7, ATG10, ATG12 and ATG17. Published in Perez-Perez et al., 2017. 643 
 644 
Figure 2. Summarized workflow followed in this study. Steps for experimental design completion are 645 
shown in green. Steps for data processing and analysis, including some examples of visualizations 646 
(steps 8 and 9) are shown in blue. For each step, a brief description was included, if necessary.  647 
 648 
Figure 3. Data previsualizations for quality control and outlier detection. (A) Principal component 649 
analysis of sample data, it explains a 90% of data variance using 2 principal components: X axis 650 
discriminates both genotypes, while Y axis does the same with the conditions. (B) Boxplot showing 651 
Cook’s distance and its variance after DESeq2 data normalization for each sample (represented by each 652 
color); no outlier was detected in this analysis. (C) Preliminary hierarchical gene clustering of the top 653 
20 genes with higher variance using transformed values for each sample used in this study.  654 
 655 
Figure 4. Relative gene abundance according to the mean of normalized counts for the upregulated 656 
and downregulated genes given each contrast made in the analysis: the effect of cerulenin in the wild-657 
type genotype (A), the effect of cerulenin in the atg8 genotype (B), the differences between wild-type 658 
and atg8 at 0h (C) and 4h (D), and the interaction between both genotypes (E). Differential expressed 659 
genes were obtained given a |log2 FC| > 1 and q-value < 0.05 threshold, with the wild-type genotype 660 
as the reference level. The number of differentially upregulated (in red) and downregulated (in blue) 661 
genes for each contrast is shown on each individual plot. 662 



 663 
Figure 5. Venn diagrams of upregulated (A) and downregulated (B) differentially expressed genes for 664 
both individual cell lines after cerulenin treatment. 665 
 666 
Figure 6. Relative gene abundance of gene encoding autophagy core machinery proteins (A), 667 
components of chloroplast chaperones and stress proteins (B), and chloroplast redox markers (C) from 668 
upregulated differentially expressed genes from wild-type and atg8 cells before and after cerulenin 669 
treatment, respectively.  670 
 671 
Figure 7. Heatmap of hierarchical clustering of the most significant interaction genes regarding both 672 
genotypes and conditions. 50 genes from Chlamydomonas reinhardtii were selected, 25 for both 673 
differentially upregulated and downregulated genes, sorted by their relative abundance (represented as 674 
log2 FC). Average gene expression is also shown in a gradient of red; Z-score fills each sample column, 675 
showing up (red) and downregulation (blue) for each gene and it also takes part in sample clustering. 676 
 677 
Figure 8. Bar plots of functions with higher counts following gene functional enrichment analysis. 678 
Functions are sorted attending to their P adjusted value. (A) and (B), upregulated differential expressed 679 
genes from wild-type and atg8 cells before and after cerulenin treatment, respectively; (C) and (D), 680 
downregulated differential expressed genes from wild-type and atg8 cells before and after cerulenin 681 
treatment, respectively. 682 
 683 
Table Headers 684 
 685 
Table 1. List of marker genes – referred as “Gene Markers” – used to monitor autophagy in this study. 686 
The column “Name” contains an ordered list for every gene name and its Chlamydomonas reinhardtii 687 
5.5 genome version corresponding code. 688 
 689 
Table 2. Characteristics of the atg8 cell line compared to the wild-type discussed in the results of this 690 
study. They are separated in two levels: “Gene”, those resulting of differential expression analysis 691 
results, and “Function”, which contained the ones resulting from the gene functional enrichment 692 
analysis. 693 


