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Article 
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RNA Degradation 
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2 Laboratory for Marine Drugs and Bioproducts, Qingdao National Laboratory for Marine Science and 

Technology, Qingdao, 266235, China 
* Correspondence: ar@ouc.edu.cn (R.A.); liangxg@ouc.edu.cn (X.L.) 

Abstract: Nucleic acids are significant components of daily diet and have attracted attention 
regarding their metabolic and nutritional roles. Numerous studies have explored the biological 
functions of nucleotides, nucleosides, and functional nucleic acids like microRNAs. However, the 
nutritional value and metabolic mechanisms of RNA oligonucleotides derived from ribosomal RNA 
(rRNA)—a major form of nucleic acids in nature remain underexplored. Here, yeast was utilized as 
a model organism to investigate the absorption and metabolism of oligonucleotides obtained from 
rRNA. We cultured yeast directly using RNA oligonucleotides as one nutrient, demonstrating that 
yeast can efficiently utilize RNA oligonucleotides (length < 30 nt) as a nitrogen source. Through 
proteomic analysis to assess the expression levels of key proteins associated with transport and 
metabolic processes, we found that the key proteins involved in endocytosis, autophagy, and RNA 
degradation were upregulated. These results clearly demonstrate that yeast directly uptakes RNA 
oligonucleotides via endocytosis, which are subsequently degraded into nucleosides, ammonia and 
β-Alanine through autophagy and RNA degradation, thus providing substrates for synthesizing 
nucleic acid and other organic nitrogenous metabolites. Our findings and proposed mechanisms for 
RNA absorption and metabolism in eukaryotic cells can promote future research in both nutrition 
and nucleic acid metabolism. 

Keywords: RNA oligonucleotide; nucleic acid metabolism; yeast; nitrogen source; endocytosis; 
autophagy 

 

1. Introduction 

Nucleic acids are essential for cell growth, development, proliferation and differentiation, and 
they play crucial roles in biological processes [15]. As we know, most foods are organisms (or parts 
of organisms) composed of cells, and all cells contain both DNA and RNA, mainly in the form of 
biomacromolecules. It is believed that nucleic acids in food can be utilized as nutrients for 
heterotrophic organisms. If dietary nucleotides and nucleosides derived from digested nucleic acids 
are insufficient, organisms can produce them through their endogenous de novo synthesis pathways. 
Consequently, nucleic acids are classified as semi-essential or conditionally essential nutrients [6]. 
The current basic understanding is that nucleic acids are absorbed by the intestine after being 
digested into nucleosides (NSs) or nucleotides (NTs). In the food industry, NTs have been added to 
infant formulas and foods for special medical purposes [7,8]. 
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These external absorbed NSs and NTs have been shown to promote the differentiation of 
intestinal epithelial cells [911], provide energy (using uridine) for cellular growth and reproduction 
[12,13], benefit liver health [14], facilitate intestinal development [15], enhance gut microbiota 
composition [16,17], and improve immune function [1820]. However, the underlying mechanisms 
are not well clarified, and the possibility of absorbing oligonucleotides remain unknown. It is 
necessary to study in detail for understanding the metabolism mechanisms and nutritional function 
of nucleic acids, especially those that are not digested into nucleotides. 

In a metabolically active cell, RNA constitutes approximately 6% of the total weight (as high as 
20% of the dry weight) in mammalian cells, primarily comprising (> 95%) RNA macromolecules such 
as ribosomal RNA (rRNA), transfer RNA (tRNA), messenger RNA (mRNA), microRNA (miRNA), 
and several other kinds of RNA [21]. Low molecular weight derivatives of NTs (including NTPs, 
dNTPs, and coenzymes involving NTs) account for less than 5%. Recent studies have shown that 
miRNAs in food can be absorbed to regulate gene expression in the eater (mouse or human cells), 
although RNA is believed to be absorbed by organisms after being digested into NTs or NSs [22,23]. 
For example, Chen et al. demonstrated that exogenous dietary miRNAs are absorbed by pit cells via 
the SIDT1 intrinsic carrier protein and subsequently transported to other tissues through exosomes 
[24]. These findings suggest that RNA oligonucleotides can be directly absorbed by organisms. 
However, most researches to date have focused on the gene regulatory functions of RNA 
oligonucleotides, with limited inquiry into their intrinsic nutritional value. Incidentally, total DNA 
in a cell is usually less than 10% of total RNA. Because rRNA makes up approximately 80% of total 
cellular RNA [21,25], and RNases can easily convert rRNA into RNA oligonucleotides of various 
lengths, we propose here that environmental RNA primarily exists as RNA oligonucleotides derived 
from rRNA. If it is true, these RNA oligonucleotides may be directly utilized as nutrients by cells. 

In this study, we utilized the yeast (Komagataella phaffii X-33) as a model organism to investigate 
the nutritional potential of RNA oligonucleotides and elucidate the underlying molecular 
mechanisms of their absorption and catabolism. To minimize the interference from other nutrients, 
we cultured the yeast cells using RNA oligonucleotides as the sole nitrogen source. The results show 
that yeast can effectively uptake RNA oligonucleotides (length < 30 nt), and the proteomic analysis 
reveals that proteins related to endocytosis, autophagy, and RNA degradation may greatly contribute 
to their catabolism. This study offers a novel perspective on the utilization of RNA oligonucleotides 
as nutrients by eukaryotic cells, providing insights and a theoretical foundation for further exploring 
nucleic acid metabolism and its nutritional functions. 

2. Materials and Methods 

2.1. Strain Cultivation and Culture Medium 

The strain of Komagataella phaffii X-33 (CGMCC, Beijing, China) was used as the yeast cells. All 
medium components were from China National Pharmaceutical Group Co., Ltd. (Shanghai, China). 
Initially, the yeast was inoculated onto YPD solid medium (composition: 20 g/L glucose, 20 g/L 
peptone, 10 g/L yeast extract, and 20 g/L agar) using the streak plate method and incubated at 28C 
in an aerobic environment for 3 days. The culture seeds were obtained as follows. Single colonies of 
yeast were picked from YPD solid medium and inoculated into liquid basic medium (composition: 
0.5 g/L K2HPO4, 0.5 g/L MgSO4, 0.5 g/L NaCl, 5 g/L or 20 g/L glucose and 1 g/L NaNO3), followed by 
incubation under aerobic conditions at 28C with shaking at 150 r/min for 3 days. Afterward, the 
culture was centrifuged (4C, 10,000 r/min, 5 min) to remove the medium, and collected the yeast 
cells. The yeast cells were washed with 0.2 mol/L PBS buffer (composed of 0.2 mol/L Na2HPO4·12H2O 
and 0.2 mol/L NaH2PO4·2H2O) to eliminate residual glucose and NaNO3. After washing, the samples 
were centrifuged again (4C, 10,000 r/min, 5 min) to collect the yeast cells, and the washing steps were 
repeated three times. The yeast cells were then resuspended in the same buffer, which served as the 
yeast seed culture (OD600 ~ 0.5). 
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For the culture medium containing nucleic acids, RNA oligonucleotides, and/or nucleotides (or 
nucleosides) were added to the carbon-free and/or nitrogen-free basic medium to achieve final 
concentrations ranging from 1 g/L to 45 g/L. The nucleic acids were filtered through a membrane 
with a pore size of 0.22 m before being added to the culture medium. The prepared yeast seed 
culture was inoculated at a 5% inoculum size into 60 mL of medium containing nucleic acids and 
incubated at 28C under aerobic conditions with shaking at 150 r/min. Yeast growth was monitored 
by measuring the optical density at a wavelength of 600 nm (OD600) using a microplate reader 
(Varioskan Flash, Thermo Scientific) as well as employed the plate count method for accurate 
quantification. The growth rate of yeast during the logarithmic phase (the number of divisions per 
unit time) can be calculated using the following formula: [(lgX2-lgX1)/lg2]/(t2-t1), in which X1 and X2 
represent the yeast cell counts at the respective cultivation times of t1 and t2, respectively. 

2.2. RNA Oligonucleotide Used and Its Quantification 

Two types of yeast RNA oligonucleotides were used. Mix-A, composed of 20%35% RNA 
oligonucleotides (length < 30 nt) and 65%80% nucleotides, was obtained from Nanjing Tongkai 
Zhaoye Biotechnology Co., Ltd. (Nanjing, China). Mix-B, which contains over 90% RNA 
oligonucleotides ranging from 10 to 100 nt, has nucleotide content below 1% and was sourced from 
Beijing Solabio Technology Co., Ltd. (Beijing, China). Nucleotides (NT) and nucleosides (NS) were 
obtained from QZU Co., Ltd. (Nantong, China). Yeast cells were cultured in a basic medium 
containing RNA. At various time intervals, the cultures were centrifuged (4C, 10,000 r/min, 5 min) 
to collect the cell-free supernatant. The concentration of residual RNA in the supernatant was 
measured by absorbance at 260 nm (OD260) using a NanoDrop 2000 spectrophotometer (Thermo 
Scientific). 

2.3. Analysis of RNA Oligonucleotide Length Distribution Using Capillary Electrophoresis 

The sample (Mix-A or Mix-B) was diluted to a final concentration of 2 ng/μL using RNase-free 
water, and 20 μL was added to individual wells of a 96-well plate compatible with the Qsep100 
system (BiOptic Inc.), from which 1.0 μL was drawn by the capillary. Other parameters included 
sample injection at 4 kV for 10 s and separation at 8 kV for 200 s. The standard cartridge S2 was used, 
and Tris-Boric acid-EDTA was utilized as the electrophoresis buffer. 

2.4. Analysis of RNA Oligonucleotides Via High-Performance Liquid Chromatography (HPLC) 

Mix-A and Mix-B were analyzed using a YMC-Pack ODS-AQ reversed-phase column (4.6 mm 
 250 mm) on an HPLC machine (Hitachi Chromaster 5430 Diode Array Detector (Uvison, China)). 
Mobile phase A: Aqueous solution of 50 mM ammonium formate (pH 6.45). Mobile phase B: 50% 
acetonitrile aqueous solution containing 50 mM ammonium formate (pH 6.45). The gradient for 
separation was set as follows: Mobile phase B was maintained at 10% for 08 min, increased from 10% 
to 12% over 89 min, maintained at 12% over 919 min, increased from 12% to 20% over 1924 min, 
increased from 20% to 100% over 2429 min, and maintained at 100% over 2939 min. It then 
decreased from 100% to 10% over 3940 min and was maintained at 10% over 4070 min. Other 
conditions included a flow rate of 0.5 mL/min at 25C, with detection at 260 nm. 

2.5. Digestion of RNA Oligonucleotide to Shorter Fragments by RNase A 

Mix-B (10 g/L or 50 g/L) was incubated with RNase A (0.1 g/L or 0.5 g/L) at 28C for 3 days in a 
total reaction volume of 20 mL. The enzymatic digestion products were subjected to electrophoresis 
on a 15% denaturing polyacrylamide gel, and the extent of digestion was analyzed by quantifying 
the intensity of the bands observed in the gel using image analysis software (Image Lab). RNA ladder 
(1050 nt) (Cat # R0207) was obtained from Biyuntian Biotechnology Co., Ltd. (Shanghai, China) and 
served as a size ladder for comparison. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2025 doi:10.20944/preprints202504.1194.v1

https://doi.org/10.20944/preprints202504.1194.v1


 3 of 23 

 

2.6. Electrophoretic Analysis of RNA Oligonucleotide Length 

Denaturing (8 mol/L urea) polyacrylamide gel electrophoresis (15% dPAGE) was performed. 
Solutions of 33.3 g/L Mix-A or 0.6 g/L Mix-B were used, and 4.0 L was loaded. Band intensity was 
analyzed using image analysis software (Image Lab). An RNA ladder (10–50 nt) (Cat# R0207, 
Biyuntian Biotechnology Co., Ltd., Shanghai, China) was used. 

2.7. RNA Isolation from Yeast and RT-qPCR 

Yeast was cultured as described above for 4 and 6 days, respectively. 1 mL aliquot of yeast 
suspension (OD600 ~ 1.0) was centrifuged at 10,000 r/min for 5 minutes at 4C to remove the 
supernatant. Total RNA was subsequently extracted from the yeast cells using TRIzol reagent 
(Thermo Fisher Scientific) following the manufacturer’s protocol. The quality and concentration of 
the RNA were assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific). RNA 
concentration was measured based on absorbance at 260 nm (OD260), and RNA purity was confirmed 
by the OD260/OD280 ratio (1.92.0). For cDNA synthesis, 50 ng of total RNA was added to a 10 μL 
reaction mixture consisting of the FastKing RT Kit (TianGen, KR116) according to the manufacturer’s 
protocols. To quantify the expression levels of nucleases within the yeast, reverse transcription 
quantitative PCR (RT-qPCR) was performed utilizing the PikoReal 96 Real-time PCR System (Thermo 
Scientific). The PCR cycling conditions included an initial denaturation at 94C for 3 minutes, 
followed by 40 cycles of three-step amplification comprising denaturation at 94C for 30 s, annealing 
at 60C for 30 s, and extension at 72C for 45 s. Each 10 μL PCR reaction mixture contained 5 L of 
BlasTaq 2× qPCR Master Mix (abm, Cat# G891), 1 L of cDNA, and 0.5 M of both forward and 
reverse primers. The primers used for the nuclease genes are listed in Table S3. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) served as the reference gene to standardize the expression levels of 
the target genes. The expression levels of the target genes were calculated using the 2−ΔCt method. ΔCt 
= Ct target gene – Ct GAPDH. 

2.8.4. D-DIA Quantitative Proteomic Analysis and Data Processing 

Yeast cells were cultured in a basic medium containing Mix-A (5 g/L) or glutamate (5 g/L) as the 
sole nitrogen source. The composition of the medium included: 0.5 g/L K2HPO4, 0.5 g/L MgSO4, 0.5 
g/L NaCl, and 20 g/L glucose (as the sole carbon source), along with either 5 g/L Mix-A or glutamate 
(without NaNO3). After incubation for 3 days, the culture was subjected to centrifugation (4C, 10,000 
r/min, 5 min) to remove the supernatant. The pellet was subsequently washed with 0.2 mol/L PBS 
buffer to eliminate residual culture medium. The cleaned yeast cells were collected, rapidly frozen in 
liquid nitrogen, and stored at -80C until used for protein extraction. 

The extraction buffer (containing 1% SDS, 200 mM dithiothreitol (DTT), 50 mM Tris-HCl, and a 
protease inhibitor) was added to the yeast cells and thoroughly mixed using vortex mixing. The 
samples were subjected to high-throughput tissue homogenization three times for 40 s each. The 
samples were then placed on ice and allowed to react for 30 min, with vortex mixing for 10 s every 5 
minutes. Subsequently, the samples were heated at 100C for 10 min and then cooled on ice. The 
mixture was centrifuged (4C, 12,000 g, 20 min), and the supernatant was collected. Pre-cooled 
acetone was added to the supernatant at a volume ratio of 1:4, and it was allowed to precipitate at -
20C for 12 h. The samples were then centrifuged again (4C, 12,000 g, 20 min) to remove the 
supernatant. Subsequently, 90% pre-cooled acetone was added to the pellet, mixed, and centrifuged 
(4C, 12,000 g, 20 min) to remove the supernatant. This step was repeated twice. Finally, the pellet 
was dissolved in a protein lysis buffer (containing 8 mol/L urea, 1% SDS, and protease inhibitors) and 
centrifuged (4C, 12,000 g, 20 min) to collect the supernatant. The protein concentration was 
quantified using the Bicinchoninic Acid (BCA) assay, after which SDS-PAGE electrophoresis analysis 
was performed. 

To a 100 g protein sample, 60 L of lysis buffer was added, followed by the sequential addition 
of 100 mM Triethylammonium bicarbonate (TEAB) and 10 mM Tris (2-carboxyethyl) phosphine 
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(TCEP). The reaction was allowed to proceed at 37C for 60 min before the addition of 40 mM 
Iodoacetamide (IAA), which was incubated in the dark at 25C for 40 min. Pre-cooled acetone (with 
an acetone: protein sample volume ratio of 6:1) was then added to the reaction tube, and the mixture 
was allowed to stand at -20C for 4 h before centrifugation (4C, 10,000 g, 20 min) to collect the 
precipitate. The precipitate was dissolved in 100 mM TEAB, and trypsin was added at a mass ratio 
of 1:50 (enzyme activity ≥ 250 units/mg), followed by digestion at 37C for 12 h. 

The digested peptides were dried and then re-solubilized in 0.1% Trifluoroacetic acid (TFA). 
Desalting was accomplished using hydrophilic-lipophilic balance (HLB) cartridges. The samples 
were then concentrated using a vacuum concentrator and quantified using the Thermo Fisher 
Scientific Peptide Quantification Kit (item #23275). 

The peptides were dissolved in a mass spectrometry loading buffer (comprising 2% acetonitrile 
(Fisher, USA) and 0.1% formic acid (Fisher, USA)) for DIA detection analysis. Peptide separation was 
performed using an EASY-nLC 1200 system (Fisher, USA) with a C18 column (75 m  25 cm, 
Ionopticks, USA). Mobile phase A consisted of 2% acetonitrile and 0.1% formic acid, while mobile 
phase B contained 80% acetonitrile and 0.1% formic acid. The gradient for separation was set as 
follows: from 3% to 28% mobile phase B over 033 min, from 28% to 44% mobile phase B over 3337 
min, from 44% to 90% mobile phase B over 3740 min, and maintaining 90% mobile phase B from 
4044 min. The flow rate was set to 250 nL/min. Subsequently, Data-Independent Acquisition (DIA) 
was performed using the timsTOF Pro2 mass spectrometer (Bruker, Germany) in DIA-PASEF mode. 
The detection mode was set to positive ion, with an ion source voltage of 1.5 kV and a mass range of 
100 to 1700 m/z. The accumulation and ramp times were both set to 100 ms, and the ion mobility 
coefficient (1/K0) varied from 0.6 to 1.6 Vs·cm-2, utilizing a total of 64 DIA-PASEF windows (25 
isolation windows). 

DIA raw data were analyzed using SpectronauTM software (version 14) (Biognosys, USA). For 
quantification, six specific peptides were selected for each protein, and three ions for each peptide 
were analyzed. The parameters were set to Protein FDR ≤ 0.01, Peptide FDR ≤ 0.01, Peptide 
Confidence ≥ 99%, and XIC width ≤ 75 ppm. Quantification was achieved by summing the peak areas 
for each protein. 

Proteomic data were uploaded to the Majorbio Cloud platform (https://cloud.majorbio.com) for 
further analysis. The R language package was used to calculate the p-values and the fold change (FC) 
values of differences in protein expression between the two groups using the t. test function. Proteins 
with a significance level of p < 0.05 and FC > 2 or FC < 0.5 were classified as differentially expressed 
proteins (DEPs). Functional annotation was performed based on KEGG database 
(https://www.genome.jp/kegg/). Functional enrichment analysis of the identified proteins was 
conducted using Python (https://www.python.org/). The enrichment analysis was performed by 
mapping the identified proteins to KEGG pathways, and statistical significance was assessed by 
calculating the p-values to identify significantly enriched biological pathways. 

2.9. Statistical Analysis 

The experimental data for statistical analysis were visualized using Origin software. 
Electrophoresis image data were processed with Image Lab software. All graphical data are 
presented as mean  standard deviation (SD). Comparisons between experimental groups were 
performed using one-way analysis of variance (ANOVA) followed by the least significant difference 
(LSD) post hoc test, utilizing SPSS version 25.0. p* < 0.05 and p** < 0.01 were considered significant. p 
> 0.05 was regarded as not significant (n.s.). 

3. Results 

3.1. Oligonucleotides Serve as Superior Nitrogen Sources for Yeast Growth and Reproduction 

To investigate whether RNA oligonucleotides can be used by yeast as a nitrogen source, we used 
Mix-A, an RNA sample prepared by enzymatic hydrolysis (using nuclease P1) from a company 
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(Nanjing Tongkai Biotechnology Co., Ltd.). The purity of Mix-A was higher than 95% after drying 
(checked by UV-Vis spectroscopy), and the impurities primarily consisted of bound water and salts 
(Figure S1 and Table S1). The product report for Mix-A shows that it contains about 65%80% 
nucleotides with attached 5-phosphate groups. The length of Mix-A was also assessed by dPAGE, 
showing that more than 90% of Mix-A consists of oligonucleotides shorter than 30 nt (Figure S2). To 
exclude the interference from other organic compounds (which contain carbon and nitrogen 
elements) and simplify the culture system, we used a basic medium containing only mineral salts (0.5 
g/L K2HPO4, 0.5 g/L MgSO4, 0.5 g/L NaCl, and 1 g/L NaNO3) as the basic components, with NaNO3 
providing nitrogen elements. If necessary, 5 g/L glucose was used as the primary carbon source 
(Figure 1). 

As shown in Figure 1A, yeast cells grew well when glucose was used as the primary carbon 
source and Mix-A as the sole nitrogen source (NaNO3 was not present in this case), although yeast 
grew much more quickly using YPD medium. However, during the stationary phase of cultivation, 
the yeast exhibited similar cell density (lg values are about 9.5, or 3.2109 CFU/mL). The growth curve 
(Mix-A + Glucose) was quite similar to that using glutamate to replace Mix-A (Glutamate + Glucose), 
indicating that Mix-A and glutamate have similar efficiencies as nitrogen sources. The calculated 
growth rate for Mix-A + Glucose (1.8 d⁻¹) was significantly higher than that of Glutamate + Glucose 
(0.8 d⁻¹), indicating that oligonucleotides may serve as a high-quality nitrogen source comparable to 
glutamate (Figure 1B). Obviously, NaNO3 is a very poor nitrogen source for yeast. It is noteworthy 
that RNA also contains carbon, which may also be utilized by yeast. 

In the case that glucose was removed from above medium, i.e. when only Mix-A supplied 
nitrogen and carbon element for growth, yeast also grew well (Figure 1C), although the growth rate 
was lower compared to glutamate or YPD (Figure 1D). Interestingly, when Mix-A was added to the 
YPD medium, a significant increase in the growth rate (from 4.1 to 5.3 d⁻¹) was also observed. The 
difference in growth rates between Mix-A and glutamate was not substantial, with values of 1.0 d-1 
and 1.5 d-1, respectively (Figure 1D). These results demonstrate that RNA can provide both nitrogen 
and carbon sources for yeast growth. On the other hand, while RNA may serve as an excellent 
nitrogen source, but not so good as a carbon source. 
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Figure 1. Growth of yeast using short oligonucleotides (most of Mix-A consists of oligonucleotides shorter than 
30 nt). (A) Oligonucleotides are used as the sole nitrogen source (glucose is present). (B) and (D) show 
corresponding growth rates. (C) Oligonucleotides are used as both carbon and nitrogen source (glucose is not 
present). The used media are: YPD (5 g/L yeast extract, peptone, and 5 g/L glucose); Mix-A + Glucose (5 g/L Mix-
A and 5 g/L glucose); Glutamate + Glucose (5 g/L glutamate and 5 g/L glucose); NaNO3 + Glucose (5 g/L NaNO3 
and 5 g/L glucose); C+N− (glucose only, no nitrogen sources); YPD + Mix-A (5 g/L yeast extract, peptone, 5 g/L 
Mix-A, and 5 g/L glucose); Glutamate (5 g/L glutamate); Mix-A (5 g/L Mix-A); and C−N− (lacking both carbon 
and nitrogen sources). All experiments were performed in triplicate, and data are presented as mean ± SD. 
Statistical significance analysis was assessed using one-way ANOVA; *p < 0.05, **p < 0.01. 

3.2. Short Oligonucleotides Are Preferentially Assimilated by Yeast Compared to Nucleotides 

Since Mix-A contains both short oligonucleotides and nucleotides, we must address the 
interesting question of which one is preferentially utilized by yeast. We used Mix-B, which comprises 
RNA oligonucleotides ranging from 10 to 100 nt, digested from yeast rRNA. We further digested 
Mix-B with RNase A to generate shorter RNA products (with 3-phosphate groups) that are 530 nt 
long (Figure 2A). For comparison, a mixture of nucleotides (NTs), including AMP, UMP, CMP, and 
GMP, was also used. As shown in Figure 2B, amazingly, for all media containing short oligos (Mix-
A, Mix-B, and digested products of Mix-B), yeast grew much better than that of nucleotides (NT). 
This difference in growth rate can also be clearly seen in Figure 2C. The medium containing the 
digested products of Mix-B (Digested Mix-B) showed highest growth rate (4.8 d⁻¹), which is about 
four times faster than that of NT group (1.4 d⁻¹). After 7 days of culture, the cell densities for Mix-A 
and Digested Mix-B were highest (lg value was 9.6, or 4.0109 CFU/mL), which was about 100 times 
higher than that for NT (lg value was 7.7, 5.0107 CFU/mL). When comparing the three groups 
containing short RNA oligonucleotides, more interestingly, the growth rate follows the order: 
Digested Mix-B (530 nt) > Mix-A (containing about 20%35% length < 30 nt oligonucleotides and 
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65% NT) > Mix-B (10100 nt) (Figure 2B, 2C). Accordingly, we conclude that shorter oligonucleotides 
(but not nucleotides) are much easily utilized by yeast than NT. 

 

Figure 2. RNA oligonucleotides of appropriate length are more efficiently utilized as a nitrogen source by yeast. 
(A) Analysis of RNase A digestion products by dPAGE (15%). “” indicates the control group without RNase A; 
“+” indicates the RNase A-treated group. Digestion conditions: 1.0 g/L Mix-B, 0.01 g/L RNase A, incubated at 
28C for 3 days. (B) and (C) are growth curves and growth rates for various media. (D) OD260 changes in culture 
supernatants (after cells were removed). Mix-B (10100 nt): 1 g/L of Mix-B; Digested Mix-B (530 nt): 1 g/L of 
digestion products of Mix-B by RNase A; Mix-A (length < 30 nt): 1.0 g/L of Mix-A; NT: 1.0 g/L of mixed 
nucleotides (AMP, GMP, CMP, and UMP); C+N : the medium lack of any nitrogen source. In all media, 20 g/L 
of glucose was present. The experiments were conducted in triplicate, and results are expressed as means ± SD. 
Statistical significance was assessed using one-way ANOVA; *p < 0.05, **p < 0.01. 

To determine whether RNA or NT was absorbed by yeast, the absorbance change at 260 nm 
(OD260) was measured after removing yeast cells by centrifugation (RNA and NT exhibit the 
maximum absorption at 260 nm) (Figure 2D). Interestingly, a significant decrease in OD260 was 
observed for Mix-A and Digested Mix-B, but not for Mix-B and NT. Only less than 20% OD260 was 
remained, indicating more than 80% of Mix-A was consumed. For Mix-B, the OD260 was even 
increased to some extent. These results suggest that yeast preferentially utilizes oligonucleotides 
(530 nt) compared to either longer RNA (> 30 nt) or nucleotides (NT). 

3.3. Simultaneous Utilization of Oligonucleotides and Nucleosides by Yeast 

Although several researches have demonstrated that nucleosides (NS) are the primary 
components absorbed by cells to utilize exogenous RNA [9,10,26], our above results indicate that 
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short RNA oligonucleotides are utilized more quickly than nucleotides. To clarify these contradictory 
results, we studied this in more details by using several combinations of short RNA oligonucleotides, 
nucleotides, and nucleosides (Figure 3). It is noteworthy that OD600 values (but not their lg values) are 
shown in Figure 3A and 3B. Unexpectedly, yeast did not grow well when using NS, although it seems 
better than with NT (Figure 3A). Very interestingly, when both 1.0 g/L of Mix-A and 5.0 g/L of NS 
(comprising adenosine, guanosine, cytidine, uridine, and inosine) were present, the cell density was 
extremely high (OD600 = 1.8 on the 14th day) compared to other groups (OD600 < 1.0 on the 14th day), 
and even much higher than the mixture of 1.0 g/L of Mix-A and 5.0 g/L of NT (Figure 3A). Actually, 
the growth rates did not differ greatly, especially during the first few days, with the order being Mix-
A + NS > Mix-A > NS (Figure 3B). The quick utilization of Mix-A and NS in the mixture was also 
confirmed by the change in OD260, with at least 60% of Mix-A and NS being consumed (Figure 3C). 
These results suggest that yeast can simultaneously utilize short oligonucleotides and nucleosides. 

Considering that there are very few opportunities filled with nucleotides and nucleosides 
around the yeast in nature, it is hypothesized that the corresponding genes for utilization of NT and 
NS should be in the inhibited (closed) state. We propose that once yeast is cultured for enough time 
in the presence of short RNA oligonucleotides, those corresponding genes may be expressed for 
absorbing of both short RNA oligonucleotides and nucleosides. To prove this hypothesis, we first 
pre-cultured yeast in the medium containing either 1.0 g/L Mix-A or 5.0 g/L NS for 3 days (to OD600 ~ 
0.5) as seeds. These seeds were transferred to a new medium containing either 5.0 g/L NS or 1.0 g/L 
Mix-A at a 5% inoculation rate. These two groups are designated as Mix-A-pre-NS and NS-pre-Mix-
A, respectively. In comparison to the control groups of NS pre-cultured in basic medium (designated 
as NS group) or Mix-A pre-cultured in basic medium (designated as Mix-A group), the cell densities 
for Mix-A-pre-NS and NS-pre-Mix-A were significantly higher (Figure 3D). On the 7th day, for 
example, the differences in cell density were as high as 79 folds, and the corresponding differences 
in growth rate were about 5 and 2 times for Mix-A-pre-NS and NS-pre-Mix-A, respectively (Figure 
3D and 3E). The consumption of NS and Mix-A was consistent with above results (Figure 3F). 
Obviously, after pre-cultured using either Mix-A or NS, yeast cells could utilize these substances of 
nucleic acids much more quicky, indicating that the corresponding genes are activated. This was 
further confirmed by the result that NS was consumed quickly when culturing yeast first in Mix-A 
medium, followed by adding NS (data not shown). 

Similar experiments were conducted using NT (AMP, GMP, CMP, and UMP) to replace NS 
(Figure S3). Even after pre-cultured in the medium containing Mix-A, however, no quick growth 
(from 0.3 d⁻¹ to 0.4 d⁻¹) was observed when culturing in the medium containing NT (5 g/L), indicating 
that yeast has a limited capacity to directly utilize nucleotides compared to RNA oligonucleotides. 
Interestingly, when a much higher concentration of NT (1525 g/L) was used, the growth rate 
increased moderately (0.7 d⁻¹), but decreased in the presence of 3045 g/L of NT (0.6 d-1) (Figure S4). 
Accordingly, the utilization of NT seems to be strictly controlled compared to that of NS. 

Collectively, our findings indicate that oligonucleotides of appropriate lengths (e.g., 530 nt) are 
preferentially utilized by yeast compared to nucleosides and nucleotides. In addition, yeast can 
simultaneously utilize both oligonucleotides and nucleosides through a shared metabolic pathway, 
but uptake NT cautiously. 
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Figure 3. Simultaneous utilization of RNA oligonucleotides and nucleosides by yeast. (A−C) Cultured with Mix-
A and mixed nucleosides as the sole nitrogen source. (D−F) Yeasts pre-cultured in either 1 g/L Mix-A or 5 g/L 
NS for 3 days (OD600 ~ 0.5) were transferred into media containing 5 g/L NS or 1 g/L Mix-A at a 5% inoculation 
rate. (A, D) Growth curves. (B, E) Growth rates. (C, F) OD260 changes in culture supernatants (after cells were 
removed). 1 g/L Mix-A + 5 g/L NS: 1.0 g/L of Mix-A (length < 30 nt) and 5.0 g/L of mixed nucleosides (adenosine, 
guanosine, cytidine, uridine, and inosine); 1 g/L Mix-A + 5 g/L NT: 1.0 g/L Mix-A and 5.0 g/L mixed nucleotides 
(AMP, GMP, CMP, and UMP); 1 g/L Mix-A: 1.0 g/L Mix-A; 5 g/L NS: 5.0 g/L mixed nucleosides; 5 g/L NT: 5.0 
g/L mixed nucleotides; Mix-A-pre-NS: in the medium containing 5.0 g/L mixed nucleosides, using seeds (OD600 

~ 0.5) pre-cultured in the medium containing 1.0 g/L Mix-A; NS-pre-Mix-A: in the medium containing 1.0 g/L 
Mix-A, using seeds (OD600 ~ 0.5) pre-cultured in the medium containing 5.0 g/L mixed nucleosides; C+N−: the 
medium lacking any nitrogen source. In all media, 20 g/L of glucose was present. The experiments were 
conducted in triplicate, and results are expressed as means ± SD. Statistical significance was assessed using one-
way ANOVA; *p < 0.05, **p < 0.01. 

3.4. Higher Expression of Yeast Nuclease in the Presence of Short Oligonucleotides 

It is well known that nucleases to serve as key enzymes in nucleic acid metabolism, and there 
are many types of nucleases located in various subcellular compartments such as the nucleus, 
mitochondria, cytoplasm, exosomes, and vacuoles of yeast cells [2729]. To investigate the utilization 
of oligonucleotides by yeast, we checked the gene expression of some of these nucleases (found in 
NCBI database; see Table S2) in response to culturing in the presence of oligonucleotides (Figure 4). 
As shown in Figure 4A and Figure S5, mRNA levels were measured on the 4th day of culturing using 
RNase A-treated oligonucleotides (Digested Mix-B) as the sole nitrogen source. The expression of 
some nucleases was observed at various levels in the nucleus, mitochondria, cytoplasm, exosomes, 
and vacuoles. Specifically, the nucleases of RNASEH2A in nucleus, RNZ in mitochondria, XRN1 in 
cytoplasm, and RRP41 in exosomes were expressed at relatively high levels. 

To further examine the impact of RNA length on nuclease expression during culturing, we 
compared three groups of nucleic acids (Mix-B, Digested Mix-B, and NT) with the YPD group as a 
control. Interestingly, for most nucleases investigated, higher expression was observed for all the test 
groups (Figure 4B). Notably, in the RNase A-treated group (Digested Mix-B), the expression of 
nucleases (except for RNASEH2A) was significantly higher even compared to both Mix-B and NT 
(comparing purple bars with others). These results show that the presence of short RNA 
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oligonucleotides (530 nt) in the culturing medium can stimulate the expression of nucleases in yeast. 
When too long RNA (length > 30 nt) or NT were used, the expression levels could also be upregulated, 
but at a moderate level. These results further suggest that the short RNA oligonucleotides (530 nt) 
are more easily utilized by yeast. 

 

Figure 4. RNA oligonucleotides in the culturing medium induce upregulation of gene expression for various 
yeast nucleases. (A) Expression levels on the 4th day of the group RNase A-treated oligonucleotides (Digested 
Mix-B). (B) Expression levels on the 6th day for Mix-B, Digested Mix-B, NT, and YPD groups. Several nucleases 
in the nucleus, cytoplasm, mitochondria, exosomes, and vacuoles are checked. Yeast cultured with yeast extract 
and peptone served as the control group (YPD). Nuclease names in black denote exonucleases, while those in 
blue denote endonucleases. YPD: 5 g/L yeast extract and peptone; Mix-B: 5 g/L oligonucleotides, 10100 nt; 
Digested Mix-B: 5 g/L RNase A-treated oligonucleotides, 530 nt; NT: 5 g/L mixture of AMP, GMP, CMP, and 
UMP. For all these media, 20 g/L glucose was supplemented. Values represent mean ± SD (n=6). Different letters 
(ad) indicate significant differences in yeast nuclease gene expression levels (p < 0.05). 

3.5. Yeast Primarily Absorbs and Metabolizes Oligonucleotides Through Endocytosis and Autophagy 

To investigate the possible mechanisms by which yeast assimilates and metabolizes 
oligonucleotides, proteomic analysis was employed to examine the expression levels of key enzymes 
involved in transport and catabolic pathways. In this case, we used the control of glutamate that 
served as the sole nitrogen source instead of Mix-A. Using t-test statistical analysis, we identified 
2,727 proteins that were significantly upregulated, and 847 proteins that were downregulated in the 
oligonucleotide group (Mix-A), compared to the glutamate group (Glu) (Figure 5A). This result 
indicates that more proteins are required to utilize RNA oligonucleotides as nutrients. Further KEGG 
pathway annotation analysis revealed that among the proteins associated with transport and 
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catabolism, 233 proteins were found to be upregulated in the Mix-A group (Figure 5B). KEGG 
enrichment analysis indicated that these upregulated proteins were predominantly enriched in 
pathways related to endocytosis and autophagy (Figure 5C). This finding suggests that yeast may 
primarily absorb oligonucleotides through endocytosis and subsequently degrade them via 
autophagy. 

 

Figure 5. Proteomic analysis of key processes involved in the absorption and metabolism of oligonucleotides in 
yeast. (A) Volcano plot illustrating differentially expressed proteins (DEPs) selected based on fold change values 
(FC) > 2 or < 0.5 and p < 0.05. The points highlighted by the green box and the purple one represent proteins that 
are significantly upregulated during the endocytic and the autophagic processes, respectively. (B) KEGG 
annotation of DEPs. (C) KEGG enrichment analysis of transport and catabolism pathways. Dot size represents 
the number of proteins involved. “Mix-A (up)” indicates proteins that are highly expressed in the Mix-A group; 
“Mix (down)” indicates proteins that are less expressed in Mix-A group. Mix-A: 5 g/L Mix-A (length < 30 nt) as 
sole nitrogen; Glu: 5 g/L glutamate as sole nitrogen. For all of these media, 20 g/L glucose was supplemented. 
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3.6. Expression of Proteins Related to Endocytosis Process 

Endocytosis serves as a vital mechanism for nutrient absorption in yeast, encompassing six key 
stages: budding, vesicle formation, uncoating, early endosomes formation, conversion of early 
endosomes into late endosomes, and fusion of late endosomes with vacuoles [30]. In this study, we 
discovered that when Mix-A was provided as the sole nitrogen source, proteins exhibiting 
significantly elevated expression levels were notably enriched in processes associated with 
endocytosis (Figure 6). Specifically, several endocytosis-related proteins displayed high levels of 
specific expression. For example, the Hsc70 protein, which is essential for the uncoating process, 
along with CAPZB and CAPZA proteins involved in the formation of early endosomes, showed 
significantly elevated expression in this group (Figure 6A). Furthermore, among the proteins co-
expressed in both the Mix-A group and Glu group, Rab7, required for the fusion of late endosomes 
with vacuoles, was also significantly upregulated for Mix-A group (Figure 6B). This further 
underscores the critical role of endocytosis in the uptake of oligonucleotides by yeast. 

 

Figure 6. Expression profiles of proteins associated with endocytosis. (A) Proteins exhibit specific expression 
levels in the oligonucleotide (Mix-A) group. (B) Proteins co-expressed in both the oligonucleotide (Mix-A) and 
glutamate (Glu) groups. (C) Schematic diagram illustrating key proteins involved in the endocytic process and 
their expression levels. Proteins with higher expression in Mix-A group are indicated in red font, while those 
with lower expression are in green font, and undetected proteins are indicated in black font. Mix-A: 5 g/L Mix-
A (length < 30 nt) as sole nitrogen; Glu: 5 g/L glutamate as sole nitrogen. For all of these media, 20 g/L glucose 
was supplemented. 

The involvement of key enzymes in the endocytic process and their expression levels are 
summarized in the schematic diagram (Figure 6C), where proteins with high expression in the Mix-
A group are indicated in red font, while those with low expression are shown in green. These findings 
indicate that when oligonucleotides serve as the sole nitrogen source, yeast primarily relies on the 
endocytic pathway for absorbing them. 
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3.7. Expression of Proteins Related to Autophagy, RNA Degradation, and Nucleotide Degradation Processes 

Autophagy is a highly conserved catabolic process in eukaryotic cells that promotes cell survival 
by recycling cellular components and maintaining energy levels [31]. This process involves four 
critical steps: signal induction, formation of autophagosomes, fusion of autophagosomes with 
vacuoles, and degradation of the autophagic body within the vacuoles. We investigated the roles of 
autophagy, RNA degradation, and nucleotide hydrolysis in yeast cells cultured with Mix-A as the 
sole nitrogen source (Figure 7). It was found that several autophagy-related proteins in the Mix-A 
group exhibited higher expression levels, particularly those associated with autophagosome 
formation (e.g., ATG7, Vps34, ATG8, ATG2, ATG11, ATG13, and ATG18) and those involved in the 
fusion of autophagosomes with vacuoles (e.g., Vti1, Vps11, Vps18, Ykt6, Vps16, and Vps41), all 
specifically expressed in yeast (Figure 7A). Furthermore, among the proteins co-expressed in both 
Mix-A and Glu groups, those related to autophagosome formation (ATG27 and Vps15) and fusion 
with vacuoles (Sec18 and Vps33) also demonstrated significantly higher expression in the Mix-A 
group (Figure 7B). These findings further support the hypothesis that yeast utilizes autophagic 
mechanisms to degrade oligonucleotides. An overview of the involvement and expression of key 
enzymes in the autophagy process is provided through a schematic representation (Figure 7C). 

Regarding RNA degradation, we revealed that the cytoplasmic 5-exonuclease (XRN1) in yeast 
collaborates with 3-exonucleases present in exosome to facilitate RNA degradation. We hypothesize 
that, in addition to autophagy, the oligonucleotides taken up by yeast can also be degraded by 
intracellular nucleases. Results indicated that coactivator complexes necessary for the function of 3-
exonucleases in the exosome (e.g., SKI2, SKI3, and SKI8) and core proteins forming exosome (e.g., 
Rrp46, Rrp44, Rrp42, Rrp45, Rrp6, Mitr3, Rrp43, and Csl4) were specifically expressed in Mix-A 
group. Moreover, the cytoplasmic 5-nucleases (XRN1) and subunits of their RNA-binding complex 
(Lsm6) also exhibited specific expression (Figure 7D and 7E). These results indicate that, following 
the uptake of oligonucleotides, yeast can decompose them via autophagy and RNA degradation 
using nucleases within the exosomes and cytoplasm, allowing for further utilization. The 
involvement and expression levels of key enzymes in the RNA degradation pathway are summarized 
in a schematic representation (Figure 7F). 

Subsequently, we found that the expression of key enzymes involved in the degradation of 
purine and pyrimidine nucleotides was also significantly enhanced in the Mix-A group (p < 0.05) 
(Figure 7G and 7I). This suggests that nucleotides and nucleosides generated from oligonucleotide 
degradation can be further broken down into ammonia (NH4+) and β-Alanine, which are then utilized 
by yeast. The participation and expression levels of key enzymes in nucleotide degradation processes 
are also illustrated in schematic form (Figure 7H and 7J). 

These results elucidate clearly the metabolic mechanisms that yeast effectively decomposes 
oligonucleotides through a combination of autophagy and the RNA degradation processes, which 
are inherent pathways in yeast. The generated nucleosides and nucleotides are further decomposed 
into NH4+ and -Alanine, which subsequently participate in the nitrogen source cycle within the yeast 
cell. 
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Figure 7. Expression of proteins related to autophagy, RNA degradation, and nucleotide degradation. (A, B) 
Protein levels involved in the autophagy. (D, E) Protein levels involved in RNA degradation. (G, I) Protein levels 
involved in purine and pyrimidine nucleotide degradation processes, respectively. (C, F, H, and J) Schematic 
diagram illustrating key proteins involved in the autophagy, RNA degradation, purine nucleotide degradation, 
and pyrimidine nucleotide degradation, respectively. Proteins highly expressed in the Mix-A group are 
indicated in red font, while those with lower expression are indicated in green font, and undetected proteins are 
indicated in black font. Mix-A: 5 g/L Mix-A (length < 30 nt) as sole nitrogen; Glu: 5 g/L glutamate as sole nitrogen. 
For all of these media, 20 g/L glucose was supplemented. 

3.8. Expression Levels of Proteins Associated with Nucleotide Synthesis, Amino Acid Synthesis, and 
Glycerophospholipid Synthesis 

To investigate whether the degradation products of oligonucleotides can be utilized in 
nucleotide synthesis in yeast, we analyzed the expression of key enzymes involved in nucleotide 
synthesis (Figure 8). Enzymes involved in the salvage pathway of purine nucleotide synthesis 
exhibited significantly higher expression in the Mix-A group, indicating that degradation products 
of oligonucleotides primarily contribute to purine nucleotide synthesis through the salvage pathway 
(Figure 8A and 8B). Conversely, enzymes for de novo synthesis of purine nucleotides were 
significantly lower in Mix-A group. In contrast, enzymes for both the de novo synthesis and the 
salvage synthesis of pyrimidine nucleotides showed significantly higher expression levels, 
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suggesting that both pathways are utilized to supply materials for pyrimidine nucleotide synthesis 
when oligonucleotides are degraded to provide a nitrogen source (Figure 8C and 8D). 

 

Figure 8. Expression levels of proteins involved in nucleotide synthesis pathways. (A, C) Protein levels involved 
in purine and pyrimidine nucleotide synthesis. (B, D) Schematic diagram illustrating key proteins involved in 
purine and pyrimidine nucleotide synthesis. In the Mix-A group, proteins that are highly expressed are indicated 
in red font, while those that are lowly expressed are indicated in green font, and undetected proteins are 
indicated in black font. Mix-A: 5 g/L Mix-A (length < 30 nt) as sole nitrogen; Glu: 5 g/L glutamate as sole nitrogen. 
For all of these media, 20 g/L glucose was supplemented. 

Considering that pyrimidine nucleotides serve not only as building blocks for nucleic acid 
synthesis but also as carriers for lipid components involved in glycerophospholipid synthesis, we 
hypothesized that yeast may need to accumulate a greater quantity of pyrimidine nucleotides 
compared to purine nucleotides. To support this perspective, we investigated the expression of 
enzymes involved in glycerophospholipid synthesis utilizing CTP. The results showed that enzymes 
required for synthesizing CDP-diacylglycerol, CDP-ethanolamine, and CDP-choline, including 
phosphatidate cytidylyltransferase (CDS1), ethanolamine phosphate cytidylyltransferase (PCYT2), 
and choline phosphate cytidylyltransferase (PCYT1), were all significantly upregulated in Mix-A 
group. Furthermore, enzymes necessary for converting these metabolites into phosphatidylinositol, 
phosphatidylethanolamine, and phosphatidylcholine, such as CDP-diacylglycerol-inositol 3-
phosphatidyltransferase (CDIPT), ethanolamine phosphotransferase (EPT1), and diacylglycerol 
choline phosphotransferase (CPT1), also exhibited significantly higher expression levels (Figure 
S6AS6C). These results provide evidences that yeast utilizes the degradation products of 
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oligonucleotides to accumulate more pyrimidine nucleotides, which are essential not only for nucleic 
acid synthesis but also for the synthesis of glycerophospholipids and other critical metabolites. 

Since oligonucleotides were used as the sole nitrogen source for the cultivation of yeast, they 
inevitably contributed to the synthesis of other organic nitrogen-containing metabolites required by 
the yeast. Amino acids, which are significant organic nitrogen compounds, were assessed to 
determine the potential pathways through which the NH4+ and β-Alanine derived from 
oligonucleotide degradation could be converted. The results demonstrated that the expression of 4-
aminobutyrate aminotransferase (puuE), responsible for conversion of β-Alanine to glutamate, was 
significantly higher expression for Mix-A group, compared to that of glutamate dehydrogenase 
(gdhA), which facilitates glutamate synthesis from NH4+. Additionally, enzymes such as glutamine 
synthetase (glnA), which catalyzes the conversion of NH4+ and glutamate into glutamine, and 
glutamate synthase (GLT1), responsible for conversion of glutamine back into glutamate, also 
exhibited significantly elevated expression (Figure S6D and S6E). These findings suggest that NH4+ 
and β-Alanine derived from oligonucleotide would first be converted into glutamate and glutamine, 
subsequently allowing for the synthesis of other amino acids. 

4. Discussion 

Ribosomal RNA (rRNA) comprises approximately 80% of total cellular RNA [21,25] and is 
subjected to degradation by various nucleases in natural environments [32]. It is well-known that 
RNA is easily digested by some nucleases (e.g., RNase A is difficult to inactivate) when use in the lab. 
Thus, it can be inferred that short oligonucleotides derived from rRNA may represent a prevalent 
form of nucleic acids in the environment. This leads to an essential question: Can oligonucleotides be 
directly absorbed and utilized by cells? What are the underlying mechanisms? The findings of this 
research demonstrate that yeast can absorb RNA oligonucleotides (length < 30 nt) as a nitrogen source 
through endocytosis, and subsequently, a coordinated cellular process involving autophagy and 
RNA degradation leads to breakdown of these oligonucleotides into nucleosides and nucleotides. 
Nucleosides and nucleotides are metabolized through the intrinsic nucleotide degradation pathway 
of yeast into NH4+ and β-Alanine. This process not only provides essential building blocks for nucleic 
acid synthesis but also contributes to the nitrogen cycling used for synthesizing other metabolites. 

The nitrogen content of nucleic acids is approximately 1517%, which is close to that in proteins 
(1418% nitrogen content), indicating that nucleic acids have the potential to provide nitrogen 
elements. Consistent with this assumption, we observed that when oligonucleotides served as the 
sole nitrogen source, yeast growth was comparable to that achieved using glutamic acid as the sole 
nitrogen source (Figure 1A). Interestingly, yeast exhibited a higher efficiency in utilizing 
oligonucleotides shorter than 30 nt (Mix-A or Digested Mix-B) compared to nucleotides (Figures 2 
and 4). This is reasonable because 5-nucleotides play crucial roles in various significant cellular 
processes, such as energy production, DNA replication, RNA transcription, and signal transduction 
[33]. In addition, 5-nucleotides are essential components in their synthesis. As a result, the 
concentration of each NT should be strictly regulated to a certain level [34]. Accordingly, its uptake 
should also be controlled to avoid metabolic disorders. When the concentration of nucleotides 
exceeded 30 g/L, the growth rate of yeast significantly declined (Figure S4B), consistent with the 
above discussion. In contrast, short oligonucleotides derived from rRNA cannot participate directly 
in metabolic pathways but are mainly digested into nucleosides and 3-nucleotides. These products 
can be converted into 5-nucleotides when necessary, thereby effectively avoiding metabolic 
disruptions. Within cells, many RNA molecules, such as mRNA and some degraded rRNA, are 
recycled. On the other hand, RNA is difficult to digest into nucleotides in natural environments. It is 
not cost-effective for an organism to secrete nucleases to digest RNA into nucleotides from the 
perspective of survival competition. Thus, capturing and “eating” short RNA oligonucleotides seems 
labor-saving. Previous findings indicated that pit cells can directly absorb microRNAs (about 21 nt 
long) via the SIDT1 (an intrinsic carrier protein in stomach), subsequently transporting them through 
exosomes to various tissues and organs [24], supporting our explanation for utilizing short RNA. 
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Interestingly, compared to the utilization of oligonucleotides or nucleosides as the sole nitrogen 
sources, yeast can efficiently utilize a mixture of oligonucleotides and nucleosides (Figures 3AC). 
Additionally, yeast pre-cultured with oligonucleotides can enhances the utilization of nucleosides 
(Figures 3DF). We speculate that this phenomenon may be attributed to the widespread presence of 
RNA oligonucleotides in the environment, which enables yeast cells to activate the expression of 
genes associated with the utilization of related compounds such as NT and NS. Contrary to the 
prevailing belief that cells can only absorb nucleosides [911,26], this study clearly demonstrates that 
yeast cells can simultaneously uptake and utilize oligonucleotides and nucleosides. 

The addition of nucleotides to infant formula is primarily motivated by the significantly higher 
nucleotide content in human milk compared to that in cow’s milk. Specifically, non-protein nitrogen 
constitutes up to 20% of human breast milk, but only about 2% in cow’s milk [35,36]. Moreover, 
approximately 40% to 56% of “Total Potentially Available Nucleosides (TPAN)” are derived from 
RNA oligonucleotides in human milk [37,38], demonstrating that oligonucleotides may play 
significant roles. Recent researches have reported that RNA oligonucleotides, such as microRNAs, 
are present in human milk [39], and microRNAs may be transmitted to infants via exosomes—
impacting lipid and glucose metabolism, gut maturation, neurodevelopment, and immune function 
[40,41]. Given that the concentration of microRNA in cells (comprising only 0.003% to 0.02% of total 
RNA) is significantly lower than that of ribosomal RNA [42], we hypothesize that RNA 
oligonucleotides in breast milk may primarily originate from ribosomal RNA. Building on previous 
findings, our study challenges traditional perspectives by proposing a novel viewpoint: eukaryotic 
cells directly absorb and utilize oligonucleotides derived from ribosomal RNA as nutritional sources. 
This discovery provides a new perspective for understanding the nutritional functions of RNA and 
their significance for infant health, underscoring the important research implications of our findings. 

Our study reveals that when RNA oligonucleotides (length < 30 nt) serve as the sole nitrogen 
source, there is a significant upregulation of intracellular nucleases in yeast (Figure 4). This finding 
provides genetic evidence that yeast can effectively utilize RNA oligonucleotides. The observed 
upregulation may result from the activation of specific response pathways following the binding of 
RNA oligonucleotides to the surfaces of yeast cells. This binding can stimulate the metabolic 
pathways responsible for RNA degradation and modulate the expression of intracellular nucleases. 
Furthermore, proteomic analysis showed a significant increase in the expression of proteins related 
to RNA catabolic pathways (such as autophagy and RNA degradation) in the Mix-A group (length < 
30 nt) (Figures 7AE). Notably, since RNA oligonucleotides are commonly abundant in food sources 
[43], their presence may act as a nutritional signal, prompting yeast to rapidly express genes (such as 
nucleases) associated with RNA oligonucleotide utilization. The enhanced expression of nucleases 
facilitates the degradation of RNA oligonucleotides, thereby generating the requisite nucleotides for 
cellular metabolism. Based on these findings, we boldly propose that the expression levels of 
nucleases might serve as a potential indicator of cellular vitality. An increase in nuclease expression 
could reflect heightened metabolic activity within the cell. This viewpoint offers a novel perspective 
for investigating cellular vitality and metabolic status, potentially advancing research in related 
biomedical fields. 

Endocytosis is a fundamental process for yeast to acquire external nutrients, enabling the uptake 
of larger molecules or particles, such as proteins and polysaccharides [30]. Currently, it is accepted 
that RNAs (microRNAs, mRNAs, and siRNAs) encapsulated in extracellular vesicles primarily enter 
cells via endocytic pathways [44]. Our study revealed that when RNA oligonucleotides served as the 
sole nitrogen source, key proteins involved in endocytosis were significantly upregulated in the 
oligonucleotide group (Mix-A) (Figure 6), thereby confirming the potential for yeast to absorb free 
oligonucleotides through endocytosis. The receptor for binding short RNA oligonucleotides remains 
unknown. 

Autophagy is an essential process for the degradation and reutilization of cellular components 
in eukaryotic cells [31]. Our findings indicate that when oligonucleotides are utilized as nutrients, 
key proteins related to autophagy were significantly upregulated in the oligonucleotide group 
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(Figure 7AC). Concurrently, crucial proteins involved in RNA degradation, such as nucleases, were 
also significantly expressed (Figure 7DF). It has been shown that nitrogen deficiency can induce 
yeast to degrade RNA through autophagy [45], and studies have suggested that autophagy also 
serves as a pathway for RNA recycling [46]. This suggests that yeast may decompose oligonucleotides 
into nucleotides and nucleosides through a cooperative mechanism involving autophagy in vacuole 
and RNA degradation in cytoplasm. 

Significantly, our study indicated that under conditions where oligonucleotides served as the 
sole nitrogen source, key proteins in the de novo synthesis and salvage pathways of pyrimidine 
nucleotides were significantly upregulated (Figure 8C, D). In contrast, key proteins involved in the 
salvage synthesis of purine nucleotides were expressed at high levels, while those related to de novo 
synthesis were significantly downregulated (Figure 8A, B). This suggests that the nucleosides and 
bases generated from the degradation of oligonucleotides can effectively meet the demand for purine 
nucleotides in yeast through the salvage synthesis pathway. Current research indicates that excessive 
accumulation of purine nucleotides may lead to metabolic dysfunction in cells [47,48]. Thus, under 
these conditions, yeast exhibited reduced de novo purine nucleotide synthesis. The relatively higher 
demand for pyrimidine nucleotides could be attributed to their roles not only in nucleic acid synthesis 
but also as precursors for other metabolites (e.g., CTP serves as a key precursor for 
glycerophospholipid synthesis) [49]. In alignment with this theoretical perspective, our study found 
that enzymes associated with glycerophospholipid biosynthesis were also significantly upregulated 
in yeast when oligonucleotides served as the sole nitrogen source (Figure S6AS6C). 

This study provides a comprehensive understanding of how yeast cells utilize oligonucleotides 
as nutrients, not only supplying nucleotides but also contributing to the synthesis of other organic 
nitrogenous metabolites derived from the metabolite of NH4+ or β-Alanine from RNA. Specifically, 4-
aminobutyric acid transaminase (puuE), which catalyzes the conversion of β-Alanine (derived from 
pyrimidine degradation) into glutamate, was significantly upregulated (Figure S6D and S6E). This 
finding may provide significant theoretical support for re-evaluating the role of nucleic acids. 

 
Figure 9. A graphical model illustrating the absorption and metabolism of RNA oligonucleotides (RNA oligos) 
by yeast. Yeast cells directly absorb oligonucleotides (length < 30 nt) via endocytosis. A portion of these absorbed 
oligonucleotides is transported through endosomes to vacuoles, where they are further degraded into 
nucleosides. The remaining oligonucleotides are released into the cytoplasm. In the cytoplasm, some 
oligonucleotides are degradation into nucleosides through autophagy, while others are processed into 
nucleotides and nucleosides by cytoplasmic nucleases. Subsequently, a fraction of these nucleotides and 
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nucleosides is utilized for RNA and DNA synthesis, while another fraction is further degraded into ammonia 
(NH4+) and β-Alanine for amino acids synthesis and the production of other biomolecules. 

In summary, yeast can directly absorb RNA oligonucleotides (length < 30 nt) as an excellent 
nitrogen source, and uptake these RNA oligonucleotides through an endocytic process. 
Subsequently, these RNA oligonucleotides are degraded into nucleotides and nucleosides via the 
autophagy pathway in the vacuole and the RNA degradation pathway in the cytoplasm. A portion 
of these nucleosides and nucleotides is utilized for nucleic acid synthesis, while the remainder is 
further degraded into NH4+ and β-Alanine via yeast’s inherent nucleotide degradation pathways. 
This process participates in the nitrogen source cycle and contributes to the synthesis of other organic 
nitrogen compounds, such as amino acids and lipid (Figure 9). This discovery offers new insights 
into the absorption and metabolism of RNA oligonucleotides in eukaryotic cells, suggesting that 
oligonucleotides derived from rRNA can be used as nutrients. We believe that further study of rRNA 
metabolism can provide a significant foundation in the field of nucleic acid metabolism and nutrition. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Figure S1: Analysis of the components of Mix-A and Mix-B; Figure S2: The size 
of Mix-A was analyzed using 15% dPAGE electrophoresis; Figure S3: Effects of oligonucleotide and mixed 
nucleotides as the sole nitrogen source for yeast cultivation; Figure S4: Effects of nucleotide or nucleoside 
concentrations as sole nitrogen sources on yeast growth; Figure S5: Effects of different lengths of RNA 
oligonucleotides on the expression of nuclease genes in yeast on the 4th day of cultivation; Figure S6: Expression 
levels of proteins involved in amino acid and glycerophospholipid biosynthesis; Table S1: Purity of Mix-A and 
Mix-B; Table S2: List of intracellular nuclease gene information of Komagataella phaffii X-33; Table S3: Primer 
sequences for RT-qPCR. 
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