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Abstract: Sulfur is an essential element for biological molecules, with sulfate as the primary sulfur 
source for plants. Under sulfate-deficiency, plants undergo physiological, metabolic, transcriptional, 
and post-transcriptional changes. Although Solanum lycopersicum (tomato) exhibits extensive 
transcriptome reprogramming during sulfate deficiency, the role of microRNAs (miRNAs) in this 
response remains poorly explored. In this study, we analyzed miRNAs expression in tomato roots 
and leaves at 3- and 4-weeks post-sowing under sulfate-sufficient and sulfate-deficient conditions, 
leveraging a de novo annotation of miRNA genes in the SL4.0 genome. We identified several miRNAs 
showing tissue- and time-specific expression changes in response to sulfate deficiency, with a 
potential role in processes such as lignin, chlorophyll, and polysaccharides metabolism. Consistent 
with other plants, miR395 emerged as a key sulfur metabolism and transport regulator. Notably, we 
identified a novel miR395 target, SlERF2a, an Ethylene-Responsive Factor predicted to regulate 
numerous sulfate deficiency-responsive genes, including genes involved in plastid organization, 
detoxification, sulfur assimilation and starvation response. These results suggest a broader role for 
miR395 in sulfate-deficiency responses in tomato compared to other plants. This work provides new 
insights into the post-transcriptional regulation of sulfate-deficiency in tomato, providing an updated 
miRNA annotation for future studies on miRNA-mediated regulation in this relevant crop. 

Keywords: miRNAs; sulfur; sulfate deficiency; nutritional response; transcription factors; tomato 
 

1. Introduction 

Sulfur (S) is an essential nutrient for all living organisms, and a component of numerous 
biomolecules. These include the amino acids cysteine and methionine, and other molecules like 
glutathione, vitamins, cofactors, and secondary metabolites that play pivotal roles in vital cellular 
processes [1] In soils, sulfate is the primary source of S available to plants [2]. Plants take up sulfate 
primarily through the high-affinity transporters SULFATE TRANSPORTER1.1 (SULTR1;1) and 
SULTR1;2, with secondary contributions from SULTR2;1 [3]. The transporters SULTR2;1 and 
SULTR3;5 facilitate sulfate translocation to aerial tissues [4]. Additionally, transporters SULTR4;1 and 
SULTR4;2 enable the storage of S compounds in vacuoles, which serve as reservoirs for maintaining 
S homeostasis [3]. Within leaf tissues, sulfate is transported to chloroplasts, and ATP sulfurylase 
(ATPS) activates sulfate, producing adenosine 5'-phosphosulfate (APS). APS reductase reduces APS 
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to sulfite, and sulfite reductase further reduces it to sulfide [5]. Then, the enzyme OAS thiol-lyase 
catalyzes the reaction between O-acetyl serine (OAS) and sulfide to produce cysteine [6].  

Current environmental regulations aiming to reduce S emissions and decrease the use of S-
containing pesticides have led to a marked decline in S deposition in soils [7]. This has created 
scenarios where insufficient sulfate is available to meet crop demands [7]. Sulfate deficiency has 
severe agronomic consequences, which have been extensively documented [8–11]. Plants 
experiencing sulfate deficiency exhibit growth repression and reduced crop yields [12]. Moreover, 
sulfate deficiency negatively impacts photosynthetic efficiency and chlorophyll content, directly 
affecting plant health and reducing the nutritional quality of harvested crops [7,13].  

The sulfate deficiency triggers transcriptomic changes described mainly in the model plant 
Arabidopsis thaliana and a limited number of crop plants [14]. These studies have uncovered a 
diverse array of genes involved not only in S-related metabolism but also in processes linked to plant 
growth, hormonal regulation, defense mechanisms, and response to other nutrients [10,15–18]. 
SULFATE LIMITATION 1 (SLIM1) has been identified as a central transcription factor (TF) 
controlling gene expression changes in response to sulfate deficiency [17]. In addition, several other 
TFs have been proposed as regulators of sulfate deficiency-responsive genes in A. thaliana, 
suggesting the role of complex transcriptional networks modulating response to S deficiency [19].  

Besides transcriptional regulation, post-transcriptional control of non-coding small RNAs 
(sRNAs) and microRNAs (miRNAs) serves as a crucial checkpoint in diverse cellular regulatory 
processes [20]. Post-transcriptional regulation participates in a wide array of biological processes, 
such as stress adaptation, floral development transitions, and immune responses, underscoring their 
multifaceted role in plant physiology and development [21–24]. sRNAs precursors are transcribed in 
the nucleus by RNA-Polymerase II [25,26]. Precursors are processed in the nucleus by DICER-like 
RNAse III proteins to produce an sRNA of 21-22 nucleotides of length [27]. sRNAs are exported to 
the cytoplasm for their functional activity [28,29]. miRNA interacts with ARGONAUTE (AGO) in a 
complex called the RNA-induced silencing complex (RISC) [30]. miRNA guides RISC to a 
complementary mRNA, where AGO slices it, triggering the mRNA degradation [31–33].  

In the sulfate deficiency response, miRNA miR395 plays a critical role in the root and shoot 
tissues of A. thaliana. miR395 is responsible for modulating the expression of sulfate-responsive 
genes, including ATPS1, ATPS3, and ATPS4, and the sulfate transporter SULTR2;1 [23,34]. Notably, 
miR395 exists in multiple isoforms, all upregulated under sulfate-deficiency conditions [23]. The 
regulatory function of miR395 over these targets extends beyond A. thaliana. It has been observed in 
other species such as Sorghum bicolor, Brassica napus, Oryza sativa, Medicago truncatula, and Solanum 
lycopersicum, indicating a conserved regulatory mechanism across diverse plant lineages [35–39]. 
Additionally, SLIM1 has been identified as a positive regulator of miRNA395 expression, further 
integrating miR395 into the broader regulatory network governing S homeostasis [40].  

In addition to miR395, several other miRNAs respond to S deficiency [41]. However, their roles 
in regulating gene expression under S deficiency remain less explored. In A. thaliana, miRNAs from 
miR160, miR167, miR169, miR173, miR319, miR395, miR397, miR398, miR399, miR408, miR771, 
miR827, miR837, miR841, miR857, miR2111, miR2119, miR5632, miR5638, and miR8172 families are 
involved in S-response [42]. These families are differentially expressed in response to S deficiency 
[42]. In B. napus, members of the miR156, miR160, miR164, miR167, miR168, and miR394 families 
show differentially expression under S-limitation [35]. Interestingly, despite A. thaliana and B. napus 
belonging to the Brassicaceae family, both show miRNA families in response to S deficiency. The 
difference between those close species suggests that miRNA-mediated responses to S-deficiency may 
be plant-specific. The response specificity reflects a difference in evolutionary and/or physiological 
adaptations. This underscores the importance of conducting further studies to unravel how miRNAs 
regulate S deficiency across diverse plant species.  

Solanum lycopersicum (tomato) is one of the most important vegetable crops globally, with annual 
human consumption exceeding 38.4 million tons, averaging 4.9 kg per capita [43]. Beyond its 
agricultural importance, the tomato is widely recognized as a model plant for studying fruit ripening, 
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plant metabolism, and secondary metabolite biosynthesis [44,45]. Studies on sulfate limitation in 
tomato have revealed its substantial impact on plant growth and physiology. Reduced sulfate 
availability leads to significant growth reduction, characterized by decreased biomass accumulation, 
impaired photosynthetic rates, and diminished chlorophyll content [46]. These physiological 
disruptions are accompanied by the accumulation of reactive oxygen species and a marked decline 
in fruit yield [11,47–49]. To investigate the molecular mechanisms underlying these phenotypic 
changes, we previously conducted a comprehensive study on the transcriptomic changes induced by 
sulfate deficiency in tomato [50]. This analysis, which included temporal and organ-specific 
resolution, revealed important changes in the leaf and root transcriptomes.  

Characterizing miRNAs in tomato post-transcriptional regulation remains an evolving field of 
study. Current studies in tomato have addressed the roles of miRNAs in various biological processes, 
including fruit ripening [51], drought tolerance [48], salt stress responses [52], and pathogen defense 
[53,54]. However, the functional characterization of miRNAs in tomato requires a comprehensive and 
robust annotation of miRNA genes. The latest release of the miRBase database [22.1] holds 
information on 112 tomato miRNA genes [55]. Besides miRBase, miRNA annotation has been 
expanded by analyzing available sRNA sequencing data and employing multiple bioinformatic 
pipelines [56–59]. However, these studies have gaps in information because they rely on outdated 
genome assembly versions (e.g., SL2.5, SL3.0, SL3.2). These miRNA annotations lack miRNA-mRNA 
interactions specific to the updated SL4.0 genome and iTAG4.0 annotation [60]. This underscores the 
need for further exploration leveraging the updated SL4.0 genome and iTAG4.0 annotation on 
tomato. The availability of an updated miRNA annotation for the SL4.0 genome is of special relevance 
to understanding the potential role of miRNAs in regulating sulfate-dependent gene expression in 
tomato, which remains largely unexplored. 

In this study, we developed an updated miRNA annotation for the last tomato genome assembly 
available. Our results highlight the critical role of miRNAs in controlling sulfate-dependent gene 
expression. We place miR395 as a central regulator beyond sulfate transport and metabolism. Finally, 
we open the door to exploring the potential role of miRNAs in regulating other sulfate-dependent 
processes that are largely unexplored. 

2. Results 

2.1. Generation of an Updated miRNA Annotation for the SL4.0 Tomato Genome Assembly 

Current information on tomato miRNA genes has been reported in different genome assemblies, 
including the SL2.5, SL3.0, and SL3.2 assemblies (The Tomato Genome Consortium, 2012, 
solgenomics.net). However, important advancements in sequencing technologies, such as single-
molecule sequencing and high-throughput chromosome conformation capture contact maps (Hi-C), 
have enabled the generation of updated reference genome sequences [60,72]. Among these newer 
versions, the SL4.0 genome is a chromosome-level assembly produced by the International Tomato 
Genome Sequencing Project [60], available at the SolGenomics database [73]. Recently, the SL4.0 
genome and iTAG4.0 annotation have been widely used in genomic research on tomato [74–76]. 
However, the SL4.0 genome lacks a miRNA annotation. We developed a new, updated, and unified 
miRNA annotation for the SL4.0 genome to fill this gap in knowledge. We integrated the miRNA 
described by Cardoso et al. [64] with miRNA from two databases: the miRBase database (available at 
mirbase.org, [55]) and the Plant smallRNA genes database (available at 
plantsmallrnagenes.science.psu.edu, [56]). By integrating this data, we generated an updated miRNA 
resource based on the SL4.0 genome available for further research on tomato. 

We found 475 sequences of hairpin precursors among the three sources of miRNAs. These 
precursors were aligned using BLAST to determine their candidate genomic coordinates 
(Supplementary Table S1). For miRNA genes common to the three sources, locus IDs were assigned 
following this priority order: miRBase, Cardoso et al., and Plant smallRNA genes database. 
Discarding duplicate hairpin precursors, we conserved 347 sequences (Supplementary Table S2). We 
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evaluated the quality of our miRNA annotation through the analysis of sRNA-seq reads mapping 
patterns to genomic loci (Supplementary Table S3) and aligned the reads to the SL4.0 genome using 
ShortStack, a de novo sRNA loci discovery tool [62,77,78]. ShortStack identifies miRNA loci based on 
the alignment patterns of reads to a reference genome [77]. For valid miRNA loci, the alignment 
should produce a discrete pattern to a single strand, clearly distinguishing a major species (mature 
miRNA) from the minor species (complementary miRNA), separated by a short distance. Moreover, 
ShortStack requires that the major species coincide with the typical sizes for DCR-produced miRNAs 
in plants (21-22 nt). We used Shorstack to discover miRNA from 128 tomato sRNA libraries in public 
repositories (Supplementary Table S3). We identified 109 miRNA loci de novo, 99 corresponding to 
previously annotated miRNA (Supplementary Table S4), and 10 first identified. We defined these 10 
loci as novel miRNAs and assigned the identifier “sly-b4.0-sRNAcluster#_MIRNA” (Supplementary 
Table S2). The secondary structure analysis of the predicted precursor sequences for these novel 
miRNAs supports the presence of a typical stem-loop structure, supporting their potential as bona 
fide miRNAs (Supplementary Figure S1). Overall, we have developed a comprehensive miRNA 
annotation for the SL4.0 genome of the tomato genome. This annotation integrated state-of-the-art 
miRNA databases and de novo miRNA identification with validation of miRNA secondary structure 
and mature sequences (Supplementary Tables S2, S4, and S5).  

2.2. miRNAs Are Regulated in a Tissue- and Time-Specific Manner in the Post-Transcriptional Response of 
Tomato to S Deficiency 

Sulfate deficiency negatively impacts plant growth and development, inducing significant 
transcriptomic changes in tomato leaves and roots [50]. To understand the role of miRNAs in the 
post-transcriptional control of gene expression in response to sulfate deficiency, we grew tomato 
plants under sulfate-sufficient and sulfate-deficient conditions for 3 and 4 weeks. We extracted total 
RNA from roots and leaves under both conditions and sequenced the sRNA. We aligned sRNA-seq 
data to the SL4.0 tomato reference genome [60] using ShortStack [62], resulting in the identification 
of 94,723 sRNA clusters across all samples (Supplementary Table S6). Consistent with previous 
studies in plants [79–82], we observed typical sizes of plant sRNAs in our libraries, ranging between 
20 and 24 nucleotides (Figure 1). We found similar distributions of reads between sulfate sufficiency 
and sulfate deficiency conditions in both roots and leaves (Figure 1A). This finding indicates that 
sulfate deficiency does not impact the size distribution of expressed sRNA species, contrasting to 
what has been reported under phosphate deficiency, where additional peaks of 19 nt -primarily 
derived from tRNAs- appear in roots as a response to this nutrient deficiency [83]. Across organs, we 
observed a shift in the distribution of sRNA reads, with leaves displaying a higher proportion of 22-
nt species, whereas roots exhibited a sharp peak at 21-nt. This pattern aligns with findings from 
previous studies in tomato leaves [53,84,85]. 
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Figure 1. Size distribution and expression patterns of sRNAs in response to sulfate deficiency differ between 
leaves and roots. (A) Size distribution of sRNA species across organs and time points, highlighting different 
patterns in leaves and roots. (B) PCA of expression of sRNA cluster expression (20-24 nt) across conditions. PCA 
was conducted using the pcaExplorer R package (Marini & Binder, 2019) with log2-transformed, normalized 
expression data. Ellipses represent the 95% confidence interval based on three independent experiments. 
Replicates of the same experiment are represented with identical colors. 

We performed a Principal Component Analysis (PCA) to explore variations in sRNA expression 
profiles across samples (Figure 1B). For this analysis, we focused on sRNA counts within the 20-24 nt 
size range, which aligns with the typical size distribution of plant sRNAs. The PCA separates sulfate 
sufficiency from sulfate deficiency in leaves and roots. In leaves, we observed a further separation of 
sulfate-deficient samples based on time, distinguishing the 3-week and 4-week treatments. In 
contrast, root samples from both time points clustered closely together (Figure 1B). These results 
suggest that aerial tissues exhibit a more pronounced time-dependent response, consistent with 
previous findings for the mRNA component of the transcriptome [50].  

To identify sulfate deficiency-responsive miRNAs in roots and leaves, we analyzed read counts 
mapped to our miRNA annotation using ShortStack and analyzed differential expression with the 
DESeq2 R package [63] (Supplementary Table S7). We identified 40 differentially expressed (DE) 
miRNAs (11.2 % of total annotated miRNAs) corresponding to 25 families (21.9% of total families) 
that exhibited changes in expression between sulfate sufficiency and deficiency conditions. The 
number of DE miRNAs varied depending on organ type and time point. Leaves showed a threefold 
increase in DE miRNAs at four weeks of sulfate deficiency compared to three weeks. Root DE miRNA 
levels were stable across both time points, matching the levels seen in leaves at three weeks. (Figure 
2A). We observed a higher proportion of upregulated miRNA within the DE miRNA in response to 
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S deficiency. This proportion of upregulated miRNA is inverse to the described mRNA repression in 
response to the S deficiency [50]. This inverse relationship is consistent with the established role of 
miRNAs as post-transcriptional repressors of gene expression, underscoring their potential 
involvement in fine-tuning the sulfate deficiency response.  

Shared responses between tissues and time are the fewer percentages of DE miRNAs (Figure 2). 
Between 3 and 4 weeks in tissue-specific, leaves shared the induced sly-miR395b and novel miRNA 
sly-b4.0r1-14505 (5% of miRNAs). Between time, in 4 weeks tissues shared repressed sly-miR399a-4 
and sly-miR408a (5% of miRNAs). In case of miRNA shared between multiple samples, induced sly-
miR0472 has shared in leaves 4 weeks and roots 3 and 4 weeks (2.5 % of miRNAs), and repressed sly-
miR169e has shared in 3- and 4-weeks leaves, and roots 3 weeks (2.5% of miRNAs). Interestingly, 
multiples miRNAs of miR395 family, and novel miRNA sly-b4.0r1-14493 has shared between all 
samples (Figure 2). Importantly, miR395 family is well-known for its role in controlling sulfate 
transport and metabolism in response to sulfate deficiency [23,38,40,86], suggesting a similar 
regulation in tomato. 

A significant portion (65.9%, 27 miRNAs) of the DE miRNAs were unique to a specific organ 
and time point, demonstrating a transient and organ-specific response. Of those induced by sulfate 
deficiency, ten (sly-MIR1128, sly-MIR3627, sly-MIR8032, sly-MIR12519, sly-MIR10531, sly-MIR5302a, 
sly-MIR5302b, sly-MIR1446a, sly-MIR1446b, and sly-MIR5368) were exclusively found in leaves at 
four weeks, while one (sly-MIR164c) was found in roots at three weeks (Figure 2C Supplementary 
Table S7). 

 

Figure 2. miRNAs show organ- and time-specific responses to sulfate deficiency in tomato. (A) Bar plot 
representing the number of DE miRNAs in each sample, highlighting temporal and organ-specific dynamics. (B) 
Overlap analysis of DE miRNAs between different samples, showing shared and unique responses. (C) Heatmap 
displaying the log2 fold-change of expression of all DE miRNAs across samples. Yellow asterisks in the center of 
each cell denote DE miRNAs. Additional information about miRNA responses to other nutrient deficiencies is 
included in the right-hand cells. The heatmap was generated using the pheatmap R package with log2 fold-
change values derived from the DESeq2 R package Love et al., 2014). 

Several sulfate deficiency-responsive miRNAs belong to families known to respond to sulfur 
deficiency in other plants like A. thaliana, Chlamydomonas reinhardtii, Carica papaya, or B. napus 
[41], including miR395, miR167, miR397, miR408, miR399, miR827, miR164, miR171, and miR172. 
Some of these miRNAs also respond to other nutrient deficiencies, such as nitrogen (miR169, miR167, 
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miR397, miR408, miR399, miR171, miR172, miR398, miR403, and miR390) or phosphorus (miR399, 
miR827), reflecting the known interactions between sulfate and these nutrients [39,50], as well as 
other nutrients like copper, zinc, manganese, iron, and boron (Fig 2C). Importantly, we identified 
miRNAs from families like miR1129, miR8032, miR12519, miR10531, miR5302, miR5358, miR9472, 
miR10528, miR12533, and miR10539, which have not been previously linked to sulfate or other 
nutrient deficiencies in plants (Fig 2C), suggesting novel regulatory roles for these miRNAs in sulfate 
deficiency responses. 

2.3. Target Prediction of Differentially Expressed miRNAs Identifies Novel Pathways Involved in Tomato's 
Response to Sulfate Deficiency 

To elucidate the role of miRNAs in regulating sulfate deficiency-responsive gene expression, we 
predicted targets for all DE miRNAs using psRNAtarget [68]. This tool employs a scoring schema 
that integrates complementary matching patterns between miRNAs and mRNAs, alongside an 
evaluation of target site accessibility through the unpaired energy factor (UPE) [68]. We restricted the 
analysis to mRNAs that exhibit differential expression by sulfate deficiency in leaves and roots 
(Supplementary Table S8). For this, we re-analyzed previously published sulfate deficiency datasets 
from Canales et al., [2020], updating the analysis to the SL4.0 genome and iTAG4.0 annotation, and 
identified DE genes (DEGs) in roots and leaves at three and four weeks after sowing (Supplementary 
Table S7). Target analysis resulted in the identification of 344 predicted DEGs for 40 DE miRNAs (27 
miRNA families) with UPE </=3.5 to restrict analysis (Supplementary Table S8). 

Further analysis revealed miRNA-target interactions with either consistent or inverse expression 
patterns in both tissues (Supplementary Table S9), enabling the construction of miRNA regulatory 
networks (Supplementary Figure S2,S3). In leaves, 21 miRNA families targeted 183 genes, including 
11 upregulated miRNAs targeting 54 repressed DEGs and 34 induced DEGs, as well as 10 
downregulated miRNAs targeting 55 repressed DEGs and 35 induced DEGs (Supplementary Figure 
S2, Supplementary Table S9). In roots, 7 miRNA families targeted 43 genes, with 3 induced miRNA 
families targeting 18 repressed DEGs and 13 induced DEGs, while 4 repressed miRNA families 
targeted 7 induced DEGs and 5 repressed DEGs (Supplementary Figure S3, Supplementary Table S9).  

To further investigate the functional implications of these miRNA-target interactions, we 
performed Gene Ontology (GO) enrichment analysis on the predicted targets (Figure 3, 
Supplementary Table S10), focusing on global miRNA response between tissues, considering the 
miRNA and target expression patterns. In leaves, GO analysis of targets of S-induced miRNAs and 
their repressed DEGs highlighted processes related to DNA biosynthesis, repair, replication, 
chlorophyll biosynthesis, metabolism, and organelle fusion (Figure 3). Conversely, induced DEGs 
targeted by miRNAs were enriched in GO terms associated with sulfur starvation, sulfate 
assimilation, transport, polysaccharide biosynthesis, and mitochondrial transport (Figure 3). For 
targets of repressed miRNAs and their induced DEGs, enriched GO terms included lignin 
metabolism, phenylpropanoid metabolism, copper response, and oxygen radical response (Figure 3). 
In contrast, repressed DEGs were associated with lignin biosynthesis and catabolism, 
phenylpropanoid biosynthesis, secondary wall biogenesis, and response to jasmonic acid (Figure 3). 
In roots, targets of induced miRNAs and their repressed DEGs were implicated in cellular 
detoxification, polysaccharide biosynthesis, mitotic cytokinesis, and glucan metabolism (Figure 3C). 
Induced DEGs, conversely, were enriched in processes related to sulfate assimilation, cadmium 
response, and phosphorylation (Figure 3). Targets of repressed miRNAs and their induced DEGs 
showed GO enrichment for phosphate starvation response, protein-DNA organization, and 
transcriptional epigenetic regulation (Figure 3). At the same time, repressed DEGs were associated 
with cell growth, morphogenesis, and ethylene signaling (Figure 3). These results emphasize the 
complex regulatory roles of miRNAs in modulating diverse biological processes in response to sulfate 
deficiency in both leaves and roots. 
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Figure 3. miRNA-target prediction uncovers tissue-specific responses in sulfate deficiency in tomato. Gene 
Ontology analysis of DEGs targets by DE miRNAs in sulfate deficiency, showing miRNAs and targets expression 
patterns in both tissues. GO term enrichment analysis was obtain with topGO R package with GO terms from 
AgriGO database (Tian et al., 2017). Plot show the top 10 of enriched values in each miRNA-target interaction. 
Point size is proportional to number of genes that significative in enrichment analysis, while gene ratio was 
obtain with significative genes / total genes in pathway. 

2.4. Ethylene-Responsive Transcription Factor SlERF2a as a Novel Target of miRNA395 in the Tomato 
Sulfate Deficiency Response 

TFs are central regulators of gene expression in organisms. In plants, several miRNAs are 
described to target members of one or more TF families, increasing the extent of miRNA-mediated 
expression regulation, moreover, diverse TF-controlling miRNAs are also nutrient-responsive [87]. 
We filtered miRNA-mRNA prediction analysis (Supplementary Table S8) with TF list in SL4.0 
(Solgenomics.net) to aim into miRNA-TF regulation in S-response. Our analysis identified 17 TFs 
controlled by 15 miRNAs from 8 families in leaves, and 4 TFs controlled by 8 miRNAs from 2 families 
in roots (Supplementary figure S4A, Supplementary Table S11). Notably, two TF families has shared 
between tissues: Ethylene-responsive transcription factor (ERF) and nuclear transcription factor Y 
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(NTF-Y). Interestingly, ERF family has described in S-response [14,87], suggesting an involvement in 
S-response in tomato. In addition, leaves shown TFs of ARF (2 TFs), WRKY (2 TFs), DOF (1 TF), Zinc-
fingers (2 TFs), Homeobox (1 TF), Homeodomain (2 TFs), and SCR (1 TF) families, while roots shown 
one NAC TFs (Supplementary figure S4A, Supplementary Table S11).  

To understand the full impact of miRNA regulation, we searched for targets of this group of TFs, 
using predicted tomato TF-target pairs obtained from the PlantRegMap in the PlantTFDB database 
[88]. TF-Target information was retrieved for five miRNA-targeted TFs (Supplementary figure S4B). 
In leaves, miR167 targeted Solyc02g037530 (Auxin response factor 8B), miR397 targeted 
Solyc09g008810 (Homeobox-leucine zipper protein ATHB-22), miR5302 targeted Solyc10g076460 
(Homeodomain-like superfamily protein) (Supplementary Table S11), and miR395 target 
Solyc02g071130 (WRKY transcription factor [71]). Additionally, miR395 targeted Solyc07g054220 
(Ethylene-responsive transcription factor SlERF2a) in both leaves and roots (Supplementary Table 
S11). GO term analysis was conducted to investigate TF regulation in the S-response (Supplementary 
Figure 4C-G, Supplementary table S12). Notably, Auxin Response Factor 8B, Homeodomain-like 
Superfamily Protein, and SlERF2a were identified as regulators of S-response genes. Interestingly, 
SlERF2a exhibited specific regulation of sulfur assimilation and response to sulfur starvation. 
Moreover, these TFs were regulated in both tissues. Due to its significant regulatory impact, SlERF2a 
was selected for further analysis, with predictions indicating it targets 278 DEGs in roots and 455 
DEGs in leaves. 

The miR395 family is well-known for regulating the expression of sulfur homeostasis-related 
genes, including ATPS1, ATPS3, ATPS4, and SULTR2;1 [86]. However, its role in regulating 
transcription factors has only been documented in Malus x domestica, where it targets a WRKY 
transcription factor [89]. qPCR analysis revealed that both miR395 and SlERF2a were upregulated 
under sulfate deficiency (Supplementary figure S5), consistent with the RNA-Seq data. While this 
finding appears to contradict the typical repressive function of miRNAs on their targets, similar 
observations have been reported for miR395 targets SULTR2;1 and APS3 in A. thaliana roots [23]. 
This discrepancy may arise from differences in miRNA and target expression at the cellular level [90]. 
To experimentally validate the predicted interaction between miR395 and SlERF2a (as identified by 
psRNATarget), we conducted RLM-RACE using a pooled sample of leaves and roots from plants 
exposed to sulfate deficiency for four weeks. An amplification product corresponding to the expected 
size of a miR395-cleaved SlERF2a fragment was successfully detected (Figure 4A). 

In order to investigate the role of SlERF2 in S responses, we constructed a miRNA regulatory 
network focused on SlERF2a. This network revealed SlERF2a's influence on DEGs in both common 
to leaves and roots, and specific to each organ (Figure 4B, Supplementary tables S13-S14). In leaves, 
SlERF2a is predicted to control genes involved in plastid organization, abscisic acid signaling, 
nitrogen compound metabolism, and macromolecule regulation (Figure 4C). In roots, this TF controls 
genes associated with carbohydrate catabolism, amine metabolism, and multicellular development 
(Figure 4C). In both leaves and roots, SlERF2a regulates genes involved in sulfate assimilation, cell 
wall biogenesis, and cellular detoxification (Figure 4C). Overall, this data identifies SlERF2a as a new 
target of the miR395 family, which responds to sulfate levels. This suggests that SlERF2a plays a key 
role in managing various metabolic and developmental processes when sulfate is limiting. The 
discovery of this interaction enhances our understanding of how miRNAs participate in the intricate 
regulatory networks that control a plant's response to nutrient stress. 
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Figure 4. Tomato miRNA395 targets SlERF2a / Solyc07g054220 in sulfate deficiency response. (A) miR395 
cleavage site prediction and gel imagen of 5’-RLM RACE of miRNA395 – SLERF2a. Green arrow shown cleavage 
SlERF2a fragment. (B) miRNA – TF – target regulatory network was construct with TF – target information from 
PlantRegMap from PlantTFDB database (Jin et al., 2016), showing specific interaction in leaves, roots, and shared 
between tissues. (C) GO term enrichment analysis for TF- target interaction in leaves and roots. The enrichment 
of biological process was obtain with topGO R package with GO terms from AgriGO database (Tian et al., 2017). 
Plot show the top 20 of enrichment values of each tissue. Point size is proportional to gene ratio of significative 
vs total genes in pathway. 

3. Discussion 

3.1. A Comprehensive miRNA Annotation for Tomato in the SL4.0 Genome 

miRNAs are crucial molecules that play a central role in regulating organism growth and 
development in response to both external and internal signals. Identifying and annotating miRNAs 
is a critical first step toward understanding their specific biological functions. Over the past two 
decades, significant efforts have been made to generate sRNA sequencing data, annotation tools, and 
databases to compile information on miRNA genes. While several databases currently house miRNA 
gene annotations, these annotations are inconsistently reported across different versions of the 
tomato reference genome. This inconsistency poses challenges when working with newer and 
updated genome assemblies. To address this issue, we focused on creating a comprehensive miRNA 
annotation for the tomato SL4.0 genome, the latest version available in the Sol Genomics Network 
database (solgenomics.net) [60]. Through our analysis, we annotated a total of 357 miRNAs. This 
number is in the range of other Solanaceae species, such as Nicotiana benthamiana (440 miRNA 
genes), Capsicum annuum (330 miRNA genes), Solanum tuberosum (160 miRNA genes), Nicotiana 
tabacum (191 miRNA genes), and S. lycopersicum (194 miRNA genes) previously reported [57]. In 
the miRNA annotation from Baldrich et al [57], they described 43 miRNA families common to other 
Solanum species, and 66 miRNAs families specific to tomato. In contrast we described 69 miRNA 
families common to other Solanum species and 133 specifics to tomato.  
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De novo annotation using ShortStack [62] supports the experimental validation of miRNAs, with 
29.7% of miRNAs included in the updated annotation. However, many miRNAs exhibit genotype-, 
tissue-, and treatment-specific expression patterns [92], as observed with miR395 genes, which were 
validated in this study using sRNA-seq libraries from sulfur-deficient conditions. Additional sRNA-
seq libraries are needed to validate more miRNAs in tomato. For novel miRNAs, NCBI BLAST 
analysis [93] identified 10 miRNAs unique to tomato. Notably, the sequences of these miRNA genes 
did not match any miRNA sequences in the NCBI database, indicating that they are exclusive to 
tomato. 

3.2. Spatiotemporal miRNA Regulation Reveals Specific Post-Transcriptional Control of Sulfur Deficiency 
Adaptation in Tomato 

We identified 40 S-responsive miRNAs in tomato, 21 induced and 19 repressed. This number is 
comparable to known miRNA responses in other species, such as A. thaliana (18 induced/19 
repressed), C. papaya (27 induced), and C. reinhardtii (24 induced) [37–39,42]. Tomato uses a 
miRNA-mediated response to face biotic and abiotic stimuli, like plant-fungi interaction [94], 
drought, heat [95], and light [84]. Our work is the first description of a miRNA-mediated response to 
S deficiency. Notably, the highly conserved miR395 highlights its essential role in S response. Other 
miRNAs are shared among specific species: miR164 (C. papaya and B. napus), miR171, miR172, 
miR390, and miR403 (C. papaya), miR169, miR397, miR399, and miR408 (A. thaliana and C. papaya), 
and miR167 (A.thaliana, B. napus, and C. papaya). These findings suggest that while miR395-
mediated post-transcriptional regulation in the S response is highly conserved, other miRNAs are 
less widely shared across plant species. 

Our data reveal both previously reported miRNAs involved in other nutrient responses and a 
set of novel miRNAs, highlighting the unique nature of sulfur regulation in tomato. These miRNAs 
have been linked to the regulation of other nutrients, including nitrogen, phosphorus, copper, zinc, 
magnesium, iron, and boron [41]. For example, miR397 targets the Laccase copper protein LAC2 to 
maintain copper homeostasis (Abdel-Ghany & Pilon, 2008), miR827 regulates the Ubiquitin E3 ligase 
NLA/BAH1, which is involved in nutrient recycling, phosphate uptake, and translocation [83], 
miR172 targets the AP2 transcription factor, which is related to the transition from young to adult 
plant [96], and miR399 controls Ubiquitin conjugate E2, regulating phosphorus uptake and 
translocation [97]. 

Our analysis revealed tissue- and time-specific miRNA expression in tomato. The limited 
number of shared miRNAs between tissues and treatment times supports previous transcriptomic 
findings that demonstrated a time-specific sulfur response in leaves [50]. The lower DE miRNA 
overlap at 3 and 4 weeks post-sowing under sulfur deficiency, compared to tissue-specific responses 
[50], suggests that post-transcriptional regulation is subject to both tissue and time constraints. Thus, 
we propose that miR395 and sly-b4.0r1-14493_MIRNA may be involved in a core sulfur deficiency 
response, and other miRNAs likely fine-tune the response in a tissue- and time-specific way. 

3.3. Prediction of Differentially Expressed miRNA Targets Uncovers Novel Regulatory Pathways in Tomato 
Sulfate Deficiency Response 

In our previous work, we identified biological processes involved in the transcriptional response 
of tomato, highlighting cell-wall biogenesis, hydrogen peroxide catabolic processes, and purine 
nucleobase transmembrane transport in roots, as well as photosynthesis-related processes, response 
to chitin, and protein phosphorylation in leaves [50]. Notably, sulfate assimilation, transport, and 
response to sulfate starvation were enriched in both tissues. Our data also revealed miRNAs that 
regulate biological processes previously described, such as chlorophyll, lignin, and phenylpropanoid 
metabolism in leaves, while in roots, miRNAs primarily control polysaccharide-related processes. 
This indicates several biological processes are regulated by miRNAs in S-response in tomato. 

In leaves, stress responses often involve a reduction in photosynthetic rate to prioritize stress 
adaptation over plant growth [98]. This is consistent with the upregulation of miRNAs that regulate 
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chlorophyll-related processes. Additionally, lignin accumulation, which inhibits growth [84], aligns 
with the downregulation of miRNAs and upregulation of lignin-related processes. These findings 
suggest that miRNAs play a key role in regulating vital developmental processes in leaves. Similarly, 
in roots, we observed the negative regulation of polysaccharide-related processes by induced 
miRNAs. Polysaccharides are critical for plant structure, providing rigidity and stability to the cell 
wall [99]. However, under biotic and abiotic stress, the cell wall undergoes degradation, with 
significant changes in the polysaccharide fraction [100]. This suggests that miRNAs regulate 
polysaccharide-related processes under sulfur deficiency, contributing to the observed reduction of 
root growth [50]. 

Notably, similar to other plants, sulfur deficiency in tomato induces miRNA of the miR395 
family [35–39,42]. This miRNA targets sulfate assimilation enzymes ATPS1, ATPS3, and ATPS4, and 
sulfate transporter SULTR2;1 in A. thaliana [23]. Nevertheless, in other plants, miR395 control 
orthologues of these genes in S-response, such SULTR2;1 and SULTR3;1 in B. juncea [36], ATPS, 
SULT2;1, SULTR2, and SULTR3;4 in rice [101], SULTR2 in Nicotiana tabacum [102], and ATPS 
(Solyc09g082860) and SULT2;1 (Solyc04g054730) in tomato [58]. The role of miRNA395 in these 
species shows the conservative response and their targets between plants. Interestingly, in the golden 
delicious apple (Malus x domestica), miR395 targets the WRKY transcription factor to control leaf 
spot disease [90]. This is the first evidence of a TF regulation by miR395.  

Our analysis reveals that in S-response in tomato, miRNA395 targets the TF SLEF2a. ERFs are 
TFs belonging to the Apetala2/ERF superfamily, characterized by AP2/ERF DNA-binding domains. 
These TFs regulate genes responsive to ethylene [103,104]. While ERFs are primarily known for their 
role in fruit ripening [103], they are also involved in abiotic stress responses, such as osmotic stress 
[105], salt stress [106], and drought [107]. In tomato, two ERF family TFs have been linked to S 
responses: DREB A-4, which regulates genes responsive to S status [14], and ERF115 [88]. SlERF2a, 
another ERF, has been associated with tomato fruit ripening [108]. However, our data reveal that 
SlERF2a is also induced under S-deficiency in both roots and leaves, suggesting a transcriptional 
regulation of in both tissues. 

Ethylene is closely connected to sulfur metabolism through S-adenosyl methionine (SAM), the 
universal methyl group donor for DNA methylation [109]. S-deficiency increases internal ethylene 
levels in plants [110], promoting the expression of ethylene-related genes [111]. This includes the 
activation of ATPs, leading to sulfur accumulation in mustard [112]. However, in tomato and tobacco, 
only a subset of ethylene-responsive genes is affected by S-deficiency [11], with SlERF2a being one of 
them. Intriguingly, SlERF2a regulates genes involved in sulfur starvation and sulfur assimilation, 
highlighting its central role in the adaptive response of tomato to sulfur deficiency. Although both 
miR395 and SlERF2a are upregulated in both tissues under sulfur-deficient conditions, miR395c 
exhibits tissue-specific regulation. For instance, miR395c cleaves ATPS genes to modulate secondary 
xylem development [113], suggesting that the miR395-SlERF2a interaction may also operate in a 
tissue-dependent manner. While this study identifies SlERF2a as a novel target of miR395, further 
experimental characterization is required to unravel the specific role of this regulatory network at the 
tissue-specific level. 

4. Materials and Methods 

4.1. Plant Material and Growth Conditions 

Seeds of Solanum lycopersicum cultivar ‘Moneymaker’ was sown and grown in a hydroponic 
system containing 0.5X Murashige and Skoog (MS) salts [61] with appropriate sulfate concentration, 
adjusted to pH 5.7, and Rockwool as support material. Plants were maintained under controlled 
growth conditions in a Bioref-19 growth chamber (Pitec, Chile) set to 22°C with a 16/8-hour light/dark 
photoperiod. Illumination was provided by LED lights at an intensity of 200 μmol m− 1 s− 1. For the 
sulfate-deficiency condition, all sulfate salts in the MS medium were replaced by chloride salts, 
following the protocol defined by Canales et al. [50]. Plants were grown for 3 or 4 weeks in sulfate 
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sufficiency and deficiency conditions, respectively. Each treatment was conducted in three 
independent experiments, with each biological replicate consisting of a pooled sample from 5 plants. 

4.2. sRNA Library Preparation and Sequencing 

Tomato leaves and roots from plants grown under standard MS and sulfate-deficiency 
conditions were harvested 3 and 4 weeks after sowing and immediately flash-frozen in liquid 
nitrogen to preserve RNA integrity. Total RNA was extracted using the mirVanaTM RNA Isolation 
Kit (AM1560, Ambion), following the manufacturer’s instructions for total RNA isolation. sRNA-Seq 
libraries were prepared using the TruSeqTM Small RNA Library Prep Kit (Illumina). Sequencing was 
performed on an Illumina NovaSeqTM platform, generating 50 bp single-end reads.  

4.3. sRNA-Seq Read Alignment and Differential Expression Analysis 

Raw sequenced reads underwent quality assessment using FastQC (v0.11.5). Adapter trimming 
and removal of low-quality bases (< Q20) were performed with Cutadapt (v1.15), retaining reads with 
a 5’ adapter and within 18-28 nt. High-quality reads were subsequently aligned to the Solanum 
lycopersicum SL4.0 reference genome [60] using ShortStack (v.3.8.3) [62] with default parameters. The 
updated miRNA annotation was used to assign miRNA names to the aligned sRNAs. Differential 
expression analysis of sRNAs across experimental conditions was conducted using DESeq2 [63]. 
miRNAs were considered differentially expressed if they exhibited an adjusted p-value < 0.05 and an 
absolute log2 Fold Change > 0.5. 

4.4. miRNA Annotation in the SL4.0 Genome Assembly 

miRNA hairpins and mature miRNA sequences for tomato were obtained from miRBase version 
22.1 [55], Cardoso et al. [64], and Lunardon et al. [56]. To generate an updated annotation of miRNAs 
for tomato, hairpin sequences were aligned to the tomato SL4.0 genome using BLAST [65] with 
alignment parameters set to an identity threshold of > 95% and an e-value < 0.01. Genomic 
coordinates of aligned sequences were retrieved, and miRNA gene names were assigned based on 
their designations in the original publications. Priority was given to their miRBase names, followed 
by names from Cardoso et al. [64] and Lunardon et al. [56]. Mature sequences, including -3p and -5p 
miRNAs, were consolidated from the three studies. To evaluate the updated miRNA annotations 
reads from publicly available tomato sRNA-Seq datasets (Supplementary Table S3) were aligned 
using ShortStack (v3.8.3) with default parameters [62]. Public sRNA-Seq datasets were trimmed with 
the same parameter as sRNA-Seq performed in this article. 

4.5. RNA-Seq Read Alignment and Differential Expression Analysis 

RNA-seq data from Canales et al. [50], available in the NCBI Sequence Read Archive (SRA) 
database under accession PRJNA629977, was retrieved and processed for alignment to the Solanum 
lycopersicum SL4.0 reference genome [60] using HISAT2 [66]. Gene-level counts were generated using 
FeatureCounts [67] based on the iITAG4.0 annotation [60]. Differential gene expression analysis 
between experimental conditions was performed with DESeq2 [63]. Genes were considered 
differentially expressed if they met the criteria of an adjusted p-value < 0.05 and an absolute log2 Fold 
Change > 1. 

4.6. Identification of mRNA Targets of miRNAs 

mRNA targets of miRNAs were predicted using the psRNAtarget online server [68] with 
Schema V2 (2017 release) and default parameters, except for the expectation value, which was set to 
3.5. The Solanum lycopersicum iITAG 4.0 cDNA library was selected as the reference for the analysis.  
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4.7. Gene Ontology Analysis 

Gene Ontology (GO) enrichment analyses were performed using topGO R package (v.2.58.0) 
[69], with Solanum lycopersicum GO annotations obtained from AgriGO [70]. Fisher test (< 0.05) was 
applied on the over-represented GO terms obtained in the respective gene set. We filtered out the GO 
terms with less than 10% of gene ratio and use only GO terms associated to biological processes. To 
reduce the redundancy between GO terms, we selected the overrepresented GO terms with the six 
or more level in the hierarchical GO tree. 

4.8. Real-Time qPCR Analysis 

One microgram of total RNA was treated with DNase I (Thermo Fisher Scientific) to remove 
genomic DNA contamination, followed by cDNA synthesis with RevertAidTM RT Reverse 
Transcription Kit and random primers (Thermo Fisher Scientific), according to the manufacturer’s 
protocol. Each cDNA sample was diluted 1:4 with nuclease-free water before use. The qPCR reactions 
were prepared using the Brilliant II SYBR Green QPCR Master Mix (Agilent), containing 10 μM of 
forward primer, 10 μM of reverse primer, ROX dye as a passive reference, template cDNA, and 
nuclease-free water, in a final volume of 20 μL per reaction. Amplification was performed on a 
QuantStudioTM 1 Real-Time PCR system. Raw qPCR data was analyzed using the Real-Time PCR 
Miner 4.0 software [71] to determine cycle threshold (Ct) values and calculate gene amplification 
efficiencies. The expression levels of target genes were normalized using Actin-7 (Solyc11g005330) as 
the reference gene. All qPCR experiments were conducted with three biological replicates.  

4.9. Stem-Loop qPCR Analysis 

200 ng of total RNA was used to cDNA synthesis with Superscript III (ThermoFisher scientific) 
with specific primer for miRNA sequence (Kramer et al., 2011). The qPCR reactions were prepared 
using the Brilliant II SYBR Green QPCR Master Mix (Agilent), containing 10 μM of forward primer, 
10 μM of reverse primer, ROX dye as a passive reference, template cDNA, and nuclease-free water, 
in a final volume of 10 μL per reaction. Amplification was performed on a QuantStudioTM 1 Real-
Time PCR system. Raw qPCR data was analyzed using the Real-Time PCR Miner 4.0 software[71] to 
determine cycle threshold (Ct) values and calculate gene amplification efficiencies. The expression 
levels of target genes were normalized using U-6 non-coding RNA as the reference gene. All qPCR 
experiments were conducted with three biological replicates. 

4.10. Target Validation by RNA Ligase-Mediated Rapid Amplification of cDNA Ends (RLM-RACE) 

Poly-A+ mRNA was enriched from 60 ug of total RNA using the DynabeadsTM mRNA 
Purification Kit (Thermo Fisher Scientific). The GeneRacerTM RNA Oligo adapter (from the 
GeneRacerTM Kit, Thermo Fisher Scientific) was directly ligated to 250 ng of Poly-A + mRNA, and 
the GeneRacer OligodT primer was used to synthesize the first strand cDNA. This cDNA was 
subjected to a PCR amplification procedure with the GeneRacer 5′Primer and the GeneRacer 3′Primer 
to generate a pool of non-gene-specific RACE products. Gene-specific 5′RACE reactions were 
performed with the GeneRacer 5′Nested Primer and a reverse gene-specific primer.  

5. Conclusions 

In summary, our study provides a detailed catalog of sulfur deficiency-responsive miRNAs in 
Solanum lycopersicum, including the identification of SlERF2a as a novel target of miR395. This 
discovery underscores key divergences in sulfur response mechanisms between tomato and A. 
thaliana. We further uncovered temporally dynamic and context-specific miRNA-mediated 
regulation of processes linked to cell growth and development. These findings increase our 
understanding of tomato’s adaptation to sulfur deficiency, highlighting tissue-wide and tissue-
specific biological processes and proposing post-transcriptional regulatory pathways. Additionally, 
we present an updated miRNA annotation for the tomato SL4.0 genome, integrating homology-based 
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and sRNA-seq analyses. This resource offers researchers a refined genomic framework for studying 
miRNA functions, eliminating the need for outdated genome versions. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 

Author Contributions: Conceptualization, D.L-S and E.A.V; Methodology D.L-S, N.R.J., M.T., J.Mo., C.O-Y., 
E.S., and J.D.F.; Data curation D.L-S and N.R.J.; Writing – original draft preparation D.L-S; Writing – review and 
editing J.Mo., J.Me, J.C., and E.A.V; Supervision, E.A.V; Project administration E.A.V.; Resources J.Me, J.C., 
E.A.V.; Project administration E.A.V; Funding acquisition E.A.V. All authors read and approved the final 
manuscript.  

Funding: This work was supported by grants from Millennium Institute for Integrative Biology – iBio (Iniciativa 
Científica Milenio – ANID to E.A.V and J.C), Fondo Nacional de Desarrollo Científico y Tecnológico FONDECYT 
1211130 to E.A.V, Ministerio de Ciencia e Innovación (MCIN) and the Agencia Estatal de Investigación (grant 
PID2020-114165RRC21) to J. M, and ANID BECA DE DOCTORADO NACIONAL FOLIO 21230939 to D.L-S.  
These funding agencies were not involved in the design of the study, collection, analysis, interpretation of data, 
and in writing the manuscript.  

Data Availability Statement: The sRNA-Seq datasets generated and analyzed during the current study are 
available in the NCBI Sequence Read Archive (SRA) repository, accession PRJNA1214914 , available at 
https://www.ncbi.nlm.nih.gov/sra/PRJNA1214914. All other data generated during this study are included in 
this published article and its supplementary information files 

Acknowledgments: We sincerely thank the members of the Plant Genomics & Systems Biology Lab for their 
invaluable support, insightful discussions, and collaborative contributions throughout this study. 

Conflicts of Interest: The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper. 

Abbreviations 

The following abbreviations are used in this manuscript: 

S Sulfur 
SULTR Sulfate transporter 
ATPS ATP sulfurylase 
OAS O-acetyl serine 
SLIM1 Sulfur limitation 1 
TF Transcription factor 
sRNA Small RNA 
miRNA Micro RNA 
AGO Argonaute 
RISC RNA-induced silencing complex 
MS Murashige and Skoog 
GO Gene ontology 
DE Differentially expressed 
DEGs Differentially expressed genes 
ERF Ethylene-responsive factor 
SAM S-adenosyl methionine 
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