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Abstract

MIR169 family is an evolutionarily conserved miRNA family in plants. A systematic in-depth
analysis of MIR169 family in tomato is lacking. We report eighteen miR169 precursors,
annotating new loci for MIR169a, b and d, as well as four novel mature isoforms
(MIR169f/g/n/i). The family has expanded by both tandem- and segmental-duplication events
during evolution. A tandem-pair ‘MIR169b/b-1 and MIR169b-2/h’ is polycistronic in nature
coding for three MIR169b isoforms and a new variant miR169h, that is evidently absent in the
wild relatives S. pennellii and S, pimpinellifolium. Seven novel miR169 targets including RNA-
binding-protein, protein-phosphatase, aminotransferase, chaperone, tetratricopeptide-repeat-
protein, and transcription factors ARF-9B and SEPELLATA-3 were established by efficient
target cleavage in presence of specific precursors as well as increased target abundance upon
miR169 chelation by short-tandem-target-mimic construct in transient assays. Comparative
antagonistic expression profiles of MIR169:target pairs suggest MIR169 family as ubiquitous
regulator of various abiotic stresses (heat, cold, dehydration and salt) and developmental
pathways. This regulation is partly brought about by acquisition of new promoters as
demonstrated by promoterMIR169:GUS-reporter assays as well as differential processivity of
different precursors and miRNA cleavage efficiencies. Thus, the current study augments the

functional horizon of MIR169 family with applications for stress tolerance in crops.

Keywords: Abiotic stress, Degradome, Duplication, Novel targets, Polycistronic, Sly-MIR169,

Short-Tandem-Target-Mimic, Tomato
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I ntroduction

MicroRNAs (miRNAs) are a class of small sequence-specific regulatory RNAs that mediate
MRNA cleavage, translational repression and methylation of their target genes. They have
essential roles in plant growth, development and stress tolerance (Reinhart et al. 2002; Bartel et
al. 2004; Guan et al. 2013; Sorin et al. 2014; Hivrale et al. 2016; Bai et al. 2018). While
sequencing technology advancement has heralded an era of identification of a large number of
plant miRNAs, only a few of them have been characterized functionally. For instance, 25
conserved miRNA families and 15 novel miRNAs responding to pathogen have been identified
in maize (Thiebaut et al. 2014), nitrogen deficiency-responsive miRNAs were discovered in both
Arabidopsis (Liang et al. 2012) and maize (Zhao et al. 2012), phosphate deficiency-responsive
miRNAs were studied in soybean (Xu et al. 2013), heat-responsive miRNAs were analysed in
Betula luminifera (Ying et al. 2017), banana (Zhu et al. 2019) and wheat (Ravichandran et al.
2019), drought-responsive uniqgue miRNAs were defined in rice (Kansal et al. 2015; Mutum et
al. 2016), drought and rust infection stress-responsive miRNAs were reported in soybean

(Kulcheski et al. 2011) among others.

Many plant miRNAs are evolutionarily conserved among species and can be grouped into
distinct families having one or more genomic loci. Within a miRNA family, even though
precursors of different members produce the same or similar mature miRNAs, they exhibit
differential spatial and temporal expression profiles creating functional diversification, leading to
the modulation of distinct target genes (Baker et al. 2005). MIR169 has been identified in more
than forty species (Sunkar & Jagadeeswaran, 2008), where it often makes up the largest miRNA
family. The Arabidopsis miR169 family contains 14 genes, rice has 18 members and Sorghum
MIR169 family is 17 members large (http:// www.mirbase.org/). However, all precursors do not
mature into as many miRNAs, for example, in Arabidopsis only four mature miR169 isoforms
(a, bc, defg and hijklmn), differing by one or two nucleotides at the 5’ or 3' ends are produced
from the 14 precursors (Li et al. 2010). Ubiquitous presence of MIR169 family across genera

suggests its important regulatory roles.

The Nuclear Factor-YA (NF-YA) family members, are established as the main targets of
miR169 family and regulate plant response towards abiotic and biotic stress mainly via ABA
pathway (Ding, Zeng & He, 2016; Luan et al. 2015; Zhao et al. 2009). Overexpression of
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76 miR169c in tomato provides dehydration tolerance by regulating stomatal aperture through post
77  transcriptionally regulating Multi-Drug Resistant protein-1 (Zhang et al. 2010, 2011).
78  Arabidopsis seedlings show cold stress induced over-accumulation of miR169 that correlates
79  with a reduction of some NF-YA target transcripts (Zhou et al. 2008; Lee et al. 2010). miR169
80 may also play a role in long-distance signaling, as its abundance in phloem sap decreases during
81  nitrogen (N) and phosphorus (P) limitation (Pant et al. 2009; Buhtz et al. 2010) and several
82 miR169 NF-YA targets are induced (Pant et al. 2009; Zhao et al. 2011). Overexpression of
83 miR169 in Arabidopsis mediates early flowering in response to stress and regulates root
84  architecture by repressing the AtNF-Y A2 transcription factor (Xu et al. 2014; Sorin et al. 2014).
85 In Medicago truncatula miR169-mediated restriction of MtHAP2-1 expression to the nodule
86  meristematic zone is essential for the differentiation of nodule cells (Combier et al. 2006). In
87  addition, miR169a and miR169i have been reported to regulate tolerance to drought stress
88  through targeting NF-Y A5 mRNA in Arabidopsis (Li et al. 2008; Du et al. 2017). Osa-miR169g
89  and osa-miR169n/o was upregulated by high salinity, and selectively cleave NF-Y A8 in response
90 to high salinity stress (Zhao et al. 2009). Overexpression of miR169a results in hyper
91  susceptibility to different Magnaporthe oryzae strains (Li et al. 2017). Overexpression of
92 miR1690 leads to susceptibility to bacterial blight in rice (Yu et al. 2018) while in tomato
93  miR169 enhances resistance to gray mold (Li et al. 2016; Gu et al. 2010).

94  To understand functional diversification of this important miRNA family in tomato, we have
95 done a comprehensive analysis to identify MIR169 family members. Further, expression analysis
96 of MIR169 family members in different abiotic stresses and developmental stages revealed its
97  tissue-specific and stress-responsive nature in a redundant as well as specific manner. We
98  highlight the yet unexplored roles of miR169 family in different heat stress regimes. MIR169
99  promoter:GUS-reporter assays suggest acquisition of new promoters during evolution that
100  provides functional diversification. This study identifies and validates novel targets of the family

101 intomato and explores their roles in different abiotic stresses and tissues.
102 Materialsand Methods

103  Plant material and stress conditions
104  Three-days-old seedlings of tomato cultivar, CLN1621L (CLN) of uniform growth were
105  transplanted in plastic pots, filled with soilrite and placed in a plant growth chamber (CMP6050,
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106  Conviron, Canada) maintained at 26 °C/21 °C (day/night: 16/8 h), relative humidity 60%, light
107  intensity 300 uM per m® per sec. For collection of flower and fruit tissues plants were grown up
108  to 80-90 days while thirty-days-old plants were subjected to all stresses (different heat stress
109  regimes, cold, dehydration and salt). Heat stress consisted of the following regimes: Basal stress:
110  Plants were directly exposed for 4.5 h at 45 °C. Acquired heat stress: Plants were initially
111 exposed for 4 h at a gradual increasing range of temperature from 26 °C to 45 °C then exposed
112 additionally for 4.5 h at 45 °C. In addition, plants from the second regime were allowed to
113 recover overnight in a chamber maintained at 26 °C/21 °C (day/night: 16/8 h). Leaves from these
114  experimental plants were harvested at relevant time points, frozen in liquid nitrogen and kept at -
115 80 °C until use. For, low temperature stress, plants were placed at 4+2 °C for 2 days. Dehydration
116  stress was imposed by withholding water for 12 days. For salt stress a set of plants were
117  transferred to half strength MS medium and stabilized for 2 days in a growth chamber, plants
118  were then transferred to nutrient solution containing 170 mM sodium chloride and the nutrient
119  solution without sodium chloride, served as control. The concentrations of solutions used were

120  chosen based on preliminary experiments (Hu et al, 2009; Sarkar et al, 2009).
121 MIR169 gene prediction in tomato

122 Previously known 799 miRNA169 sequences of diverse plant species were downloaded from
123 miRNA registry database i.e. miRBase (http://www.mirbase.org, Released 22.1: October, 2018).
124  Non-redundant miRNAs were used as reference for finding the homologs in tomato. Homology
125  search of reference miRNAs against the tomato genome (Tomato genome chromosome build
126  SL4.0) was performed at sol genomics network (SGN) database by blastn for short query
127  sequences, by increasing the e-value parameter (E = 10). Hits with > 75% similarity were short-
128  listed. The pre-miRNA sequences were extracted from the region 80-250 nucleotide upstream of
129  the beginning of the mature miRNA to 80-250 nt downstream of the miRNA (Singh and
130  Nagaraju, 2008). The fold-back secondary structures of pre-miRNAs were predicted using RNA
131 fold and M fold (Zuker, 2003). The following criteria were used for selecting the pre-miRNA
132 structures according to Lu and Yang (2010): (1) the sequence should fold into an appropriate
133 stem-loop hairpin secondary structure (2) predicted mature miRNAs with no more than 3 nt
134  substitutions as compared with the known miRNAs (3) no more than 6 mismatches are between

135  the predicted mature miRNA sequence and its opposite miRNA* sequence in the secondary
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136  structure (4) mature miRNA should be in the stem region of the hairpin structure (5) no loop or
137  Dbreak is in the miRNA* sequences, and (6) predicted secondary structure has high Minimum
138  Folding Energy Index (MFEI > 0.85) and negative Minimum Folding Energy (MFE).

139  Experimental validation of predicted M1R169 genes

140  Two pg of high quality total RNA was used to synthesize cDNA using high capacity cDNA
141 reverse transcription kit (Applied Biosystems, USA) as per the instructions of the manufacturer
142 and described in Paul et al. (2016). All predicted MIR169 precursors were amplified and cloned
143 into TA-vector using InsTAclone PCR Cloning Kit, (Thermo-Fisher Scientific, USA). Cloned

144  precursors were further confirmed by sequencing.
145  Chromosomal localization, duplication and phylogenetic analysis of M 1R169 family

146  To determine the location of MIR169 genes on tomato chromosomes, a BLASTN search with
147  SGN database was conducted. The resulting position of the MIR169 genes on the tomato
148  chromosome was mapped by using Mapchart 2.2 (Voorrips 2002). For phylogeny MIR169
149  precursor sequences from rice and Arabidopsis were extracted from miRBASE. Multiple
150  alignments of all MIR69 precursor sequences and phylograms were drawn with the ClustalX
151  program using the neighbor joining (NJ) method with 1,000 bootstrap replications. Since non-
152  coding transcribed regions (precursors) were being compared having a small ~21 bp conserved
153  miRNA within approximately 200 bp of precursor, a bootstrap value of at least 40% was used to
154  delineate clades. Phylogenetic tree was visualized using Figtreevl.

155  Expresson analysisof MIR169 family member s and tar gets

156  Total RNA was isolated from leaf tissues using Ribozol (Ameresco, USA), whereas from flower
157  and fruit, RNA was isolated as described by Muoki et al. (2012b). DNase | (Ambion, USA)
158  treated total RNA was used to synthesize cDNA using high capacity cDNA reverse transcription
159 kit (Applied Biosystem, USA) following the manufacturer’s protocol. Gene expression was
160  performed on 7900 HT fast real time PCR system (Applied Biosystem, USA) using 2x Brilliant
161 11l SYBR® Green gPCR Master Mix (Agilent Technologies, USA) and gene specific primers
162  (Supplementary Table 1). All gPCRs were run with biological and technical replicates. A no-
163  template control was kept to check for contamination under default settings. A final melt-curve

164  analysis was performed (55° to 95 °C) to verify the specificity of amplicons. The raw threshold
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165  cycle (Ct) values were normalized against the housekeeping gene Actin. The microarray data-
166  based expression profiles of miRNA targets in different organs and abiotic stresses including
167  heat, dehydration, and salt stress condition were assessed using plant biology tool at
168  Genevestigator (http://www.genevestigator.ethz.ch) on Le 10K microarray platform. The

169  expression was computed in form of heat maps for different organs and abiotic stress conditions.
170  Prediction of miR169 targets by degradome analysis

171 The target prediction of miR169 members was done by analyzing the PARE datasets
172 (GSM1047560, GSM1047562, GSM1047563, GSM553688, GSM553689, GSM553690,
173 GSM1379695, GSM1379694, GSM1372427 and GSM1372426) of different tissues of tomato
174 from NCBI (https://www.ncbi.nlm.nih.gov/sra). Briefly, all the PARE datasets was trimmed
175  using Trim adapter tool of CLC Genomics workbench version 9. All the miR169 mature forms
176 were used as miRNA query against the tomato gene model sequences of tomato (ITAG version
177  4) following the CleaveLand4 pipeline (Addo-Quaye et al. 2009) with the default settings.
178  Further the miRNA/MRNA pairs with an alignment score < 7, total PARE reads more >2 being

179  cut at 10" position (+/- 1 base) with evidence from at least 2 datasets were considered as targets.
180  Constructsgeneration

181  For promoter  constructs  Pro-SIyNFYAL10:GUS, Pro-Sly-MIR169a:GUS,  Pro-Sly-
182  MIR169b:GUS, Pro-Sly-MIR169a-1:GUS, Pro-Sly-MIR169a-2:GUS, Pro-Sly-MIR169b:GUS,
183  Pro-Sly-MIR169b-1:GUS, Pro-Sly-MIR169b-3:GUS, Pro-Sly-MIR169b-4:GUS,  Pro-Sly-
184  MIR169c:GUS, Pro-Sly-MIR169d:GUS and Pro-Sly-MIR169d-1:GUS, 2000 bp region upstream
185  of the start codon (for target) or precursor start site was amplified from genomic DNA and
186  cloned into pbil01 vector (For primer details refer Supplementary Table 1). For the
187  overexpression of precursors constitutive CaMV 35S promoter was used and named 169a-OX,
188  miR169a-1-OX, miR169b-OX, miR169b-1-OX, miR169¢c-OX, miR169d-OX, miR169d-1-OX
189  and miR169i-OX, 300-400 bp precursor fragments were amplified from genomic DNA, cloned
190 into pbil2l. For the transient experiments for MIR169 target validation, the 3' UTRs of NF-
191  YAL, NF-YAS3, NF-YA8, NF-YA9 and NF-YA10 and CDS of novel targets were fused to the
192  GFP coding region and cloned into the pPCAMBIA1302 vector under CaMV 35S promoter.
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193  Agro-infiltration and transent assay for promoter analysis and miRNA target

194  confirmation

195  Agro-infiltration was performed in 5-days-old tomato seedlings for GUS aided promoter analysis
196  and 4-week-old Nicotiana benthamiana leaves for target validation. Various Pro-Sly-MIR169s:
197 GUS, miR169s-OX and GFP-NF-YAs overexpression constructs were transformed into
198  Agrobacterium tumefaciens EHAL05 strain. For infiltrations, overnight cultures of individual
199  constructs were harvested and suspended at OD 1 in infiltration buffer (10 mM MgCI2, 10 mM
200 MES, pH 5.8, 0.5% glucose and 150uM acetosyringone) and incubated for 3 h at room
201 temperature. Various reporter cultures were infiltrated in tomato seedlings by vacuum. For target
202  validation, a set of N. benthamiana leaves were infiltrated by syringe with the target constructs
203 alone or in a 1:1 ratio of precursor-overexpression:target constructs The seedlings/plants were
204  kept in growth chamber maintained at 261J C and light intensity of 300 pM per m? per sec and
205  harvested after 2 days for GUS staining and/or RNA extraction For target validation, HPT gene
206  in vector was used to normalize target abundance in gPCR experiments. For precursor efficiency
207 gPCR assays, the level of precursor expression was also normalized by NPTII gene in the OX

208  construct.
209  Histochemical GUS Assays

210  For histochemical GUS localization, samples were incubated for 12 h at 37°C with the substrate
211 solution (1 mM 5-bromo-4-chloro-3-indolyl-pB-D-glucuronide, pH 7.0, 100 mM sodium
212 phosphate buffer, 10 mM Na2EDTA, 0.5 mM potassium ferricyanide, 0.5 mM potassium
213 ferrocyanide, and 0.1% Triton X-100). Stained seedlings/leaves were washed with de-staining
214  solution containing ethanol:acetone:glycerol (3:1:1) to eliminate chlorophyll, and photographed
215  with Nikon SMZ1000 Stereomicroscope (Tokyo, Japan). GUS transcript was quantified using

216  gPCR. The assay was performed with three biological replicates.
217  Short-tandem-target-mimic (STTM) to sponge miRNA169 in tomato

218  For STTM169 suppression vector construction, first a cassette containing 2x35S promoter and
219  NOS terminator was cloned in pCAMBIA2300 multi-cloning site. Two overlapping long oligos
220  were synthesized as per Tang et al. (2012) paper to make STTM fragment. The oligos were
221 annealed, amplified and inserted downstream of the 2x35S promoter in the modified
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222 pCAMBIA2300 vector. The construct was transformed into Agrobacterium tumefaciens strain
223  EHAIL05, and vacuum infiltrated in tomato seedlings. MIRNAL69 chelation was confirmed by
224 measuring validated targets by target-specific qRT-PCR.

225  Resultsand Discussion

226  An amplified repertoire of MIR169 membersin tomato

227  Presence of miR169 family in diverse plant species including monocots, dicots, gymnosperms
228 and ferns (Michael et al. 2005), highlights the critical roles this miRNA family has in regulating
229  plant development and stress response. Multiple MIR169 family members have been identified
230 in Arabidopsis, sorghum, maize, banana and carrot (Calvino et al. 2013; Mica et al. 2006; Song
231 et al. 2018; Bhan et al. 2019). The current miRBase version22 reports fourteen MIR169 loci in
232 Arabidopsis (a to n) and only five loci for tomato (a to €). This is very striking as tomato genome
233 size is nearly five times that of Arabidopsis genome and the Solanum lineage is reported to have
234 undergone two consecutive genome triplication, one being ancient and one recent (The tomato
235  genome consortium, 2012). One would therefore, expect many more MIR169 loci in tomato.
236 This prompted us to perform a genome-wide survey to identify new MIR169 members in tomato.
237 Using an in-house designed pipeline (Supplementary Figure 1a) we identified 21 putative
238  miRNAL69 genomic loci in tomato (Table 1). The length of all predicted MIR169 precursors
239  range from 100 to 192 nucleotides (Table 1), which is in the acceptable range of plant miRNA
240  precursors that are reported from 55 to 930 nucleotides long (Thakur et al. 2011). Furthermore,
241  these precursors also satisfy the criteria used to distinguish miRNAs from all coding and other
242 non-coding RNAs (Zhang et al. 2006).

243 We have validated eighteen of these members by cloning and sequencing of amplicons derived
244  from a pool of cDNA representing different plant tissues as well as stress samples
245  (Supplementary Figure 1b). These miR169 loci include the five known and thirteen new
246 members. We report two new precursors for Sly-miR169a, four for Sly-miR169b and 3 new
247  precursors for Sly-miR169d. Additionally, 4 new precursors were validated which produce four
248  different sequence variants of mature Sly-miR169 (f to i). This increases the mature Sly-miR169

249  count from five to nine (Supplementary Figure 1b-c).
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250  Seven of these mature forms are 21mers while Sly-miR169e and Sly-miR169f are 22- and 20
251 nucleotide long, respectively. The mature Sly-miR169s exhibit similarity in size and sequence
252 with other known plant paralogs (Supplementary Figurelc). The nine mature Sly-MIR169 forms
253  are 75% identical over their length having 7 identical bases in all (Supplementary Figure 1c). Six
254  mature sequence variants of miR169 have ‘T’ as 5 terminal nucleotide suggesting their loading
255  primarily on AGOL, these include three of the novel forms (f, g and h). In contrast, three miR169
256  mature variants have ‘C’ as 5’ terminal base (including one novel form, i) suggesting their
257  loading majorly on AGOS5 followed by AGO1 (Mi et al. 2008). This differential AGO-mediated
258 loading of different miR169 isoforms could provide functional diversity to different miRNA

259  variants under different spatio-temporal contexts or stress responses.
260  Evolutionary diversification of MIR169sin tomato

261  MicroRNAs tend to evolve continuously by accumulating sequence variations to recognize
262 newer distinct targets and attain functional divergence. It is noteworthy, that in comparison to 21
263  MIR169 loci in cultivated tomato S lycopersicum (Sly), there are 16 loci in the closest wild
264  relative S pimpinellifolium (Spi) and 20 members in distant wild relative S pennéllii (Spe)
265  (Supplementarry Table 2). We find that out of the four novel Sly mature forms identified in our
266  study, forms ‘f and g’ are absent in Spe but are present in Spi. Further, the mature form “h’ is
267  absent in both wild relatives while ‘i and j* forms are present in Spe and the cultivated variety.
268  Thus, among the analysed tomato lineage, the observed variation in copy number of a
269 miRNAL69 form between cultivated and wild varieties could have a role in miRNA dosage
270  effect, as is reported for other miRNAs (Marcinkowska et al. 2011). Moreover, new mature
271 variants that are present in the cultivated tomato expand the possibility of engaging new targets

272 which may have roles in tomato domestication.

273 Further, to understand the evolutionary divergence of MIR169 family in tomato, we performed a
274  phylogenetic analysis with two model plants, the dicot Arabidopsis and monocot rice. The
275  phylogram of fifty MIR169 precursors from tomato, Arabidopsis and rice forms four major
276  clades (Figure 1a). Nearly 86% (43/50) of MIR169 members from the three plant species group
277 into two clades (Clade Il and I1V) signifying a common ancestry and similar course of
278  evolutionary path. However, dicot-specific clade | and sub-clade IV-A as well as monocot-

279  specific clade Ill and sub-clade IV-B point to further lineage-specific diversification as these

10
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280  plants evolved to gain functional distinction. Interestingly, Ath-MIR169a does not form part of
281  any specific clade and appears to have diverged independently. Further, multiple sequence
282  alignment of mature miR169s from tomato, rice and Arabidopsis strongly supports the conserved
283  property of miR169 family (Figure 1b). Only, Sly-miR169f form clusters with two rice MIR169s
284  viz., miR169f.2 and miR169i in a separate group and shows less sequence conservation with
285  other forms. The majority of miR169 sequences (49 out of 52) are highly conserved between
286  position 2-21 and diversity lies in their ends. The 5 variability may have bearing on association
287  with different AGOs (Mi et al. 2008) and the 3’ end may act as a key determinant regulating
288  mIRNA activity and stability (Sheu-Gruttadauria et al. 2019).

289  Expansion of MIR169 family by duplication eventsin tomato

290  Segmental and tandem duplication events as well as transposition are considered as the main
291  sources for gene family expansion within plant genomes (Cannon et al. 2004). Localization of
292  the 18 tomato MIR169 genes shows four gene clusters (Supplementary Figure S4) that are
293  scattered on chromosome 3, -7 and -8. It is reported that nearly 20% of plant miRNAs are
294  clustered, and generally contain conserved miRNA members of the same family (Merchan et al.
295  2009). Gene cluster MIR169b-3/b-4 is a tandem duplication that is located within 6 kb DNA
296  segment on chromosome 3 (Tablel, Supplementary Figure S4), has 95% sequence similarity and
297  share similar precursor stem-loop structures (Supplementary Figures S2a, S3). This paralogous
298  pair clusters at 1000 bootstrap iteration in a tomato-specific MIR169 phylogram (Supplementary
299  Figure S2b). Two other tandemly duplicated pairs viz., Sly-MIR169b/h and Sly-miR169b-1/b2
300 are positioned 6.5 kb and 7 kb apart, respectively, on chromosome 7. The cluster Sly-
301 MIR169a/a-2 groups together at 1000 bootstrap value, exhibits 89% sequence similarity and
302  similar stem-loop structures (Supplementary Figures S2a, b, S3). This pair has evolved by a
303 segmental duplication event, the genes being ~24kb apart on chromosome 7. Expansion by
304  duplication for miR156, miR159, miR166, and miR395 has been reported in Arabidopsis (Maher
305 et al. 2006), for miR395 in rice (Guddeti et al. 2005) and for miR166 in soybean (Li et al. 2017).
306  In tomato, both tandem and segmental duplications appear to have expanded the MIR169 family

307  during the course of evolution.

308 Tomato MIR169b-1/b and M1R169b-2/h are polycistronic and the latter is specie-specific

11
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309 Genome wide studies on plant miRNA genes have shown that many clustered miRNAs can be
310 transcribed simultaneously into a single polycistronic unit (Bartel 2004, Tanzer et al. 2004,
311 Altuvia et al. 2005, Salvador-Guirao et al. 2018). Among the four tomato MIR169 clusters, the
312 precursors of MIR169b-1 and MIR169b are 92bp apart and the distance between MIR169b-2 and
313  MIR169h precursors is 297bp. This close proximity of their precursors indicates that they may
314  be transcribed together as a single unit (Supplementary Figure S5a). To confirm this, primer
315  pairs spanning the stem-loop regions of adjacent miRNA precursor pairs in question were used to
316  detect amplicons from primary miRNA transcripts. Amplification of specific 280bp and 380bp
317  fragments followed by sequence confirmation for MIR169b-1/b and MIR169b-2/h, respectively,
318  corroborates their polycistronic nature (Supplementary Figure S5c). It is noteworthy, that out of
319  the four miR169s, three code for the ‘b’ form and one is the new variant *h’ that is present only
320 in the cultivated tomato (Supplementary Figure S6b, Supplementary Table 2). We therefore,
321  extended the study to find whether these duplications (MIR169b-1/b and MIR169b-2/h) are
322 conserved between cultivated and wild tomato lineages. Comparative sequence analysis of both
323 pair shows that the two precursors are in close proximity in both wild relatives also, suggesting
324  an ancient conserved polycistronic feature (Supplementary Figure S7, S8). However, structural
325  rearrangements during evolution have resulted in variable inter-precursor length, for MIR169b-
326 1/bitis 94 bp in both Spi and Sly while a 9 bp deletion was observed in Spe making the inter-
327  precursor length 85 (Supplementary Figure S7). Furthermore, MIR169b-2/h pair inter-precursor
328  length is 279 bp, 337 bp and 294 bp in Spe, Spi and Sly, respectively (Supplementary Figure
329  S6a, S8). Several sequence and structural determinants have been reported to play significant
330 roles in precursor processing and mature miRNA production (Chorostecki et al. 2017; Jagtap et
331 al. 2014). It would be tempting to study the relevance of this variability in length as well as
332 sequence, on precursor processing by the Dicer-like protein and other associated protein

333  complex.
334 Regulatory diversity of duplicated M1R169 genes by different promoter acquisition

335 We then asked the question whether duplication of MIR169s in tomato has created any
336  regulatory diversity as has been reported for other plant miRNAs (Mabher et al. 2006; Sieber et al.
337  2007). We hooked the promoters of the duplicated Sly-MIR169 pairs to GUS reporter gene and
338  visualized its expression in tomato seedlings. We find that while pro-Sly-MIR169a:GUS
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339  expresses strongly in the whole seedling, its paralog pro- Sly-MIR169a-2:GUS does not
340  (Supplementary Figure S9a). We have shown that Sly-MIR169b1/b2 and Sly-MIR169b/h are
341  tandem duplicates but are transcribed as Sly-MIR169b1/b and Sly-MIR169b2/h polycistronic
342 units (previous sections). The promoter of Sly-MIR169b-2/h shows strong transcriptional
343  activity in seedlings but that of Sly-MIR169b-1/b does not (Supplementary Figure S9c). Both the
344  promoters of the third paralogous pair Sly-MIR169b-3 and Sly-MIR169b-4 on the other hand
345  does not show any GUS expression in tomato seedlings (Supplementary Figure S9b). Thus,
346  duplication has allowed newly formed loci to acquire different promoters contributing to specific
347  spatial expression that could be pivotal for regulating target levels. Further, comparative study of
348  promoter of these duplicated pairs shows differences in both numbers as well as types of cis-
349  elements (Supplementary table 3) that may impart regulatory diversity to different MIR169s in

350  stress responsiveness and/or plant development.

351  MIR169 hasrolesin abiotic stresses

352  The miR169 family is known to play significant roles in stress responses like drought, salt, ABA
353 and heat in plants (Zhao et al. 2007; Zhao et al. 2009; Li et al. 2010). We evaluated the
354  expression pattern of all the tomato MIR169 genes in response heat stress (HS), salinity,
355  dehydration and low temperature (Figure 2a) by qRT-PCR. All Sly-MIR169 genes except Sly-
356 MIR169a and Sly-MIR169d-1 express at very low levels (exhibiting high Ct-values) in control
357  conditions in tomato leaves (Supplementary table 4). However, all sixteen tomato MIR169 genes
358  exhibit significant differential (up-/down-) expression in response to one or the other abiotic
359  stresses (Figure 2a, b). There is up-regulation of 11, 15, 3 and 7 precursors and down-regulation
360 of 1, 0,12 and 3 precursors in low temperature, HS, dehydration, and salinity stress, respectively
361  (Figure 2b). The promoters of these stress-responsive MIR169s harbor dehydration responsive
362  elements, low temperature responsive cis-elements and heat stress elements (Supplementary
363 Table S3). Nine MIR169s are uniquely down-regulated in dehydration response while one
364  MIR169 is uniquely down-regulated in cold stress only (Figure 2b). Only Sly-MIR169f is not
365  up-regulated in response to any stress. Three MIR169s (Sly-MIR169b-1/b, Sly-MIR169b-4 and
366  Sly-MIR169c) are up-regulated in all abiotic stresses and, four MIR169s are commonly up-
367 regulated in cold, heat and salt stresses (Figure 2b). Our findings show that different MIR169
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368  precursors are stress responsive; over-expression of these miRNAs has potential for engineering

369  multiple stress tolerance in crop plants.

370  Since fifteen out of the sixteen MIR169 loci were highly expressed in HS, we further explored
371 the variation of MIR169 response to different HS regimes as well as HS recovery. The regimes
372 include basal HS (directly exposed to 45°C), acclimation stress (gradual increase in temperature)
373 and acquired HS (an acclimation phase prior to harsh HS at 45°C). It is noteworthy, that fourteen
374  of the fifteen HS-responsive precursors are strongly up-regulated (>10 fold) in at-least one of the
375 HS regimes (Figure 2c, Supplementary Table S4). Ten MIR169 genes are commonly up-
376  regulated in all three HS conditions and can be considered as critical for thermo-tolerance
377  (Figure 2c, d). Four MIR169s (Sly-MIR169a, a-2, b-3 and d-2) are uniquely up-regulated in
378  harsh HS, suggesting significance in basal thermotolerance mechanisms. Sly-MIR169b-4 gene is
379  up-regulated in acclimation and acquired HS but not in basal stress regime, suggesting its role in
380 priming response of the plant for thermo-tolerance (Figure 2c, d). Ten MIR169 members
381  continue to express at high levels even when the stress is removed during recovery phase (Figure
382  2c, d). These genes may be important components of HS memory, plant repair and healing

383  machinery and good candidates for enhancing thermotolerance.
384 MIR169sregulate tomato plant development

385  GUS aided promoter analysis in Arabidopsis has shown that most of the miR169s members
386  show prominent expression in vascular tissues, miR169c expresses uniquely in shoot apex, root
387 tip and lateral root primordia; mirl69i/j and m/n express in the anther and pollen and miR169e
388  exhibits maximum GUS activity in roots (Li et al. 2010; Zhao et al. 2011). To assess MIR169-
389  mediated tissue-specific regulation in tomato, we did detailed investigation of MIR169 members
390 in various tissues viz., leaf, root, inflorescence and fruit by qRT-PCR. We find that the MIR169
391  transcripts have low abundance at all stages of development (Supplementary Table S4) except
392  for three loci (Sly-MIR169a, Sly-MIR169d-1, Sly-MIR169g). Keeping leaf as control, we find
393 that MIR169s behave quite similarly in root and mature green (MG) fruit (Figure 2e, f). One
394  striking difference is that Sly-MIR169b-1/b is highly abundant in root but is absent in MG and
395  breaker fruits. Sly-MIR169d is not detected in roots, but is abundantly present in flower stages.
396  Between the two inflorescence stages, Sly-MIR169a and a-1, are up-regulated in meiotic-stage
397  only, while Sly-MIR169a-2 is down-regulated in both; Sly-MIR169b-1/b and *b-2/h’ are down-
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398  regulated in post-meiotic stages of flower development while Sly-MIR169e is oppositely
399  regulated (Figure 2e, ). Sly-MIR169b-1/b is not detected in fruits and Sly-MIR169g is highly
400  down-regulated (~7-folds) in breaker stage. SIMIR169b-2 shows strong expression in roots and
401  mature fruits, suggested its role in root and fruit development. Expression analysis of different
402  MIR169 precursors highlights not only development-specific roles but also the regulation
403  brought by MIR169 paralogs.

404 MIR169 targetstranscription factors and different classes of enzymes

405  Studies have shown that increase in the copy number of miRNA family is coupled with the
406  increase in the number of targets (Maher et al. 2006; Sieber et al. 2007; Shi et al. 2016) thereby
407  supporting the association of miRNA family functional diversification and expansion (Abrouk et
408  al. 2012). Thus, enhanced MIR169 loci in tomato should also expand the targets it cleaves. To
409  study this, a rigorous search was done using publicly available PARE libraries of tomato for
410 miRNAL69-mediated degradation of transcripts. We identified several targets for MIR169 in
411 tomato (Supplementary Table S5). These include the classical targets of miR169s the
412  transcription factor Nuclear Factor-Y A (NFY-A, five members) and several new targets. Several
413  studies have also validated NY-FA family members, as the main targets of miR169 family
414  members which are involved in the development of plant root architecture (Sorin et al. 2014),
415 nodule formation (Zhao et al. 2011), disease resistance (Li et al. 2017), and stress responses
416  (Zhao et al. 2009; Ni et al. 2013; Ding Zeng & He 2016; Luan et al. 2015). To validate the
417  targets, we identified, we generated fusion constructs of targets with GFP reporter gene in its
418 CDS or 3’ UTR, depending on the cleavage site of target. Cleavage of targets was confirmed by
419  reduction in GFP transcripts levels by gRT-PCR when co-infiltrated with over-expression

420  constructs of specific miR169 precursors in N. benthamiana leaves.

421 All five NF-YAs (NF-YAL, -A3, -A8, -A9, -Al10) (Figure 3a) and seven novel targets were
422  validated (Figure 3b). The novel targets include, other transcription factors like floral
423  development gene SEPALLATA-3 (SEPL-3) and Auxin response factor-9B (ARF-9B); a
424  chaperone Dnal, enzymes like Aspartate aminotransferase (Asp-AT), Protein phosphatase 2C
425  family protein (PP2C), RNA-binding-protein (RBP) and Tetratricopeptide-repeat-protein (TPR)
426  that is important in protein-protein interactions (Figure 3b, Supplementary Figure S10).
427  Overexpression of miR169a (MmiR169a-0OX) reduces NF-Y A3 and Asp-AT transcript by 2.4- and
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428 3.3 folds, respectively. Very strong reduction is obtained for SEPL-3 (15.8 fold) and NF-YA9
429 (2.5 fold) by miR169b-OX overexpression. miR169c-OX overexpression causes reduction of
430 NF-YAL transcript by 2.5 fold. miR169d-OX mediates reduction of NF-YA8 (4.1 fold), NF-
431  YAIO0 (4.4 fold) and ARF-9B (2.1 fold) transcripts. PP2C family protein transcripts are reduced
432 (2.2 fold) by overexpression of miR169i (Figure 3a, b). To further confirm the miR169-mediated
433  cleavage of all validated targets, miR169s expression was suppressed transiently by sponging-up
434  mature miRNA by short-tandem-target-mimic (STTM) expressed under 2[1x[135S promoter in
435  tomato. Transcript levels of the target genes in STTM169 plants showed significant increased

436 levels confirming them as true MIR169 targets (Figure 3c).

437  To gain insights into probable functional prowess attained by MIR169 family because of new
438  targets in tomato, we assessed the expression patterns of MIR:target pairs in different abiotic
439  stresses and plant organs. Judging by the anti-correlation in expression patterns between
440 miRNAs and targets, Sly-MIR169d:ARF-9B, Sly-MIR169i:PP2C and Sly-MIR169b-1:DnaJ
441  modules are functional in dehydration stress. Regulation of DnaJ by miRNA169b is also
442  apparent in cold and salt stress. miR169a mediated regulation of Asp-AT is significant in heat
443  stress (Figure 4a-f). Zhenghua et al. (2019) have also reported the critical roles of PP2C in
444  multiple abiotic stress responses. Previous studies in tomato have also revealed the involvement
445  of ARFs in mediating auxin action in response to biotic and abiotic stresses (Bouzroud et al.

446  2018). Zhao et al. (2010) suggest that over-expression of DnaJ can confer NaCl-stress tolerance.

447  Furthermore, evaluation of targets expression in different organs of tomato by using microarray
448  data available at Genevestigator revealed that miR169a-Asp-AT module is functional in flower
449  and root. In literature, SEPL-3 regulates flower development (Pelaz et al. 2001; Castillejo et al.
450  2005); our analysis suggests its significance not only in inflorescence but also in roots and fruits
451  (Figure 4g). Regulation of PP2C by mirl69i is apparent in flower and root while miR169d
452  regulates ARF-9B in flower and fruit (Figure 4g). Similar to our finding, functional analysis of a
453  homolog of ARF-9B by DeJong et al. (2015) also indicates its roles in early tomato fruit
454  development. It has been shown for TPR proteins that they play an important role in chloroplast
455  gene expression (Hu et al. 2014), protein turnover (Park et al. 2007), photosystem assembly and
456  repair (Park et al. 2007, Heinnickel et al. 2016), chlorophyll biosynthesis, and thylakoid
457  membrane biogenesis (Schottkowski et al. 2009). We find that TPR activity that is regulated by
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458  miR169b is also important in root and fruit (Figure 4g). Our study shows that miR169h is present
459 in only the cultivated variety so it was intriguing to establish role of any new target that may
460 have been acquired during domestication. While six targets were predicted (Supplementary
461  Table S4), we could validate only RBP as a bona fide target using STTM assay (Figure 3c).
462  Inverse expression profiles of RBP and Sly-MIR169h were noted in tomato roots only (Figure
463 49, 2e). The functional relevance of this needs further attention. Taking together our results and
464 literature information confirms the significant roles of miR169:target modules in abiotic stresses
465 and plant development (Supplementary Figure S11). The new targets thereby, enhance the
466  regulatory diversity of this miRNA family.

467  miR169 isofor ms exhibit differential processing and regulate NF-YA10in a spatial and
468  stress-specific manner

469 It is known that secondary structural determinants of the precursor like stem-loops/bulges and
470  sequences surrounding the miRNA/miRNA* region have important consequences on miRNA
471  processing (Starega-Roslan et al. 2011 Mateos et al. 2010, Werner et al. 2010 Cuperus et al.
472 2010, Song et al. 2010 Bologna et al. 2013). The different miRNAL169 precursors of tomato
473  show variation in structures as well as differences in sequence in stem part of precursors
474  (Supplementary Figure S3). We therefore, decided to evaluate, the processing efficacy of some
475  of the known and the newly identified miRNA169 precursors. For assaying this, effector
476  plasmids containing different MIR169 precursors under constitutive 35S promoter were co-
477  infiltrated with a reporter plasmid containing the canonical MIR169 target NF-YA10 under the
478  constitutive 35S promoter. As expected, NFY-A10 is cleaved by all MIR169 precursors
479  however; there is great degree of variation in target reduction using different precursors. Strong
480  reduction of NF-YA10 was mediated by Sly-MIR169b (6.5 fold down-regulation) followed by
481  Sly-MIR169d-1, Sly-MIR169a, Sly-MIR169d, Sly-MIR169c and Sly-MIR169a-1, respectively
482  (Figure 5a). Since all precursors are expressed under the same promoter therefore, post-
483  transcriptional regulation of precursor processing itself and/or accumulation of mature miRNA is

484  responsible for this differential cleavage of NF-Y A10 transcripts.

485  Further, the question arises whether transcriptional control of precursor also regulates target
486  abundance in-planta. Therefore, we dissected the interplay of the above MIR169s with NF-
487  YAL10 module at transcriptional regulation by comparing the ability of their promoters to drive
488  GUS reporter gene in tomato seedlings. The promoters of Sly-MIR169a, Sly-MIR169d-1 and
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489  NF-YALO0 express in entire seedling albeit weekly and appear to be the functional pairs under
490 unstressed conditions in seedlings. HS induces the expression of all MIR169 loci in a tissue
491  spatial manner, Sly-MIR169a, Sly-MIR169b and Sly-MIR169d-1 express constitutively while
492  Sly-MIR169a-1, Sly-MIR169c and Sly-MIR169d express only in aerial above ground parts of
493  tomato. Notably, while GUS transcripts do not increase in HS for the NF-YALO promoter
494  (Figure 5b, c), the mRNA abundance of NF-YAL10 reduces by ~4-folds (Figure 5d). This
495  suggests only a post-transcriptional regulation of NF-YA10 by a combination of different
496  MIR169 mediated cleavage during HS. Thus, NF-YALO0 transcripts are regulated in a tissue-
497  specific and stress-responsive manner by a combination of different MIR169 members (Figure
498 6D, c). Similarly, one can extrapolate that different MIR169 forms would be regulating different
499  targets in spatio-temporal/other abiotic/biotic cues in tomato, thereby adding to regulatory

500 complexity of this family.
501 Conclusion

502 Plants are a unique group among eukaryotes that have a robust system to sense light and
503 temperature to not only make their own food by photosynthesis but regulate other
504 developmental switches including germination and flowering. Moreover, since they are rooted
505 to one place, they are exposed to various biotic and abiotic stresses. Thus, for their successful
506  survival, expanded gene families have evolved in plants that participate in networks of well-
507 coordinated signaling pathways involving transcriptional, post-transcriptional and epigenetic
508  controls. Micro RNAs regulate different aspects of plant development and response to external
509 factors primarily by target cleavage and translational repression. MIR169 is an important
510 evolutionary conserved miRNA family that has well established roles in root development,
511  nodule regulation and is responsive to various biotic and abiotic stresses. In this work, we have
512 identified eighteen functional loci in tomato that includes more precursors for MIR169a, b and
513 d forms. The expansion of the family is a result of both tandem and segmental duplication
514  during the course of evolution. Duplications have resulted in enhanced robustness by acquiring
515 new promoters that are regulated in spatio-temporal as well as stress-responsive manner.
516  Existence of polycistronic forms that are conserved between the cultivated and two wild
517  varieties highlight an evolutionary conserved feature that has probably evolved for strong

518  expression of miRNA it encodes. A specie-specific MIR169h form that is present only in the
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519  cultivated variety has also been validated. Moreover, we have shown differential cleavage
520 efficiencies of the precursors that adds another layer of regulation that might be important for
521  fine tuning the MIR169:target control mechanism in different stages of development and
522  response to environment. We have identified four new mature forms that increase the
523  possibility to engage new targets for functional divergence. In this regard, novel targets have
524  been identified and validated that exhibit antagonist expression to miRNA in different abiotic
525  stresses including dehydration, cold and salt stress. Also, the new targets appear to have roles
526 in flower and fruit development also. This study increases the knowledge about MIR169 in
527  tomato not only in terms of new members (both miRNA and targets) being identified but also

528 their regulation, functional divergence and potential application for crop improvement.
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534 Main Figurelegends

535 Figure 1: Phylogenetic analysis and alignment of miR169 family members in tomato,
536 Arabidopsis and rice. (a) An unrooted tree of miR169 precursor sequences from tomato,
537 Arabidopsis and rice using Neighbour-Joining method. The bootstrap support from 1,000
538  replicates are shown at the base of nodes. The major clades are marked by arcs and numbered.
539  Clade IV is further divided into three sub-clades marked at the base of node by different colored
540 text. Tomato-specific MIR169 members are highlighted by different colored dots; precursors
541  coding for same mature form have been given identical colors. The scale bar represents the
542  nucleotide substitution per site. (b) Multiple sequence alignment of mature miR169s of tomato,
543  Arabidopsis and rice, to show the degree of conservation among family members. Identical bases

544  in all sequences are marked in dark blue.

545  Figure 2: Expression profiles of tomato MIR169s precursorsin abiotic stress and different

546  plant organs by qRT-PCR: (a) Heat map of expression of MIR169 members in response to
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547  different abiotic stresses. LC: Leaf control, HS: Heat stress, SS: Salt stress, DS: Dehydration
548  stress, CS: Cold stress. (b) Venn diagrams of up-(red) and down-regulated (green) genes in
549  different abiotic stresses. (c) Heat map of MIR169s expression profiles in leaf in response to
550 different heat stress regimes. A: Acclimation, Ac: Acquired thermotolerance, B: Basal
551  thermotolerance, Re: recovery. (d) Venn diagrams of up-(red) and down-regulated (green) genes
552 in different heat stress regimes and heat stress recovery. (e) Expression patterns of MIR169s in
553  different plant organs normalized with control leaf. Ro: root, UM: Up-to meiosis bud pool, PM:
554  post meiosis bud pool, MG: mature green fruit, Br: breaker fruit. (f) Venn diagrams of up-(red)
555  and down-regulated (green) genes in different organs of tomato plant. Expression levels of actin
556  was used as internal references for expression of Sly-MIR169s. Values presented in the heat
557  maps were means of independent experiments. Genes expressing more than 50-folds are depicted
558 by pink dots in (a), (c) and (e).

559 Figure 3: Target validation of MIR169 members by transient assays in Nicotiana
560 benthamiana leaves. (a) Known targets (NF-YAs) of MIR169 members identified by degradome
561  analysis and validated by transient assay using qRT-PCR. (b) qRT-PCR validation of novel
562  targets of new MIR169 members identified by degradome analysis, ASP-AT - Aspartate
563 aminotransferase, SEPL-3 - SEPALLATA-3, ARF-9b - Auxin response factor-9B, PP2C -
564  Protein phosphatase 2C, TPR-2 - Tetratricopeptide repeat-2, DnaJ - Chaperone protein DnaJ. (c)
565 (RT-PCR analysis of the accumulation of the target transcripts in STTM169 tomato lines. Data
566 are presented as fold induction in STTMMIR169 infiltrated plant relative to STTM vector
567 control plants. For both (a) and (b) relative expression levels of target were assessed by
568 comparing the expression of the GFP fused to miR-sensitive targets alone and when co-
569 infiltrated with different miR169 isoforms in Nicotiana benthamiana leaves. qRT-PCR analysis
570 of GFP mRNAs of p35S: GFP-targets was performed with hygromycin gene that is present in the
571  same vector as control for normalization. Data are shown as means + Standard Deviation of three

572  biological replicates with 3—4 agro-infiltrated plants for each construct.

573 Figure 4. Establishing miRNA169: Novel target modules operating in different abiotic
574  stressesand plant development. (a-f) Validation of miRNA169: novel target modules operating
575 in abiotic stresses by comparing the expression profiles of MIR169s and targets. (Q)

576  Developmental expression patterns of the target genes obtained from Genevestigator. Results are
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577  given as heat maps in colored/white coding that reflect absolute signal values, where darker
578  shade represents stronger expression. Targets and precursors were quantified by qRT-PCR. Data
579  are shown as means + SD of biological replicates and normalized to Actin reference gene using
580 (2-AACT) method.

581  Figure5: Differential processivity of MIR169 precur sorsregulates NF-YA10 cleavage level
582 (a) Cleavage of NF-YAL0 by different MIR169 precursors as judged by qRT-PCR. Graph
583  showing the transcript abundance of GFP:target transcript in absence and presence of miRNA
584  precursor. Transcript levels were measured using GFP specific primers and hygromycin that is
585  co-expressed in the same construct was used as normalization control to negate the infiltration
586  variation. (b) Abundance of MIR169 precursors in different tissues and heat stress in comparison
587  with NF-YAL0 promoter activity. Each picture is representative of pool of seedlings used in the
588  samples. (c) Levels of GUS transcripts measured by gRT-PCR after agro-infiltration of different
589 MIR169s promoters:GUS reporter constructs in tomato seedlings. All gqRT-PCR experiments
590  were repeated at least three times on 70 seedlings per replicate with similar results, and average
591  data is shown. Error bar denotes standard error. (d) Expression profile of NF-YA10 transcript in
592  control and heat stress conditions.

593 Main Tablelegends

594 Tablel: Characteristicsof the putative pre-MIR169sin tomato. Details of different putative
595 MIR169 loci identified in the study. The start end positions of the predicted precursors on
596  different chromosomes is shown as per SGN build4.0. Chr: Chromosome; Str: Strand; LP: length
597  of pre-miRNA; MFE: minimum fold energy; NM: number of mismatches between predicted
598 miRNA and miRNA*.

599 Supplementary Figure legends

600  Supplementary Figure Sl: Identification and validation of MIR169 family members in
601 tomato. (a) Sequence homology based bioinformatics pipeline for identification of MIR69
602 genes in tomato. (b) Tabulated total MIR169 family members of tomato (c) Sequence
603  alignment of 9 mature forms of miR169s in tomato. For precursor identification a repertoire of

604 miR169 sequences from miIRBASE were used as query in BLASTn on tomato chromosome
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605  build.v.4 available at Sol Genomics Network. For validation of predicted precursors, cDNA
606  was synthesized from pooled RNA from control and heat stress leaf tissue. Precursors were
607 amplified and cloned into TA vector and confirmed by sequencing. At least two clones were

608  sequenced for individual precursor.

609  Supplementary Figure S2: ldentification of duplicated MIR169 genes in tomato. (a)
610  Sequence alignments of precursor sequences of paralogs with high degree of sequence
611  similarity, percent similarity between paralogs is indicated. The nucleotide mismatches are
612  colored light blue and reflected as gaps in ‘consensus’ bar. Any indel is reflected as a gap in
613  the ‘occupancy’ bar. (b) Phylogenetic analysis of MIR169 members to identify pairs of
614  duplicated genes, depicted by red boxes. The unrooted tree was constructed with precursor
615  sequences by neighbor joining algorithm using clustalx software. Reliability values at each
616  branch represent bootstrap samples (1000 replicates). The scale bar represents the nucleotide

617  substitution per site.

618  Supplementary Figure S3: Stem-loop structures of putative pre-miR169s in tomato. The
619  mature miRNA/MIRNA* portion is highlighted in black boxes. The secondary structure of the
620  precursors of the identified miRNAs was predicted using the RNAfold web server and to
621  designate new miRNAs, we adopted the criteria proposed previously (Zhang et al. 2006g;
622  Meyers et al. 2008).

623  Supplementary Figure $4. Chromosomal localization, clustering and duplication of
624 MIR169 family genes in tomato. Each box represents a chromosome numbered on top. The
625  approximate position of each tomato MIR169 gene is marked on the chromosome with a short
626  black line. MIR169 family comprises of four gene clusters depicted by pink bars. Duplicated
627  genes are indicated with red brackets (tandem) and green brackets (segmental). Duplication of

628  genes was determined by location, phylogeny and sequence identity.

629  Supplementary Figure S5: Genomic organization of polycistronic clusters of miRNA169s
630 on chromosome 7. (a) Pictorial depiction of MIR169d to h cluster on chromosome 7. Mature
631  mMIRNA sequences are indicated with a small colored line in precursor shown as hairpin-loop
632  structure, promoter regions and transcriptional orientations are indicated with red arrows.
633  Approximate position of primers used for confirming polycistronic nature are depicted with
634 green arrows. Distances between precursors has been marked by open-ended arrows. (b)
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635  Putative polycistronic pair secondary structure predicted by RNA fold software. The mature
636  MIRNA/MIRNA* portion is highlighted in black boxes. (c) PCR amplicons of MIR169b-1/b
637 and MIR169b-2/h using genomic DNA and cDNA using primers as shown in (a) to validate

638  polycistronic nature.

639  Supplementary Figure S6: A species-specific MIR169h locus is present in cultivated
640 tomato. (a) MIR169b2/h locus amplified using genomic DNA (gDNA) and cDNA of
641  cultivated (Solanum lycopersicum) and wild species (S. pimpinellifolium). Amplicons were
642  further verified by sequencing. M: DNA marker, S. lyco: Solanum lycopersicumand S. pimp:
643  Solanum pimpinellifolium. (b) Sequence comparison of MIR169b-2/h locus from wild and
644  cultivated species to confirm deletion and sequence rearrangements in precursor and mature
645 miR169h. Mature miRNA sequences are highlighted by yellow color. Red lines in between the
646  aligned sequences depict the deleted region of Solanum lycopersicum MIR169b2/h locus.
647  Vertical red colored box represents the changed base in S Ilycopersicum that leads to
648  generation of miR169h.

649  Supplementary figure S7: Comparison of MIR169b-1/b locus between wild and cultivated
650 tomato species. Sequence comparison of MIR169b-1/b locus from wild and cultivated species
651 to confirm deletion and sequence arrangements in precursor and mature miR169b. Red and
652  black colored boxes represent MIR169b-1 and MIR169b precursors, respectively. The red
653  dotted line depicts deleted region in S. pennellii of the inter-precursor region of MIR169b-1/b

654  polycistronic locus.

655  Supplementary Figure S8: Comparison of MIR169b2/h polycistronic locus between wild
656 and cultivated tomato species. Sequence comparison of MIR169b-2/h locus from wild and
657  cultivated species to confirm deletion and sequence arrangements in precursor and mature
658 miR169. Red and black colored boxes represent MIR169b-2 and MIR169h precursors,
659  respectively. The red dotted line depicts deleted region in S. pennellii of the inter-precursor

660  region of MIR169b-2/h polycistronic locus.

661  Supplementary Figure S9: Acquisition of different promoters by MIR169 paralog pairs
662 in tomato. (a-c) GUS aided promoter activity analysis of paralog pairs Sly-MIR169a and a-2,
663  Sly-MIR169b-3 and b-4 and Sly-MIR169b-1/b and Sly-MIR169b2/h in tomato seedlings. For
664  GUS reporter assay, 2 kb genomic sequences upstream of the precursor start sites were used.
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665  Staining was performed 2 days after agro-infiltration in 4-days-old tomato seedlings. These
666  experiments were repeated at least three times with 70 seedlings per replicate with similar

667  results; a representative picture from each experiment is shown.

668  Supplementary Figure S10: Alignment of novel targets with miR169 in tomato. The
669  alignments of fragments of target mMRNAs that have complementarity to miR169s are shown.

670  Alignments of miRNA and targets were obtained from psSRNATARGET prediction server.

671  Supplementary Figure S11: The miRNA169: target functional module on the bass of
672 pathway analysis in tomato. Pathway analysis of MIR169 novel targets reveals their
673  involvement in different biological processes including, signalling, stress tolerance, flowering

674  and metabolic pathways.

675 Supplementary Table legends

676  Supplementary Table S1: List of primersused in the study.

677 Supplementary Table S2: Comparison of MIR169 loci in wild and cultivated tomato
678  Species.

679  Supplementary Table S3: Promoter analysis of Sy-MIR169 family membersin tomato.

680 Supplementary Table $4: gRT-PCR based expresson data of Sly-MIR169 members in
681  different abiotic stressesand plant organs.

682  Supplementary Table Sb: Targets of Sly-MIR169 members identified by degradome
683 analyss.
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Figure 1: Phylogenetic analysis and alignment of miR169 family members in tomato, Arabidopsis
and rice. (a) An unrooted tree of miR169 precursor sequences from tomato, Arabidopsis and rice using
Neighbour-Joining method. The bootstrap support from 1,000 replicates are shown at the base of nodes.
The major clades are marked by arcs and numbered. Clade IV is further divided into three sub-clades
marked at the base of node by different colored text. Tomato-specific MIR169 members are highlighted by
different colored dots; precursors coding for same mature form have been given identical colors. The scale
bar represents the nucleotide substitution per site. (b) Multiple sequence alignment of mature miR169s of
tomato, Arabidopsis and rice, to show the degree of conservation among family members. Identical bases
in all sequences are marked in dark blue.
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Figure 2: Expression profiles of tomato MIR169s precursors in abiotic stress and different plant
organs by qRT-PCR: (a) Heat map of expression of MIR169 members in response to different abiotic
stresses. LC: Leaf control, HS: Heat stress, SS: Salt stress, DS: Dehydration stress, CS: Cold stress. (b)
Venn diagrams of up-(red) and down-regulated (green) genes in different abiotic stresses. (¢) Heat map
of MIR169s expression profiles in leaf in response to different heat stress regimes. A: Acclimation, Ac:
Acquired thermotolerance, B: Basal thermotolerance, Re: recovery. (d) Venn diagrams of up-(red) and
down-regulated (green) genes in different heat stress regimes and heat stress recovery. (e) Expression
patterns of MIR169s in different plant organs normalized with control leaf. Ro: root, UM: Up to
meiosis bud pool, PM: post meiosis bud pool, MG: mature green fruit, Br: breaker fruit. (f) Venn
diagrams of up-(red) and down-regulated (green) genes in different organs of tomato plant. Expression
levels of actin was used as internal references for expression of Sly-MIR169s. Values presented in the
heat maps were means of independent experiments. Genes expressing more than 50-folds are depicted
by pink dots in (a), (c) and (e).
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Figure 3: Target validation of MIR169 members by transient assays in Nicotiana benthamiana
leaves. (a) Known targets (NF-YAs) of MIR169 members identified by degradome analysis and
validated by transient assay using qRT-PCR. (b) qRT-PCR validation of novel targets of new MIR169
members identified by degradome analysis, ASP-AT - Aspartate aminotransferase, SEPL-3 -
SEPALLATA-3, ARF-9b - Auxin response factor-9B, PP2C - Protein phosphatase 2C, TPR-2 -
Tetratricopeptide repeat-2, Dnal - Chaperone protein Dnal. (¢) qRT-PCR analysis of the accumulation
of the target transcripts in STTM169 tomato lines. Data are presented as fold induction in
STTMMIR169 infiltrated plant relative to STTM vector control plants. For both (a) and (b) relative
expression levels of target were assessed by comparing the expression of the GFP fused to
miR-sensitive targets alone and when co-infiltrated with different miR169 isoforms in Nicotiana
benthamiana leaves. qRT-PCR analysis of GFP mRNAs of p35S:GFP-targets was performed with
hygromycin gene that is present in the same vector as control for normalization. Data are shown as
means + Standard Deviation of three biological replicates with 3—4 agro-infiltrated plants for each
construct .
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Figure 4: Establishing miRNA169:Novel target modules operating in different abiotic stresses and
plant development. (a-f) Validation of miRNA169:novel target modules operating in abiotic stresses by
comparing the expression profiles of MIR169s and targets. (g) Developmental expression patterns of the
target genes obtained from Genevestigator. Results are given as heat maps in blue/white coding that reflect
absolute signal values, where darker shade represents stronger expression. Targets and precursors were
quantified by qRT-PCR. Data are shown as means + SD of biological replicates and normalized to actin
reference gene using (2-AACT) method.
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Figure 5: Differential processivity of MIR169 precursors regulates NF-YA10 cleavage level (a)
Cleavage of NF-YA10 by different MIR169 precursors as judged by qRT-PCR. Graph showing the
transcript abundance of GFP:target transcript in absence and presence of miRNA precursor.
Transcript levels were measured using GFP specific primers and Aygromycin that is co-expressed in
the same construct was used as normalization control to negate the infiltration variation. (b)
Abundance of MIR169 precursors in different tissues and heat stress in comparison with NF-YA10
promoter activity. Each picture is representative of pool of seedlings used in the samples. (c) Levels
of GUS transcripts measured by qRT-PCR after agro-infiltration of different MIR169s
promoters:GUS reporter constructs in tomato seedlings. All qRT-PCR experiments were repeated at
least three times on 70 seedlings per replicate with similar results, and average data is shown. Error
bar denotes standard error. (d) Expression profile of NF-YA10 transcript in control and heat stress
conditions.
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S.No | MIR169 Ids Chr | Start end Str | LP? Lﬂczimm NM® [ GC %
1 Sy-MIR169a Ccho7 | 4195624 |4195772 |+ |[149 |-68.80 1 429
2 dy-miR169a-1 | Ch02 |48346026 |48346174 |+ |[149 |-61.7 0 429
3 Sy-miR169a-2 | ChO7 4219875 |[4220022 |+ |[148 |-69.60 1 43.2
4 Sy-MIR169b ChO7 | 2147189 |2147322 |+ |[134 |-49.47 2 365
5 Sly-miR169b-1 | ChO7 |[2146991 |[2147094 |+ |[104 |-46.33 2 39.4
6 dy-miR169b-2 [ Cho7 |[2153197 |[2153329 |+ [133 |-48 2 36.8
7 Sy-miR169b-3 [ Cho3 |[5167831 [5167977 |+ [143 |-49.10 2 40.1
8 Sy-miR169b-4 | Cho3 |5174789 [5174637 |- [153 |-51.00 3 39.2
9 Sy-MIR169c cho7 | 4181057 |4181203 |+ [147 |-805 1 41.4
10 Sy-MIR169d Cho7 |2144070 |[2144245 |- |176 |-724 1 323
1 Sly-miR169d-1 | Ch08 | 55689928 |[55690067 |+ |[140 |-40.79 2 39.2
12 Sy-miR169d-2 | Ch08 53593952 |[53594051 |+ [100 |-44.62 2 45
13 Sy-miR169d-3 | Ch08 | 55698703 |[55698818 |+ |[116 |-40.03 1 31.8
14 Sly-miR169d-4 | Ch08 | 55797862 | 55797981 |+ |[121 |-43.15 1 32
15 Sly-miR169d-5 | Ch03 | 54665334 | 54665471 |+ |[138 |-41.84 3 30
16 Sy-MIR169e Chos8 | 55684858 |55685040 |+ [192 |-784 3 38
17 Sly-MIR169f ChOl | 2525744 | 2525913 |+ [170 |-41.53 5 35.8
18 Sly-MIR169g Cho6 | 42401751 42401894 |+ [144 |-428 4 34.7
19 Sy-MIR16% Ch07 |2153624 |2153753 |+ [130 |-43.2 1 43.8
20 Sy-MIR169i Cho7 | 4104944 |41105067 |+ [124 |-611 1 435
21 dy-MIR169] Chol | 42129523 | 42129661 |+ |[138 |-52.78 6 28

Table 1. Characteristics of the putative pre-MIR169s in tomato. Details of different putative
MIR169 loci identified in the study. The start end positions of the predicted precursors on different
chromosomes is shown as per SGN build4.0. Chr: Chromosome; Str: Strand; LP: length of pre-
MiRNA; MFE: minimum fold energy; NM: number of mismatches between predicted miRNA and
MIRNA*.
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