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Introduction

Stolon-to-tuber transition is a crucial part of potato development. This process is
controlled by photoperiod and is well coordinated via the action of phytohormones and
transcriptional factors (Hannapel et al., 2017; Kondhare et al., 2020). In this process, a
belowground modified stem (stolon) undergoes developmental transitions and accumulates
starch to form a tuber (Xu et al., 1998b). Given a large number of studies focused on the critical
regulators of potato development (tuberization), their precise roles in governing stolon-to-tuber
transitions is less explored. A decade-long work in this direction has uncovered hormonal
networks regulating tuberization. Reduced levels of gibberellin and higher auxin at early stolon
stage are essential for this transition (Roumeliotis et al., 2012b). This is achieved by the
controlled expression of their metabolism genes (Kloosterman et al., 2007; Carrera et al., 2000;
Bou-torrentetal., 2011; Roumeliotis et al., 2013). However, how plants maintain this hormonal
balance throughout the developmental stages remains unknown. Small non-coding RNAs have
been shown to regulate various biological processes in plants and animals (Liu et al., 2020;
Dong et al., 2022). Especially, miRNAs participate in nearly all physiological events, such as
shoot apical meristem (SAM) development and maintenance, leaf morphogenesis, juvenile-to-
adult phase transition, flowering and root development (Dong et al., 2022). Another subset of
small RNAs, known as phasiRNAs, shown to have a role in plant growth and stress responses.
Functions of phasiRNAs in plant development have been well described in Arabidopsis, maize
and rice (Liu etal., 2020). Small RNAs regulate hormonal networks by controlling target genes.
A recent study in wheat showed that miR9678, a wheat-specific miRNA, targets long non-
coding RNA (IncRNA), WSGAR, to produce phasiRNAs that regulate the germination process
via controlling the expression of GA metabolism genes. Abscisic acid (ABA) signaling proteins

regulate miR9678 expression, which modulates GA response in seeds (Guo et al., 2018). These

9



results suggest that small RNAs can orchestrate hormonal networks to fine-tune developmental

processes.

A few miRNAs, such as miR172, miR156 and miR390 have been demonstrated to
regulate tuber development. miR172 acts as a positive regulator of tuberization (Martin et al.,
2009) and miR156 regulates miR172 expression. Interestingly, overexpression of miR156
showed profuse stem branching and aerial stolons that formed tubers under inductive
conditions by regulating cytokinin biosynthesis in the axillary meristems (Bhogale et al., 2014).
Recently, Lehretz et al. (2019) demonstrated the role of a small RNA, SES that targets SP6A
MRNA to inhibit tuberization at high temperatures. These reports indicate that small RNAs can
govern the tuber developmental process. However, their exact role in stolon-to-tuber transitions
have not been investigated. Previous studies have profiled miRNA populations from potato
(Yang et al., 2009; Xie et al., 2011; Zhang et al., 2013), however, their functional importance
in tuber development is not studied. Lakhotia et al. (2014) identified several conserved and
potato-specific miRNAs from early stolon stages and revealed unique small RNAs that might
be potentially involved in stolon transitions in potato. However, this study was carried out
independent of photoperiod effect. As day-length is a crucial inducer for tuberization (Ewing
and Struik, 1992; Rodriguez-Falcon et al., 2006), we speculate that photoperiod might affect
the functions of small RNAs during stolon-to-tuber transitions. Therefore, we conducted small
RNA sequencing of early stolon developmental stages under differential photoperiod (SD-
inductive vs LD-non-inductive) conditions. Knowledge of unique small RNA populations
involved in stolon-to-tuber transitions will enable us to identify crucial regulators that might
govern hormonal networks during stolon-to-tuber transition stages of potato. Hence, using
Solanum tuberosum ssp. andigena as model system, we designed following objectives for this

study.

1. To identify small RNAs from early tuber transition stages of potato under differential
(LD vs SD) photoperiodic conditions.

2. To decipher the role of novel phasiRNA [siRD29(-)] in stolon-to-tuber transition

stages.

3. Investigating the function of a novel potato-specific mMiRNA (miRNA72) during potato
development.

1. To identify small RNAs from early tuber transition stages of potato under differential
photoperiodic conditions
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Tuber development in potato is typically requires a time window of 25-28 days after
switching the plant to tuber-inductive conditions. During this time window, hooked stolon (0-
4 days) opens up due to initiation of swelling at the base of the hook (~7-8 days). Further, tissue
swelling expands to form swollen stolons (10-14 days). To determine the small RNAs
potentially involved in the early stages of stolon-to-tuber transitions (4, 7 and 10 days) in a
photoperiod-dependent manner, we carried out a deep-sequencing using stolon samples of a
photoperiod-sensitive potato cultivar (S. tuberosum ssp. andigena) grown under differential
photoperiodic conditions (Long-day versus Short-day). We have identified 7 (out of 324)
conserved and 12 (out of 311) novel miRNAs, differentially expressed in stolon stages under
SD versus LD photoperiod. Two conserved miRNAs, such as Stu-miR479 and Stu-miR319b,
with their confirmed targets StGRAS and StGAMYB showed inverse expression patterns across
the stolon stages, suggesting their potential role in tuber development. We also identified
several potato-specific miRNAs that might target tuberization related genes and epigenetic
factors. Further, our in silico analyses revealed that phasiRNAs could be involved in tuber
development. Altogether, 24 TAS-like loci (out of 830) were found to be triggered by miRNAs
identified in our study. We have predicted targets for 190 phased siRNAs from 24 TAS-like
loci that includes key tuberization genes, such as StCONSTANS, StCDF1, StFT1, StSP5G,
StBEL5, GA-auxin related genes, sucrose synthesis and transporters etc. Overall, our study
indicated that SRNAs and their selective target genes could be associated with the regulation
of early stolon stages. Our goal is to delineate candidate small RNAs that might regulate GA
and auxin hormonal balance, the two major hormones involved during stolon-to-tuber
transitions. Interestingly, we noticed that one of the phasiRNA, siRD29(-) could target a GA
biosynthesis gene, StGA30x3, in potato. This led us to hypothesize that the siRD29-StGA30x3
gene regulatory module may be involved in fine-tuning the hormonal (or GA) balance in

stolon-to-tuber transition stages.

2. To decipher the role of a novel phasiRNA [siRD29(-)] in stolon-to-tuber transition

stages

From our small RNA sequencing data sets, we identified two putative TAS-like loci
located in a disease resistance gene, StRGA4. We also demonstrated that a miR482 family
member, Stu-miR482c cleaves a StRGA4 transcript in potato and generates phasiRNAS.
Reduced GA levels is a pre-requisite for stolon to tuber transition. Previous studies have
reported that this reduction of GA level is a cumulative effect of a decreased expression of GA
biosynthesis genes (StGA200x1 and StGA30x2) (Carrera et al., 2000; Bou-torrent et al., 2011)
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and an increase in GA catabolism genes (StGA2ox1; Kloosterman et al., 2007). However, the
function of this StGA30x3 isoform remains unknown in potato. In this study, we have
demonstrated that Stu-miR482c could trigger siRD29(-) generation from StRGA4 transcript
using a transient expression system in Nicotiana benthamina. Using quantitative PCRs and
small RNA sequencing from co-infiltrated leaves, we proved that siRD29(-) is generated at the
29" position from the antisense strand of StRGA4 transcript in a RDR6-dependent manner and
it cleaves StGA3o0x3 transcript in planta. SIRD29(-) and StGA3ox3 showed the inverse
correlation of expressions in SD-induced stolons, indicating a possible regulation of StGA30x3
MRNA in stolons. StGA30x3 overexpression and antisense showed GA-mediated phenotypes
supporting its function as a GA biosynthesis gene in potato. Further, we observed that
StGA30x3-AS (antisense) and StRGA4-OE (overexpression) lines had higher tuber numbers
than WT potato plants probably due to altered GA-auxin levels. Notably, StRGA4-OE lines
exhibited increased levels of siRD29(-), followed by a decrease in StGA30x3 transcripts in
leaves as well as stolons similar to StGA30x3-AS lines. These lines also showed decreased
levels of bioactive GAgz in shoot apices. Overall, these findings establish that the Stu-miR482c-
StRGA4-siRD29(-)-StGA30x3 gene regulatory module (GRM) is functional in stolons. Further,
through promoter activity and infiltration assays, we have showed that StBEL5 (a positive
regulator of tuberization) induces StGA30x3 expression in the potato plant. Finally, we put
forward a model with a possible dual regulation of StGA30x3 in stolons by two independent
regulatory pathways: (i) through siRD29(-) and the other (ii) is mediated by StBEL5. Overall,
our findings suggest that how plants possibly employ a dual gene regulatory mechanism to
maintain a minimal bioactive GA level during tuber development by controlling the expression
of the GA biosynthesis gene, StGA30x3.

3. Exploring the function of a potato-specific miRNA (miR72) during potato development

Previously, a small RNA sequencing study (Lakhotia et al., 2014) reported 147 potato
specific miRNAs in the Indian cultivar Kufri Chandramukhi. From the datasets, based on the
MiRNA abundance, putative tuberization related target genes, and differential expression from
stolon-to-tuber transition stages, we selected candidate potato specific miRNAs, miR34,
miR53, miR72 and miR111 for further analysis. Interestingly, we noted that miR72 levels
reduced significantly under tuber-inducing short-day conditions, suggesting its potential role
in tuber development. Cryptochrome 1b and TCP transcription factor (StBRC1b/StIT1) were
found to be the putative targets of miR72. StIT1 (a key tuber identity gene) shown to interact
with StSP6A (positive regulator of tuberization) and StIT1-SP6A complex was found to be
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necessary for tuberization (Tang et al., 2022). Based on the reduced expression of miR72 across
the stolon transition stages and the necessity of StIT1 gene in tuber development, we speculate
that miR72-StIT1 (miRNA-target pair) may be involved in tuberization. We have generated
miR72-OE and STTM72-KD lines for the functional characterization of miRNA72 and
demonstrate that miR72-OE lines produce sessile tuber phenotype. These plants also exhibited
reduced tuber yield and root biomass. We noticed that STTM72-KD lines did not show sessile
tubers and tuber yield was not different than the wild type. Further, sessile tuber formation
phenomenon was found to be independent of day-length as miR72-OE Désirée lines (a day-
neutral potato cultivar) also showed sessile tubers. Through the cleavage site mapping assay,
Cryptochrome 1b gene was confirmed to be a target gene of miR72. We also observed that
StIT1 gene expression is reduced in miR72-OE line, suggesting that StIT1 might be targeted by
an increased level of miR72 in the OE line. Overall, our results suggest that miR72 could be
involved in defining early stages of stolon development. Only future experiments can further

delineate the key role of miR72 in this process.
Summary

To understand the role of small RNAs in stolon-to-tuber transition stages, we have
carried out small RNA sequencing of stolons developed under photoperiodic conditions (SD
and LD) and identified many differentially expressed miRNAs and phasiRNAs, which were
found to potentially target the key tuberization pathway genes. Our primary focus was to
investigate the role of small RNAs that may be governing the key genes involved in the
regulation of gibberellin and auxin level during stolon-to-tuber transitions. We showed that a
novel phasiRNA, siRD29(-) targets a key GA biosynthesis gene -StGA30x3 in potato. Through
multiple experimental evidences, we demonstrate that a gene regulatory module (GRM), Stu-
MiR482¢c-StRGA4-siRD29(-)-StGA30x3 is functional in potato development. Finally, we have
presented a model for dual regulation of StGA30x3 gene in stolon-to-tuber transitions to
maintain minimal gibberellin levels in stolons for fine-tuning the tuber transition events.
Additionally, we have attempted to identify the function of a highly abundant potato specific
MIRNA (miR72) during tuber development. We showed that miR72 could be involved in early
stages of stolon development. This study has unraveled the role of novel small RNA regulatory

networks governing the stolon-to-tuber developmental process in potato.
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Introduction
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1.1 Potato

Potato is the fourth most important food crop in the world right after Rice, Wheat and
Maize (https://education.nationalgeographic.org/resource/wbt-staple-food-crops-world/). It
grows as herbaceous perennial crop and belongs to Solanaceae family. Other members of this
family such as Tomato, Eggplant and Bell pepper are also used as vegetable food for human
consumption. Potatoes are native to Andes region in South America. Therefore, potato varieties
originated from this region are often dependent on day-length for potato formation and tuberize
under short day (SD) conditions (Rodriguez-Falcon et al., 2006). On contrary, cultivated potato
varieties are usually not affected by day-length hence termed as day-neutral varieties. Potato
plants produce berries like fruits with many seeds. However, potatoes are cultivated for their
tubers (Potato tuber) which are belowground modified stems loaded with starch and other
nutrients. Tubers served as storage organs and a mode of asexual reproduction. Under favorable
conditions, sprouts arise from the dormant nodes (eyes) of the tuber giving rise to new plantlets
under light conditions. Agro-economic importance of potato tubers is because of its nutritional
value. They are rich in carbohydrates, proteins, fibers and vitamins and are able to supplement
dietary needs. Hence, understanding the process of potato development is of great importance

for future food security purposes.
1.2 Tuberization

Tuberization or tuber developmental pathway is a complex process wherein a stolon
originates from the main axis of the plant below soil and under tuber inductive conditions, it
undergoes transitions to form mature tuber or potato (Sarkar, 2010). The entire process is under
the influence of various environmental, hormonal and molecular factors, as described in the
subsequent sections (Hannapel et al., 2017; Kondhare et al., 2021). Tuberization comprises of
three phases: tuber induction, initiation and proliferation. In past, researchers thought that, the
stimulus for tuber induction is generated in the leaf clusters influenced by light. However, the
signal for tuberization remained elusive until a grafting experiment between flowering tobacco
(scion) and not-tuberizing potato (stock) was conducted in 1981 (Chailakhyan et al., 1981).
This grafting resulted in the induction of tuber formation in potatoes suggesting the presence
of common signals between flowering and tuberization processes. This also indicated the
possibility of mobile signals regulating these pathways which is described in this chapter. From
the past several years, scientists have been investigating tuberization pathway in order to

enhance tuber quality and yield. Potato genome was made available in 2011, which accelerated
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the research for functional analysis of genes involved in tuberization (“Genome Sequence and
Analysis of the Tuber Crop Potato,” 2011). The following sections describe molecular details

of tuber development process.

Sprouted
Tuber

111198

Stages | n

Stolon ——————% Tuber

Fig. 1.1 Pictorial representation of potato plant showing stolon-to-tuber transitions: belowground
modified stem (stolon) passes through transition stages (I-V1) to form mature tuber. Stages, I-stolon; Il
and I11- swollen stolon; IV-minituber; V and VI- Mature tuber. (Adapted from Kondhare et al., 2020)

1.2.1 Stolon-to-tuber transitions

Under tuber inductive conditions, the stolon undergoes developmental transitions
before it matures to the tuber (Fig. 1.1). These stages comprise of stolon, swollen stolon,
minituber, and mature tuber (Xu et al., 1998). The process of tuber formation is completed over
a period of 25 days, thereafter, the tuber matures by accumulating starch to a greater extent
(Kloosterman et al., 2005) (Fig. 1.2). At the onset of tuberization, the growth of stolon apical
meristem (STAM) arrested, and cell division ceases. Initially, cells from the sub-apical region
of stolons exhibits growth by transverse cell division resulting in stolon elongation. Under
inductive conditions, the pattern of cell division from sub-apical region changes from
transverse to longitudinal, resulting in radial expansion of stolon, to form swollen stolon. This
cell division and expansion occur within the cortex and pith of the tuber (Xu et al., 1998).
Critical hormone levels in stolons direct the stolon-to-tuber transition phenomenon. Notably,
rapid decrease in Gibberellin (GA) levels in stolon post induction casuses re-orientation of
microtubules in cells from subapical region, leading to a change in cell division pattern
(Roumeliotis et al., 2012). Many tuberization related studies focused on factors affecting

overall tuber development. Kloosterman et al. (2005) attempted to study differentially
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expressed genes in eight tuber developmental stages with the help of cDNA microarrays, and
reported expression profiles of several genes involved in the process (Kloosterman et al., 2005).
Potato genome was published much later in 2011 (“Genome Sequence and Analysis of the
Tuber Crop Potato,” 2011). With the help of transcriptomic approaches, a detailed analysis of
factors governing stolon transition stages can help in understanding the dynamics of stolon-to-

tuber transitions.

Fig. 1.2 Timeline for tuber developmental stages of potato. Tuber transition stages observed over a
period of 25 days in potato, after switching to Short-day (SD) conditions. Stages 1- Long day (LD)
stolon, 2- SD stolon, stages 3 and 4- swollen stolon; 5- mini-tuber stage. Numbers below the white line
indicates days after SD induction (DAS) when the stages were noticed. (Adapted from Kloosterman et
al., 2005)

1.2.2 Environmental Factors that influence tuber formation

Tuber development process is under the influence of environmental factors such as
photoperiod, temperature and nitrogen levels etc. The role of these factors are described in the

following sections.
1.2.2.1 Role of photoperiod

Photoperiod is one of the major exogenous factor that influences several plant
developmental processes. Photoperiod defines as length of day and night in a 24 hours cycle.
Short day (SD; 8hours of light and 16 hours of dark) are found to be tuber inductive while long
days (LD; 8hours of light and 16 hours of dark) are tuber repressive (Jackson, 2009) for potato
plants. Flowering and tuberization are greatly affected by photoperiod (Ewing & Struik, 1992).
Arabidopsis flowers in LD conditions but fails to do so under SD (Jackson, 2009) condition.
Andean varieties of potato tuberizes under harsh winter conditions. Where tuber remain

dormant throughout winter and sprouts in favorable growth conditions. Thus, these varieties
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have adapted strict SD conditions for tuberization, whereas mostly cultivated potato varieties
adapted to day neutral conditions (Rodriguez-Falcon et al., 2006). 8 hours (SD) of light
promotes tuber formation in SD specific plants, but do not form tubers under LD or SD with
night break (NB) (Jackson, 2009).

Grafting experiment in potato plants with SD induced scion on LD grown stock,
resulted in tuber formation in non-induced stock potato plants (Gregory, 1956). This suggested
that SD photoperiod induces expression of tuberization signal that is graft-transmissible
causing tuber formation in non-induced potato plants (KUMAR & WAREING, 1974). Few
years later, phytochromes such as PHYB and PHYF were demonstrated to sense light signals

and relay the information to the tuber inducing mobile signals.
1.2.2.2 Role of temperature

The process of tuberization is triggered by lower temperatures and suppressed at
elevated temperatures (Werner, 1934; Gregory, 1956). As mentioned earlier, potatoes
originated from South America and they produced tubers to deal with harsh weather and cooler
temperatures. Hence, it is observed that potatoes tuberize at cooler temperatures such as 18-20
°C, and constant high temperatures such as 28-32 °C, inhibit this process. A study led by
Werner (1934), suggested that temperature and photoperiod can be correlated. Higher
temperature can be associated to longer days and during short day, day-length is less and plant
experiences low temperature conditions. This study indicated that temperature and photoperiod
could converge at some point in tuberization pathway (Werner, 1934). Recent advances in
potato related research have shed lights on temperature dependent molecular mechanism of
tuber development. For example, high temperatures have shown to inhibit a FLOWERING
LOCUS T (StSP6A) protein, positive regulator of tuberization via induction of small RNAs
(Lehretz et al., 2019). This mechanism is described in section 1.5.4

1.2.2.3 Effect of Nitrogen levels

Nitrogen content affects tuber development. Low nitrogen supply promotes
tuberization whereas, nitrogen rich environment inhibits tuber formation (Werner, 1934).
Excessive nitrogen causes increase in gibberellin content of stolons leading to increase stolon

length and rate of tuberization. Further it affects amino acids and starch content of tubers.
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1.3 Hormonal regulation of tuber formation

Tuber development is under the control of inter-connecting phytohormone pathways.
Several hormones such as gibberellins (GA), auxins, cytokinins (CK), strigolactones, jasmonic
acids (JA) and abscisic acids (ABA) influence tuberization process which are described in the

following sections.
1.3.1 Gibberellin (GA)

Gibberellic acid (GA) exerts a control over plant growth and differentiation by tightly
regulating its concentration (Rodriguez-Falcon et al., 2006; Sarkar, 2010). The role of GAs
during stolon-to-tuber transitions is well investigated. Application of bioactive GAs inhibited
tuber formation, while GA biosynthesis inhibitors such as paclobutrazol enhanced tuber
formation (Xu et al., 1998). These results suggest that GA inhibits tuberization. A study by
Carrera et al., 2000, manipulated GA2 and GA: levels by overexpression and downregulation
of StGA200x1 gene. StGA200x1-OE lines resulted in delayed tuber formation under short-day
conditions. Both lines did not tuberize under LD conditions, indicating GA couldn’t overcome
the effect of photoperiod (Carrera et al., 2000).

It was believed that, gibberellins pose an inhibitory effect on tuber development, and
thus bioactive GA levels should be minimal in plants. Microarray analysis from SD induced
stolons showed increased StGA20x1 (a GA catabolic enzyme) transcripts in tuber forming
stolons (Kloosterman et al., 2005). Upregulation of StGA20x1 ensures minimum GA
concentration in stolons, to ensure tuber formation. Another study from the Salomé’s group in
2011, identified GA biosynthesis genes StGA3ox1 and StGA3ox2 in potato. Off which,
StGA30x2 identified as rate limiting enzyme and catalyzes GA: production in stolons (Bou-
Torrent et al., 2011). Constitutive overexpression lines of StGA30x2 exhibited taller phenotype
and showed a delayed tuber formation, whereas leaf-specific overexpression lines
(LS1:StGA30x2) tuberizes earlier than wild type, contradicting to the widely accepted notion
of GA inhibiting tuberization (Bou-Torrent et al., 2011). This phenomenon was explained
based on differential mobility of GA precursors throughout the plant. In LS1:StGA30x2 lines,
GAo precursor in aerial tissue utilized by StGA30x2 to generate GA; form, reducing the
availability of GAxo precursor for transporting to stolons. Due to substrate decrease, the GA
3-oxidase activity in the stolons produces less amount of bioactive GA: and plant showed early
tuberization phenotype. Roumeliotis et al. (2013), generated RNAi lines of StGA3ox2

producing plants with smaller height but no change in time for tuberization. Instead, these lines
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produced more number of tubers per plant compared to WT (Roumeliotis et al., 2013). Authors
suggested that this phenotype might be due to altered GA:auxin ratio in stolons (Roumeliotis
et al., 2012). Altogether, feedback regulation of gibberellin levels in stolons is crucial for
proper tuber development.

1.3.2 Auxin

Auxins play a key role in regulating different aspects of plant architecture such as
embryogenesis, organogenesis and lateral root formation etc. (Teale et al., 2006). They also
have significant function during stolon-to-tuber transitions. Auxin application to the in vitro
single nodal potato explants resulted in early tuberization with sessile tubers (Xu et al., 1998).
suggesting it’s putative role in tuber formation. Kloosterman and group (2008) performed
microarray for stolon developmental stages and identified differential expression of auxin
related genes. ARF6 (Auxin response factor 6) expression increases in swollen stolons
(Kloosterman et al., 2008). Auxin levels increases at the onset of tuberization coinciding with
the increased expression of IAA biosynthesis genes (StYUC-likel) and auxin transporters (PIN
family members) (Roumelisotis et al., 2013). Recently, the same group demonstrated that
constitutive expression of StYUC-likel (StYUCCA-8) resulted in altered auxin content with
increased tuber numbers but tuber size is reduced (Roumeliotis et al., 2023). Authors have
correlated the increased auxin content with altered shoot and stolon branching, suggesting that

the regulation of auxin content is also crucial for tuber formation.
1.3.3 Cytokinin

Cytokinin (CK) also plays an important role during tuber formation. Application of CK to in
vitro nodal explants promoted tuberization. However, it failed to replicate results in soil-grown
plants (PALMER & SMITH., 1970). CK levels were increased in tuber inducing stolon tips.
But CK alone could not induce tuberization (Mauk & Langille., 1978). These results suggest
that cytokinin is not necessary for tuber induction but it involves in tuber developmental stages.
Eviatar-Ribak and co-workers (2013) expressed TLOG1 (Tomato Lonely Guyl), a CK
biosynthesis gene in tomato plants. Increased TLOG1 levels resulted in aerial tuber production
from the axillary meristems of tomato plant which, usually do not produce any tubers (Eviatar-
Ribak et al., 2013). Cytokinin biosynthesis genes are shown to be under control of polycomb
repressor proteins such as MSI1 and BMI1 (Kumar et al., 2020). Overall, these studies
highlighted the significant role of CK in tuberization.

1.3.4 Strigolactones
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Strigolactones (SLs) work together with auxins but, have an inhibitory effect on shoot
branching. In vitro application of SLs to nodal explants resulted in inhibition of axillary bud
outgrowth and subsequent production of tubers (Roumeliotis et al., 2012). SLs have not been
detected in stolons yet. However, SLs have been detected in root extracts of potato plants
(Lopez-Réez et al., 2008). CAROTENOID CLEAVAGE DIOXYGENASE 8 (CCDS8) is a key
gene in SL biosynthesis pathway (Alder et al., 2012). CCD8 RNA.i lines of potato have shown
reduced stolon formation and dwarfing phenotype in plants (Pasare et al., 2013). Based on the
results, it is conceivable that strigolactones have potential role during tuberization along with

auxin. However, the detailed mechanism has not been well investigated.
1.3.5 Jasmonic acid

Jasmonic acid (JA) are known to regulate plant physiological responses to abiotic and
biotic stresses and it does so by inducing a series of gene expressions. Pealcho and Castel
(1991) treated in vitro nodal cuttings of potato plants with different concentrations of JA, and
found out that JA induces tuber formation in stolons with an optimum concentration. Beyond
the threshold, its effect reduces (Pelacho & Mingo-Castel., 1991). However, no further studies
were carried out about in vivo effect of JA on tuberization. Castro et al., (1999) showed that JA
induces cell expansions in tuber buds. They also demonstrated that JA can act on young cells
and induces radial expansion of meristematic cells indicating that JA might have a role in stolon

transition stages (Takahashi et al., 1994).
1.3.6 Abscisic acid

Abscisic acid (ABA) has tuber promoting effect in potato. Application of ABA to
potato plants in soil, resulted in early tuberization phenotype and higher tuber numbers. In
presence of ABA, nodal explants tuberized earlier than control ones indicating that ABA
induces tuber formation in presence of high sugar and GA (Xu et al., 1998). However, ABA
deficient lines of Solanum phureja tuberizes similar to wild-type. Authors concluded that ABA
is not required for tuberization process, but it can promote one (Quarrie, 1982). ABA works
antagonistically with GA in plants. Therefore, it promotes tuberization due to its antagonistic

relationship with GA.

23



1.3.7 Gibberellin (GA) and auxin cross talk during tuber development.

Plant growth and development is controlled by mutual interactions of plant hormones.
As described earlier various phytohormones have been shown to regulate various aspects for
tuberization pathway and their action can be integrated into one ultimate effect of stolon-to-
tuber transition. Off these, GA and auxin have been demonstrated to work in concerted manner

to regulate tuber development (Roumeliotis et al., 2012).

Under non-inductive LD conditions, high GA levels causes elongation of stolons
(stolon growth phase) due to cell division and expansions. Auxin levels remain low, helping
plant to maintain the growth of stolon apical meristem (STAM) (Roumeliotis, Kloosterman, et
al., 2012). At the onset of tuberization, mobile signal transports from leaf to stolons and activate
expression of various auxin and GA related genes. Subsequently, the GA level reduces and
auxin levels rise due to increased expression of auxin biosynthesis genes (Roumeliotis et al.,
2012). It causes a change in the cell division plane of the sub-apical region in stolons. This
results in reduction of longitudinal stolon growth and radial expansion of tissue begins,
signifying transition of stolon to swollen stolon. Reduction in GA content is a key step for this
developmental event. Auxin levels rapidly increases at the initial stolon stages and once
swollen stolon starts maturing, its level decreases (Fig. 1.3). Continual supply of auxin to
stolon tips during stolon-to-tuber transitions inhibited tuber formation (Roumeliotis,
Kloosterman, et al., 2012). This suggests that auxin maxima is needed for the cell division
switch occurring after tuber induction. Molecular mechanism behind the auxin driven cell

division during the tuberization is not clearly understood. Further research may shed lights on
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Fig 1.3 GA and IAA regulation at stolon tips during stolon-to-tuber transitions. (A) GA content is
initially high in stolon under inhibitory LD conditions (B) SP6A protein moves from leaves to stolons
(green arrow) under tuber inducing conditions. Reduction in GA accompanied by increase in IAA levels
in stolon tips is observed. (C) Changes in the plane of cell division resulting in radial expansion of
stolons. (D) Accumulation of starch in stolons to form mature tuber. (Adapted from Roumeliotis et al.,
2012)

1.4 Molecular mechanism of photoperiod dependent tuberization

Flowering and tuberization share similar cues in their signaling pathway. Tuberization
is strictly SD dependent phenomenon in andigena, such that this plant does not tuberize under
LD conditions. Photoperiod dependent light signals are perceived by photoreceptors such as
phytochromes and cryptochromes. Jackson and co-workers demonstrated the role of
phytochrome, PHYB in tuberization. They show that PHYB antisense lines of andigena were
photoperiod independent and tuberized under non-inductive LD conditions stating its
importance (Jackson et al., 1998). Another phytochrome PHYF, was demonstrated to regulate
tuberization possibly by forming heterodimer with PHYB. Similar to PHYB antisense lines,
StPHYF RNA.I lines tuberized under LD conditions and induced tuber formation, when grafted
onto the stock of WT plants under LD conditions (Zhou et al., 2019).

CONSTANS and FLOWERING LOCUS T (CO-FT) pathway have been shown to
regulate flowering in Arabidopsis (Amasino & Michaels., 2010; Zeevaart, 2006). CO-FT
pathway, under LD conditions induces flowering. On contrary, StCOL-1 (CONSTANS-LIKE
1) repressed tuber formation under LD (Martinez-Garcia et al., 2002). Antisense lines of
StCOL1 tuberized under non-inductive LD conditions. PHYB stabilizes StCOL1 protein to
inhibit tuberization (Abelenda et al., 2016). However, day-neutral potato plants tuberizes
irrespective of any photoperiod. This raises an important question that how StCOL1 is
regulated under different photoperiod? It was answered by the presence of StCDF1 protein in
potato. StCDF1 protein forms complex with GIGENTIA (GI) and FKF1, the clock gene
components and undergoes proteosomal degradation. It binds to the promoter of StCOL1 when
it’s free and represses its expression to induce tuberization. Authors reported that another
truncated StCDF1 form lacking FKF1 interacting domain does not form complex and therefore
not degraded. This stabilized form of StCDF1 represses StCOL1. Some day-neutral cultivar
showed presence of this StCDF form (Kloosterman et al., 2013).

How does CONSTANS inhibit tuberization? A study by Gonzéalez-Schain and co-
workers (2012) reported that antisense lines of StCOL1 in andigena form tubers under non-
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inductive LD. However, tuberization status under SD conditions was not affected, indicating
that StCOL1 does not play role in tuber formation under SD but, represses tuberization under
LD conditions. Consistent with this study, Abelanda et al. (2016) demonstrated a key role of
StCOLL1 in activation of another tuberization repressor StSP5G by directly binding to its
promoter through TGTGGT motif. StSP5G negatively regulates StSP6A expression (Positive
regulator) in leaves either by interacting with other protein partners of StSP6A or by inhibiting
an unknown StSP6A activator followed by inhibition of tuber development (Abelenda et al.,
2016).

1.4.1 Mobile signals in tuber development

Grafting experiments, wherein a flowering tobacco shoot as well as SD induced potato
shoot scions were combined with non-induced potato stock plants resulted in tuber formation
in potato stock plants (Chailakhyan et al., 1981; Gregory, 1956). This led to a possibility of
transport of mobile signals from the induced scion to stock causing tuberization. Several years
of research resulted in identification of mobile protein similar to FLORIGEN in Arabidopsis,
and is called as tuberigen (StSP6A), a potato ortholog of FLOWERING LOCUS T in
Arabidopsis. SP6A expression increases in leaves and stolons under tuber inducing SD
conditions and is highly repressed under LD. Overexpression lines of StSP6A tuberized under
LD conditions and exhibited early tuberization phenotype under SD. Silencing of StSP6A
resulted in delay of tuber formation. As described earlier, SP6A was shown to be under
photoperiodic control. Grafting experiments have concluded that StSP6A is a ‘phloem mobile
signal’ protein that transports from the leaf to stolon under SD conditions (Navarro etal., 2011).

StBEL5 and POTHL1 transcription factors were shown to be SD inducible and act as
positive regulators of tuberization. StBEL5 belongs to the TALE (Three Amino acid Loop
Extension) family of transcription factors whereas, POTH1 belongs to the KNOX
(Homeodomain transcription factor) family that regulate stem cell population of shoot apical
meristem. Overexpression lines of StBEL5 (Banerjee et al., 2007; Chen et al., 2003) and
POTH1 (Mahajan et al., 2012; Rosin et al., 2003) in andigena overcame inhibitory effect of
LD photoperiod on tuberization and exhibited tuber earliness under SD conditions. Further
grafting experiments were conducted to demonstrate the mobility of StBEL5 (Banerjee et al.,
2007) and POTH1 (Mahajan et al., 2012) transcripts from SD induced leaves to stolons to
induce tuber development. During this movement, transcript stabilization was shown to be
controlled by two RNA-binding proteins, designated as StPTB1 and StPTB6 from
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polypyrimidine tract-binding (PTB) family (Cho et al., 2015). These proteins were shown to
bind to CU-rich region of 3° UTR of StBEL5 mRNA.

Sucrose was also demonstrated as metabolic signal and transported through SUT
transporters. Tuberization is highly dependent on sucrose (Gibson, 2005). Sucrose transporter-
StSUT4 silencing in andigena plants resulted in an increased sucrose transport and tuber
formation under LD photoperiod (Chincinska et al., 2008). During tuber development, sucrose
unloading switches from apoplastic to symplastic mode in stolons. StSP6A protein was found
to interact with sucrose efflux transporter, StSSWEET11 and blocked leakage of sucrose to the
apoplast in stolons. This action probably promoted symplastic sucrose transport. Authors
concluded that mobile signals might act as mediators of source-sink partitioning in potato
(Abelenda et al., 2019).
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Fig. 1.4 Photoperiod dependent tuberization pathway in andigena potato plant. Short-day (SD)
favors tuber development and Long-day inhibits tuberization. Lines with arrows indicate inductions and
those with close end represent repression. Abbreviations are provided on page no. 6 (Adapted from
Kondhare et al., 2021).

1.4.2 StBEL5-StKNOX heterodimer complex mediate tuber development

BEL1-like proteins form a tandem complex with KNOX-type TFs and regulate plant
physiological processes. StBEL5-StKNOX complex was shown to target numerous genes
involved in tuber development pathway (Lin et al., 2013). Sharma and co-workers, (2016)
identified more than 10,000 BELS5 target genes involved in growth and signal transduction,
hormone metabolism, tuberization and flowering pathway from SD induced stolons of
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GAS:BELS5 lines. Moreover, 92% of the differentially expressed genes showed the presence of
the tandem TTGAC motifs in their upstream sequence suggesting that the BEL-KNOX
heterodimer complex can bind to the tandem TGAC core motifs in their promoters region. Key
tuberization genes mainly, GA20X1 and GA200X1, StCDF1, AGL8, LOG family members,
several PINs and AUX/IAA genes and StBELSs including StBEL11 and StBEL29, harbor TGAC
motifs in their promoters acting as putative targets for the complex. StBEL5 was also shown
to activate StSP6A expression in SD induced leaves by binding to the TGAC motif in StSP6A
promoter region (Sharma et al., 2016). Specifically, StBEL5-POTH1 heterodimer binds to the
promoter sequences of StGA20ox1, and represses its expression (Chen et al., 2004).
Overexpression of StBELS5, resulted in an increased levels of StGA20x1 in stolons via binding
to TGAC motif in its promoter sequence. As a result, bioactive GA levels decreases in stolons
and stimulate tuber formation (Sharma et al., 2016). In summary, BEL5-KNOX heterodimer

presents an important regulatory complex that governs tuberization pathway.
1.4.3 Tuber activation complex (TAC)

As suggested earlier, flowering and tuberization shares similar cues including mobile
proteins signals such as florigen and tuberigen. In rice, flowering genes are regulated by
Florigen Activation Complex (FAC) constituted from the interaction between Heading date 3a
(Hd3a), 14-3-3 and arice FD-like protein, OsFD1 (Taokaet al., 2011). Teo et al. (2017) showed
that StSP6A and StFDL1, a potato FD-like protein, interact with St14-3-3s to form Tuber
Activation Complex (TAC). Suppression of StFDL1 delayed tuberization, whereas StSP6A
overexpression exhibits earliness in tuber formation in St14-3-3 dependent manner (Teo et al.,
2016). StABL1 (StABI5-like 1) TF interacts with StFT-like proteins to form alternative TACs
(aTACs) promoting flowering and tuberization (Jing et al., 2022). Authors also showed that
StABL1 regulates genes such as AGAMOUS-like and GA 2-oxidase 1. StCEN (TERMINAL
FLOWER 1/CENTRORADIALIS) suppresses tuberization by competing with StSP6A as a part
of the TAC complex (Zhang et al., 2020). Nicolas et al., 2022 reported that tuber inducing
activity of StSP6A being regulated by StBRC1b gene module in axillary meristems. Jing and
co-workers recently reported that StSP3D and StFTL1 as graft transmissible mobile
tuberization signals, which binds to the proteins of TAC complex, similar to that of StSP6A.
This adds yet another layer of regulation to this process.
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1.5 Small RNAs in plant development

Small RNAs play a central role in regulating plant growth and development. MicroRNAs and
phased secondary small interfering RNAs (phasiRNAS) constitute a major category of small
non-coding RNAs and perform the activities typically via post-transcriptional gene silencing
(PTGS) (Fei et al., 2013).

1.5.1 Biogenesis of miRNAs and phasiRNAs

MiRNAs are of 21-24 nt small RNAs that play an important regulatory role post gene
transcription. Clustering of miRNA genes from animal and plants is quite different as animal
miRNAs exist in clusters throughout the genome, whereas plant miRNAs typically scattered
on their chromosomes (Ha & Kim., 2014). Plant miRNA genes are transcribed by RNA
polymerase Il similar to a typical protein coding genes to form pri-miRNA. With the help of
DCL1, pri-miRNA then cleaved to generate pre-miRNAs (60-400nt) (Fig. 1.5 A). Further,
processing of pre-miRNA by DCL1 enzyme, HYL1 RNA binding protein and Serrate (SE)
results in mature miRNA duplexes with a typical two bases hanging at the 3' end (Voinnet,
2009). This duplex is methylated near 3' end at 2-OH by the action of HEN1
(HUAENHANCER1) protein to prevent degradation, and it transports to the cytoplasm with
the help of HASTY (plant homolog of Exportin-5). miRNAs then get loaded onto RISC (RNA
inducing silencing complex) complex in cytoplasm (Zhang et al., 2022). Recent studies have
shown that, entire RISC complex can be assembled inside the nucleus and then transported to
cytoplasm via EXPO1. HASTY regulates pri-miRNA processing in the nucleus (Fig. 1.5 A).

Biogenesis of phasiRNA begins post cleavage of mMRNAs and IncRNAs by 22-nt (but
not compulsory) miRNAs (Fig. 1.5 A, B). 5' end of cleaved mRNA is degraded by a 3'—5'
exonucleolytic action of the SKI2-3-8 complex. Whereas, 3' end is converted to double
stranded RNA with the help of a RNA-dependent RNA polymerase (RDR6), which is recruited
by either AGO1-RISC or AGO7-RISC complex (Liu et al., 2020). This assembly is aided by
SUPPRESSOR OF GENE SILENCINGS3 (SGS3), to prevent the degradation of the 3’ mRNA
from a 5'—3' exoribonuclease. Resultant dsSRNA is then cleaved by DCL4 protein from the 5'
end of pol 1l derived transcript in a phased manner (varying from 21-24 nt) to yield phasiRNA
duplexes (Fig. 1.5 B). Plants have at least 4 distinct classes of DCL proteins (DCL1-4). DCL1
governs the mature miRNA processing while DCL4 majorly contributes to the synthesis of
endogenous SiRNAs, antiviral siRNAs and phasiRNAs (Fukudome & Fukuhara., 2017).

MRNA loci from which phasiRNAs are generated called as PHAS loci. These loci are divided
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into two major groups based on their genomic location; (i) PHAS loci that are located in non-
coding region of the genome to produce long non-coding RNAs (IncRNAs) and the ones (ii)
are located within the protein coding genes. A subset of phased siRNAs from the first group
(PHAS/TAS loci), was named as tasiRNAs based on their ability to silence transcripts from
other loci (Axtell, 2013).

A mi inding with cleavage
A

(G508 A /— AR/ f— (G ]

l RNA Pol Il

pri-miRNA (@ ODL )

77 D@
1>—1\v 5

dsRNA products with defined initiation point —» In-phase siRNAs

miRNA blgdj(\g without cleavage

2
W
-
RDRS)

-bod : -
I e
& .@ e e
pre-miRNA % : —— @onr9) — @
DCL1 =
Ve
e T
: P S e S
Nuclear po NUCLEUS [/ ~ ‘A ?;" S
& 7@ e ——
HASTY S RORS
mature CH
2 r - focam e o
miR/miR* /‘ gl AT AT B
@ IIIIIIlIIIIIIII‘\g“'lllllllllllllll‘\!\IIIIIIIIIIIIIII[III‘Ilvl\\IIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIII
) p—— A
v () AT A g DO,
! n LRI OO BIORE S ORI OO OARED O
— 3 )g Ao I
Ago ~— ~—
dsRNA products with initiation point —» Out-of-phase siRNAs

Fig. 1.5 miRNA and phasiRNA biogenesis. (A) miRNA biogenesis pathway for conserved miRNAs
in plants is represented. Plant pri-miRNAs are transcribed by the action of RNA pol 1l and undergoes
processing by DCL proteins to form mature miRNAs. (B) miRNA mediated phasiRNA (secondary
siRNA) biogenesis is shown. In brief, cleaved mRNA converted to dsRNA with the help of RDR6 (in
assistance with SGS3). DCL4 cleaves dsRNA in phased manner to generate phasiRNAs. (Adapted and
modified from Voinnet et al., 2009 and Liu et al., 2020)

1.5.2 Mode of action

MiRNAs loaded onto the RISC complex bind to the target mRNA based on the
complementary sequence and directs it to degradation. Argonaute (AGO) proteins act as an
important component of this complex and contains four domains: the N-terminal domain (N),
the PAZ domain, the MID domain, and the P-element-induced wimpy tested (PIWI) domain.
The PAZ domain bind to the RNA and the PIWI domain has RNase H activity. The function
of AGOL, 2, 4, 7 and AGO10 is shown in the gene silencing pathway of target RNAs (Zhang
etal., 2015). Typically, AGOL1 protein is involved in post transcriptional gene silencing (PTGS)
as a main component of RISC complex with miRNAs and siRNAs. AGO7-RISC as described
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earlier, participates in the formation of phasiRNAs. MiRNAs can also regulate gene expression

by translational inhibition of transcript instead of mMRNA cleavage (Rogers & Chen., 2013).

Similar to miIRNA-RISC complexes, phasiRNAs are also loaded onto AGO1-RISC
complexes and bind to target mMRNAs in homology dependent manner leading to the PTGS.
However, this process is not well described. PhasiRNAs exhibit homology to the region of
MRNAs from which they are generated (Axtell et al., 2006). As a course of evolution, most of
the phasiRNAs were primed to target gene family from which they are generated. Hence,
phased siRNAs which targets mMRNAs other than their gene family were named as tasiRNAs
(trans-acting SiIRNAs). Interestingly, all the phasiRNAs generated may not be functional, as
most of them are rarely detectable and do not load onto RISC complex. This is usually observed
with respect to phasiRNAs and not in tasiRNAs (Liu et al., 2020).

1.6 Functions of miRNAs in plant growth and development

Plant growth and development is regulated by internal genetic information as well as
external environmental ques. miRNAs act as the mediators of this regulation. Therefore,
expression of miRNA throughout the plant lifecycle is necessary for proper plant growth and
development (Dong et al., 2022; Reinhart et al., 2002). Numerous studies have demonstrated

that miRNAs widely modulate developmental processes.

Unlike animals, plant exhibit indeterminate growth and can generate new organs
throughout their life. Plant apical meristem is formed in the embryo itself and harbours the cells
with an ability of self-replicate and differentiation. Shoot apical meristem (SAM) holds a
potential to give rise to aerial plant organs. Shoot meristemless gene (STM), WUSCHEL
(WUL) and CLAVATA (CLV) pathway plays a key role in SAM differentiation and
maintenance (Schoof et al., 2000). MiRNAs play crucial role in regulating multiple genes
involved in STM-WUS-CLV pathway. For example, miR394 expresses in L1 layer of SAM
and diffuses to organising centre (OC) layer. It targets Leaf Curling Responsiveness (LCR) to
inhibit its expression, subsequently results in the upregulation of WUS and thereby CLV3
peptide expression (Knauer et al., 2013). Even though miR394 is present in both of the cell
layers, it targets LCR gene only in the OC layer (Fig. 1.6). Another miRNA-target pair,
mMiR165/166-HD ZIP IlI transcription factors have been shown to maintain SAM development.
In SAM, miR165/166 is sequestered by AGO10 and ultimately, promotes the expression of
HD-ZIP 1IT TF’s to regulate SAM (Fig. 1.6). If miR165/166 does not bind to AGO10,
miR165/166 is loaded onto AGO1-RISC complex and targets HD-ZIP III TF’s leading to the
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termination of SAM (Zhu et al., 2011). This suggests the importance of miRNAs for SAM

development and maintenance.

Leaf development comprises of the formation of leaf primordium from SAM and
subsequent maturing of leaf blades. Differentiation of leaf primordia requires a proper
distribution of auxin (Piazza et al., 2005). MiR160 targets ARF10, ARF16 and ARF17 to
regulate auxin responses during leaf development (Liu et al., 2007). A MYB transcription
factor ASYMMETRIC LEAVES1/ROUGH SHEATH2/PHANTASTICA and HD ZIP Il
maintains ventral axis of plants. Typically, ASYMMETRIC LEAVES1 suppresses KNOX1
expression to promote SAM differentiation to leaf (Piazza et al., 2005). HD ZIP I11 expression
is maintained on adaxial side of the leaf as it is targeted by miR165/166 on the abaxial side
with the help of AGO1-RISC complex (Fig. 1.6). Concentration of AGO10 is maintained on
adaxial side to prevent HD-ZIP 11l degradation (Kidner & Martienssen., 2004). MiR390 and
AGO7 also maintain leaf polarity through tasiRNA pathway which is described in the section
(1.8.1).

AGO10

AGO1-miR165/166

Fig. 1.6 miRNAs regulate SAM and leaf development. MiR394 regulates WUS-CLV loop in SAM
formation by controlling LCR activity. MiR165/166 are sequestered by AGO10 in order to keep HD-
ZIP 111 factors activity for SAM maintenance. Leaf primordium development is regulated via, (1) HD-
ZIP 111 boundary formation by miR165/166 and (2) ARF2/3 regulation by TAS3 siRNAs. (Adapted
from Dong et al., 2022)

Flower development in plants comprises of two processes mainly flowering induction
and flower development. It also marks near end of juvenile phase and plant enters into
reproductive phase. Phase transition in plants is governed by Squamosa promoter binding like
transcription factors (SPL’s) family (Preston & Hileman., 2013). Their expression is inhibited
by miR156 and miR157 members during juvenile phase. As plant enters into reproductive
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phase, expression of mMiRNA156 and 157 decreases as a result of which, abundance of their
target proteins (SBP/SPL) increases (Xu et al., 2016). miR156 OE lines as well as SPL3/5
knockdown lines showed delayed flowering period, slow growth and bushy phenotypes in A.
thaliana indicating that higher levels of miR156 keeps plant in juvenile phase (Wu & Poethig.,
2006). As plant enters in the adult phase, miR156 levels decreases and allowing SPL’s to
perform their function. Some SPL’s (SPL9) have been shown to promote the expression of
another important miRNA, miR172. miR156-SPL-miR172 pathway has been demonstrated to
control juvenile-to-adult phase transition in plants (Bhogale et al., 2014; Lian et al., 2021).
miR172 regulate flower development by targeting AP2 type transcription factors (floral
repressors) (Aukerman & Sakai., 2003). MiR165/166 shows tissue specific expression patterns
in flowers (Fig. 1.7). However, miR165/166 constitutive OE lines in Arabidopsis lost
expression specificity leading to damaged flower phenotypes (Yang et al., 2019). (Fig. 1.7).

miR164 AP2-like ;
miR156

Fig. 1.7 miRNA module in flower development. MiR156 expression reduces during reproductive
phase of plant resulted in the removal of inhibition on SPL genes. This in turn, promotes miR172
expression that targets repressor of APETALA gene (AP2-like) and triggers development of
inflorescence meristem. MiR164 and miR165/166 regulate boundaries to maintain inflorescence

meristem. (Adapted from Dong et al., 2022)
1.7 MiRNAs regulating tuber development

MiRNAs function as important regulators of plant growth and development, as
described before. The following studies have characterized the role of few conserved miRNAs

during tuber development in potato.
1.7.1 miRNAL72: a positive regulator of tuberization

MiR172 was first demonstrated as a positive regulator of tuberization. Martin et al.
(2009) reported that miR172 is induced under SD condition in all potato tissues with highest
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expression in stem and swollen stolons. miR172 was shown to target a RELATED TO
APETALAZ2- like gene, StRAP1 which is a repressor of StBEL5 gene. Overexpression lines of
miR172 exhibit early flowering and accelerates tuber formation (Martin et al., 2009).
Moreover, OE lines were able to overcome inhibitory effect of LD conditions to produce tubers
even under LD condition. These findings suggest that miR172 is a connecting link acting
downstream to PHYB (photoperiod), but upstream of the StBEL5.

1.7.2 miRNA156: an inducer of aerial tubers in potato

MiR156 maintains juvenile phase of the plant life cycle. MiR156 and miR172 crosstalk
during juvenile-to-reproductive phase transitions. Both of these miRNAs regulate flower
development across the plant species and found as phloem-mobile. MiR156 targets SPL TFs
mainly StSPL3, -6, -9, -10, and -13, and LIGULELESS1. MiRNA156 levels reduces as plant
grows to adult phase and expression of its target genes (SPLs) increases. This results in, an
increase in miR172 accumulation and induction of tuber development. Therefore, miR156
overexpression lines exhibited reduced tuber yield as an effect of reduced miR172 levels.
However, this lines showed profused stem branching and aerial stolons that formed tubers
under SD inductions (Bhogale et al., 2014). In the same year, another study by Eviatar-Ribak
et al. (2013) also reported the formation of aerial tubers in LONELY GUY1 (LOG1) OE lines
as a result of altered cytokinin/auxin ratios in axillary meristems (Eviatar-Ribak et al., 2013).
Further, miR156 was shown to be regulated by two PRC proteins, StMSI1 and StBMI1 in
potato (Kumar et al., 2020). Whereas, EMF1, another PRC1 member have been demonstarted
to prevent earlier flowering by repressing SPL9 and PRI-MIR172 genes (Picé et al., 2015).
These results suggest that miR156-miR172 crosstalk is crucial for tuberization and both of

these miRNAs are under tight control by epigenetic modifiers.
1.7.3 miRNA390 in tuber development

Calcium dependent protein kinases (CDPKSs) are important regulators of plant signaling
which relay calcium signals into physiological processes by phosphorylating substrates
involved in hormone signaling as well as stress responses pathway. Potato StCDPK1 has been
demonstrated to phosphorylate hydrophilic loop of potato PIN-FORMED (StPIN4) auxin
efflux carrier in vitro (Santin et al., 2017). PIN proteins determine the direction of auxin flow
and are controlled by reversible phosphorylation of PIN hydrophilic loop (PINHL). Hence, it
was suggested that StCDPKZ1 could regulate auxin transport in stolons via regulation of StPIN4.

miR390 has been demonstrated to target StCDPK1 by transcriptional as well translational
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inhibition. miR390 and StCDPK1 exhibited inverse expression pattern in potato leaves and
tubers (Santin et al., 2017). This study suggested that small RNAs targeting kinases provide
additional control on phosphorylation dependent developmental processes in plants.

1.7.4 SES-SP6A regulation in tuber formation

FLOWERING LOCUS T (SP6A) in potato acts as a positive regulator of tuberization.
Lehretz et al., 2019 demonstrated small RNA-mediated regulation of SP6A during tuber
development. Overexpression lines of potato expressing codon-optimized version of SP6A®P
exhibited extremely early tuberization phenotype as compared to the plants expressing an
unmodified SP6A version. This observation leads to the identification of putative small RNA
targeting SP6A gene, named SES (Suppressing Expression of SP6A). SES expression increases
under heat stress, whereas SP6A reduces under heat. SES knockdown lines exhibited increased
SP6A levels and tuberizes even under continuous heat conditions compared to WT, which does
not tuberize. Thus, the SES-SP6A module enables additional regulation of the tuber
development pathway and provides a promising strategy for breeding heat-tolerant potatoes
(Lehretz et al., 2019).

1.8 PhasiRNA pathways in plant development and defense responses

Plant phasiRNAs have been shown or predicted to function in various plant biological
processes (Fei et al., 2013; Liu et al., 2020). Next generation sequencing approaches have
resulted in identifying a plethora of phasiRNAs and PHAS loci from different plant species,

yet their function is unknown. Very few phasiRNA pathways are well characterized in plants.
1.8.1 Conserved miR390-TAS3-ARF3 module regulate plant development

Amongst the plant TAS genes, TAS3 is well studied. TAS3 transcript exhibits two
miR390 sites and generates tasiRNAs via “two-hit” mechanism (Axtell et al., 2006). One of
the tasiRNAs, tasiR-ARFs target auxin responsive factors (ARFs). Auxins play important role
in plant growth and development. The ARF family of TF’s regulates gene expression either by
activating or repressing auxin-regulated genes via protein interactions with AUX/IAA family
members. Thus, miR390-TAS3-ARFs pathway is well demonstrated in regulation of leaf
morphogenesis, developmental patterning, somatic embryogenesis and lateral root
development (Adenot et al., 2006; Fahlgren et al., 2006; Lin et al., 2015; Marin et al., 2010).
Diverse phenotypic variations have been observed if any of the pathway component is

disordered. TasiR-ARFs expresses in the two most adaxial cell layers along with the expression

35



of AGO?7. It moves to the cell layers on abaxial side forming gradient (Fig. 1.8) (Chitwood et
al., 2009). As tasiRNAs targets ARF3 transcripts, rendering ARF3 complementary gradient
from abaxial to adaxial side. In maize, the mutation of LEAFBLADELESS1 (LBL1), which
encodes an ortholog of SGS3 resulted in abaxialised leaves due to inability of plant to produce
tasiRNAs (Fig. 1.8) (Singh et al., 2018). Loss of function of AGO7 or DCL4 causes a wiry leaf
syndrome in tomato (Yifhar et al., 2012) whereas ragged seedling2 (AGO7) mutant in maize,
displays cylindrical leaves with dorsiventral polarity, as plant could not generate tasiR-ARFs.
These results support the fact that tasiR-ARFs produced in adaxial layer of the leaf is necessary

to determine the leaf polarity.
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Fig. 1.8 TasiRNA mediated leaf polarity establishment. (A) MiR390 expresses throughout in the
leaf. AGO7 expresses on adaxial side leads to the generation of 21-nt tasiRNA, tasiR-ARF. It moved
to abaxial side to target ARF3 and represses its expression. (B) WT leaf primordia showing gradient of
TasiR-ARF synthesized on adaxial side targets ARF3 mRNA forming the concentration gradient of
ARF3 in opposite direction. (C) Ibl1 mutant in maize was defective in tasiRNA production. Defective
tasiRNA and ARF3 gradient resulted in abaxialised leaf phenotype. (Adapted from Yan et al., 2022)

1.8.2 miR828-TAS4-MYB module in anthocyanin biosynthesis

Another example of evolutionary conserved phasiRNA pathway is miR828-TAS4-MYB
regulating anthocyanin biosynthesis across dicots and monocots. miR828 in Arabidopsis
triggers the cleavage of TAS4 transcripts to produce siRD81(-) that targets MY B transcription
factors (Xia et al., 2012). MYB gene family is one of the largest regulators of gene expression
in plants. These are mainly involved in regulating primary and secondary metabolic reactions,

and responses to environmental stresses by regulating entire gene network (Liu et al., 2015).
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MYB TFs are itself under transcriptional and post-transcriptional control. The latter is
controlled by the action of miRNAs and siRNAs. miR828, miR159 and miR858 have been
shown to target at least 13 MYB genes. miR828 targets MYB genes and generate secondary
siRNAs to reinforce the regulation of MYB gene family (Fig. 1.9). In grapes, this pathway was
demonstrated to target VVMYBAG6 and VVMYBAY that have been shown to regulate enzymes
from flavonol and anthocyanin biosynthesis pathways (Tirumalai et al., 2019). Some of the
MYB TFs also regulate lignin biosynthesis and fruit development pathways.
GhMYB2 targeting in cotton (Gossypium hirsutum) by miR828 play an important role in fiber
development (Guan et al., 2014). miR828-TAS4- siRD4(-)-MYB12 pathway was shown to
develop purple tuber skin and flesh colour in potato (Bonar et al., 2018). This pathway was
active in tubers causing the low expressions of StMYB12 and R2R3-MYB factors resulted in
increased anthocyanin production.

1.8.3 miR9678-WSGAR module in seed germination

Regulation of seed germination is important for plants to adapt various environmental
conditions. During dormancy, seed germination is inhibited under unsuitable environmental
conditions, which enhances their shelf life. However, few plant seeds tend to germinate early,
following environmental conditions such as rain and cold. This condition is termed as pre-
harvest sprouting (PHS) causing substantial losses of grain yield and quality. Seed germination
is a result of increased gibberellin signalling. Wheat specific miRNA, miR9678 has been
proven its suitability for improving PHS resistance. MiR9678 targets a long non-coding RNA,
WSGAR and triggers phasiRNA generation from IncRNA to delay seed germination (Fig. 1.9).
Targets of these siRNAs have not been determined yet. Moreover, miR9678 OE lines of wheat
showed downregulation in GA biosynthesis gene, and reduces GA signalling by upregulation
of GA catabolism genes. Further, proteins associated with ABA signalling binds to miR9678
promoter to enhance its expression thus suggesting that miR9678 dependent generation of
phasiRNAs regulate seed germination by modulating GA/ABA signalling. As the target genes
of phasiRNAs have not been identified, the molecular mechanism for phasiRNAs function is
still unclear (Guo et al., 2018).
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Fig. 1.9 PhasiRNAs in plant development and stress responses. Gene regulatory pathways led by
phasiRNAs are represented. Regulation is conducted on three levels. First level (yellow) by a trigger
mMiRNA, second level (blue) primary miRNA target i. e. PHAS/TAS loci and third level is phasiRNA
targets regulating processes (Adapted from Liu et al., 2020).

1.9 PhasiRNAs in Solanaceae family

Solanaceae family harbours a unique small RNA populations associated to the diversity
of members. Recent study by Baldrich and others, 2022; presented a comprehensive phasiRNA
analysis from available SRNA sequencing datasets of Solanaceae family members. All the
members of phasiRNA biosynthesis pathway such as AGO’s, DCL’s pathway is found to be
conserved in solanaceae plants. Most of the PHAS loci are located in genes encoding disease
resistance-related NB-LRRs, pentatricopeptide repeat (PPR) proteins, MYB TF’s, and TAS
loci. Interestingly, potato, tomato and capsicum exhibits two to three times more PHAS loci
than that of Nicotiana and petunia. Majority of them are derived from disease resistance-related
genes that are predicted to be triggered by the miR482/miR2118 superfamily (Baldrich et al.,
2022).

1.9.1 miR482/miR2118 family regulates NB-LRR genes in Solanaceae

As described earlier, miR482/miR2118 family triggers phasiRNAs comprising the
majority of small RNA population in potato and tomato (Zhang et al., 2022). Members of
miR482 family target NBS-LRR disease resistance gene transcripts leading to the production
of secondary siRNAs in RDR6 dependent manner. PhasiRNAs generated from these genes
further target other mRNASs of defense related genes. This miR482 mediated signaling cascade

is suppressed in plants infected with pathogens to increase the expression of defense related
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genes. NBS-LRR proteins are often associated with effector-triggered immunity against
pathogens. This increased NBS-LRR proteins post infection, can also help plant to accelerate
defense signals against secondary infections. Expression of defense genes coupled to the RNA
silencing system adds another layer to the defense and counter-defense interactions between
plant and pathogen. This pathway may also enables plant to reduce the cost associated with the
maintenance of individual NBS-LRR genes. Instead, the low level expression of these genes is
maintained by miR482/miR2118 family members allowing diversification of the NBS-LRR
gene family without posing a cost to the plant (Shivaprasad et al., 2012).

1.9.2 PhasiRNA-gibberellin module in potato during PVY infection

Potato virus Y (PVY) belongs to the potyviridae family and is the most harmful
pathogen for potato crop, causing a worldwide huge loss to tuber quality and quantity. Cv.
Désirée, which is tolerant to PVYNT™N, is most widely grown potato variety. PVY virus can
infect this plant and spread systematically, but there are no visible or mild symptoms. With the
help of this variety, Kriznik et al. (2017) identified the role of small RNAs in regulating this
complex immune signaling network that controls the tolerant response towards PV infection.
Notably, the expression of two small RNAs, miR167 and phasiRNA931 increases post
infection at early time points. Both of them are predicted to cleave gibberellin biosynthesis
genes GA20-oxidase and GA3-oxidase, respectively. Here, lower GA signaling is found to be
correlated with less disease severity. This network is attenuated in salicylic acid depleting
conditions, indicating that the phasiRNA-gibberellin defense network is salicylic acid
dependent (Kriznik et al., 2017). This intertwining of two different regulatory networks show

balance between developmental processes, defense signaling and plant stress responses.
1.10 Identification of small RNAs from potato: previous studies.

Various small RNAs and their targets from model plants have been reported with the
help of bio-informatic and experimental approaches. Zhang and co-workers (2009) predicted
48 miRNAs, whereas Yang and co-workers (2009) reported 71 miRNASs using potato ESTs
(Expressed Sequence Tags), GSS (Genome Survey Sequences). Using comparative genome
strategy, Xie et al (2011) identified 202 miRNAs belonging to 78 miRNA families from potato.
They also predicted targets for few miRNAs and validated them by real time PCRs. Potato
genome information was made available in 2011 (“Genome Sequence and Analysis of the
Tuber Crop Potato,” 2011). With the help of available genome Zhang and co-workers (2013)

characterized miRNA populations from leaves and stolons of photoperiod dependent variety
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of potato Andigena. This study represented 28 conserved miRNA families and 120 potato-
specific miRNA families (Zhang et al., 2013). Lakhotia et al (2014) reported 89 conserved
miRNAs and 147 potato-specific miRNAs followed by their target prediction. However, the
study was limited to photoperiod non-responsive potato cultivar- Chandramukhi. Altogether,
these studies have shown the existence of complex miRNA repertoire in potatoes and suggested
their possible role in the tuber development pathway; nevertheless, these studies were only
restricted to miRNAs.

1.11 Solanum tuberosum ssp. andigena as a model system

To investigate the function of small non-coding RNAs in stolon-to-tuber transitions,
Solanum tuberosum ssp andigena was used as a model system. It is a photoperiod dependent
diploid potato variety. Andignea plants tuberize under the strict short days (SD) and does not
form tubers under long days (LD) photoperiod (Fig. 1.10). Therefore, it serves as a good model
system to study photoperiod dependent tuberization. We have also used potato cultivar Desiree
in the later part of the study to test photoperiod dependency of miRNA function. Desiree is a

day-neutral (photoperiod insensitive) cultivar that forms tubers under LD conditions.
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Fig. 1.10 Solanum tuberosum ssp. andigena: a model potato plant. Schematic representation of

andigena plant tuberizing under short-day (8h light, 16h dark) conditions and not in the Long-day (16h
light, 8h dark) (Adapted from Jackson et al., 2009).

1.12 Hypothesis and Objectives

Stolon-to-tuber transition is a crucial part of tuberization process (tuber development).
From the literature review on tuberization pathway, we observed that numerous studies have
well described the key regulators (photoperiod, transcription factors, mobile RNAs, proteins
and hormones) governing this process but only few of these reports, have investigated the

mechanism of stolon-to-tuber transition. Our understanding in this regard is still limited.
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Phytohormones such as gibberellin (GA) and auxins were demonstrated to drive stolon
transitions. Particularly, reduced GA levels and increased auxin concentration at the onset of
tuberization, is a pre-requisite switch for the stolon converting into a tuber. This GA:auxin ratio
causes a change in the cell division pattern in stolons from longitudinal to radial to help in cell
expansions. The mechanistic basis for this regulation is still unclear. Also, during this process,
the metabolic flux in stolons switches from cell growth phase to starch storage phase, wherein
the mode of sucrose unloading is shifted from apoplastic to symplastic mode, mediated by
blocking of sucrose transporters that is necessary for starch synthesis. How does plant
synchronize the on-loading of sucrose in phloem cells and its off-loading into stolon cells that
aligns with the cellular differentiation program would be interesting to investigate. Further,
various enzymes have been shown to control complex metabolic network in stolons suggesting
that tuber development is indeed a multifaceted phenomenon. It is fascinating to understand
how does plant co-ordinate these dynamic changes occurring in stolon during tuber formation.
From our literature survey, we perceived that small RNAs function as a key drivers of various
plant developmental processes by governing the gene regulatory networks. Thus, we speculate
that the mechanism of stolon-to-tuber development could be controlled by transcription factors
as well as small RNAs, in a multi-level gene regulatory modules. To gain further insights, we
asked the following questions, (i) How does plant maintain the GA and auxin hormonal balance
throughout this transitions process to control cell divisions? And (ii) Does potato plant employ
regulatory pathways to fine-tune the developmental transition process? An in-depth approach
is necessary to understand the regulation of tuber transitions and it’s fine-tuning via inter-
locking regulatory loops. Previous studies on small RNA sequencing in potato, identified
plethora of miRNAs with potential role in tuberization. However, majority of them lack the
effect of photoperiod on tuber formation as these studies were carried out in a day-neutral
cultivar. As day-length is a critical factor influencing tuber development, we hypothesize that
profiling of SRNAs from early stolon-to-tuber transition stages under differential photoperiodic
(SD/LD) conditions could unravel the key small RNAs that are specific for tuberization and
might regulate hormonal networks operating during the tuber development process. Further,
we have identified interesting candidate small RNAs that target GA and auxin hormone related
genes, making us to believe the possibility of inter-locked gene regulatory mechanism

governed by novel small RNAs.
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Hence, we determined the following objectives for this study.

1. To identify small RNAs from early tuber transition stages of potato under differential
photoperiod conditions.

2. To decipher the role of novel phasiRNA [siRD29(-)] in stolon-to-tuber transition
stages.

3. Investigating the function of a novel potato-specific miRNA (miRNA72) during potato

development.
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Chapter 2

Identification of small RNAs and target genes from
stolon-to-tuber transition stages of potato under
photoperiodic conditions
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2.1 Introduction

Small non-coding RNAs play a central role in regulating various facets of plant growth
and development. MicroRNAs and phased secondary small interfering RNAs (phasiRNAS)
constitute a major category of small RNAs, and perform their activities via post-transcriptional
gene silencing (PTGS). miRNAs are synthesized from their precursors, whereas, TAS/PHAS
loci encode transcripts, which are cleaved by specific miRNAs to generate phasiRNAS
(Voinnet, 2009; Fei et al., 2013). MiRNAs regulate nearly all developmental processes, such
as shoot apical meristem development and maintenance, leaf morphogenesis, juvenile-to-adult
phase transition, flowering, and root development (Dong et al., 2022). A subset of phasiRNA,
known as trans-acting SiRNAs (tasiRNAS), are known to function in plant growth and stress
responses (Liu et al., 2020). Major TAS loci members are shown to be conserved across plant
species. For example, the miRNA390-TAS3-ARF pathway was shown to be well conserved
across the plant lineage, and plays an important role in plant development, including
developmental timing and patterning, leaf morphogenesis, lateral root growth, and somatic
embryogenesis (Xia et al., 2017). PhasiRNAs were also demonstrated to regulate hormone
metabolism genes. For example, a wheat-specific miRNA, miR9678, targets INCRNA
(WSGAR) to produce phasiRNAs that regulate the germination process in wheat by controlling
the expression of GA metabolism genes (Guo et al., 2018). Given the large number of
TAS/PHAS loci and population of phasiRNAs, their precise functions in plants are not well
understood (Liu et al., 2020).

Tuber development in potato is an excellent example of a multifaceted phenomenon
where environmental, biochemical and genetic factors work in a concerted manner (Hannapel
et al., 2017; Kondhare et al., 2020, 2021). In this process, under tuber-inducing conditions, a
belowground modified stem (stolon) transverse through developmental transitions from
swelling at the sub-apical region, the development of the mini-tuber, and tuber maturation. At
the onset of tuber formation, a dynamic change in the hormonal regulatory network of
gibberellin and auxin controls the plane of cell division from longitudinal to transverse, which
results in swelling in sub-apical regions of the stolons (Xu et al., 1998). Further, starch and
protein accumulate in the cells to favor tuber maturation. During this transition process, the
metabolic pathways within stolons shift from promoting cellular growth to facilitating the
storage of starch, which further establishes an intricate metabolic network of enzymes (Tiessen
et al., 2002; Van et al., 2017). Understanding how plants coordinate these dynamic changes

occurring in stolons during tuber formation is intriguing. We speculate that novel gene

44



regulatory pathways could govern these critical changes during stolon-to-tuber development.
An in-depth approach is necessary to better understand the fine-tuning of this stolon-to-tuber
transition process. As small RNAs have been demonstrated as critical drivers of this
developmental process (Fei et al., 2013; Liu et al., 2020; Dong et al., 2022), we believe that
small non-coding RNAs could act as major players driving the gene regulatory networks of

stolon-to-tuber transitions.

Two earlier studies have reported SRNA profiling from potato stolons (Lakhotia et al.,
2014; Zhang et al., 2013). Though a thorough analysis was carried out to identify miRNAs
involved in the tuber formation, the effect of photoperiod on the early stages of stolon
development was not considered (Table 2.1). Photoperiod is the widely studied external factor
having the most critical influence on tuberization. Usually, short days (SD) favour tuber
formation, whereas, long days (LD) have repressive activity (Rodriguez-Falcon et al., 2006).
Photoperiod-dependent CONSTANS-FLOWERING LOCUS T (CO-FT) pathway have been
demonstrated to regulate flowering in Arabidopsis (Corbesier et al., 2007) and tuberization
pathway in the potato (Martinez-Garcia et al., 2002). To identify the potential involvement of
SRNAs in the early stages (4, 7, and 10 days) of stolon-to-tuber transitions in a photoperiod-
dependent manner, we undertook a deep-sequencing approach using stolon samples of a
photoperiod-sensitive potato cultivar (S. tuberosum ssp. andigena) under long-day (LD) and
short-day (SD) photoperiodic conditions.

Table 2.1 Summary table for small RNA sequencing studies from potato.

References Key findings

Zhang et al. (2009) |48 miRNAs were predicted through expressed sequence tags
(ESTs) and genomic survey sequences (GSS).

Yang et al. (2009) 71 miRNAs were predicted from potato.

Xieetal. (2011) 202 potential miRNAs were identified using comparative
genome strategy.

Zhang et al. (2013) |28 conserved and 120 potato-specific miRNA families were
identified by high-throughput sequencing of leaf and stolons.
Lakhotia et al. (2014) |89 conserved and 147 potato specific miRNAs were

identified from tuber developmental stages in a day-neutral
cultivar.
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2.2 Material and methods
2.2.1 Plant growth conditions and stolon sample harvest

In this study, the photoperiod-responsive potato cultivar - Solanum tuberosum ssp.
andigena 7540 that tuberizes under short-day conditions (SD; 8 h light / 16 h dark) was used.
Plants were grown in soil for eight weeks under long-day conditions. (LD; 16 h light/ 8 h dark)
Further, half of the plants were transferred to the tuber-inducing SD conditions, whereas the
remaining plants were maintained under LD photoperiod in a growth chamber (Percival
Scientific). Stolon apices were harvested at the end of 4", 7" and 10" days of SD/LD induction
as these samples represented early stolon stages of tuber development. Stolon samples from
four independent plants out of eight plants were pooled to form two biological replicates at

each time point.
2.2.2 Sample preparation for small RNA sequencing

A total of six samples from SD/LD induction were processed in duplicates. Altogether,
12 RNA libraries were sequenced. Total RNA was isolated from crushed tissues using RNAiso
Plus (DSS TAKARA) as per the manufacturer’s instructions. RNA concentration was
estimated with NanoDrop spectrophotometer (Thermo scientific-M1000). RNA integrity was
checked on the Agilent Bioanalyzer chip. Small RNAs were purified with mirPremier™
microRNA Isolation Kit, and sSRNA profiles were also checked on the Bioanalyzer. Further,
twelve SRNA libraries were prepared independently, sequenced on the Illumina platform, and

the FastQC reports were obtained.
2.2.3 Processing of raw reads and miRNA predictions

Raw reads were processed with miRPRo, an open-source standalone program
(https://sourceforge.net/projects/mirpro/). The quality of raw reads was examined by FASTX-
Toolkit and filtered for high quality, keeping a quality score > 20. The rRNA and tRNA reads
were filtered, and adapter sequences were trimmed off. Finally, clean reads were collapsed with
expression numbers and counted. Collapsed reads were then mapped to the known pre-
miRNAs (hairpin sequences from miRBase) using the Novoalign tool with no mismatches, and
miRNA quantification was carried out following the protocol described in (Shi et al., 2015).
For novel miRNA predictions, miRPRo uses a similar algorithm as in miRDeep2 (Friedlander
et al., 2012) with minor modifications. We also used ShortStack (Axtell, 2013) program for

miRNA prediction to verify the results obtained.
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2.2.4 Differential expression analysis for miRNAs

R package, DESeq2 tool (Love et al., 2014) was used to identify differentially
expressed (DE) conserved and novel miRNAs between LD and SD photoperiod at three early
stages of stolon development (LD4 vs SD4, LD7 vs SD7, and LD10 vs SD10). We had a fourth
category to distinguish between early and late stolon stages i.e., SD4 vs SD10. Read count
tables provided by miRPRo were given as input for DE analysis. MA scatter plots were
prepared for DE miRNAs at three LD vs SD pairwise comparisons (namely, LD4 vs SD4, LD7
vs SD7, and LD10 vs SD10) as well as SD4 vs SD10.

2.2.5 ldentification of putative miRNA targets and Gene Ontology

FASTA files with miRNA sequences were given as input for target predictions with
psRNATarget tool (plantgrn.noble.org/psRNATarget) (Dai et al., 2018) using default
parameters and expectancy-value < 3.0. Further, Gene Ontology (GO) annotation was
performed using the Blast2GO software v1.3.3 (Conesa et al., 2005). Nucleotide sequences of
miRNA targets were cloud-blasted against a non-redundant (nr) protein database (NCBI) using
the BlastX program in the Blast2GO software (parameters for cloud-blast: sequence length >
100bp; number of blast hits, 20; HSP length cut-off, 33; and e-value, 10). GO term mapping
was done with a sequence length > 100bp. Further, annotations were performed using the
Annotation tool by keeping the following parameters: sequence length > 150bp; e-value Hit

Filter set to 3; annotation cutoff set to 25; GO weight set to 5.
2.2.6 Cleavage site mapping

A modified 5' RNA Ligase-Mediated Rapid Amplification of Complementary DNA
Ends (5 RLM-RACE) was performed using the First Choice RLM-RACE kit (Ambion) to map
the cleavage site of miRNAs on predicted targets. Briefly, total RNA from stolon samples at 4,
7, and 10 d LD/SD time points were mixed in equal concentration, and ligated to the 5' RNA
adapter. cDNA synthesis was performed with SSIV RT using oligo (dT) primers. Two sets of
PCRs were performed with adapter-specific forward primers and gene-specific reverse primers
(Table 2.3). PCR amplicons from secondary nested PCRs were then cloned in a sub-cloning
vector pGEM-T-easy, and sequence verified to identify miRNA cleavage sites on target gene
transcripts. Target of miR160, i. e. ARF10 in Potato was used as a positive control in the 5’
RLM-RACE assay.
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2.2.7 cDNA synthesis and quantitative PCRs

To validate miRNAs and their targets, total RNA was isolated using TRIzol reagent
from the powdered aliquot of the stolon samples. miRNA-specific complementary DNA
(cDNA) synthesis was carried out using 4 pg of total RNA in a 40 pl reaction, Superscript [V
Reverse Transcriptase (SSIV-RT Invitrogen) and miRNA-specific stem-loop primers using
previously published protocol (Varkonyi-Gasic et al., 2007). Quantitative PCR reactions (QRT-
PCR) were performed for 14 differentially expressed miRNAs (conserved and novel) using
miRNA-specific forward primer (FP) and universal reverse primer (RP) (Table 2.3) on a
CFX96 Real-Time System (Bio-Rad). Small nuclear RNA StU6 was used as reference gene for
normalization. All the PCR mixtures were prepared with TAKARA SYBR® green master mix
(Takara) and incubated at 95°C for 30s, followed by 40 cycles of 95°C for 5s, 56°C for 15s and
72°C for 15s. PCR specificity was checked by melting curve analysis, and data was analysed
using the 2724t method (Livak & Schmittgen, 2001). Further, PCR products were run on 3%
agarose gel to confirm the presence of a band of expected size. Similarly, for target validation,
4 ng of total RNA was reverse-transcribed in a 40 pl reaction with oligo (dT) primers and qRT-
PCR was carried out using respective gene-specific FP and RP (Table 2.3). EIF3e was used for

reference gene for normalization of target genes.
2.2.8 PhasiRNA predictions and their putative targets

To identify Phased siRNA-producing loci (TAS-like loci), SRNA sequences from all 12
stolon libraries were mapped to potato reference genome (Solanum tuberosum v4.03) using
TA-SI prediction tool from UEA small RNA workbench (version 3.2; http://srna-
workbench.cmp.uea.ac.uk/) with default parameters at p < 0.0001 (Stocks et al., 2018). This
tool utilizes an algorithm as described in (Chen et al., 2007). Further, to identify miRNA
triggers of the TAS-like loci, these sequences were given as an input to psRNATarget tool
(plantgrn.noble.org/psRNATarget), and potential phasiRNAs producing loci were predicted.
The genomic location of loci were retrieved from the PGSC database, to categorize them as
exonic and intergenic loci. PhasiRNAs from these loci were subjected to psRNAtarget tool (E
< 3.0) to identify putative target genes. GO analysis was performed to annotate their function

as described before.

Sequences comprising 300bp upstream and 300bp downstream of each TAS-like locus
region (251bp) were retrieved from PGSC database (Xia et al., 2013, 2017) and a total of 851bp

sequence of each TAS locus was given as an input to the psRNATarget finder to identify loci
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triggered by miRNAs. Subsequently, phasiRNAs generated from miRNA-triggered loci with
abundance value >10, were subjected to psRNATarget finder (E <3.0). Putative target genes

related to tuberization were identified.
2.2.9 Validations of TAS-like loci

Two putative TAS-like loci present within the exonic (genic) regions were validated.
Quantitative PCR analysis using primers on either side of the predicted cleavage sites in their
transcript sequences was carried out from stolon samples (Table 2.3). EIF3e was used for
normalization. Similarly, stem-loop RT-PCR was performed for the detection of phasiRNAs,
generated from these loci (two from each locus) as described in 2.2.6 (Varkonyi-Gasic et al.,
2007). Amplified PCR products were then cloned into a sub-cloning vector pGEM-T Easy

(Promega) and sequence confirmed.

To identify the presence of conserved TAS loci in our data, we aligned TAS3 sequences
from Arabidopsis thaliana, Nicotiana tabacum, and Solanum lycopersicum to all TAS loci
predicted in our analysis using BLAST. Global alignment of TAS3 loci was carried out using
MUSCLE (Edgar, 2004). Conserved sequences were highlighted using the BoxShade server,
version 3.21, written by Hofmann and Baron (Alba, 2000).

2.2.10 Accession numbers

Table 2.2 The accession numbers for the transcripts analyzed in this chapter:

Sr.No.  Gene Name Accession Source
1 StARF10 PGSC0003DMT400020874  PGSC
2 StGRAS PGSC0003DMT400031475  PGSC
3 StGAMYB PGSC0003DMT400058426 | PGSC
4 StTm2 PGSC0003DMT400051269 @ PGSC
5 StPHO2 PGSC0003DMT400076435 | PGSC
6 StARF2 PGSC0003DMT400036765  PGSC
7 StARF3 PGSC0003DMT400081282  PGSC
8 AtTAS3b AT3G17185.1 TAIR
9 StReplication factorC PGSC0003DMT400004500 @ PGSC
10 StTCP2 PGSC0003DMT400051252 | PGSC
11 St-metal dependent PGSC0003DMT400079594 | PGSC

phosphorylase HD domain

containing protein
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12

StExotosin family containing

protein

PGSC0003DMT400005712  PGSC

*PGSC- Potato Genome Sequencing Consortium (http://spuddb.uga.edu/)

* TAIR — The Arabidopsis Information Resource: (https://www.arabidopsis.org/)

2.2.11 Primer Sequences

Primers used in this chapter are listed in Table 2.3

Table 2.3. List of primers used in this study.

Sr.
No.
1

10

11

12

Primer name

miR477b STP

miR477a STP

miR319 STP

miR399g STP

miR482d STP

miR479 STP

n-miR147 STP

n-miR206 STP

n-miR93 STP

n-miR40 STP

n-miR139 STP

n-miR302 STP

Sequence (5'—3")

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACCAGAAG
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACGAGAAG
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACGAAGGG
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACTAGGGC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACGGCATG
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACGAGTGA
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACAGGCTA
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACTCGGCA
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACGGAATC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACAGGCTT
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACCATTTC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACTTTCCC
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13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

41

42

U6 STP

miR477b FP
miR477a FP
miR319 FP
miR399g FP
miR482d FP
miR479 FP
n-miR147 FP
n-miR206 FP
n-miR93 FP
n-miR40 FP
n-miR139 FP
n-miR302 FP
U6 FP
Universal RP
StARF10 FP
StARF10 RPi
StARF10 RPo

StGRAS1475 FP
StGRAS1475 RPi
StGRAS1475 RPo
StGAMYB8426 FP
StGAMYB8426 RPo
StGAMYB8426 RPi
StTm2 1269 TAS FP
StTm2 1269 TAS RPi
StTm2 1269 TAS RPo
StTm2 siR1 STP

StTm2 siR3 STP

StPHO?2 -siR3 STP

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACTTGGAC
CAGCGGTACTCTCCCTCAAAGG
TAGAGGTCCTCTCCCTCAAGGG
CAGCGGTTTGGACTGAAGGGTT
TACAGTCGCCAAAGGGGAGCT
TACAGTTCTTGCCTACACCGCC
CAGCGGTTGAGCCGAACCAATA
GCGGCGGTATCATCTCGAATTTTGAA
TATCGGTCAGCCAGGGATGACT
CAGCGGTAGCTGCTGACCTATG
CAGCGGTAGGGTCTGTAGATGACTT
CGGCGGTACTGGAGGGCATAAATAT
ACGGCGGTGTTCAAGAAAGTTGT
GACACGCACAAATCGAGAAATG
AGTGCAGGGTCCGAGGT
GTCCAGCAGTCCTTTCTGTTGTTT
GCTGCAACACGCTGGAAACTT
GGCTGACCGAAGAGTAAGAACC
CGGCGTGAATAAAAGCCGTGAG
CGTGTAACGTACCGGAAGCAGC
GCTAGAACATCTCCCTGATGGTGT
GCAACTCCTCTTCAGAGCCCA
GATGTCTCGTTCCCTTGGTGTGA
GTTGCTAGGTGACAGACTACCGGAT
TGCCCGGTCTGGGGAAAA
GTCCAACTTCCTTGGCTATGCC
AACATCCCAAATGTCATCTAGGAC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACACACTC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACCTTGGC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACGCCGTG
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43  StPHO2 -siR4 STP

44  StTm2siR1FP

45  StTm2siR3 FP

46  StPHO2 -siR3 FP

47  StPHO2 -siR4 FP

48 | StHT4314-FP1

49 | StHT4314-Rpi

50 | StTCP1253 FP1

51  StTCP1253 RPi

52  StPHO2 6435 TAS gFP

53  StPHO2 6435 TAS gRP
2.3 Results

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACGCACTT
CGGCGGCGTTCGTGATCAATTT
CGGCGGTATCTTACTCGGCATA
GCGGCGGCCACCTAGAATATAAA
CGGGCTTGTTGTGGTCCTAGTAG
GAGTGCTATGTTGCTCGGGATCT
GGTCAGATAGGGTGTGCTTTACGTTC
GCGACCTAGTCCCAGTTGTGAC
CCTTTCTGATCTGAATGCCGGTTGT
GGCACTTCTACTAGGACCACA
CGGTGGTGGAGTCTAACAACT

2.3.1 Small RNA expression profiles of stolon stages.

transition stages of potato in a photoperiod-dependent manner, we performed small RNA

To identify small RNAs that are potentially involved during the stolon-to-tuber

sequencing from stolon samples harvested on 4", 7 and 10" day of SD and LD induction

(Fig. 2.1). Altogether, 188 million final clean reads were obtained from 12 small RNA libraries
after adapter trimming and quality filtering. Off clean reads, 84.43% of reads were mapped to
the potato genome. Approximately 12.68% of reads mapped to the known precursor miRNAs
whereas 0.94% of reads were counted as a part of novel precursor miRNAs (Table 2.4). Small

RNAs were divided into 21nt to 25nt category off which, 24nt long sequences were the most

abundant in all libraries followed by 23, 22, and 21 nt sequences (Fig. 2.2).

52



Experimental design

2-month soil grown Andigena
plants

SD/LD treatment was given for 4 days, 7 days and 10 days.

o] ) @] )
Oh 8h 16h 24h Oh 8h 16h 24h
o [ D v 1

Stoion sampies were collected at respective days.

« S q
IPA

apar 10 DAI

!

Adapter ligated RNA of respective samples were sent for
sequencing

Fig. 2.1 Schematic representation for experimental design. Two month old soil-grown andigena
plants were subjected to SD and LD treatment independently. Stolon samples were harvested on the 41,
7 and 10" day of incubation. RNA was isolated from samples and subjected to adapter ligation

followed by the small RNA sequencing.

SRNA distribution:unique reads

9000000 -
8000000 - 8 tg‘;
7000000 - = LD10
6000000 - m SD4
2 5000000 - = SD7
S 4000000 - = SD10
% 3000000 -
S 2000000 -
1000000 -
0 e

16-17 18-19 20-21 22-23 24-25 26-27 28-29 30-31 32-33 34-35
SRNA length (nt)

Fig. 2.2 Size distribution profile of small RNA sequences identified in SRNA libraries. Samples
LD4, LD7, and LD10 represent 4, 7, and 10 days of long-day induction, whereas samples SD4, SD7,
and SD10 represent 4, 7, and 10 days of short-day induction respectively.
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Table 2.4. Summary of reads obtained from stolon small RNA libraries.

Types of reads/miRNAs No. of reads/miRNAs
Good-quality reads after trimming 220,646,836

Final clean reads after adapter trimming 188,071,173

Final clean reads counted as conserved mature miRNAs 8,690,556

Conserved mature miRNAs in all samples 324

Conserved miRNA families in all samples 114

Final clean reads mapped to novel pre-miRNAs (hairpins) 1,759,128

Final clean reads counted as novel mature miRNAs 1,442,393

Novel mature miRNAs in all samples 311

2.3.2 Identification of conserved and potato specific miRNAs

The sRNA analysis with miRPRo showed that on average 4.6% and 0.76% of final
clean reads were counted as conserved and novel miRNAs, respectively. In our study, we
detected 324 conserved and 311 novel miRNAs from stolons. Conserved miRNAs were
obtained from 111 miRNA families (Table 2.4). Out of 311 novel miRNAs identified, star
strand was detected in 270 miRNAs, with a total of 173 miRNAs having star strand present in
at least two sequencing libraries. As the number of novel miRNAs predicted was higher than
expected, we analyzed available small RNA sequencing datasets from potato leaves and stolons
(Zhang et al., 2013), and identified a total of 152 novel miRNAs from these libraries (Fig. 2.3).
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Published paper
(Data accession number)

Kondhare et al., 2018
(SRP135981)

Data from Zhang et al., 2013
(GSE39230)

Samples and comparison

Stolon stages (4, 7 and 10 d)
LD; 16 h light, 8 h dark and
SD; 8 h light, 16 h dark

Leaves with SD and LD
induction for 14 days, 12d
stolons and16d stolons

Number of conserved miRNAs 343 203
Number of novel miRNAs 311 152
Number of DE conserved 09 Leaf (04)
miRNAs Stolon (30)
Number of DE novel miRNAs 08 Leaf (07)

Stolons (11)

Fig. 2.3 Comparison of SRNA analysis between the small RNA sequencing datasets from the lab

and previously available dataset.
2.3.3 Differential expression (DE) analysis of miRNAs

To identify photoperiod-induced miRNAs, differential expression analysis was carried
out using DEseg2, and MA scatter plot showing Log2-fold change (y-axis) of conserved and
novel microRNAs, for pairwise comparisons were made (Fig. 2.4). Similar analysis was carried
out with the dataset from Zhang et al., 2013 (Fig. 2.5). Seven conserved miRNAs were
differentially expressed between LD4 and SD4 conditions, of which two miRNAs were also
differentially expressed in LD10 vs SD10 conditions (Table 2.5). For Novel miRNAs, 10 were
differentially express under LD4 vs SD4 conditions, and two between LD10 and SD10
conditions. We did not observe any DE miRNAs for LD7 and SD7 comparisons (LD7 vs SD7)
(Table 2.4).

DE miRNAs were validated by quantitative PCRs. We found that the expression data
of RNA-seq and gPCR analysis was highly correlated (Kondhare et al., 2018). Further, heat
maps were prepared for the top 30 representative conserved and novel miRNAs from 12 stolon
small RNA libraries (Fig. 2.6).
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Fig. 2.4 MA scatter plot analysis for conserved and novel miRNAs. MA scatter plots
showing Log2-fold change (y-axis) of pairwise comparisons for conserved (A and B) and novel
(C and D) microRNAs, respectively. Conditions: LD4 vs SD4 (A and C) and LD10 vs SD10
(B and D). Differentially expressed miRNAs in each comparison are highlighted in red dots.

BaseMean is represented on the x-axis.
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Fig. 2.5 MA scatter plot analysis for DE miRNAs from Zhang et al., 2013. Pairwise
comparisons for conserved (A and B) and novel (C and D) microRNAs respectively, with LD4
vs SD4 (A and C), and LD10 vs SD10 (B and D) is represented. Differentially expressed
miRNAs in each comparison are highlighted in red dots. BaseMean is represented on the x-

axis and Log 2-fold change is shown on y-axis.
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Fig. 2.6 Heat map clustering for (A) Conserved miRNAs and (B) novel miRNAs from stolon
libraries.

Further, expression of DE miRNAs across the samples was analyzed through
quanititative RT-PCR, and compared with the RNA-Seq Data (Fig. 2.7). Two conserved
mMiRNAs (miR477a-5p and miR477b-5p) showed significantly higher expression at SD4 and
SD10 time-points compared to the LD4, and miR477b-5p exhibited a reduction in its
expression at LD10 compared to LD4 (Fig. 2.8 A-B). MiR319b-3p expression was significantly
higher at SD4 compared to LD4, however, its expression did not change at other time points
tested (Fig. 2.8 C). MiR482d-3p and miR399g-3p expressions were reduced under SD
induction as compared to LD4 (Fig. 2.8 D-E). MiR479 exhibited highest expression in SD4

condition. However, their expression did not vary at other time-points (Fig. 2.8 F).
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Table 2.5: List of differentially expressed conserved as well as novel miRNAs identified from LD4

vs SD4 and LD10 vs SD10 stolon transition comparisons. Number of putative targets predicted by

psRNAtarget for each miRNA are represented.

miRNA

Conserved miRNAs

LD4 vs SD4

LD10 vs SD10

Novel miRNAs
LD4 vs SD4

LD10 vs SD10

stu-miR399g-3p
stu-miR482d-3p
stu-miR319-3p
stu-miR8006-5p
stu-miR479
stu-miR477b-5p
stu-miR477a-5p
stu-miR477b-5p
stu-miR477a-5p

stu-miR302
stu-miR93

stu-miR94

stu-miR221
stu-miR278
stu-miR279
stu-miR276
stu-miR277
stu-miR40

stu-miR147
stu-miR139
stu-miR206

log2FoldC  p value

hange

-1.45
-0.71
0.69
0.80
121
1.54
1.73
1.79
2.38

-1.39
-0.65
-0.65
-0.62
0.53
0.53
0.61
0.61
0.66
1.01
1.34
1.34
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0.0006
0.0003
0.0001
0.0001
0.0000
0.0008
0.0000
0.0003
0.0000

0.0000
0.0002
0.0002
0.0055
0.0041
0.0041
0.0022
0.0022
0.0003
0.0000
0.0002
0.0001

p adjusted

value

0.0196
0.0101
0.0070
0.0070
0.0010
0.0210
0.0001
0.0526
0.0001

0.0000
0.0036
0.0036
0.0353
0.0288
0.0288
0.0202
0.0202
0.0036
0.0000
0.0289
0.0289

No. of predicted
targets (E<3.0)

18
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Validation of conserved miRNAs
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Fig. 2.7 Validation of sRNA sequencing data by quantitative PCR. Differentially expressed
miRNAs were selected for analysis. (A) Validation of conserved miRNAs. (B) Validation of novel
miRNAs. StU6 was used as a reference gene for the normalization of qRT-PCR data. The expression
of miRNAs under LD at the corresponding time point was considered as 1 to measure relative
expression at respective SD time-points. Data is represented as means from two biological replicates

and three technical replicates.

One novel miIRNA (n-miR-147) showed a significant increase in its expression level
under SD conditions compared to LD conditions at 4 and 7 d time-points (Fig. 2.9 A). The
expression of the novel miRNA (n-miR-206) was significantly high under SD conditions than
LD conditions at all three time points tested, but the difference was more distinct at 7 and 10 d
than the 4 d time-point (Fig. 2.9 B). The n-miR-139, exhibited low expression at SD4 compared

to LD4, but its expression significantly increased towards SD10 time point. Another novel
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miRNA (n-miR-40) had significantly high expression at SD4 as well as LD7 and SD7 time
points when compared with LD4 (Fig. 2.9 C-D). We found that n-miR-302 and n-miR-93
exhibited a distinct reduction in their expression levels at the 4 d time-point under SD compared
to LD conditions (Fig. 2.9 E-F).
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Fig. 2.8 Expression analysis of differentially expressed conserved miRNAs in stolons under LD vs
SD photoperiod conditions. For gRT-PCR analysis, StU6 was used as a reference gene for
normalization, and the expression level of miRNAs at LD4 was considered as 1 for measurement of
relative expression at other time-points. Error bars represent standard error of means (SEM) from two
biological replicates. For graphs, a dotted line represents the LD condition, whereas a thick line
represents the SD condition. Asterisks (one and two) indicate significant differences at p < 0.05 and p
< 0.01, respectively, using a Student’s t-test. ns = not significant at p < 0.05.
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Fig. 2.9 Expression analysis of differentially expressed Novel miRNAs in stolons under LD vs SD
photoperiod conditions. For gRT-PCR analysis, StU6 was used as a reference gene for normalization
and the expression level of miRNAs at LD4 was considered as 1 for measurement of relative expression
at other time-points. Error bars represent standard error of means (SEM) from two biological replicates.
For graphs, a dotted line represents the LD condition, whereas a thick line represents the SD condition.
Asterisks (one and two) indicate significant differences at p < 0.05 and p < 0.01, respectively, using a
Student’s t-test. ns = not significant at p < 0.05.

2.3.4 Target predictions and GO analysis

To explore the functional role of identified miRNAS, their putative targets were
predicted with the help of psRNA target finder (plantgrn.noble.org/psRNATarget, Dai et al.,
2011) software. Altogether 1414 putative targets were identified for 635 total miRNAs
identified. For differentially expressed miRNAs, several interesting genes were identified, such
as GRAS family transcription factors (TF) DELLA and SCARECROW (targeted by
miR477a/b-5p and miR479, respectively), TEOSINTE BRANCHED 1, cycloidea and PCF
TFs TCP2 and TCP4 (both targeted by miR319-3p), PROTEIN PHOSPHATASE 2c (targeted
by miR8006-5p), CYTOCHROME P450 (targeted by novel-miR-147) and methyl transferase
ASHR3 (targeted by novel-miR-221).

In our Gene Ontology (GO) analysis we found that, out of 1970 GO terms, 1235 GO
terms belong to biological processes (BP), 236 GO terms were included under cellular
components (CC), whereas 499 GO terms were categorized as molecular functions (MF) (Fig.
2.10). This categorization further revealed that auxin, cytokinin, and gibberellin (GA)
metabolism genes were identified as targets of miRNAs. Example includes genes for auxin
biosynthesis genes such as YUCCAS8, auxin signaling gene TIR1-L (TRANSPORT
INHIBITOR RESPONSE 1-like), auxin response factors (ARF10/16) as well as CK-related
genes, i.e., cytokinin dehydrogenase, LOG10, zeatin O-glucosyltransferase, and UDP-
glycosyltransferase. We found a GA precursor (GGPP) biosynthesis enzyme (farnesyl
pyrophosphate synthase), and a GA signaling regulator (DELLA RGL1-like) as targets for
these miRNAs. Light-mediated response related genes were also found to be the targets of
miRNAs e.g. Cryptochrome 1, Cryptochrome-1-like isoform X1, ultraviolet-B receptor UVRS,
transcription factor PHYTOCHROME INTERACTING FACTOR 1 (PIF1-like), B-box zinc
finger 19-like (BBX19-L).
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GO analyses and catergorization of putative targets of novel and conserved miRNAs
(GO terms >50 were considered for preparing graph)
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Fig. 2.10 Gene Ontology (GO) categorization for predicted targets of identified novel and
conserved miRNAs. GO terms were categorized into biological process, cellular components, and
molecular functions. GO terms with > 10 sequences were considered for preparing a graph in each

category.
2.3.5 Time course expression analysis for miRNA-target pairs

The expression analysis of five miRNAs and their respective targets was carried out at
the 4d time-point under SD and LD conditions. MiR477a-5p, miR319-3p, miR479 and n-miR-
206 were up-regulated under SD as compared to LD photoperiod, whereas the expression for
their respective targets (REPLICATION FACTOR C [miR377a-5p], StTCP2 [miR319-3p],
StGRAS [miR479], EXOTOSIN FAMILY PROTEIN [n-miR-206]) were downregulated (Fig
2.11 A-C, E). N-miR-302 expression was reduced at SD4 time point whereas, the expression
of its target, Metal dependent phosphohydrolase HD domain containing protein was
upregulated (Fig 2.11 D).
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Fig. 2.11 Relationship between miRNAs and their predicted targets by gRT-PCR analysis at 4 d
time-point under LD vs SD photoperiod conditions. Conserved miRNAs and their targets - (A)
miR477a-5p and its target replication factor C, (B) miR319-3p and its targets TCP or TCP4, (C)
miR479 and its target GRAS transcription factor. Novel miRNAs and their targets (D) n-miR302 and
its target metal dependent phophohydrolase HD domain containing protein, and (E) n-miR206 and its
target exostosin family protein. U6 and EIF3e were used for the normalization of miRNAs and their
targets, respectively. The expression level of respective miRNA or target gene at the LD4 time point
was considered as 1 to measure relative expression at the SD4 time point. Error bars represent the
standard error of means from two biological replicates. Asterisks (one, two and three) indicate

significant differences at p < 0.05, p <0.01 and p < 0.001, respectively, using a Student’s t-test.
2.3.6 Cleavage site mapping for targets of conserved miRNA through 5' RLM-RACE

A modified 5’ RLM-RACE analysis was performed to locate cleavage sites of miRNAS
on its targets. StARF10 was identified as the target of miR160 with high cleavage frequency (7
of 7) at 101/11" nt position. Whereas, StGRAS (10 of 10) and StGAMYB (12 of 12) were found
to be true targets of miR479 and miR319b, respectively (Fig. 2.12 A-C). StTm2 transcript was
cleaved by miR6026-3p with a very low frequency (1/11) (Fig 2.12 D).
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717
(A) StARF10

StARF10 5" .UGCAGGCAUACAGGIGAGCCAGGCAUGCU. .3

FEETEETTT el
mMiR160 3’ CCGUAUGUCCCUCGGUCCGU 5°

10/10
(B) StGRAS

StGRAS 5’ . .TTGGCTCGAGTGATATTGGTTCGGCTCAAGGAATTGGCGT. .3’

FEEETETE Rt rrirnd
miR479 3’ CUCACUAUAACCAAGCCGAGU 5’

12/12
(C) StGAMYB

StGAMYB 5’ . .GGGCAATGAAGCTGGAGCTCCCTTCACTCCAAAACCAGACAG. . 3°
FETEEE TR

miR319b 3’ UGGAGCUCCCUUCACUCCAA 5
1/11
(D) StTm2 J
StTm2 5’ .. GGTCTGGGGAAAACAACTCTTGCCAAGAAACTTT.. 3’
FETTTTEEEErrr el
miR6026-3p 3’ CGUUAUGUUGAGAUCGGUUCUU 5’

Fig. 2.12 5> RLM-RACE for cleavage site mapping. Arrows show frequency of 5 RACE clones
showing cleavage sites and numbers represent fractions with proportions of clones showing these
cleavage sites. StARF10, which is a known target of Stu-miR160 (A) was used as a positive control as
shown in Natarajan et al. (2018). Two conserved miRNAs (stu-miR479 and stu-miR319b) were chosen
to map cleavage sites on StGRAS (B) and StGAMYB (C) transcription factors, respectively. Cleavage
site mapping for miR6026-3p is shown on StTm2 TAS-like locus (D).

2.3.7 Identification of phased siRNAs

We identified 830 putative phased siRNA-producing (TAS-like) loci from small RNA
sequencing data. TASI-prediction tool from UEA sRNA workbench (V4.03) with stringent
parameter of p<0.0001 was used for the analysis (Fig. 2.13).

P value for Loci prediction |No. of TAS-like loci ‘
0.0001 830

0.001 4442

0.01 23645

0.05 12652

Fig 2.13. The number of TAS-like loci identified using different parameters (p-values). TAS-like
loci were predicted using the TASI-prediction tool with different p values and loci with stringent p-

value (0.0001) were taken for further study.

From these loci, 275 loci were located in the genic region whereas, 555 were present in

the intergenic region of the potato genome. Many of the genic region loci were found to be
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residing within genes from growth development roles, such as auxin hydrogen symporter,

PHO?2, serine threonine protein kinase, TIR-1, Squamosa promoter binding, WD repeat protein,
Cytochrome P450 like, AUX/IAA2, P450 monooxygenase, F-box family protein, and AGO1
like. Of 830 loci, 11 loci, and 13 loci were potentially targeted by conserved and novel miRNAs
identified in this study (Table 2.5). As miRNA or phasiRNA-derived cleavage of TAS transcript

is necessary for phasiRNA production, we considered TAS-like loci that are being targeted by

miRNASs.

Table 2.6: List of TAS-like loci predicted to be cleaved by conserved or novel miRNAs.

PGSC transcript IDs and gene annotation for TAS like loci that are present in the genic region

is mentioned.

TAS-like Locus

No.
1 Chrl11:458098..45

8349

2 | Chr00:19041735..

19041986

3 Chrl12:27420198..

27420449

4 Chr06:5520530..5

520781

5  Chr02:33977738.

.33977989

6 Chr00:14668823..

14669074

7 | Chr00:39466733..

39466984

8 Chr00:41890891..

41891142

9  Chr09:15393324.

15393575

10 Chr02:22364494..

22364745

11 Chr01:88411142..

88411393

12 Chr04:4747066..4

747317

Genomic
location
Intergenic
Intergenic

Intergenic

Exonic

Exonic

Intergenic

Intergenic

Intergenic

Exonic

Intergenic

Intergenic

Intergenic

miRNA

stu-miR5303¢g

stu-miR8005a/b/c

stu-miR8008a,
stu-miR8009
stu-miR482c

stu-miR399a-f

stu-miR8005a/c;
stu-miR8005b-3p
stu-miR8005a/c;
stu-miR8005b-3p
stu-miR8005a/c;
stu-miR8005b-3p
stu-miR6026-3p

stu-miR7983-5p

stu-miR5303a-f

stu-novel-miR-
124
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Gene id

PGSC0003DMT400034561

None

None

PGSC0003DMT400022440

PGSC0003DMT400076435

None

None

None

PGSC0003DMT400051269

None

None

None

Gene annotation

Inositol
monophosphatase 3

None

None

NBS-coding
resistance gene
protein

PHO2

None

None

None

Tm2
Hydroxyproline-rich
glycoprotein
Hypothetical gene of

unknown function

None



13

14

15

16

17

18

19

20

21

22

23

24

Chr09:46314301..
46314552
Chr10:45893671..
45893922
Chr11:42040081..
42040332
Chr11:38087726..
38087977
Chr11:6031307..6
031558
Chr12:29516380..
29516631

Chr02:18433855..
18434106
Chr08:54903243..
54903494
Chr04:5836408..5
836659
Chr12:27420198..
27420449
Chr03:44097532..
44097783
Chr08:9967120..9
967371

Exonic

Exonic

Intergenic

Exonic

Intergenic

Exonic

Intergenic

Intergenic

Intergenic

Intergenic

Exonic

Intergenic

stu-novel-miR-
213
stu-novel-miR-
263
stu-novel-miR-
272
stu-novel-miR-
272
stu-novel-miR-
276
stu-novel-miR-52,
stu-novel-miR-53,
stu-novel-miR-72

stu-novel-miR-71

stu-novel-miR-
171
stu-novel-miR-
124

stu-novel-miR-13

stu-novel-miR-
204
stu-novel-miR-41,
stu-novel-miR-
230

66

PGSC0003DMT400022135

PGSC0003DMT400068569

None

PGSC0003DMT400018940

None

PGSC0003DMT400086126

None

None

None

None

PGSC0003DMT400063143

None

Disease resistance
protein RGA4
Cc-nbs-Irr resistant
protein

None

Disease resistance
protein R3a

None

Conserved gene of

unknown function

None

None

None

None
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(A) Representation of StTm2 and StPHO2 TAS-like loci

StTm2 locus StPHO?2 locus
mire026 () () () ® @ miR39%a
siR1 siR2 siR3 siR1 siR2

e —————— N ————————— .
———— =

siR4 siR8 siR5  siR6  siR7 siR3 siR4

OO ) Q] ) Q] )

(+) siR1: GTTCGTGATCAATTTGAGTGT (1844.0) (+) siRL: GTTGGACTTCCTCTTCAACCT (18.0)
(+) siR2: TCTGGACTGGTCTACGTTTCA (170.0) (+) siR2: GTTAGGAAGAGCTGAAGTGGC (15.0)
(+) siR3: ATCTTACTCGGCATAGCCAAG (287.0) () siR3: CACCTAGAATATAAACACGGC (25.0)
(-) siR4: ACTCAAATTGATCACGAACGA (447.0) () siR4: TTGTGGTCCTAGTAGAAGTGC (17.0)

() siR5: TTTCCGTCAGTCCAACTTCCT (1279.0)
() siR6: AGAGTGATCGCAGGTTGTCCT (1187.0)
() siR7: CCCAAATGTCATCTAGGACGA (423.0)
() siR8: AAACGTAGACCAGTCCAGAAC (99.0)

(B) siRNA detection (C) stTm2 RLM-RACE cleavage assay
3/11 711
StTm2 StPHO2
h;RC (+)siR1 NRC (+)siR3' L (i)siR3 NRC (-)siR4 NRé: igg [;E StTm2 5 . -AGT?TTCT?GACJTCJCTTCGTTTCACAACA. 3
- - : - - B 128 gg (-)siR15 from Tm2 3> CAAGACCUGACCAGAUGCAAA 5’

NRC= no RNA control for corresponding siRNA
L=50 bp ladder

Fig. 2.14 Graphical representation of StTm2 and StPHO2, two TAS-like loci and the most
abundant siRNAs generated from these two loci are shown. (A) Phased siRNAs predicted to be
generated from StTm2 and StPHO2. Eight siRNAs off 18, whereas 4 siRNAs off 8, with higher
abundance values are shown for both loci, respectively. Black arrows pointing downwards represent
the predicted miRNA cleavage site in each locus. (B) Detection of two-phased siRNAs (highlighted in
bold in panel (a) on the sense strand of StTm2 ([+]siR1 and [+]siR3) and two from antisense strand of
StPHO2 ([—]siR3 and [—]siR4) by RT-PCR. (C) 5’ RLM-RACE assay confirms the cleavage of StTm2
by one of the siRNAs generated from itself i.e. (—)siR8. The siRNA cleavage frequency is also shown
by downward arrows in black (10/11). Alignment between mature miRNA (bold) and target gene

sequence is shown.
2.3.8 Validation of TAS like loci and putative phasiRNAs

We selected two putative TAS like loci Chr09:15393324..15393575 and
Chr02:33977738..33977989, that are present within the genic regions of StTm2 (predicted
target of miR6026-3p) and StPHO2 (predicted target of miR399a), respectively. StTm2 and
StPHO2 were predicted to produce 18 and 8 phasiRNAs, respectively (Fig 2.14 A).
Subsequently, two phasiRNAs generated from each locus were detected in stolon samples and
sequence confirmed (Fig 2.14 B). We were not able to confirm StPHO2 as a target of miR399a
through 5 RLM-RACE. However, StTm2 was shown to cleave by miR6026-3p at a very low
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frequency 1/11. Interestingly, we observed, one of the SiRNAs generated from the StTm2 locus,
i.e., SiR8(-), cleaves its own locus with 10 of 11 cleavage frequency that might generate a pool
of secondary siRNAs from cleaved transcript (Fig. 2.14 C). Since the cleavage site of miR6026-
3p on the StTm2 locus is only 65 bp upstream to siR8(-) cleavage site, this could be the reason
why the cleavage frequency by miR6026 was very low (1/11) on this locus. It also confirms

that siR8(-) functions as a phasiRNA targeting the loci from which it is being generated.

We performed expression analysis of the StTm2 and StPHO2 as well as siRNAS in
stolon samples (Kondhare et al., 2018), and observed that expression of StTm2 remains low at
early stolon stages and it increases at the SD10 time point whereas siR1(+) and siR3(+)
expression remain high at SD4 and SD7, and decreases at SD10. StPHO2 expression was
reduced at SD7 stage and then remained high at later SD induced stolon stages. siR3(-) and

siR4(-) showed inverse expression as compared to StPHO2 at SD7 and SD10 stolon stages.
2.3.9 Conserved TAS loci in potato

Our analysis identified on TAS locus Chr01:37276576..37276827 that fulfilled criteria
to be presented as TAS3 locus. This locus was present in the genic region of a hypothetical
protein (PGSC0003DMT400034044), and contains two miR390 cleavage sites. StTAS3
transcript was aligned to AtTAS3b, NtTAS3a (1) and NtTAS3a (2), and SITAS3, showing close
conservation within TAS3 locus from the plant species (Fig 2.15 A). StTAS3-siR1 (abundance
value 134) and StTAS3-siR2 (abundance value 148) are conserved in all plant species (Fig 2.15
B). These siRNAs were predicted to cleave StARF3 and StARF2 transcripts with expectancy
values of 0.5 and 1.0, respectively (Fig 2.15 C).

Apart from StTAS3, we also observed the TAS5 locus (Chr06:5518510..5518761) from
our sequencing data, residing within the NBS-coding resistance  gene
(PGSC0003DMT400022440). This locus shared a close conservation with SITAS5 from tomato
(Fig 2.15 D). Moreover, the target site of miR482c/miR482a-3p on these loci was conserved.
Similarly, StTAS5-siRNA(-), with abundance value of 1734, displayed a high conservation with
a tomato SITAS5 -3'D12(-) (Fig 2.15 E).

68



miR390 cleavage site (5")
T —— 5o ommsm oo w P - mmem o ey
HUoomo o mEE [EE == N B EiEE E SHIE B =

(A) ; ,
= oW B MY i s s EEEESE IR Betad) BN TF

miR390 cleavage site (3')

i P Al Yl U il
(B) c
© StARF3 E-03
.. Ny - ¢ . AAGGUCUUGCAAGGUCARGAA. . 3
iR1 SITAS3-siR2 (PescoonapMTanoosizsy * T
AITAS3b SITAS3-5iR1 3' UUCCAGAAUGUUCCAGUUCUU 5
NITAS3arl
NITAS3ar o E=10
SITAS3 StARE2 5. . AGGGUCUUGCARGGUCARGAG. . 3'
SITAS (PGSCOD03DMTA00036765) L LTI T
conseusus StTAS3-siR2 3" CCCCAGRAUGUUCCAGUUCUU 5'

miR482¢/miR482a-3p cleavage site

(D)

SrTASS
SITASS
Consensus

(E)
NYZA CARATCCAACACAAACATTTGARINERREYE]
MR CAATCCAACACAARACATTTGARIVERE N EA)

CONSENSUS e e ke e o ok o ok ok ok ok o ok ok ok o ok ok ok ok

Figure 2.15 Alignment of TAS3 and TAS5 genes from Solanaceae family. (A) Alignment for a TAS
region from TAS3 transcripts Arabidopsis thaliana AtTAS3b, Nicotiana tabacum NtTAS3a (1) and
NtTAS3a (2), Solanum tuberosum StTAS3, and Solanum lycopersicum SITAS3. MiR390 target sites (5’
and 3') on all TAS3 transcripts are highlighted with red boxes. (B) Magnified view of the alignment of
TAS3-derived siRNAs from above mentioned plant species. StTAS3-siR1 and StTAS3-siR2 showed a
close conservation across chosen plant species. (C) psRNAtarget prediction represents StTAS3-siR1
cleaves auxin response factor StARF3, whereas StTAS3-siR2 cleaves StARF2 with a cleavage
expectancy of E=0.5 and E=1.0, respectively. (D) Alignment of Solanum tuberosum StTASS5 transcript
with that of Solanum lycopersicum SITAS5 transcript. MiR482¢c/miR482a-3p target site is highlighted
in the red box. (E) Magnified view of aligned TAS5 transcripts from potato and tomato. StTAS5-siRNA
() exhibits high conservation with tomato SITAS5-3'D12(-).

2.3.10 Putative phasiRNAs that could regulate key tuberization genes

We identified 59 phased siRNAs generated from 11 TAS-like loci targeted by conserved
MIRNASs whereas, 131 phased siRNAs were generated from 13 TAS-like loci targeted by novel
MIiRNAs. Altogether, 3441 targets were identified as putative targets for these phasiRNAs. The
GO analysis of targets showed that of 5918 GO terms, 1780 belong to biological processes,
2210 terms categorized in the molecular function category, whereas 1919 GO terms are
included in cellular components (Kondhare et al., 2018). The siRNA target genes were highly
enriched in starch and amino acid metabolism genes. Many of the targets were involved in
transport, signaling and metabolism genes of hormones like auxin, cytokinin, ABA,

gibberellin, and ethylene (Kondhare et al., 2018). We found that they target cell cycle and cell
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division associated genes as well as key tuberization genes, such as homeobox TFs, F-box
proteins, Early Flowering 3, Dof zinc finger protein (StCDF4), POTH1, phloem mobile RNA
binding protein (StPTB1), and zinc/ring finger proteins. Interestingly, two of the phasiRNAs
from StTm2 and StRGA4 were found to target key GA metabolic genes StGA20x1 and StGA30x,

respectively.
2.4 Discussion

2.4.1 Photoperiod influences the expression of mMiIRNAs during stolon-to-tuber

developmental transitions stages

Stolon acts as a center for coordinated action of TFs, mobile signals, and
phytohormones during tuber development. As a result, the stolon undergoes developmental
transitions wherein, the plane of cell division changes from longitudinal to radial at the sub-
apical region of the stolon tip resulting in the swelling of the stolon, followed by accumulation
of starch to form a mature tuber (Roumeliotis et al., 2012; Xu et al., 1998). The mechanistic

basis for this regulation is still unclear.

As small RNAs have been shown to function as key drivers of various plant
developmental processes by governing the gene regulatory networks, we speculate that the
mechanism of early stolon-to-tuber development could also be controlled by TFs and small
RNAs. In addition, small RNAs might help in fine-tuning the tuber formation process. Earlier,
a few miRNAs such as miR172, miR156, and miR390 have been demonstrated to regulate tuber
development (Martin et al., 2009; Bhogale et al., 2014; Santin et al., 2017). However, their role
in the stolon-to-tuber transition was unclear. Lakhotia et al (2014) identified a diverse
population of mMiRNAs from early stolon transition stages. However, the study did not consider
the effect of photoperiod on tuber formation.

Photoperiod is a critical factor that influences tuber development in potato. Day length
affects miRNA expressions in other plant systems as well. For example, miR163 has been
shown to be induced by red/blue/white light whereas its target AtPXMT1 (methyl transferase)
was down-regulated during seedling de-etiolation and germination in Arabidopsis (Chung et
al., 2016). Wu et al (2013) demonstrated that the expression of pooideae-specific miR5200
reduced under long days compared to short days. It targets FLOWERING LOCUS T to govern
floral transitions in Brachypodium (McKeown et al., 2017). To determine the influence of
photoperiod on small RNA population in potato, we performed a SRNA profiling from stolons
of a photosensitive cultivar (andigena) at three early stolon stages (4, 7, and 10 d) under LD
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(non-inductive) versus SD (inductive) photoperiod conditions. SD4 and SD10 were used to
represent different stages of stolon and tuber development, with SD4 representing the early
stages and SD10 representing the late swollen stages. In this study, it was observed that there
was a mixed stolon population at the SD7 d time-point. In our study, we identified 7 conserved
and 12 novel miRNAs differentially expressed under SD at either 4d or 10d when compared
with respective LD conditions. Our study indicates that photoperiod has a critical effect on
miRNA expressions in early stolon stages of tuber development. Since 17 out of 19
differentially expressed miRNAs (~ 90%), were found at LD4 vs SD4 comparison (Fig. 2.4;
2.7). We also identified 6 miRNAs that are differentially regulated in SD10 as compared to the
SD4 time point, suggesting varying expression of miRNAs in stolon-to-tuber development
stages. This observation suggests that miRNAs might also be involved in regulating genes that
coordinate stolon-to-tuber transition stages. Previously, the expression of miR156 and miR172
was shown to be induced in stolons at the 14 d time point under SD conditions. To our surprise,
miR156 and miR172 did not show differential regulation at early time points implicating their

role in tuberization, instead of being involved in early stolon transition stages.
2.4.2 DE miRNA and their targets exhibits potential role during tuber development

We identified several hormone metabolism and signaling-related genes as targets of DE
conserved and novel miRNAs. Many of these targets exhibited a differential expression under
LD4 vs SD4 photoperiod. GAMYB and DELLA (Carrera et al., 2012) TFs have an established
role in GA-dependent signaling to promote flowering (Zhang et al., 2020). StGRAS was found
to be targeted by miR479 in stolons. DNA binding activity of these TFs enables their function
in root radial patterning and growth, which indicated that miR479-StGRAS (miRNA-target)
pair might be involved in cell division patterns in stolons. TCPs have been well demonstrated
to regulate the biosynthesis of various phytohormones, floral symmetry, plant architecture and
lateral organ development, circadian rhythms, and defense responses (Li, 2015). Particularly,
TCP2 functions as a transcriptional activator down-stream to the CRYPTOCHROME 1
(CRY1), photo-sensory signaling (He et al., 2016), whereas TCP4 play a major role in cell
number maintenance and cell proliferation during leaf development. Inverse expression
patterns of miR319-3p and its targets StTCP2/4 under LD4 vs SD4 conditions indicated the

putative role of miR319-StTCP2/4 pair governing cell divisions in stolons.

The polypyrimidine tract-binding proteins in potato (StPTB1 and 6) bind to StBEL5

MRNA to facilitate transport of its mMRNA from leaves to stolons under tuber inductive
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conditions (Cho et al., 2015). StPTBs therefore, function as positive regulators of tuberization
by enhancing StBEL5 mRNA levels in stolons. Our target prediction analysis suggests that
StPTB6 mMRNA could be the target of miR156e. Its levels increased under SD time-points
suggesting a new mode of regulation of StPTB6 via miR156e during tuberization. StBEL11
and StBEL29 are two close homologs of StBEL5 in potato. These phloem mobile signals unlike
StBELD5, act as repressors of tuber yield (Ghate et al., 2017). Degradome analysis from cold-
stored potato sprouts revealed StBEL29 as a target of conserved miRNA (miR172h) (Ou et al.,
2015). Novel miRNAs such as n-miR-221 and n-miR-230, predicted to target histone-lysine
N-methyltransferases (ASHR3 and ATX4-like, respectively), indicating epigenetic regulation of
stolon development. Overall, our results suggest that miRNA-mediated regulation of target

genes might be crucial to fine-tune the early stages of stolon-to-tuber transitions.

2.4.3 PhasiRNAs: A new paradigm to gene regulatory pathways involved in tuber

development.

Plant phasiRNAs are known or are predicted to be involved in diverse biological
processes. Given the large number of PHAS loci and populations of phasiRNAs predicted, their
precise functions in plant development are still limited. A subset of phasiRNA, i.e. trans-acting
SiRNAs (tasiRNASs), are known to target complementary mRNASs and play major roles in plant
development and stress responses (Liu et al., 2020; Dong et al., 2022). Previous small RNA
transcriptome studies have not reported phased siRNAs from stolon-to-tuber stages of potato
development. Only a few studies have predicted the repertories of phased siRNAs from the
Solanaceae family and the majority of them were shown to be involved in defense responses.
For instance, the miR482/miR2118 family, initiates the production of phasiRNAs from specific
disease resistance target genes. This process serves to modulate the expression of genes
belonging to the NB-LRR family, which are known to play a crucial role in plant immunity
against various pathogens (Zhai et al., 2011; Zhang et al., 2022). In this study, using the TA-
Sl prediction tool, we have identified 830 putative TAS-like loci from the potato genome, which
can give rise to either phasi or tasiRNAs. We also found two conserved TAS loci (StTAS3 and
StTAS5) in our analysis. Finally, we analyzed targets of 190 phased siRNAs that are generated
from 24 TAS-like loci by the action of miRNAs identified in our study. An in-depth analysis of
siRNA-target pairs was carried out and based on their functions, siRNA targets were grouped
into different categories like sugar metabolism/transport, flowering and photoperiod response,
cell division and cell cycle, epigenetic modifiers, calcium signaling, and storage proteins.

Interestingly, hormone metabolism, signaling, and transport pathway-related genes (auxin, GA,

72



CK, brassinosteroid, ethylene, and ABA) were identified as phasiRNA targets. Several key
tuberization pathway genes, such as StBEL5, StCO1/2, StCDF1, StGA20X1, StGA30x3, and
StSUT1 were also identified as siRNAs targets (Table 2.7). In a previous study, phasiRNA931
was identified as having the potential to cleave a gene involved in GA biosynthesis in potato.
It was observed that the expression of phasiRNA931 increased following infection, which
coincided with a decrease in the expression of the GA biosynthesis gene. Moreover, it has been
suggested by authors that the presence of a complex small RNA regulatory network in plants
may contribute to establishing a balance between developmental processes and defense
mechanisms. (Kriznik et al., 2017). GA metabolism genes such as StGA20x1 and StGA30x3
have been validated by a modified 5-RLM RACE suggesting that phasiRNA-mediated
regulation of GA metabolism genes might be involved in tuber development. Altogether, our
analysis indicated that phasiRNAs have the potential to regulate the events during stolon-to-

tuber developmental transitions by targeting key tuberization genes.

To summarize, in this study, we carried out small RNA profiling of early stolon stages
(4", 7" and 10" d) under SD/LD photoperiodic conditions, and identified differentially
expressed 7 conserved and 12 novel miRNAs. Selective miRNA-target genes, also exhibited
peculiar patterns across stolon stages such as miR479-StGRAS and miR319b-StGAMYB,
indicating a putative role of miRNA-target pairs during tuber development. Further, we
extended our analysis by identifying putative phasiRNAs producing TAS-like loci from stolons.
We noted that 24 loci with miRNA triggers could generate 190 phasiRNAS. These phasiRNAs
were found to target key tuberization genes, particularly photoperiod and hormone
metabolism/signaling genes. Subsequently, 5 RLM-RACE assay confirmed GA biosynthesis
gene (StGA3ox) as a target of a phasiRNA generated from an exonic region of a disease
resistance gene (StRGA4). As regulation of gibberellin is essential during tuber development,
it would be interesting to unravel the phasiRNA-mediated regulation of GA biosynthesis in
stolon-to-tuber development. In the following chapter, we have discussed our findings
regarding the role of a key phasiRNA, siRD29(-) in the regulation of a GA biosynthetis gene,
StGA30x3.
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Table 2.7. List of miRNAs targeting putative TAS-like loci for generation of siRNAs that could

target key tuberization genes. (Adapted from Kondhare et al., 2021; review)

TAS locus

Ch04:463931
0..4639561
Ch04:467613
8..4676389
Ch04:563645
5..5636706
Ch04:472679
2.4727043
Ch04:583588
5..5836136
Ch04:563709
7..5637348
Ch04:573556
8..5735819
Ch04:605287
1..6053122
Ch04:721088
62..72109113
Ch04:463931
0..4639561
Ch04:467613
8..4676389
Ch04:563645
5..5636706
Ch04:472679
2.4727043
Ch04:583588
5..5836136
Ch05:446354
18..44635669
Ch05:105832
7..1058578
Ch05:422941
9..4229670
Ch01:480081
40..48008391
Ch11:261407
59..26141010

Ch10:481988
08..48199059
Ch11:577763
1..5777882
Ch08:549032
43..54903494
Ch11:603130
7..6031558
Ch04:563709
7..5637348
Ch04:573556
8..5735819

miRNA
TAS locus
stu-miR482d-3p

cleaving

stu-novel-miR-276
stu-miR482d-3p;

stu-novel-miR-276

stu-novel-miR-124

stu-novel-miR-194

stu-miR482d-3p

stu-novel-miR-276
stu-miR482d-3p;

stu-novel-miR-276

stu-miR7984a; stu-
miR7984c-5p
stu-miR6023
stu-miR482d-3p;
stu-novel-miR-276
stu-novel-miR-90

stu-miR171b-5p

stu-miR482d-3p;
stu-novel-miR-286
stu-miR482d-3p
stu-novel-miR-171

stu-novel-miR-276

stu-novel-miR-124

SsiRNAs

CTTGTGGTGGTTGATGATGTA

CATCCTCCATTCTTTCTTCTC

AATCCGTCTGTGACCCGCCCT
AGAAATCCGTCTGTGACCCGC
CTTGTGGTGGTTGATGATGTA

TTTGGTATCGTAACAACAATT

ATGAATTAGTGAGTAGAATAG

ATGATCTTTGGAGTACTGATG

TACCATATAAGGCCTCGAATG
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Chapter 3

PhasiRNA siRD29(-) regulates a gibberellin
biosynthesis gene StGA30x3 during stolon-to-tuber
transitions in potato
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3.1 Introduction

Small non-coding RNAs (sRNAs) control various aspects of plant growth and
development (Liu et al., 2020; Dong et al., 2022). MicroRNAs (miRNAs) and phased
secondary short interfering RNAs (phasiRNAS) constitute a major category of SRNAs and
regulate the expression of target genes via transcriptional or post-transcriptional gene silencing
(Feietal., 2013). MiRNAs are 21-24 nt SRNAs, which form a RNA-induced silencing complex
(RISC) with ARGONAUTE 1 (AGO1) to target mMRNAs (Rogers and Chen, 2013; Borges and
Martienssen, 2015). AGO1-RISC complex loaded with 22 nt miRNAs can trigger the
biogenesis of sSRNAs from target mRNAs. With the help of SUPPRESSOR OF GENE
SILENCING (SGS3) and RNA-DEPENDENT RNA POLYMERASE6 (RDR6), cleaved
MRNAs form dsRNAs (Yoshikawa et al., 2005). The resulting dSRNAs are then cleaved by a
DICER-LIKE 4 protein (DCL4), forming phasiRNA duplexes that are distinctive and
generated in phased configuration (Allen et al., 2005; Chen et al., 2010). The loci generating
phased siRNAs are called as PHAS loci.

Although numerous PHAS loci have been identified from diverse plant species, only
selective phasiRNAs are characterized for their functions in plant development. A subset of
phasiRNAs, known as trans-acting siRNAs (tasiRNAS), are involved in seed germination, leaf
and root development, shoot apical meristem (SAM) initiation, flowering time and pre-meiotic
reproductive development (Liu et al., 2020). Major TAS loci members are conserved in plants.
For example, miRNA390-TAS3-mediated regulation of ARF (AUXIN RESPONSE FACTOR)
pathway is conserved across the plant lineages and controls developmental timing and
patterning, leaf morphogenesis, and somatic embryogenesis (Xia et al., 2017). MiR166 and
tasiRNAs targeting ARFs regulate initiation of shoot meristem and leaf polarity in maize and
rice (Nagasaki et al., 2007; Nogueira et al., 2007). Another relatively conserved phasiRNA
pathway is miR828 targeting TAS4 or MYB transcription factors (TFs) (Xia et al., 2012) that
are involved in biosynthesis of anthocyanin, flavonoids, lignin (Bonar et al., 2018; Tirumalai
et al., 2019), and fruit development (Rock, 2013). Non-conserved phasiRNA pathways, such
as miR3954-siRNAs-NAC TFs affects flowering time in citrus (Citrus sinensis) (Liu et al.,
2017; Ma et al., 2018). A recent study showed that miR9678, a wheat specific miRNA targets
IncRNA (WSGAR) to produce phasiRNAs, which regulate germination process via the altered
response of two phytohormones, abscisic acid and gibberellin (GA) (Guo et al., 2018).

However, siRNA targets in this pathway are unknown.
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Tuber development mechanism (tuberization) in potato is a complex process governed
by a coordinated action of various environmental, biochemical and genetic factors (Hannapel
etal., 2017; Kondhare et al., 2020). During tuberization, a belowground modified stem (stolon)
passes through different developmental transitions starting from swelling at the sub-apical
region to the development of a mini-tuber, before maturing to a potato. At the onset of tuber
formation, a dynamic change occurs in GA and auxin metabolism and their signaling pathways
in the stolon. Several genes associated with auxin biosynthesis (StYUC-LIKEL), transport
(StPIN2 and -4), and signaling pathways (ARFs and AUX/IAAs) show differential expression
during stolon-to-tuber transition stages (Kloosterman et al., 2008; Roumeliotis et al., 2012b;
2013b). Moreover, the expression of GA catabolism gene, StGA20x1 increases (Kloosterman
et al., 2007), whereas the expression of GA biosynthesis genes (StGA200x1 and StGA30x2)
decreases under tuber-inducing short-day conditions (Carrera et al., 2000; Bou-torrent et al.,
2011). As aresult, auxin levels increase at the stolon tip, which is accompanied by the reduction
of GA levels in the sub-apical part of the stolon (Roumeliotis et al., 2012a; 2012b). This ceases
elongation of the stolon and initiates swelling at the sub-apical region, followed by
accumulation of starch and storage proteins to favour tuber maturation. Hence, the spatio-
temporal changes in expression profiles of auxin and GA metabolism genes are crucial for early
stages of stolon-to-tuber transitions. The changes in GA levels are controlled by regulation of
StGA200x1 and StGA2ox1 through StBELS (BEL1-like) and POTH1 (KNOX) homeodomain
TFs as well as StSP6A protein. These factors act as positive regulators of tuberization (Banerjee
et al., 2006a; Navarro et al., 2011; Mahajan et al., 2012). Specifically, StBEL5-POTH1
heterodimer binds to the promoter sequences of StGA200x1, and reduces its expression (Chen
et al., 2004). This interaction occurs through a tandem TGAC core motifs present in the
promoter sequences of the target genes. Overexpression of StBEL5 and StSP6A independently,
resulted in an increased levels of StGA2o0x1 in stolons. Promoter of StGA20x1 showed the
presence of two tandem TGAC motifs and StBEL5-POTH1 has been demonstrated to bind to
this sequence and could induce gene expression (Lin et al., 2013; Sharma et al., 2016).

Zhang et al. (2020) have identified reproductive phasiRNAs that are essential to silence
genes associated with early events of meiosis in rice. Previously, we identified several
phasiRNAs that are potentially involved in regulating key tuberization genes in potato
(Kondhare et al., 2018; 2021). Specific phasiRNAs were predicted to cleave GA metabolism
and auxin signaling genes. In the present study, a well conserved miR482 family member, Stu-
miR482c was predicted to cleave the transcript of disease resistance gene (StRGA4) to generate
phasiRNAs. Further, one of the phasiRNAs, referred as siRD29(-) could target the transcript
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of GA biosynthesis gene (StGA30x3). The function of this StGA30x3 isoform is unknown in
potato. To investigate the existence and functionality of the Stu-miR482c-StRGA4-siRD29(-)-
StGA30x3 gene regulatory module, we asked following questions. (1) Does siRD29(-) generate
from the Stu-miR482c-cleaved StRGA4 locus? (2) Is this SIRNA generates during stolon-to-
tuber transition stages? (3) Whether siRD29(-) targets StGA30x3 in a tissue-specific manner?
(4) What is the role of StGA30x3 in potato development? (5) Does this small RNA-target gene
pair (siRD29[-]-StGA30x3) mediate the stolon-to-tuber transitions?

Here, we have validated the generation of siRD29(-) from its PHAS locus (StRGA4)
and confirmed StGA30x3 as its target. Further, we showed that the Stu-miR482c-StRGA4-
SiRD29(-)-StGA30x3 gene regulatory module is functional during stolon-to-tuber transitions,
and the StGA3ox3 isoform is potentially involved in GA: and GAs biosynthesis. Overall, our
study revealed a novel phasiRNA-mediated regulation of GA biosynthesis gene during tuber

development in potato.

3.2 Materials and methods
3.2.1 Plant materials and growth conditions

In this study, the photoperiod-responsive potato cultivar - Solanum tuberosum ssp.
andigena 7540 was used. It tuberizes under short-day conditions (SD; 8 h light / 16 h dark).
Wild-type (WT) andigena plants were propagated by sub-culturing stem nodal explants on
Murashige and Skoog’s (MS) media supplemented with 2% sucrose (w/v) (Murashige and
Skoog, 1962). In vitro potato plants were grown in a plant growth incubator (Percival
Scientific) at 24 °C under long-day (LD; 16 h light / 8 h dark) conditions. Five to six weeks old
plants of Nicotiana benthamiana were used for Agrobacterium-mediated transient co-
infiltration assays.

3.2.2 Gene expression analysis

For studying transcript accumulation, four tissue types (shoot-apex, leaf, node and
stem) were harvested from two-week old soil-grown andigena plants. To investigate the effect
of SD photoperiod, plants were grown in soil under LD conditions for 10 weeks until they
attained 10-12 leaves. Subsequently, half of the plants were transferred to the tuber-inducing
SD conditions, whereas the remaining plants were maintained under LD photoperiod. Tissue
types (shoot-apex, leaf, node, and stem) along with samples comprising stolon-to-tuber
transition stages (stolon, swollen stolon, and mini-tuber) were harvested at 10 and 14 days after
their transfer to SD. Leaves were also harvested on the earlier time-points (4" and 7" day after
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SD induction). All samples were collected between Zeitgeber time (ZT) =2 and ZT = 4. Total
RNA was isolated from 100 mg of crushed tissues using RNAiso Plus (DSS TAKARA) as per
the protocol. Complementary DNA (cDNA) synthesis was carried out using 2 pg of total RNA,
Superscript IV Reverse Transcriptase (SSIV-RT Invitrogen), and Oligo (dT) primers. For gene
expression analysis, quantitative PCR reactions were performed on a CFX96 Real-Time
System (Bio-Rad) using gene-specific primers (Supplemental Table S1). Reactions were
prepared with SYBR green master mix (TAKARA Clontech), and incubated at 95 °C for 30 s,
followed by 40 cycles at 95 °C for 5 s, gene-specific annealing temperature for 15 s, and
extension at 72 °C for 15 s. Similarly, 2 pg of total RNA was reverse transcribed using stem-
loop primers, to study SRNA expression as per the protocol by Varkonyi-Gasic et al. (2007).
Quantitative PCR was performed with SRNA-specific forward and universal reverse primers
(Supplemental Table S1). PCR specificity was checked by melting curve analysis. Data were
analysed using 272 or 222t method (Livak and Schmittgen, 2001).

3.2.3 Cleavage site mapping by 5 RLM-RACE assay

To validate targets of small RNAs, a modified 5° RNA Ligase-Mediated Rapid
Amplification of cONA Ends (5' RLM-RACE) assay was performed using the First Choice
RLM-RACE kit (Ambion). Briefly, total RNA was extracted from stolons of WT potato
(andigena) plants by TRIzol reagent and ligated to the 5 RNA adapter. cDNA synthesis was
performed using gene-specific reverse primers (Supplemental Table S1). Two sets of PCRs
were performed with adapter-specific forward primers and gene-specific reverse primers
(Supplemental Table S1). PCR amplicons from secondary-nested PCRs were cloned in a sub-
cloning vector pPGEM-T-easy, and sequence verified to identify the cleavage sites of SRNAs
on their target gene transcripts.

3.2.4 Phylogenetic analysis

The amino acid sequences of putative StGA3ox isoforms were retrieved from
Arabidopsis, potato, tobacco and tomato genomes. The phylogenetic tree was constructed using
T-COFFEE (hRp://www.ch.embnet.org/soaware/T Coffee.html) and represented with TreeDyn
(v198.3) (Dereeper et al., 2008).

3.2.5 Gene constructs designs and generation of potato transgenic lines
To generate constitutive overexpression (OE) gene constructs, the full-length coding
sequences of StGA30x3 (1313 bp) and StRGA4 (3239 bp) were amplified by reverse
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transcription PCR from the leaves of soil-grown andigena plants using primers listed in
Supplemental Table S1. These sequences were then individually cloned into the binary vectors,
such as pBI121 and pCAMBIA1300, downstream to a constitutive CaMV35S promoter,
respectively. Henceforth, these constructs are referred as 35S::StGA30x3-pBl121 and
35S::StRGA4-pCAMBIAL300. Similarly, Stu-miR482c precursor OE construct was generated
in a binary vector pB1121 (referred as 35S::pre-miR482c-pBI1121). For the antisense construct,
a non-conserved 446 bp sequence of StGA30x3 (comprising 41 bp from 5' untranslated region
[UTR] region and 401 bp upstream to 5' UTR) was cloned in an antisense direction downstream
to the CaMV35S promoter into a binary vector pBI121. To analyse StGA30x3 promoter
activity, ~2.3 kb sequence upstream of StGA3ox3 gene (including 5 UTR of 41bp) was
amplified from genomic DNA of andigena plants and cloned upstream to the GUS reporter
gene (uidA) in the pBI1101 to generate promStGA30x3::GUS-pBI101 construct. All the gene
constructs were then transformed into Agrobacterium tumefaciens strain GVV2260. Transgenic
potato plants were generated using Agrobacterium-mediated leaf transformation method
(Banerjee et al., 2006). Transgenic line of andigena harbouring 35S::GUS construct was
considered as a vector control (VC). Phenotypic characteristics, such as plant height, inter-
nodal distance, leaf length and shape in transgenic lines were recorded before the initiation of
SD photoperiod, whereas the tuber and root biomass were measured after four-weeks of SD
induction. Moreover, StBEL5 coding sequence (2064 bp) was PCR amplified from cDNA of
Solanum tuberosum ssp. andigena (Supplemental Table S1) and into pBI221 vector to generate
StBEL5 OE construct.

3.2.6 Agrobacterium mediated co-infiltration assays

To understand in planta phasiRNA production, Agrobacterium-mediated co-infiltration
assays were performed in leaves of 6-weeks old WT and RDR6 mutant plants of N.
benthamiana. 35S::StRGA4-pCAMBIA1300 and 35S::pre-miR482c-pBI1121 constructs were
transformed into Agrobacterium tumefaciens GV3101 strain. For co-infiltration assays,
individual Agrobacterium colony harbouring respective gene construct was inoculated in 3 ml
LB broth containing appropriate antibiotics and grown overnight (primary culture). 100ml
secondary cultures (having 150 puM acetosyringone) were set up without any antibiotics. When
the secondary culture reached an ODesoo Of 1.00, cells were centrifuged and pellet was
resuspended in a buffer (10 mM MgCl,, 10 mM MES-K: pH= 5.6, plus 150 pM
acetosyringone), incubated at room temperature on a tube-roller for 3 hrs, followed by co-
infiltration into the leaves of N. benthamiana plants using a needleless syringe. Co-infiltrations
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with agrobacteria containing pBl121 and pCAMBIA1300 served as vector controls. Leaves
were harvested post 48 hrs of co-infiltrations, and subjected further for SRNA analysis. For in
planta validation of StGA30x3 as a target of siRD29(-), co-infiltrations were carried out in the
leaves of WT N. benthamiana plants with 35S::StRGA4-pCAMBIA1300, 35S::pre-miR482c-
pBI1121, and 35S::StGA30x3-pBl121constructs.

Whether StBEL5 regulates StGA30x3 gene expression, Agrobacterium-mediated co-
infiltration assays were performed in leaves of promStGA3ox3::GUS lines (3-4 weeks old soil-
grown plants). The 4" leaf of each plant was infiltrated with the 35S::StBEL5 gene construct.
Leaves were harvested 48 hrs post-infiltration and processed for GUS transcript accumulation

and protein activity.

3.2.7 Dot blot analysis

Dot blot was carried out for SRNAs. Briefly, RNAs (2.5, 5 and 10 pg) were re-
suspended in deionised formamide (Merck) heated at 98 °C for 2 min. Sample (2 ul) was loaded
on the hybond N* membrane (Ameshram) several times till the requisite amount of RNA is
obtained on a single dot area. Further, the blot was UV cross-linked and hybridization was
performed at 35 °C for 24 hrs in UltraHyb-oligo buffer (Ambion) with the oligo probes
(Supplemental Table S1) end labelled with *P by poly-nucleotide kinase (Invitrogen). Blots
were washed with 2X SSC buffer + 0.1% SDS thrice for 15 min at 35 °C. Blots were exposed
to phosphor screen for 5 days and signal was captured using Typhoon phosphorimager (GE

healthcare).

3.2.8 Analysis of StGA30x3 promoter activity

To analyse StGA3ox3 promoter activity, four promStGA3ox3-GUS transgenic
andigena lines were generated. All the lines showed a similar GUS activity pattern across the
tissue types. Off these, one representative line was chosen for further analysis. Plants for
promStGA3ox3-GUS transgenic line were grown in-vitro for five-weeks under LD conditions
before transferring to the soil. They were grown under LD conditions until they attained 10-12
leaves. Half of the plants were subjected to SD induction for 14 days, while remaining half
continued to grow under LD. Stolon-to-tuber transition stages as well as in-vitro grown
plantlets (4-week old) were used to perform GUS assay as described in Jefferson (1987).
Briefly, samples were kept for overnight in GUS extraction buffer at 37 °C and transferred to
the series of ethanol gradients from 20 to 100% for the complete removal of chlorophyll.
Samples were photographed in stereo microscope (Olympus MVX10). Fluorometric MUG
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analysis from the subset of tissue samples (mentioned above) was performed as described
(Jefferson et al., 1987). Frozen samples were homogenized in GUS extraction buffer (100 ul).
Samples were centrifuged at 16000 g for 5 min. Clear supernatant was used for protein
estimation by Bradford’s method (Bradford, 1976). Aliquots of extracts with approximately
10 pg of protein were made and their volume was made up to 150 pl with extraction buffer.
GUS assay buffer (5 ul) was added to each sample and incubated at 37 °C for 3 h. Reaction
was stopped by adding stop (0.2 M Na2COg) buffer. Fluorescence of the samples was measured
using multimode plate reader (Ensight, Perkin-Elmer) with excitation wavelength 365 nm and

emission wavelength 455 nm.

3.2.9 Histology and microscopy

To visualize the cell-type specific GUS expression, the tissues were fixed in 0.1 mM
sodium phosphate buffer containing 4% paraformaldehyde (Sigma) and 2% glutaraldehyde
overnight at 4 °C (Barker et al., 2021). The fixed tissues were then dehydrated in a series of
ethanol gradient from 20 to 100% (v/v), followed by washes with xylene (JT Baker). Tissue
blocks were prepared with molten paraplast (Leica). Ten micrometer sections were cut with
the help of Microtome (Leica) and mounted with DPX on glass slides. Peels from abaxial side

of GUS stained leaves were mounted with 10% glycerin solution to visualize guard cells.

3.2.10 Hormone treatment

Fifth leaf of five week old plants were treated with or without 100uM Jasmonic acid, 50uM
GA3, 50uM 2, 4-D and 0.25mM SA in different sets. Plants were then incubated in growth
chamber (16 h light, 22°C/ 8h dark, 20°C) for 48hrs before collecting leaf samples.

3.2.11 Estimation of chlorophyll and anthocyanin content

Terminal leaflet of the 5" leaf (from the shoot apex) was excised from plants post four
weeks of soil transfer for the purpose of chlorophyll and anthocyanin estimation. Using 100
mg of freeze-dried leaf tissues, chlorophyll was extracted in 80% acetone and the absorbance
of supernatant was measured at 645 nm and 663 nm wavelengths, and total chlorophyll content
(mg.g) was calculated per the report of Bhattacharjee and Sharma (2012). Anthocyanin
estimation was performed with a protocol described by Nakata and Ohme-Takagi (2014). Five
volumes of extraction buffer (45% methanol and 5% acetic acid) were mixed with 100 mg of

plant tissues and mixed thoroughly. Samples were centrifuged at 12000 g for 10 min at room
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temperature and the absorbance (Abs) of the supernatant was measured at 530 nm and 657 nm,

and the anthocyanin content, expressed as Abs 530 g FW.

3.2.12 In vitro tuberization

A modified version of the method described by Hendriks et al. (1991) was used for in
vitro tuberization assays. Single node cuttings of WT andigena, VC, and three types of
transgenic potato lines (StGA30x3-OE, StGA30x3-AS and StRGA4-OE) were grown in vitro for
4-weeks under LD conditions on MS media containing 2% sucrose and 0.2% phytagel (Sigma-
aldrich). Four consecutive nodes from the apex (excluding apical region) containing a dormant
single axillary bud from 4-week old in-vitro grown plants were transferred to the tuber inducing
MS media with 8% sucrose, 0.2% phytagel and incubated in the dark at 18 °C for 2 weeks and
number of tubers formed were scored on alternate days. For each independent line, more than
80 single nodes (n>80) were used. Moreover, to study the effect of GA inhibitor treatment, 48
single nodes of transgenic lines, WT and VC plants were incubated on tuber inducing medium
supplemented with GA biosynthesis inhibitor - paclobutrazol (0.5 mg/L) or mock (control),
and scored for the rate of tuber formation.

3.2.13 Small RNA sequencing

To identify the phase of siRD29(-) generation, 5" leaf of N. benthamiana WT plants
were co-infiltrated with Agrobacterium containing either 35S::StRGA4-pCAMBIA1300 and
35S::pre-miR482c-pBI121 or only 35S::StRGA4-pCAMBIA1300. Whereas, the leaves co-
infiltrated with pB1121 and pCAMBIA1300 served as vector controls. Total RNA was isolated
from these samples as described before. For small RNA-sequencing, all three co-infiltrated
samples (35S::StRGA4-pCAMBIA1300 + 35S::pre-miR482c-pBl121, 35S::StRGA4-
pCAMBIA1300, and pBI1121 + pPCAMBIA1300) were processed in duplicates. RNA integrity
was checked on Agilent Bioanalyzer chip (Tapestation 2200). Six independent small RNA
libraries were prepared and subjected to the deep sequencing.

3.2.14 Processing of SRNA reads for the identification of phasiRNAs

Sequencing reads of 51 bp in length were generated with the llumina HiSeg-X
sequencing platform (Bionivid Technology Pvt. Ltd.). Quality of raw reads was examined by
NGSQCtoolkit. Raw reads were filtered for high-quality with Q-Score >20. rRNA and tRNA
reads are filtered out by SRNA workbench, and adaptor null reads were discarded. Redundant
reads from co-infiltrated samples were used to identify PHAS locus with the help of
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sRNAworkbench (version 4.7), keeping a cut-off of at least 2 abundances for each aligned read

with a length preference to 21 and a p-value cut-off of 0.05.

3.2.15 Quantification of GAs from Agrobacterium-infiltrated potato leaves

For the quantification of GA levels (GA1, GAz and GA4), a modified version of the
protocol (Shaikh et al., 2022) was followed. To test if StGA30x3 is involved in the production
of GA1, GAsor GA4, Agrobacterium-mediated co-infiltration assays were performed in leaves
of 4-week old soil-grown WT plants. The 4™ leaf was agro-infiltrated with the 35S::StGA30x3
construct, and samples were collected 48 hrs after infiltration. Liquid N2 pulverized tissue (100
mg) was extracted in 250 pL of 80% methanol containing 400 ng/ml of Adonitol as an internal
standard to monitor response of the machine throughout the run. Samples were vortexed
vigorously and centrifuged twice at 14000 rpm for 30 min at 4 °C. Extracts were ran using
Phenomenex Gemini® C18 column (50 *4.6 mm, 5 um, 110 A) in AB Sciex X500R Ultra-
Performance Liquid Chromatograph-Electrospray lonization-Quadrupole Time of Flight
(UPLC-ESI-QTOF) Mass Spectrometer, in a negative ionization mode with a flow rate of 0.5
ml mint and a gradient solvent program of 16 min (0.0 min, 10% methanol/water; 3.0 min,
10% methanol/water; 6.0 min, 50% methanol/water; 7.0 min, 70% methanol/water; 10.0-12.0
min, 95% methanol/water; 13.0-16.0 min, 5% methanol/water). Formic acid (0.1 %; LC-MS
grade) was added to both the solvents. For MS/MS, the following parameters, ion spray voltage
(V): -4500, de-clustering potential (V): -50 V and collision energy: -35V were used.

3.2.16 Gibberellin (GAs) quantification from transgenic lines

Shoot-apices as well as stolons of transgenic lines (StGA30x3-OE, StGA30x3-AS and
StRGA4-OE) and WT plants grown in soil for six weeks under long day conditions were used
for GA estimation. GAs were extracted according to published protocol (Simura et al., 2018;
Jathar et al., 2022; Kundu et al., 2022) at NIPGR Metabolomics Facility, New Delhi.
Lyophilized plant sample (35 mg) was extracted with 1 mL of cold extraction buffer (MeOH:
H.O: HCOOH, 15:4:0.1) consisting with 20 ng of [?Hz] GA4 as an internal standard.
Homogenized sample was centrifuged at 12,000 g for 10 min at 4 °C. Supernatant was taken
out and loaded onto a Strata-X (Phenomenex ®) Cis solid phase extraction (SPE) column pre-
conditioned with 1 mL of methanol and 1 mL of 0.1% formic acid in water. After loading, the
SPE column was washed twice with 0.1% formic acid and 5% methanol. The sample was eluted
with 1 mL 0.1% formic acid in acetonitrile and dried in speed-vac. Dried sample was re-
suspended in 50 puL 5% methanol and analysed by liquid chromatography coupled with a
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SCIEX 6500* triple-quadruple-trap MS/MS. LC-MS/MS was performed. Separation of GAs
(GA1, GAz, GA4, GA7, GAg, GA12 and GA2o) was carried out with a Zorbax Eclipse XDB Cis
column (50 x 4.6 mm, 1.8 um, Agilent Technologies). The mobile phase comprised solvent A
(water, 0.05% formic acid) and solvent B (acetonitrile) with the following elution profile: 0-
0.5 min, 5% B; 0.5-5 min, 95% B; 5.5-5.6. min 95-5% B; and 5.6-7.5 min 5% B, with a flow
rate of 0.5 mL min~t. The column temperature was maintained at 27°C. For detection, the mass
spectrometer was operated in negative ionization mode (MRM modus) to monitor analyte
parent ion — product ion transition (345—143 for GAs, 331— 213 for GA4, 329— 211 for
GA7, 363— 257 for GAs, 331— 313 for GA12, 331.1— 243 for GA20 and 333.4— 259.2 for
[2H2] GA4). Mass spectrometer settings were as follows: ion spray voltage, -4500 eV; turbo gas
temperature, 500°C; nebulizing gas, 50 psi; curtain gas, 45 psi and target scan time of 280msec.
Analyst 1.7 software (Applied Biosystems) was used for data acquisition and processing.

3.2.17 Grafting

StGA30x3-OE (# OE3), StGA30x3-AS (# AS1) lines and WT plants were maintained in
vitro on MS medium for three weeks before transferring to the soil. Lines were grown in soil
for 4 weeks (16 h light, 22°C/ 8h dark, 20°C). Thereafter, three combinations of homo-grafts
(WT/WT; OE/OE and AS/AS) and four types of hetero-grafts (WT/OE; OE/WT; WT/AS and
AS/WT) were prepared as per the protocol described earlier (Bhogale et al., 2014). Grafts were
incubated for 15 days in LD for recovery before being transferred to SD conditions for four

week and scored for tuberization phenotype.

3.2.18 Accession numbers

Table 3.1 Following are the accession numbers of the genes under study.

Sr. No. | Gene Name Accession Source
1 StGA30x3 Soltu.DM.01G018850.1 PGSC
2 StRGA4 Soltu.DM.09G019040.1 PGSC
3 NbRDR6 NM_001325654.1 NCBI
4 NbL23 XM_016629168.1 NCBI
5 StBEL5 PGSC0003DMT400076435 | PGSC
6 StGA20x1 PGSC0003DMT400054348 | PGSC
7 StGA30x2 PGSC0003DMT400054354 | PGSC
StGA200x2 PGSC0003DMT400071866 | PGSC
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9 elF3e PGSC0003DMT400076704 | PGSC
10 Stu-miR482c M10020244 miRBase
11 Nb-miR168 M10021352 miRBase

*PGSC- Potato Genome Sequencing Consortium (http://spuddb.uga.edu/)

* TAIR — The Arabidopsis Information Resource: (https://www.arabidopsis.org/)

*miRBase- the microRNA database (https://www.mirbase.org/)

3.2.19 Primer Sequences

Primers used in this chapter are listed in Table 3.2

Sr.
No | Primer name Sequence (5'—3')
For Cloning purpose
1 | StGA30x3-CDS-BamHI-FP GAGAGGATCCGTTTTTTTTGTCAAAAGTCCA
2 | StGA30x3-CDS-Sacl-RP GAGAGAGCTCCTACAAATAATTTTCATGGTATATATG
3 | StGA30x3-AS-Sacl-FP GAGAGAGCTCCTGACTCTTTTGAGGGAC
4 | StGA30x3-AS-Spel-RP GAGAGGATCCAGTAGAAGTAGCCATTATTTTG
5 | PromStGA30x3-BamHI -FP GAGAGGATCCGAAGGACACCCTCACATGC
6 | PromStGA30ox3-BamHI -RP | GAGAGGATCCTATTTTGGACTTTTGACAAAAAAAACAA
7 | StRGA4-CDS-Sall-FP GAGAGTCGACCAAAACATGGCAGACGCTTTC
8 | StRGA4-CDS-Kpnl-RP GAGAGGTACCGGGCAATCCATTTTACTCAGC
9 | premiR482c-BamHI-FP GAGAGGATCCGAGAGATTTGGGAAGCTTTTGG

[y
o

premiR482c-Sacl-RP

GAGAGAGCTCGAGTAAATGATTGGAAGCCATTG

=
[N

StBELS5-BamHI-FP

GGAGGATCCATGTACTATCAAGGAACCTCGG

[uny
N

StBEL5-Sacl-cMYC-RP

AAAGAGCTCTCACAGATCTTCTTCAGAGATCAGTTTCTGTTC
TGTTCCTAGATTACCTGTAA

For transgenic line confirmation purpose
13 | NOST Scr-RP GCAACAGGATTCAATCTTAAG
14 | HYG-FP CGGGGATTCCCAATACGAGG
15 | HYG-RP ATTTGTGTACGCCCGACAGT
16 | CamV35S-FP CAACAAAGGGTAATATCCGGAAACC
17 | CamV35S-RP GAACTTCCTTATATAGAGGAAGGG
18 | Kan-gqFP GACCACCAAGCGAAACATCG
19 | Kan-gRP AAAAGCGGCCATTTTCCACC

For 5'RLM-RACE and gqPCR purpose

20

StRGA4-482csite-FP

CTATGGAAGGGACAAAGAGCAGG

21

StRGA4-482csite-Rpi

GGGATTGAAATGCTCAGTCACTCTC

22

StRGA4-482csite-RPo

GAAGCCAAGTCCTCAACATCCAG

23

StGA30x3-siRD29-FP

AGAAACTTTGGCCACATGACTATC

24

StGA30x3-siRD29-Rpi

AATTGTAGGGCTCCTGCAAATTCA

25

StGA30x3-siRD29-RPo

TGAATCTGTGTGAGGAGCTAACCC

For real time PCR analysis purpose

26

StGA30x3-qFP

AAGAGTATCTTGGTCTCAAGGCT

27

StGA30x3-gRP

GGATGGTGAGCAGATTACAAGATG
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28 | GUS-gFP2 GGCGATTAAAGAGCTGATAG

29 | GUS-gRP2 ATCGGTGTGAGCGTCGCAGA

30 | StGA30x2_34470FP TCGATAGAATTGGCCATGCATGC
31 | StGA3ox2_34470RP CGAGCAACCCCATAGCCAG

32

StGA20x1_4348FP

AACGGAAGGTTTATGAGTGTGAGG

33

StGA20x1_4348Rpi

TGCTCATTAGGTTCCTCCATTAGAC

34 | EIF3e gFP GGAGCACAGGAGAAGATGAAGGAG
35 | EIF3e gRP CGTTGGTGAATGCGGCAGTAGG

36 | StGA200x2_71866FP CTACAAGGCTCGTCCCACAT

37 | StGA200x2_71866RP TCGCATTGCAGTATTCTTGG

38 | StBEL5 qFP AGGGATACTCTTATATTGTGTGAG
39 | StBEL5 qRP GTCTCCACTTCTTTTCTCCTATG
40 | SUT oF AAGAGCTCGTCGCCGTTAAA

41 | StIT_gR GCAGGTCTACGAGCTGTGTT

42 | SP6A gF GACGATCTTCGCAACTTTTACA

43 | SP6A gR CCTCAAGTTAGGGTCGCTTG

44 | Nb_L23-FP AAGGATGCCGTGAAGAAGATGT
45 | Nb_L23-RP GCATCGTAGTCAGGAGTCAACC
46 | No_RDR6-FP CTCAGCTTGGGGACCTCA

47 | Nb_RDR6-RP CAGCCTCCAGAATCCTCAC

For small RNA gPCR purpos

@D

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC

48 | siRD29(-)-STP GAC CCTCAA

49 | siRD29(-)-FP CGGCGGG AATAGAACTTTCATC

50 | StUB-STP GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACTTGGAC

51 | StU6-FP GACACGCACAAATCGAGAAATG

52

Stu-miR482C-STP

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACTTGGCA

53

Stu-miR482C-FP

CGGCGTTTCCTATTCCACCCA

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC

54 | NtmiR168-STP GACGTCCCG

55 | NtmiR168-FP TCGCTTGGTGCAGGTCG

56 | NtUG-STP GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACGGCCAT

57 | NtU6-FP GCGGGAACGATACAGAGAAGATTAGC

58 | Univ-RP AGTGCAGGGTCCGAGGT

For dot blot analysis
59 | siRD29(-)_RC CCTCAAGATGAAAGTTCTATT
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3.3 Results
3.3.1 MicroRNA482c cleaves StRGA4, a PHAS locus encoding NB-ARC domain-
containing disease resistance protein in potato

Previously, we identified 830 putative phasiRNA producing (PHAS) loci from sRNA-
sequencing data-sets of stolon-to-tuber transition stages in potato (Kondhare et al., 2018).
Amongst them, we found that a PHAS locus (Chr09:46314301..46314552) can generate a
phased siRNA (phasiRNA), which targets a gibberellin biosynthesis gene- StGA3ox
(Soltu.DM.01G018850.1). This PHAS locus was located in the exonic region of a NB-ARC
domain-containing disease resistance protein - StRGA4 (Soltu.DM.09G019040.1) and
predicted to be cleaved by Stu-miR482c to generate phasiRNAs (Table 3.4, Fig. 3.1 A).
Through a modified 5 RLM-RACE, we confirmed that Stu-miR482c cleaves StRGA4
transcript with a high frequency (8 of 8) at the predicted site (Fig. 3.1 B). Based on the cleavage
site, the phase of phasiRNA that targets StGA3ox was mapped on StRGA4 transcript at the 29™

position on the antisense strand, hence referred as siRD29(-) (Fig. 3.1 A).

3.3.2 SIRD29(-) generation is RDR6-dependent

To test if microRNA482c¢ (Stu-miR482c) is responsible for generating siRD29(-) from
StRGA4 transcript, we co-infiltrated Stu-miR482c and StRGA4 OE constructs in leaves of
Nicotiana benthamiana plants. Dot blot analysis indicated the accumulation of siRD29(-) in
the leaves post 48 hrs of co-infiltration (Fig. 3.1 C). No siRNAs were generated in the empty
vector infiltrated leaf samples (control). Further, we sequence verified this siRNA (Fig. 3.1 D,
E). RDRG6 is an essential factor in conventional biogenesis of phasiRNAs (Yoshikawa et al.,
2005). To investigate if siRD29(-) is generated in RDR6-dependent manner, co-infiltration
experiment was also performed in RDR6-RNAI line of N. benthamiana. These plants have a
significantly reduced RDRG6 transcript level and thus have low levels of phasiRNAs (Schwach
et al., 2005). Our analysis indicated that the generation of siRD29(-) was reduced by 96% in
the co-infiltrated leaves of RDR6i plants compared to WT (Fig. 3.1 F). These results confirmed
that siRD29(-) is generated from StRGA4 transcript in RDR6-dependent manner post cleavage
by Stu-miR482c.
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Fig 3.1 A phasiRNA siRD29(-) generates from StRGA4 transcript. (A) A schematic representation
of StRGA4 transcript and Stu-miR482c cleavage site on StRGA4 mRNA. Putative phasiRNAs and the
location of a phasiRNA siRD29(-) on the antisense strand is also shown. The number in the bracket
indicates the read count obtained in small RNA sequencing dataset from stolons (Kondhare et al., 2018)
(B) A modified 5’ RLM-RACE results depicting the cleavage site mapping of Stu-miR482c on StRGA4
transcript. Arrow shows the site of cleavage. The numbers (8/8) represent the frequency of clones with
the same cleavage site. (C) Dot blot based detection of a phasiRNA siRD29(-) in leaves of wild-type N.
benthamiana (NbWT) plants following co-infiltration of gene constructs using Agrobacterium
tumefaciens. The increased abundance of siRD29(-) was detected using the blot paper. Null control=
mock infiltrated leaves; Vector Control= empty vector infiltrated leaves; StRGA4= leaves infiltration
with 35S::StRGA4 construct; and StRGA4 + miR482c= leaves co-infiltrated with 35S::StRGA4 and
35S::pre-miR482c gene constructs in a binary vectors. (D) Agarose gel image for siRD29(-) detection
in SD-induced stolons using stem-loop RT PCR. M=50 bp ladder, NOR= stem-loop primer control,
WC= water control. (E) Stem-loop PCR amplified product was cloned in to a sub-cloning vector pGEM-
T-easy and sequence confirmed using multiple clones. The resulting representative sequence is shown.
(F) Quantification of siRD29(-) levels from agroinfiltrated samples of WT plant and RDRG6i line of N.
benthamiana with 35S::StRGA4 and 35S::pre-miR482c gene constructs. NtU6 was used as reference

gene.
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3.3.3 A novel phasiRNA siRD29(-) targets StGA30x3
The phylogenetic analysis revealed a close conservation of this isoform with
Arabidopsis AtGA30x3 (NP_193900.1) (Fig. 3.2). Thus, we referred this gene as StGA30x3

henceforth.

BAA34124.1_SIGA3ox1

- BAA89316.1_NtGA3ox1

_l——NP_l93900. 1_AtGA3ox3

{PGSC0003DMP400050628 | stGa3ox3

— NP_178149.1_AtGA3o0x4

_E NP_173008.1_AtGA3ox1
NP_178150.1_AtGA3o0x2

_LACN89834. 1_StGA3ox2

BAA34125.1_SIGA30x2
XP_006349413.1_StMSI1

| ACNR89835.1_StGA3ox1

1.

Fig 3.2 Phylogenetic relationship of GA3ox proteins. The deduced amino-acid sequences of GA30x
proteins from Arabidopsis, potato, tomato and tobacco were analyzed. StMSI1 (a potato non-GA3ox
related protein) amino-acid sequence was included to root the tree. NCBI accessions for protein
sequences used are written before the respective protein names in the phylogenetic tree. In the
phylogenetic tree, the branch length is proportional to the number of substitutions per site and the tree
is rerooted using midpoint rooting in TreeDyn. St, Solanum tuberosum; SI, Solanum lycopersicum; Nt,
Nicotiana tabacum; At, Arabidopsis thaliana. Based on the close conservation with AtGA30x3,
StGA3ox isoform (PGSC0003DMP400050628; Soltu.DM.01G018850.1) identified in this study in
potato (highlighted in red box) is referred as StGA30x3 henceforth.

In silico analysis predicted that siRD29(-) targets StGA30x3 with an expectancy value
of 2.5 (E = 2.5). Using a modified 5' RLM-RACE, we confirmed the cleavage of StGA30x3
transcript by siRD29(-) with a high frequency (9 of 9) at 11""/12" nucleotides position (Fig. 3.3
A). For in-planta validation of siRD29(-) targeting StGA30x3, a transient co-expression of
35S::StGA30x3, 35S::miR482c and 35S::StRGA4 was carried out in leaves of WT and RDRG6i
plants of N. benthamiana. StRGA4 and Stu-miR482c levels were significantly enhanced
compared to mock and empty vector (control) infiltrated plants, and transcript levels of
StGA30x3 in co-infiltrated samples were significantly reduced compared to control (Fig. 3.3
B). As expected, co-infiltrated RDR6i lines did not show any change in StGA30x3 levels due
to low levels of siRD29(-) in these plants (Fig. 3.3 C). Altogether, these results suggest that

siRD29(-) acts in a trans-manner to regulate StGA30x3.
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Fig. 3.3 siRD29(-) targets StGA30x3 mRNA post-transcriptionally. (A) A modified 5' RLM-RACE
results representing the cleavage site mapping of a phasiRNA, siRD29(-) on StGA30x3 transcript. The
numbers (9/9) represent the frequency of clones showing the same cleavage site. (B) StGA30x3 mRNA
accumulation 48 h after co-infiltration in WT N. benthamiana leaves. Control= Mock infiltrated leaves;
EV + StGA30x3 = leaves co-infiltrated with empty vector and 35S::StGA30x3 construct; Stu-miR482c
+ StRGA4 + StGA30x3= leaves co-infiltrated with 35S::pre-miR482c,  35S::StRGA4 and
35S::StGA30x3 gene constructs. The transcript abundance was plotted as 2229 method (Livak and
Schmitten, 2001). (C) StGA3ox3 mRNA accumulation 48 h after co-infiltration in RDR6i N.
benthamiana leaves. Error bars indicate standard error of means (SEM) from three biological replicates

(n=3). *indicates p <0.05 using one-way ANOVA. ns = not significant at p <0.05.

Further, gquantitative PCR analysis revealed that siRD29(-) was highly expressed in
leaves, followed by shoot-apex and stolons under LD condition (Fig. 3.4 A). A significant
increase was seen in siRD29(-) levels after 4 and 7 days of SD induction (Fig. 3.4 B ). During
stolon-to-tuber transition stages, it showed highest expression in SD-induced stolons (Fig. 3.4
C).
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Fig. 3.4 Expression of siRD29(-) in potato tissue types. (A) Expression of siRD29(-) from the two-
week old potato plant. StU6 was used as reference gene. Different tissue types (shoot-apex, leaf, stem,
node, stolon) were used for the analysis. The abundance of siRD29(-) was plotted using 249 method
(Livak and Schmitten, 2001). (B) Effect of short-day (SD) photoperiod (4 and 7 days) on the expression
of siRD29(-) in leaves of potato plants. (I) The levels of siRD29(-) during stolon-to-tuber transition
stages. Error bars indicate standard error of means (SEM) from three biological replicates (n=3).
Asterisks (one, two and three) indicate significant differences at p<0.05, p<0.01 and p<0.005
respectively, using one-way ANOVA. ns = not significant at p <0.05.

3.3.4 Stu-miR482c triggers secondary siRNAs from StRGA4 locus in planta

To confirm the generation of secondary siRNAs from StRGA4 post Stu-miR482c
cleavage in planta, we performed small RNA-sequencing of N. benthamiana leaves co-
infiltrated with Stu-miR482c and StRGA4 OE constructs. SRNAs were isolated from the
infiltrated leaves (48 hrs post infiltration), and subjected for deep-sequencing. The size
distribution profile of SRNAs indicated that StRGA4 expression did not have any effect on
SRNA population from N. benthamiana, but an increase in the proportion of 21 and 22 nt small
RNAs was observed in co-infiltrated samples as compared to controls (Fig. 3.5 A). Further, we
mapped SRNA reads to the StRGA4 transcript. StRGA4 specific SRNA reads were absent in
vector control samples, but were abundant in co-infiltrated samples in presence of Stu-miR482c
(Fig 3.5 B). The secondary siRNAs phase begun at the 1* nucleotide from the Stu-miR482c
cleavage site, which extended up to 29" position, where siRD29(-) is located (Fig. 3.5 C).
Subsequently, the number of reads for siRNAs reduced (Table 3.5). The first three phasiRNAS
(D1-D3) from the StRGA4 locus had more number of SRNA reads (Table 3.5). Though, the
position of siRD29(-) was far from the Stu-miR482c cleavage site, we still obtained higher
number of SRNA reads in comparison with other sSiRNAs near to the cleavage site (Fig. 3.5 C).
Overall, high throughput sequencing of co-infiltrated samples confirmed that siRD29(-) is
generated post Stu-miR482c cleavage at the 29™" phase from the StRGA4 PHAS locus.
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Fig. 3.5 A phasiRNA siRD29(-) is generated from the antisense strand of StRGA4 transcript at
the 29" phase post Stu-miR482c-mediated cleavage. (A) Abundance of small RNAs (21-24 nt) in
co-infiltrated leaf samples of N. benthamiana. VC= leaves infiltrated with empty vector; StRGA4=
leaves infiltrated with 35S::StRGA4; StRGA4 + Stu-miR482c= leaves infiltrated with 35S::StRGA4 and
35S::pre-miR482c constructs. (B) Total read counts from small RNA-sequencing of infiltrated samples
of N. benthamiana for control, StRGA4 and co-infiltration of 35S::StRGA4 and 35S::pre-miR482c gene
constructs. The mapping percentage of unique reads to the genome of N. benthamiana, Agrobacterium
tumefaciens and StRGA4 locus are also shown. (C) Phased siRNAs register with Stu-miR482c guided
cleavage site (indicated by a red arrow). Phased siRNAs (21 nt) are marked with the position from the
cleavage site. The numbers above and below indicated the reads obtained from the leaf samples co-
infiltrated with StRGA4 and pre-miR482c gene constructs verses those infiltrated with only StRGA4
gene construct. For a simplified view, phasiRNAs generated from the first three phases and those from
27" to 29" positions are represented.

3.3.5 StGA30x3 is highly expressed in the swollen stolon under SD

StGA30x3 showed a ubiquitous expression in all tissue types tested, with the highest
expression in leaves, followed by node, shoot-apex and stem tissues (Fig. 3.6 A). The effect of
SD photoperiod was seen to be gradual as the leaves from WT plants did not show a significant
reduction in StGA30x3 levels after 4 days of SD induction, but it was reduced 7 days post SD
induction (Fig. 3.6 B). Further, at 14 days of SD, StGA30x3 expression significantly reduced
in leaves, petioles and nodes, but it was high in the shoot-apex compared to LD conditions (Fig.

3.6 C). The expression of StGA30x3 remains unchanged in root and stem tissues under LD/SD
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conditions (Fig. 3.6 C). It was evident that StGA30x3 was highly expressed in swollen stolons,

but its expression reduced in mini-tubers (Fig. 3.6 D).
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Fig. 3.6 Expression analysis of StGA30x3 in in different tissues of potato cultivar Andigena. (A)
Accumulation of StGA30x3 transcript in various tissues of WT andigena potato plants. Four tissue types
of 2 week old soil-grown potato plants, such as shoot-apex, leaf, node and stem were used for analysis.
StEIF3e was used as a reference gene. Statistical significance was calculated in comparison to the leaf
transcript abundance. (B) Effect of short-day (SD) photoperiod (4 and 7 days) on the expression of
StGA30x3 in leaves of potato plants. (C) Effect of photoperiod on the expression of StGA30x3 in
different tissue types of potato plants, subjected to long-day (LD) or SD induction for 14 days, post 8
weeks in soil under LD conditions. Fold-change of the gene expression in each tissue type for SD
treatment is compared to respective LD expression. (D) Gene expression of StGA30x3 during stolon-
to-tuber transition stages (stolon, swollen stolon and mini-tuber) harvested from potato plants post 10
days of SD or LD induction. Fold-change of the gene expression in SD is compared to LD for each
tissue type. Asterisks (one, two and three) indicate significant differences at p <0.05, p<0.01 and p <

0.005, respectively, using One way-ANOVA Student’s t-test. ns = not significant at p > 0.05.

However, the expression of other known GA metabolism genes (StGA3ox2, StGA200x2
and StGA20x1) and tuberization activator StBEL5 during stolon-to-tuber transition stages were

in line with the previous reports (Fig. 3.7).
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Fig. 3.7 Expression analysis of GA metabolism genes during stolon-to-tuber transitions under
SD. Expression of GA biosynthesis genes, such as StGA30x2 (A), StGA30x3 (B), and StGA200x2 (C),
GA catabolism gene, StGA20x1 (D) and StBEL5 (E) in stolons, swollen stolons and mini-tubers under
LD or SD conditions. StEIF3e was used for normalization of gene expression data. Error bars indicate
standard error of means (SEM) from three biological replicates (n=3). Asterisks (one and two) indicate
significant differences at p<0.05 and p<0.01, respectively, using the one-way ANOVA. ns=not
significant at p>0.05.

The pattern of GUS activity using 5-week old in-vitro plants of promStGA30x3::GUS-
pBlI121 lines matched with StGA30x3 gene expression. (Fig. 3.8 A). GUS expression was
observed in leaves, roots, and at the junction of stem-petiole and stem-roots (Fig. 3.8 B, E, F,
H, and I). In the leaf, GUS expression was prominently observed in the guard and mesophyll
cells (Fig. 3.8 C-D), respectively. Longitudinal (Fig. 3.8 F) and transverse (Fig. 3.8 G) sections
of the stem-petiole junction revealed that StGA30x3 promoter expresses in the cortex cells and
not in the meristem region. Transverse section of roots (Fig. 3.8 I) indicated GUS expression
in the cortex region. A faint GUS expression was also seen in the phloem region (Fig. 3.8 1).
Strong GUS activity was observed in swollen stolons (Fig. 3K), whereas a faint GUS
expression was noted in mini-tubers and elongated stolons (Fig. 3J and L, respectively).
Similarly, GUS and StGA30x3 transcript expression was increased in swollen stolons, and was
reduced in tubers (Fig. 3.8 M-N). We noticed that GUS protein activity had not changed in
swollen stolons, but reduced at mini-tuber stage (Fig. 3.8 O). Since, the total protein content
increases during stolon-to-tuber stages (Fig. 3.8 P), the effect of induced GUS expression did

not correlate with the GUS protein activity in swollen stolons.
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Fig. 3.8 StGA30x3 promoter exhibits tissue-specific GUS activity. (A) GUS activity in
promStGA30x3::GUS transgenic lines. GUS activity in 5-week old in-vitro grown entire plant, leaf and
guard cells (B and C), longitudinal section of leaf blade (D), petiole-stem nodal junction (E),
longitudinal and transverse sections of petiole-stem nodal junction (F and G), roots and their transverse
sections showed GUS expression in the cortex region (H and 1), stolons, swollen stolons and mini-
tubers (J, K and L) harvested from 8 week old soil grown plants of promStGA30x3::GUS induced with
LD/SD conditions for 10 days. No visible GUS expression was observed in stolon (J). Arrows indicate
GUS expression in specific cell-types. Scale bars, A, H=1cm; B, E, J, K and L= 1 mm; F= 500 um;
G= 200 pum; I= 100 um and C, D = 20 ym. (M) The GUS transcript levels during stolon-to-tuber
transition stages harvested from promStGA3ox3::GUS transgenic lines post 10 days of SD induction.
(N) The expression analysis of StGA30x3 gene, (O) Quantification of GUS activity, and (P) The total
protein content in stolons, swollen stolons and mini-tubers of promStGA30x3::GUS transgenic lines
under SD conditions. StEIF3e was used for normalization of gene expression data. Error bars indicate
standard error of means (SEM) from three biological replicates (n=3). Asterisks (one, two, three and
four) indicate significant differences at p<0.05, p<0.01, p<0.005 and p <0.001 respectively, using
one-way ANOVA. ns =not significant at p <0.05.

3.3.6 Altered expression of StGA30x3 affects leaf size and chlorophyll content with no
effect on tuber weight
To characterize the function of StGA30x3 in potato, five constitutive StGA30x3-OE

lines in andigena were generated (Fig. 3.9 A). Of them, three independent lines (referred as
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#OE2, #OE3, #OE5) with moderate or high levels of StGA30x3 expression were chosen for
further analysis (Fig. 3.9 A-B).
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Fig 3.9 Overexpression (OE) and knockdown (AS) lines of StGA30x3. A) Expression levels of
StGA30x3 in the 5" leaf of overexpression and antisense lines compared to WT Lines underlined in red
were taken for further experiments. StEIF3e was used as a reference gene for RT-gPCR analysis. Error
bars indicate standard error of means (SEM) from three biological replicates (n=3). Asterisks (one, two
and three) indicate significant differences at p<0.05, p<0.01, and p<0.001, respectively using
Student’s t-test. ns= not significant at p >0.05. (B) Plant architecture of StGA30x3-OE and -AS lines
along with WT. Scale bar=5 cm. (C) Representative images of the 5" leaf from WT, StGA30x3-OE and
StGA30x3-AS lines. Scale bar=1 cm.

OE lines showed an increase in plant height compared to WT (Fig. 3.10 A, C). Leaflet
numbers were same but the overall leaf size was larger and the terminal leaflet length was
significantly higher in OE lines than WT (Fig. 3.9 D; Fig. 3.10 B, D). However, no change in
the total leaf length was noted (Fig. 3.10 F). Chlorophyll content of the leaves was reduced in
StGA30x3-OE lines (Fig. 3.11 A), whereas #OE3 had a reduced anthocyanin content compared
to WT (Fig. 3.11 B).
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Fig. 3.10 Overexpression of StGA3o0x3 affects plant height and leaf size. (A) Plant height is
represented in StGA30x3-OE and -AS lines in comparison with WT (n=12). (B) Representative images
of the 5" leaf from WT, StGA30x3-OE and StGA30x3-AS line. Scale bar= 1 cm (C) Plant inter-nodal
distance in StGA30x3-OE and -AS lines is shown in comparison to WT. (D) Terminal leaflet length of
fully expanded 5™ leaf has been shown in StGA30x3-OE lines in comparison with WT. Data is from 12
independent plants for each line (n=12). (E) Terminal leaflet length from AS lines is represented (n=12).
(F) Total leaf length for 5™ leaf from shoot-apex in OE lines. Asterisks (one, two, three and four)
indicate significant differences at p <0.05, p<0.01, p<0.001 and p<0.0001, respectively, using one way
ANOVA. ns= not significant at <0.05.
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Fig. 3.11 StGA30x3 overexpression affects chlorophyll and anthocyanin content of leaves. (A)
Total chlorophyll content from the 5% leaf of StGA30x3-OE and StGA30x3-AS lines. (B) Estimation of
anthocyanin content in the 5" leaf from the shoot-apex in StGA30x3-OE, StGA30x3-AS lines and WT

plants. * at p <0.05, using one way ANOVA. ns= not significant at <0.05.
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To assess the effect of StGA30x3 knockdown, we generated its antisense (AS) lines in
andigena (Fig. 3.9 C). We selected two antisense lines (referred as #AS1 and #AS3) with more
than 80% reduction in the StGA30x3 transcript levels (Fig. 3.9 B-C). StGA30x3-AS lines
showed a reduction in plant height accompanied by a significant decrease in the inter-nodal
distance (Fig. 3.10 A, C). Although there was no change in the length of terminal leaflet as
observed in StGA30x3-OE lines (Fig. 3.10 B, E), the leaflets of the StGA30x3-AS lines were
flattened compared to WT (Fig. 3.9 D; Fig. 3.10 B). Evaluation of the tuberization potential of
OE and AS lines of StGA30x3 showed that the overall tuber weight remains unchanged in both
transgenic lines (Fig 3.12 B-E). However, AS lines produced significantly higher tuber
numbers per plant (Fig. 3.12 A, C).
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Fig. 3.12 Knockdown of StGA30x3 alters tuber numbers in potato. (A) Number of tubers in
StGA30x3-0OE and StGA30x3-AS lines compared to WT. (B) Tuber weight was indicated for StGA30x3-
AS lines in comparison with WT. (C) Representative images for the tubers of StGA30x3-AS lines were
obtained. Each image contains tubers from 6 plants per line. (D) Tuber weight for OE lines is indicated.
Data was taken from soil grown plants after a one month of SD induction, and plotted from 10 individual
plants per line (mean +SEM; n=10) (E) Representative images for the tubers were obtained. Each image
contains tubers from 12 plants per line. Scale bar= 1 cm. Asterisks (one and two) indicate significant

differences at p <0.05, p<0.01, respectively, using one way ANOVA. ns= not significant at <0.05.

Grafting experiment was carried out to test if leaf morphology or other pleiotropic
phenotypes of the transgenic lines have any effect on tuberization of transgenic lines (Fig. 3.13
A-B). We observed no changes in tuber numbers for OE/OE, WT/OE and OE/WT grafts (Fig.
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3.13 C-D). The tuber numbers in hetero-grafts of WT/AS and AS/WT were also comparable
to WT/WT homo-grafts, suggesting that an increase of the tuber numbers in StGA30x3-AS lines
might not be a result of change in the leaf morphology. Instead, it could be due to the impaired
bioactive GA levels.
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Fig. 3.13 Tuber phenotype in grafts generated from StGA30x3 OE, AS lines and WT. (A)
Representative images for the graft combinations are given. Scale bar = 10 cm. (B) Zoomed image for
graft junction is also represented. White arrows indicate the graft junction. (C) Number of tubers and
(D) Total number of stolon stages per plant from various grafts, after 21 days of SD induction. Error
bars indicate standard error of means (SEM) from biological replicates. One way ANOVA was
performed to check the level of significance. ns = not significant at p>0.05. Data is plotted with n=5 for
all three types of homo-grafts (WT/WT, OE/OE, AS/AS); n=4 for all hetero-grafts (WT/OE, AS/WT,
WT/AS) and n=3 for OE/WT hetero-graft.

3.3.7 StRGA4 overexpression lines have high levels of siRD29(-) and mimic the tuber
phenotype of StGA30x3-AS lines

Disease resistance genes from the Solanaceae family are known to be targeted by
miR482/2118 members to produce secondary phasiRNAs (Zhai et al., 2011; Shivaprasad et al.,

2012) that further regulate numerous defence-related genes. In absence of any pathogen attack,
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miR482 family mediated secondary phasiRNA cascade remains active. After pathogen attack
miR482 levels reduces in order to express and maintain high levels of disease resistance genes.
We utilized the principle of this signaling cascade to overexpress siRD29(-) in potato. To
enhance the expression of siRD29(-), constitutive OE lines of StRGA4 (OE8 and OE10) were
generated in andigena plants. These lines exhibited reduced levels of StRGA4 (Fig. 3.14A) as
the transcript is being targeted by increased levels of Stu-miR482c (Fig. 3.14B). Both OE lines
showed 2-2.5 fold increase of sSiRD29(-) levels in the leaves (Fig. 3.14C). The corresponding
~70% decrease in StGA30x3 levels was observed (Fig. 3.14D).
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Fig. 3.14 Overexpression lines of StGA30x3 and StRGA4 have enhanced levels of siRD29(-). (A)
Expression of the phasiRNA module components, such as StRGA4 (A), Stu-miR482c (B), and siRD29(-
) (C) in leaves of overexpression lines of StGA30x3 (OE2, OE3 and OES5) and StRGA4 (OE8 and OE10)
compared to WT. (D) StGA30x3 expression in StRGA4::0OE lines and StGA30x3::AS lines (AS1 and
AS3) compared to WT. StEIF3e was used for normalizing the gene expression data. Error bars indicate
standard error of means (SEM) from three biological replicates (n=3). Asterisks (one and two) indicate
significant differences at p <0.05 and p <0.01, respectively, using Student’s t-test. ns =not significant
at p>0.05.

StRGA4-OE lines mimicked the specific phenotypes of StGA30x3-AS lines, for example
reduced plant height (Fig. 3.15 A), no change in the final tuber weight (Fig. 3.15 C-D) but an

increased tuber numbers (Fig. 3.15 B, D).
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Fig. 3.15 StRGA4-OE lines exhibits phenotype similar to StGA30x3-AS lines with reduced tuber
number. (A) Plant height for StRGA4-OE lines is shown in compared to WT (n=12). (B) Tuber numbers
and (C) Tuber weight in comparison with WT are given. Data from 6 independent plants for each line
(n=6) is represented. (G) Each image contains tubers from 6 plants per line. Scale bar= 1 cm. One way
ANOVA was performed to check the level of significance. Asterisks (one, three and four) indicate
significant differences at p <0.05, p<0.005 and p <0.001, respectively. ns = not significant at p>0.05.
We also quantified module related genes in SD-induced stolons of StRGA4-OE lines
which exhibited increased levels of siRD29(-), followed by a reduction in level of StGA30x3
(Fig. 3.16). These results suggest that the gene regulatory module (GRM) is functional during

stolon-to-tuber transitions of potato.
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Fig 3.16 StRGA4-OE lines have enhanced levels of siRD29(-) in stolons. Expression of the module
components, StRGA4, Stu-miR482c, siRD29(-) and StGA30x3 in the SD-induced (four days) stolons of
StRGA4 (OES8 and OE10) overexpression lines as compared to WT. Error bars indicate standard error
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of means (SEM) from three biological replicates (n=3). One way ANOVA was performed to check the
level of significance. Asterisks (one, two and three) indicate significant differences at p <0.05, p<0.01

and p <0.001, respectively. ns =not significant at p>0.05.

3.3.8 StGA30x3 controls tuber-stalk development under in vitro conditions

A transient overexpression of StGA30x3 in potato leaves led to an increase in GA:1
levels post 48 hrs of agro-infiltration, suggesting that StGA30x3 could contribute to GA;
biosynthesis pathway (Fig. 3.17). Further, to study if StGA30x3 influences the earliness for
tuber formation, we conducted in vitro tuberization assays using OE lines of StGA30x3 and
StRGA4, and StGA30x3-AS lines. StGA30x3-OE exhibited slight delay in tuberization
compared to control (Fig. 3.18 A-B), whereas StGA30x3-AS and StRGA4-OE lines did not
show delay in tuber formation. We observed sessile tuber formation in WT andigena plants.
Interestingly, more than 50% tubers of StGA30x3-OE lines showed stalk formation as
compared to WT (Fig. 3.19 A), possibly due to increased levels of bioactive GAs in the
tuberizing nodes. Consistently, a transient overexpression of StGA30x3 in potato leaves led to
an increase in GA: levels post 48 hrs of agroinfiltration, suggesting that StGA30x3 could
contribute to GA1 biosynthesis pathway (Fig. 3.17 A). StGA30x3-AS and StRGA4-OE lines
exhibited sessile tubers similar to control plants (Fig. 3.19 A-B).
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Fig. 3.17 Quantification of GA; levels from leaves of potato plant infiltrated with Agrobacterium

containing 35S::StGA30x3 gene construct. (A) Quantification of GA; levels from leaves of potato
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plant infiltrated with Agrobacterium containing 35S::StGA30x3 gene construct. (B) Chromatogram of
GA: standard (m/z: 347.15 g/mol; 3.88 ng/ml). (C) Chromatogram of GA: from agroinfiltrated leaf
sample of potato. (D) MS/MS peaks for GA; detected in agroinfiltrated leaf samples.
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Fig. 3.18 Rate of tuber formation in transgenic lines during in vitro tuberization assay. (A) The
percentage of tubers produced by three OE lines of StGA30x3 (OE2, OE3 and OES5) and (B) StGA30x3-
AS, StRGA4-OE lines on 8% sucrose in dark under in vitro conditions over a period of 18 days. Data is

plotted at 2 day intervals with WT.
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Fig. 3.19 Altered StGA3ox3 expression influences development of tuber-stalk during in vitro

tuberization assays. (A) In vitro tuberization assay. Single node explants from overexpression lines of
StGA30x3 (OE2, OE3 and OE5) and StRGA4 (OE8 and OE10), and the antisense lines of StGA30x3
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(AS1 and AS3) along with WT and VC plants were grown on 8% sucrose in dark. Percentage of tubers
formed in each line were scored on alternate days until 12" day, and the final tuber number percent is
plotted. (B) The nodes with sessile verses stalked-tubers were noted during the observations. Mostly,
OE lines of StGA30x3 produced stalked-tubers, whereas antisense lines of StGA30x3 or overexpression
lines of StRGA4 showed mostly sessile tubers.

Further, addition of paclobutrazol (GA inhibitor) to the tuber-inducing media (8%
sucrose) resulted in the formation of sessile tubers in StGA30x3-OE lines similar to WT (Fig.
3.20 A-B). To test whether StGA3o0x3 can control tuber-stalk development in vivo (in soil), we
measured the lengths of the stolons produced by the transgenic lines. StGA30x3-OE lines
(#OE2 and #OE3) exhibited higher stolon lengths compared to WT, whereas the stolon lengths
in StGA30x3-AS and StRGA4-OE lines did not vary significantly (Fig. 3.21 A-B). We did not
observe a significant increase in the stolon length of StGA30x3 #OES5 line. This may be due to
the fact that independent OE lines do not always show similar phenotypes because of the
variations in the level of the transgene expression. Our results indicate that StGA3ox3 controls

the tuber-stalk development in soil grown plants, similar to the in vitro tuberization assays.
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Fig. 3.20 Effect of GA inhibitor treatment on StGA30x3-OE lines during in vitro tuberization
assay. (A) In vitro tuberization assay using three types of transgenic lines with supplementation of a
GA biosynthesis inhibitor, paclobutrazol (0.5 mg/L). The symbols (+ and -) indicate the presence or
absence of GA inhibitor in the MS media. (B) Representative images of each type of node with tuber

are given (Scale bar=1 mm).
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Fig. 3.21 Effect of StGA30x3 expression on stolon length in soil-grown plants. (A) Stolon lengths
were measured in eight-week old soil grown transgenic lines, subjected to SD photoperiod for four
days. Data is from 12 independent plants for each line (n=12) is represented. Asterisks (****) indicate
significant differences at p<0.0001 using one way ANOVA. ns= not significant at <0.05. (B)
Representative plant images for stolon length are shown. Scale bar=10cm.

3.3.9 Altered expression of StGA30x3 affect GA levels in transgenic lines

To investigate the effect of altered StGA3ox3 expression on the GA contents, we
quantified five gibberellins (three bioactive GAs: GAs, GAs and GAz7, one GA precursor: GA1a,
and one GA degradation product: GAg) from the shoot apices of transgenic lines (Table 3.6).
Levels of GA12 precursor were increased in StGA30x3-AS and StRGA4-OE lines. It is known
that during GA biosynthesis, GA1 can either follow 13-hydroxylation or non-13-hydroxylation
pathway to generate GA1, GAs, GAs and GA; respectively. The levels of bioactive GAz were
higher in StGA30x3-OE line (# OE3). OE line (#2) though showed increase in GAs content but
it was below the significant threshold. However, StGA30x3-AS lines did not exhibit a change
in GAs levels. GAs levels were significantly less in both of the StRGA4-OE lines. StGA30x3-
OE (#OE3) and StRGA4-OE (#OEB8) lines had higher contents of bioactive GAs and GA7. We
could not determine GA1 and GAyo precursors from the shoot-apices. Interestingly, all lines
indicated an increase in GA1 degradation product, GAs. Particularly, StRGA4-OE showed the
highest GAs content. Gibberellins were also measured from stolons of transgenic lines, but no
GA peaks were detected in any of the samples, except for StGA30x3-OE lines, which exhibited

low levels of bioactive GAs and higher amount of GAs.
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Table 3.3 Levels of GAs (ng/g of freeze dried tissue weight) in the shoot-apices of the transgenic
lines (StGA30x3-OE, StGA30x3-AS and StRGA4-OE) compared to wild-type (WT) andigena
plants after six weeks in long-day conditions. GAs were quantified using LC-MS/MS with internal
standards. The values are means of three independent biological replicates (n= 3) * standard error of
means (SEM). One way ANOV A was performed to check the level of significance. Asterisks (one, two,
three and four) in parenthesis indicate significant differences at p<0.05, p<0.01, p<0.001 and
p <0.0001, respectively.

GA concentrations in shoot-apices (ng/g of dried weight) represented as Mean + SEM

GA3 GA4 GA7 GA8 GA12
) WT 154.9+24.2 1132.9£116.1 | 16395.7+£1073.3 306.5+26.2 1052.0+76.7
Wild-type
OE2 | 384.4%169.7 1387.8+294.4 | 13936.4+1485.3 385.8+71.0 1055.2+107.5
StGA30x3-
OE OE3 | 561.7463.9(*) 1783.0£186.4 | 24926.9+2163.9(*) 496.3+67.7 1435.7+67.0
AS1 200.7+26.3 1517.1+100.1 | 23570.5+2170.2 42164234 1336.6+86.8
StGA30x3-
AS AS3 224.3+30.9 1535.9+48.4 22428.7+565.0 422.0+38.1 1422.7+72.2
OE8 | 57.2+3.2(****) 2187.2+490.0( | 64234.3+8146.4(***) | 1198.7+101.5(**) | 1968.1+198.7(***)
StRGA4- *)
OE OE10 | 66.6+10.3(****) 1090.1+172.6 | 42182.6+3551.5(**) | 1105.8463.9(**) [ 1996.6+104.3(***)

3.3.10 Promoter of StGA30x3 gene has phytohormone responsive motifs.

The GUS activity in promStGA30x3::GUS lines was highest in swollen stolons
compared to SD induced stolon. These results suggested that StGA30x3 expression in stolons
could be regulated through its promoter. The 2.2 kb promoter sequence of StGA30x3 was
analysed for the presence of cis-regulatory motifs using tools such as PLANTPAN3.0 and
PLACE (Chow et al., 2019; Higo et al., 1999). Several motifs were identified, such as bHLH
(59), AP2-ERF (200), bZIP/HD-ZIP (94), MYB (21), MYB/SANT (65) WRKY (253), DOF
(356), homeodomain TFs (90), ZF-HD (85), NAC/NAM (33), etc. (Fig. 3.22 A). To analyse
effects of phytohormones on StGA3ox3 promoter activity, we performed qRT-PCR analysis
for PromstGA30x3::GUS lines treated with Jasmonic acid (JA) and Salicylic acid (SA)
respectively. JA induced GUS expression in lines (Fig. 3.22 B) whereas SA did not have any
effect on StGA30x3 promoter activity (Fig. 3.22 C).
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Fig. 3.22 StGA30x3 promoter is enriched with hormone inducible motifs. (A) Schematics of
StGA30x3 promoter highlighting the presence of hormone inducible motifs. Green arrow indicated
transcription start site (TSS). Expression of GUS transcript in the leaves of promStGA30x3::GUS lines,
48 hrs post treatment of hormones (B) Jasmonic acid and (C) Salicylic acid. D2= promStGA30x3::GUS
in desiree; Al= promStGA30x3::GUS in andigena. One way ANOV A was performed to check the level
of significance. ** p<0.01, ns=not significant at <0.05.

Further, the effect of phyto-hormones on the expression of StGA30x3 was tested in vivo,
JA, induced StGA30x3 expression while SA treatment did not have significant effect.
Gibberellic acid (GA3) and Auxin (2, 4-D) treatment to WT potato plants resulted in a decrease

in StGA30x3 levels in leaves.
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Fig. 3.23 Effects of phyto-hormone treatments on StGA30x3 expression. StGA30x3 transcript levels
in the local leaves of WT potato plants, harvested 48hr post treatment with (A) Jasmonic acid (JA),
(B) Salicylic acid (SA), (C) Gibbberellin (GA3) and (D) Auxin (2, 4-D). Student’s t- test was performed

to check the level of significance. * p<0.05, ns=not significant at >0.05.
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3.3.11 StBEL5 (a BEL-like TF)
promStGA30x3::GUS lines

Interestingly, 12 tandem TGAC core motifs were also identified in StGA30x3 promoter
using RSAT tool (Helden et al., 2000) (Fig. 3.25 A). Among them, six TGAC core motifs were
separated by a lesser than 40 bp linkers (Fig. 3.25 A; Table 3.6).
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Fig. 3.24 StGA30x3 promoter is enriched with StBEL5 binding site motifs. (A) Schematics of
StGA3o0x3 promoter highlighting the presence of TGAC core motifs. The promoter sequence (~2.1 kb)
characterized, was used to identify the TGAC core motifs (denoted by pink diamond). (B) The detailed

location of each motif is given also in Table 3.5. TSS= transcription start site.

To study this regulation, we agroinfiltrated StBEL5-OE gene construct in the leaves of

promStGA30x3::GUS lines. As StBELS5 expression is known to be wound-inducible (Chatterjee

et al., 2007), we observed an increased expression of StBEL5 as well as GUS in the mock

(control) compared to non-infiltrated leaves. Quantitative PCR from StBELS5 infiltrated leaves

showed an increased GUS expression (Fig. 3.25 A-B). GUS protein activity was also increased
in StBEL5-OE gene construct infiltrated leaves (Fig. 3.25 C), suggesting that StBEL5 induces

the expression of StGA30x3 in potato.
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Fig 3.25 BEL1-like TF StBELS5 regulates the expression of StGA30x3. Transcript abundance of
(A) GUS and (B) StBELS5 in the leaves of promStGA30x3::GUS line agroinfiltrated with
35S::StBEL5 gene construct. (C) Quantification of GUS activity in leaves of
promStGA3ox3::GUS line agroinfiltrated with 35S::StBEL5 gene construct. Student’s t test was

performed to check the level of significance. * p<0.05, ns=not significant at >0.05.

3.4 Discussion

Small RNA (sRNA) regulatory networks orchestrate various plant developmental
processes, such as initiation of SAM and its maintenance, leaf polarity establishment, flowering
time, and root development (Dong et al., 2022; Liu et al., 2022). Tuberization in potato is
governed by numerous mobile signals, transcription factors and phytohormones. These factors
co-ordinate a series of developmental events in the stolon to form a mature tuber. However, if
SRNA networks could regulate stolon-to-tuber transitions in potato is not investigated. We have
earlier reported that a number of SRNA candidates could potentially be involved in early stages
of tuber development (Kondhare et al., 2018, 2021). Here, we demonstrate the functionality of
a novel gene regulatory module (GRM), Stu-miR482c-StRGA4-siRD29(-)-StGA30x3 and its

significance during stolon-to-tuber transitions in potato.

3.4.1 Novel Stu-miR482¢c-StRGA4-siRD29(-)-StGA30x3 GRM is functional in potato
In this study, we provided the experimental evidences for a novel phasiRNA regulating
a GA biosynthesis gene, StGA30x3 in potato. Through transient expression assays in N.

benthamiana, followed by small RNA-sequencing, we showed that Stu-miR482c triggers
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synthesis of 21-nt phasiRNAs from the StRGA4 PHAS locus. Further, we demonstrated that
one of the phasiRNAs from this locus, siRD29(-) is generated at 29" position from the antisense
strand in a RDR6-dependent manner, and cleaves StGA30x3 transcript in planta (Figs. 3.1-3.5).
These findings establish the fact that Stu-miR482c-StRGA4-siRD29(-)-StGA30x3 GRM is
active. SIRD29(-) is found to be abundant in leaves under LD and was highest in SD-induced
stolons (Fig. 3.4). Interestingly, siRD29(-) and StGA3ox3 transcript levels exhibited an inverse
expression patterns during stolon to swollen stolon stage under SD conditions (Fig. 3.4 C; 3.6
D), indicating the possible role of this module in tuber development.

Earlier, two isoforms of GA3ox (referred as StGA30x1 and StGA30x2) were reported
in potato (Bou-Torrent et al., 2011; Roumeliotis et al., 2013a). However, only StGA30x2 has
been studied for its role in tuberization (Bou-Torrent et al., 2011; Roumeliotis et al., 2013a).
Here, we have identified another isoform of StGA3ox (referred as StGA30x3) (Fig. 3.2) and it
is a target of siRD29(-) (Fig. 1E). Unique expression patterns of StGA3o0x3 (Fig.3.3) suggests
that it could have a distinct role in plant growth and development. Previously, StGA30x2
expression was found to be highly reduced in stolons under SD conditions (Bou-Torrent et al.,
2011). Surprisingly, we observed the highest expression of StGA30x3 in SD-induced swollen
stolons (Fig. 3.6 D). It raises an important question: what is the relevance of increased
StGA30x3 expression during the transitions of a stolon to swollen stolon? Reduced GA level is
a pre-requisite for tuber development. This perhaps necessitates a regulatory mechanism that
could control StGA30x3 levels during stolon-to-tuber transitions in potato. For example, inrice,
miR9678 has been shown to trigger phasiRNA production from long non-coding RNA WSGAR
that could target GA biosynthesis genes to delay seed germination (Guo et al., 2018),
suggesting a possible regulation of GA metabolism through phasiRNAs in plants.
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Fig. 3.26 Expression of StGA30x2 transcript in StGA30x3 OE, AS and StRGA4 OE lines. Transcript
levels of StGA30x2 in (A) leaves and (B) SD-induced stolons of StGA30x3-OE, StRGA4-OE and
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StGA30x3-AS lines as compared to WT. StEIF3e was used as reference gene expression analysis. Error
bars indicate standard error of means (SEM) from three biological replicates (n=3). One way ANOVA
was performed to check the level of significance. Asterisks (one, two and three) indicate significant
differences at p <0.05, p<0.01 and p <0.001, respectively. ns =not significant at p>0.05. For stolon
tissues, eight week soil grown transgenic plants were subjected to SD photoperiod for four days. Leaf

and stolon samples were harvested between Zeitgeber time ZT =2 and ZT =4

Bioactive GAs control leaf expansion and the elongation of stem and root tissues
(Davies, 2004). We noted that the OE and AS lines of StGA3o0x3 exhibited typical GA-
mediated phenotypes (Fig. 3.9- 3.11). Interestingly, StGA30x3-AS lines showed higher tuber
numbers compared to WT (Fig. 3.12 A-B). Previously, a report by Roumeliotis et al. (2013a)
showed that StGA30x2 RNAI lines had increased tuber numbers (per plant) possibly due to
altered GA:auxin ratio in stolons. However, we did not observe any change in the expression
of StGA30x2 in StGA30x3-AS lines (Fig. 3.26), suggesting that the phenotypes we observed
were specifically due to the knockdown of StGA3ox3 only. To identify if pleiotropic
phenotypes of StGA30x3-OE lines have any effect on tuber numbers, grafting was conducted.
Heterografts (OE/WT, WT/OE) did not show any change in the tuber numbers, suggesting that
the leaf morphology of StGA30x3-OE lines may not have any direct effect on the tuberization.
However, the unaltered tuber numbers in the heterografts of WT/AS could be the effect of
transport of bioactive GAs from leaf to stock. Further, we observed that StRGA4-OE lines
exhibited an increased expression of siRD29(-) in leaves and stolons (Fig. 3.14 C; 3.16 ) but
reduced the levels of StGA30x3 transcripts (Fig. 3.14 D; 3.16 ). These lines had quite similar
tuber phenotypes as of StGA30x3-AS lines (Fig. 3.15) suggesting that the Stu-miR482c-
StRGA4-siRD29(-) signaling cascade is functional and regulates StGA30x3 expression in
StRGA4-OE lines. Hence, it is believable that this GRM is active in leaves as well as in stolons
of potato.

Subsequently, we investigated the role of StGA3ox3 isoform in GA biosynthesis
pathway. GA3ox gene family catalyzes the final step in the synthesis of bioactive GAs (GA1,
GAs and GAs) from GAxo precursor (Hedden and Phillips, 2000). Previously, StGA30x2 was
reported to catalyze GA: production (Bou-Torrent et al., 2011). Through transient expression
in potato (Fig. 3.17 A), we observed an increased GA: levels in the leaves infiltrated with
StGA30x3-OE construct, whereas GAs levels remained unchanged. We noted that the levels of
GA:z and GA7 were high in StGA30x3-OE lines, whereas StRGA4-OE lines had significantly
reduced GAs levels, indicating that StGA30x3 might be involved in GAs synthesis (Table 3.6).
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GAz concentration in AS lines of StGA30x3 was similar to WT. Also, the expression of
StGA30x3 was less in shoot apex. These observations led us to speculate that the functions of
StGA30x3 in the shoot apex of AS line might be compensated by other GA-biosynthesis
enzymes. Further in the constitutive StRGA4-OE lines, StGA30x3 transcripts are targeted by
siRD29(-), hence the effect on GA3s concentration is quite evident in these lines. Even though
GA: could not be estimated in samples, but high levels of GAs in StGA30x3-OE lines possibly
suggests a metabolic turnover resulted from the breakdown of GA1 produced. These results, in
addition to the StGA30x3-OE phenotypes (such as increased plant height, larger leaf size,
reduced chlorophyll and anthocyanin content), indicate that StGA3o0x3 isoform could be
involved in synthesis of bioactive GA; and GAa.

To dissect the role of StGA30x3 in tuber development, we carried out an in vitro tuber
induction experiment using StGA30x3-OE, StGA30x3-AS and StRGA4-OE lines (Fig. 3.18-
3.19). As anticipated, StGA30x3-OE lines exhibited delay in tuberization (Fig. 3.18 A),
however, noticeable changes were not observed in other transgenic lines. Further, StGA30x3-
OE lines produced stalked tubers (Fig. 3.19). During in vitro tuberization experiment,
application of GA3 leads to its accumulation in the meristematic region of the nodes that causes
cell elongation and formation of stalked tubers (Shibaoka, 1993; Sanz et al., 1996; Xu et al.,
1998a). Interestingly, application of paclobutrazol, a GA inhibitor to StGA30x3-OE lines led
to the formation of sessile tubers under tuber-inducing in vitro conditions (Fig. 3.20),
suggesting that enhanced levels of bioactive GA might have stimulated the stalked tuber
phenotype. The increased stolon length in StGA30x3-OE lines as compared to WT in soil grown
plants (Fig. 3.21) further supports the notion. A recent study by Kou et al. (2021) reported that
GAz; treatment caused elongation in the flower stock in Chinese cabbage via induced expansion
of cell walls through activation of cell wall proteins like expansins. These results suggest that

StGA30x3 could be involved in potato tuber-stalk development.

3.4.2 StBELS5 regulates StGA30x3 expression in potato

We observed a prominent GUS expression pattern in swollen stolons of StGA30x3
promoter lines (Fig. 3.8). This directed us to investigate if any transcriptional regulators govern
the expression of StGA30x3. BELs interact with KNOTTED1-LIKE (KNOX) TFs to control
diverse aspects of plant growth and development (Hay and Tsiantis, 2010). The BEL-KNOX
heterodimers are shown to regulate the expression of key tuberization genes by binding to the
tandem TGAC core motifs in their promoters (Chen et al., 2004; Sharma et al., 2016). Presence
of 12 tandem TGAC core motifs on the StGA30x3 promoter (Fig. 3.24), indicated a possible
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regulation by StBEL5. Through transient overexpression of StBEL5 in the leaves of
promStGA30x3::GUS lines, we confirm that StBEL5 acts as an activator of StGA30x3 gene
expression (Fig. 3.25). Increasing StGA30x3 levels by StBELS5 is counter intuitive, given the
fact that GA inhibits tuberization. The key step in the stolon-to-tuber transition is to regulate
the GA:auxin ratio to alter cell division pattern (Xu et al., 1998b). Increased auxin at the stolon-
tip is transported to the sub-apical region of the stolon upon induction (Roumeliotis et al.,
2012a; 2012b), resulting in swelling of the stolon. Thus, it appears that StBEL5 induces
expression of StGA30x3 possibly to maintain the GA:auxin ratio in the tuberizing stolons.

3.4.3 Dual regulation of StGA30x3 during stolon-to-tuber transitions

Our findings point towards a possible dual regulation of StGA30x3 by two independent
regulatory pathways- one is through siRD29(-) and the other is mediated by StBELS.
Obviously, a question arises as to what is the need of such a dual regulation? It is known that
at the onset of tuber development, GA levels reduce in the stolon (Xu et al., 1998a). StBELD5,
a key tuber marker inhibits GA biosynthesis gene StGA200x1 (Chen et al., 2004), but
upregulates GA catabolism gene StGA20x1 (Sharma et al., 2016) to reduce GAs in the stolon.
In the present investigation, we found that siRD29(-) levels are high in SD-induced stolons of
wild-type andigena plants (Fig. 3.4 D). Further, StRGA4-OE lines exhibited 2-fold increase in
SiRD29(-) levels and showed phenotypes similar to StGA30x3-AS lines, suggesting that
enhanced siRD29(-) levels may exert a control to reduce StGA30x3 abundance in the SD-
induced stolon (Fig. 3.14 D; Fig. 3.16). However, we found induced expression of StGA30x3
in swollen stolons, implicating that the control exerted by siRD29(-) to reduce StGA30x3 levels
is possibly overridden by other gene regulatory mechanism in the swollen stolon. We noticed
that a tuberization activator StBEL5 and StGA30x3 are abundantly expressed in the swollen
stolon (Fig. 3.4 C; Fig. 3.7), suggesting a possible regulation of StGA30x3 by StBEL5. Indeed,
we showed that StBEL5 increases StGA30x3 expression in potato (Fig. 3.25 B-C). As optimal
GA levels are required for stolon-to-tuber transitions, it emphasizes the need for a distinct
mechanism for spatio-temporal control of GA levels in the stolon, which is possibly achieved
either independently by siRD29(-) and StBEL5 or in combination. The identification of such
gene regulatory module to regulate an important phytohormone GA, suggests that it is crucial
for a plant to make developmental decisions to achieve the ultimate outcome. Our current study
proposes a novel GRM that could regulate potato tuber development. What signals activates
this module is an interesting question. Moreover, if there is any feedback mechanism from the
bioactive GAs to maintain the phytohormone ratios in stolons is not yet investigated.
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Fig. 3.27 Proposed model for the dual regulation of StGA30x3 during stolon-to-tuber transitions
of potato. Proposed model for the dual (transcriptional and post-transcriptional) regulation of StGA30x3
during stolon-to-tuber transitions of potato. To highlight the role of StBEL5 and GA metabolism genes,
the expression pattern of StBEL5, GA biosynthesis genes (StGA30x2, StGA30x3, StGA200x2), and the

GA catabolism gene StGA20x1 are also shown.

Notably, we show that this GRM is conserved in tomato (S. lycopersicum) (Fig. 3.28),
indicating the significance of such modules in developmental processes. In conclusion, we
show that a novel regulatory network of Stu-miR482c-StRGA4-SiRD29(-)-StGA30x3 is

functional and maintain StGA30x3 levels during stolon to swollen stolon transition.
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Fig. 3.28 Conservation of stu-miR482c-StRGA4-siRD29(-)-StGA30x3 gene regulatory module in
tomato. (A) Alignment for a PHAS region from StRGA4 transcripts from potato
(Soltu.DM.09G019040.1) and tomato cultivars- Solanum lycopersicum (XM_004245875.4) and
Solanum penelli (NM_001324975.1) is represented. NCBI accessions for sequences are written before
the respective sequence used in the alignment study. The Stu-miR482c¢/Sly-miR482d-3p cleavage site
on all transcripts is highlighted in red boxes. Whereas, siRD29(-) location is shown by a green box. (B)
Magnified view of the miRNA cleavage site on StRGA4 transcript from alignment. psRNA target
prediction represents Sly-miR482d-3p cleaves tomato SIRGA4. (C) Conserved siRD29(-) and its phase
from aligned sequences are shown. (D) SiRD29(-) cleavage site on aligned GA30x3 sequences from
potato, tomato and capsicum plants. E= cleavage expectancy from software. (E) Alignment of potato
StGA30x3 transcript (Soltu.DM.01G018850.1) with GA30x3 sequences from tomato (Sly,
XM_015232298.2; Sp, XM_00422904904) and Capsicum annum (XM_016719247.2). NCBI

accessions for sequences are mentioned. SiRD29(-) cleavage site is highlighted in green box.

In this work, we demonstrate a phased siRNA-mediated regulation of the gibberellin
(GA) biosynthesis gene - StGA30x3 during tuber development in potato. StGA30x3 gene and
its regulation have not been previously explored. Through transient expression assays and small
RNA sequencing, we establish that Stu-miR482c-StRGA4-siRD29(-) gene regulatory module
(GRM) is active in planta. This GRM targets StGA30x3 in potato, and we show that StGA30x3
is involved in GA: and GAgz biosynthesis. Overexpression of siRD29(-) and knockdown of
StGA30x3 showed similar tuber phenotypes, indicating the functionality of this module during
tuber development. StGA30x3 seems to regulate tuber-stalk development. We also
demonstrate that StGA30x3 is regulated by two distinct mechanisms- a phasiRNA siRD29(-)

and a well-known mobile tuberization signal, StBEL5 in potato. Altogether, this module
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provides flexibility to the regulation of bioactive GA levels in fine-tuning stolon-to-tuber

development process in potato.

3.5 Availability of raw sequencing data

The raw sequencing data were deposited in the NCBI Short Read Archive (SRA)

database (http://www.ncbi.nlm.nih.gov/sra/) and can be retrieved using the accession number

PRINA931820

Table 3.4 Small RNA sequencing of stolon-to-tuber transitions stages from andigena and
identification of TAS-like loci - StRGA4. The list is generated based on our previous report (Kondhare
et al., 2018). One of the siRNAs from TAS locus (Chr09:46314301..46314552) highlighted in yellow
is referred as siRD29(-) referred in this study.

Sr. No. | TAS genomic location

SiRNAs generated from TAS-like loci

siRNA abundance

values
1 Chr09:46314301..46314552 | AAAGGACCTCATGTATAATTC 14
TTTCCATACTTCGTTACCGAC 454
ATCTTCTAGCTCCATATTTCC 4
TGCCATCCAAAGAGTGATTAG 6
ATTATCCTTTTCCATTTTGGT 9
GTCCTTTGGGAACACTGCACA 11
ATATGCAAAACATTGTCTCAA 2
ATTAAGTGGAAGGTGATGATA 4
ACTCAGCCTCAGAGCAGGTAG 7
AATAGAACTTTCATCTTGAGG 10
ATTATACATGAGGTCCTTTTT 6
AAATATGGAGCTAGAAGATGT 2
AATCACTCTTTGGATGGCACA 44
CAAAATGGAAAAGGATAATCT 18
TGCAGTGTTCCCAAAGGACAC 3
TCATCACCTTCCACTTAATTT 10
ACCTGCTCTGAGGCTGAGTTA 2
TCAAGATGAAAGTTCTATTCT 38
2 Chr09:46314888..46315139 | CATCTAAGACAAGCAAGTATC 2
GTTTTCCAGTCAATAACTCCT 288
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CCAAGTCCTCAACATCCAGAG

10

ATCTTCTTTCAATATTTCCTA

CAATTGTCTTTATCAACCTCT 193
TCTCATCAAAATCATCTGAGA 3
CACAAACCCATATTTTGGGAT 6
TGAAATGCTCAGTCACTCTCT 211
CATCATTGAAGATCATTTGGG 315
CAAGTGTCGTCTTTCCTAGTC 8
TACTTGCTTGTCTTAGATGAT 138
GAGTTATTGACTGGAAAACGA 132
TCATTTCAGAAGAAGCTTCAG 48
CTGGATGTTGAGGACTTGGCT 4688
GGAAATATTGAAAGAAGATCT 4
AGGTTGATAAAGACAATTGTA 21
TCAGATGATTTTGATGAGAAG 59
CCCAAAATATGGGTTTGTGTC 24
AGAGTGACTGAGCATTTCAAT 59
CAAATGATCTTCAATGATGAG 442
CTAGGAAAGACGACACTTGCC 913

Table 3.5 List of siRNAs generated from StRGA4 PHAS locus post Stu-miR482c
cleavage. Asterisk (*) indicates siRD29(-) and its abundance value (highlighted in yellow).

Number of reads

Position of sSiRNA SiRNA sequence Stu-miR482c + StRGA4 StRGA4
D1(+) ACTAGGAAAGACGACACTTGC 63 29
D2(+) CCAAATGATCTTCAATGATGA 278 91
D3(+) GAGAGTGACTGAGCATTTCAA 16 4
D4(+) TCCCAAAATATGGGTTTGTGT 0 0
D5(+) CTCAGATGATTTTGATGAGAA 0 0
D6(+) GAGGTTGATAAAGACAATTGT 1 1
D7(+) AGGAAATATTGAAAGAAGGTC 64 54
D8(+) TCTGGATGTTGAGGACTTGGC 429 316
D9(+) TTCATTTCAGAAGAAGCTTCA 0 1
D10(+) GGAGTTATTGACTGGAAAACG 52 51
D11(+) ATACTTGCTTGTCTTAGATGA 4 3
D12(+) TGTTTGGAATGATGATCAAGA 264 206
D13(+) AAAGTGGGCTAAGTTAAGAGC 698 471
D14(+) AGTCTTAAAGGTTGGAGCAAG 21 27
D15(+) AGGTGCTTCTGTTCTAGCAAC 10 10
D16(+) TACTCGTCTCGAAAAGGTTGG 36 25
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D17(+)

ATCAATTATGGGAACGTTAGA

D18(+) ACCATATCGTTTGTCAAGTTT 47 46
D19(+) ATCTCAACATGATGGCTTGCT 11 8
D20(+) GTTGTTTATGCAACGCGCGTT 0 0
D21(+) TGGGCAACAAAGAGAAATAAA 18 13
D22(+) TTCTAATCTTGTGGCCGTTGG 77 59
D23(+) AAAGGAGATTGTGAAGAAATG 82 62
D24(+) TGGTGGTGTGCCTTTAGCAGC 38 35
D25(+) CAAGACTCTTGGAGGTATTTT 15 14
D26(+) ACGCTTCAAGAGAGAAGAAAG 1 0
D27(+) TGAATGGGAACATGTGAGAGA 182 131
D28(+) TAATGAGATTTGGAATTTGCC 2724 153
D29(+) TCAAGATGAAAGTTCTATTCT 2 0
D30(+) ACCTGCTCTGAGGCTGAGTTA 6 1
D31(+) TCATCACCTTCCACTTAATTT 7 6
D32(+) GAGACAATGTTTTGCATATTG 1 0
D33(+) TGCAGTGTTCCCAAAGGACAC 0 0
D34(+) CAAAATGGAAAAGGATAATCT 16 21
D1(-) AAGTGTCGTCTTTCCTAGTCC 137 80
D2(-) ATCATTGAAGATCATTTGGGC 46 37
D3(-) GAAATGCTCAGTCACTCTCTC 9 3
DA(-) ACAAACCCATATTTTGGGATT 0 0
D5(-) CTCATCAAAATCATCTGAGAC 0 0
D6(-) AATTGTCTTTATCAACCTCTT 3 2
D7() CCTTCTTTCAATATTTCCTAC 6 6
D8(-) CAAGTCCTCAACATCCAGAGA 6 5
D9() AAGCTTCTTCTGAAATGAAGC 0 0
D10() TTTTCCAGTCAATAACTCCTG 101 75
D11() ATCTAAGACAAGCAAGTATCG 8 3
D12(-) TTGATCATCATTCCAAACATC 9 8
D13(-) TCTTAACTTAGCCCACTTTTC 21 16
D14(-) TGCTCCAACCTTTAAGACTGC 65 49
D15(-) TGCTAGAACAGAAGCACCTCT 124 85
D16(-) AACCTTTTCGAGACGAGTAGT 714 561
D17() TAACGTTCCCATAATTGATCC 4 6
D18(-) ACTTGACAAACGATATGGTTC 2 4
D19() CAAGCCATCATGTTGAGATAA 0 4
D20(-) CGCGCGTTGCATAAACAACAG 0 0
D21(-) TATTTCTCTTTGTTGCCCAAA 14 9
D22(-) AACGGCCACAAGATTAGAATT 145 110
D23(-) TTTCTTCACAATCTCCTTTCC 3 3
D24(-) TGCTAAAGGCACACCACCACA 16 12
D25(-) AATACCTCCAAGAGTCTTGGC 5 7
D26(-) TTCTTCTCTCTTGAAGCGTAA 0 0
D27(-) TCTCACATGTTCCCATTCACT 27 13
D28(-) CAAATTCCAAATCTCATTATC 2 0
D29(-)* AATAGAACTTTCATCTTGAGG 43 27
D30(-) ACTCAGCCTCAGAGCAGGTAG 0 0
D31(-) ATTAAGTGGAAGGTGATGATA 36 32
D32(-) ATATGCAAAACATTGTCTCAA 0 0
D33(-) GTCCTTTGGGAACACTGCACA 3 9
D34(-) ATTATCCTTTTCCATTTTGGT 11 6
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Table 3.6 List of 12 tandem TGAC core motifs present within 2.2 kb upstream sequence
from TSS of StGA30x3 gene.

Pattern

I(Ebnc;l S(tbar)t L(lgk)er (motif Matching sequence within 2.2 kb promoter region from TSS
P P P orientation)
3;)9 -430 24 TGAC-TGAC | aacCTGACTCTTTTGAGGGACTTGAAAATATTIGACgaac
- taaaTGACTGTCTTACAAACCCAAAACCTGACTCTTTTGAGGGACT
399 | %4 48 TGAC-TGAC TGAAAATATTTGACgaac
) gttcTGACATGATTTTTGAAAAGTTGTGTTTGAACATGCAATATGT
427 -516 82 TGAC-TGAC | TTTTTAAAAATTTTTGTAAATGACTGTCTTACAAACCCAAAACCT
GACtctt
) tgtaGTCAATATTTGAAACTTGAAAATTTTAAGTTCTGACATGATT
451 -548 90 GTCA-TGAC | TTTGAAAAGTTGTGTTTGAACATGCAATATGTTTTTTAAAAATTT
TTGTAAATGACtgtc
- 588 68 TGAC-TGAC CCCtTGACCCTATCATTTGCTCCGGTTTAATCATAAATTTTGTAGT
513 CAATATTTGAAACTTGAAAATTTTAAGTTCIGACatga
- 588 36 TGAC-GTCA CCCtTGACCCTATCATTTGCTCCGGTTTAATCATAAATTTTGTAGT
545 CAatat
) QtgtTGACTTTATATAGATAGTAGTTTTTCGACATCCTCACTCCGC
545 -633 81 TGAC-GTCA | CCTTGACCCTATCATTTGCTCCGGTTTAATCATAAATTTTGTAGT
CAatat
- ) R QtgtTGACTTTATATAGATAGTAGTTTTTCGACATCCTCACTCCGC
585 633 4 TGAC-TGAC CCTIGACccta
7é0 =799 2 TGAC-TGAC | aaaal GACAATGACtagc
126 | -1292 19 TGAC-GTCA | cacaTGACTAATTATGTCGGGCCCTACGTCAtcag
6
141 | -1462 39 GTCA-TGAC tataGTCATATACCTTCAACAATTTATTTCTTCAACGGACTTTTACT
6 TGACccat
198 | -1997 3 GTCA-TGAC | aagtGTCATCATGAC!tcga

Part of this work has been published in Plant Physiology.

Malankar N, Kondhare KR, Saha K, Mantri M, Banerjee AK (2023) The phased short-
interfering RNA siRD29(-) regulates GIBBERELLIN 3-OXIDASE 3 during stolon-to-tuber
transitions in potato. DOI: 10.1093/plphys/kiad493.
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Chapter 4

Understanding the function of potato-specific
MIRNA72 in the regulation of tuber formation in

potato
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4.1 Introduction

Potato tubers are formed as a result of the growth and development of subterranean
stems, specifically known as stolons. According to Pasare et al. (2013), the growth of this
structure typically occurs from the basal nodes of the stem, resulting in the development of
diageotropic branches characterized by elongated internodes. The process of tuber
development is regulated by the interaction of key phytohormones, including gibberellin (GA),
auxin, cytokinin (CK), and strigolactones (SL), as well as transcription factors, mobile mMRNAs,
and sucrose signals (Hannapel et al., 2017; Kondhare et al., 2021). Significant advancements
have been achieved in understanding the hormonal regulation of this phenomenon.
Nevertheless, the mechanisms by which plants regulate the essential hormonal networks

involved in tuber development remain unknown.

Small RNAs (sRNAs) have been shown to regulate the hormonal networks in plants,
coordinating organ development and stress responses. For example, the regulatory role of the
miR394-LCR (LEAF CURLING RESPONSIVENESS) pair in the negative feedback loop of
CLAVATA-WUSCHEL (CLV-WUS), for shoot apical meristem (SAM) development has
been investigated by Knauer et al. (2013). It has also been reported that ARGONAUTE 10
(AGO10) protein sequesters miRNA165/166, thereby leading to the upregulation of HD ZIP
Il transcription factors (TF), which are essential for the maintenance of the shoot apical
meristem (SAM) (Zhu et al., 2011). In a study conducted by Wu et al. (2009), it was shown
that miR156, another conserved microRNA, plays a role in regulating the juvenile phase in
plants. This regulation is achieved through the repression of miR172, which is known to induce
the adult phase. Overexpression of miR156 in potato plants led to the emergence of aerial
stolons originating from axillary meristems, which subsequently developed into aerial tubers
(Bhogale et al., 2014). Additionally, it was demonstrated that it induces the expression of
cytokinin biosynthesis genes, increasing lateral branching. In contrast, miR390 has been shown
to target StCDPK1, a calcium-dependent protein kinase, which phosphorylates StPIN4, an
auxin efflux carrier. This regulatory mechanism is crucial in modulating auxin transport in
tuberizing stolons. According to the stated reports, it is indicated that SRNAs are involved in
regulating the process of tuber development. However, their precise role in the transition from

stolons to tubers has not been investigated thus far.
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The availability of the potato genome, “Genome Sequence and Analysis of the Tuber
Crop Potato,” 2011, and the advances in high throughput sequencing technologies have enabled
researchers to identify miRNAs, conserved as well as novel that can contribute to the
development and stress responses in potato (Xie et al., 2011; Zhang et al., 2013; Lakhotia et
al., 2014). Much of the efforts have been undertaken to study the functions of conserved
miRNAs across plant species, to understand the biological process, including tuberization in
plants. Nevertheless, there is a scarcity of research addressing the function of miRNAs specific
to individual species. The gap of knowledge exists when it comes to understanding the
tuberization process. Lakhotia et al (2014) attempted to understand the role of miRNAs in
tuberization of potato by carrying out small RNA profiling of tuber developmental stages from
a day-neutral potato cultivar Chandramukhi. Authors identified 89 conserved miRNAs and 147
potato-specific miRNAs that were predicted to be involved in the tuberization process.
Usingasmall RNA  sequencing approach, we have also identified a plethora
of microRNAs and phasiRNAs (phased secondary siRNASs) that target key tuberization genes
in the early stage of tuber development (Kondhare et al., 2018). These unique small RNAs
could have the potential to function during stolon-to-tuber transitions of tuber development.
Based on the abundance of miRNAs, their putative tuberization-related target genes, and
expression patterns during stolon-to-tuber transition stages, we selected putative potato-
specific miRNAs, miR34, miR72, miR53, and miR111 (Lakhotia et al., 2014; Zhang et al.,
2013) for study. We validated candidate miRNAs and performed expression analysis in SD
induced stolons (tuber inducing conditions) (Fig. 4.1). Interestingly, we noted that, miR72
significantly reduced under SD conditions suggesting its possible role in tuber development.
Cryptocromelb and Branched 1b/ tuber identity (StBRC1b/StIT1) genes were identified as
putative targets of miR72. Recently, StIT1 has been demonstrated as tuber identity gene in
potato (Tang et al., 2022) and shown to interact with the positive regulator of tuberization,
StSP6A. Hence, we speculate that the regulation of StIT1 gene via miR72 might be involved
in tuber development in potato.

In this study, to understand the function of miR72 in tuber development, we have
generated miR72 overexpression lines under a constitutive promoter, which produced
belowground sessile tubers indicating that the development of axillary branches from the basal
nodes of the stem is affected. Molecular mechanism of the sessile tuber formation and the role
of novel miR72 in this regard is unclear. Such an interesting observation have enabled us to

ask the following questions: (1) what are the targets of miR72 that might have contributed to
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the sessile tuber phenotype? (2) How phytohormones are involved in governing stolon
formation? (3) How is the expression of miR72 regulated during stolon-to-tuber transitions?
And finally, (4) Does miR72-StIT1 (gene-target pair) regulate sessile tuber development

phenomenon?
4.2 Material and methods
4.2.1 Plant growth and conditions

In this study, a photoperiod-responsive potato cultivar—Solanum tuberosum ssp.
andigena 7540, which tuberizes under short-day conditions, and a day-neutral cultivar Solanum
tuberosum L. cv. Désirée was used. Wild-type (WT) plants were propagated by sub-culturing
nodal explants on Murashige and Skoog’s (MS) media supplemented with 2% sucrose (w/v)
(Murashige & Skoog, 1962). In vitro potato plants were maintained in a plant growth incubator
(Percival Scientific) at 24 °C under long-day (LD; 16 h light/8 h dark) conditions. Post four
weeks, Désirée plants were transferred to soil and maintained at 22°C under LD conditions in
the greenhouse until maturity. To score tuber phenotype whereas andigena plants were grown
for 10 weeks under LD conditions until they attained 10-12 leaves stage. Subsequently, half of
the plants were transferred to the tuber-inducing SD conditions, and the remaining plants were

maintained under LD photoperiod for expression analysis.

4.2.2 Validation of miRNA72 in potato

MiIRNA72 (miR72) sequence was provided as a query for BLAST search in PGSC
database (http://spuddb.uga.edu/), the resulting matched region with 100bp upstream and
downstream sequences were retrieved and used as the precursor of miR72. MFold (Zuker,
2003) was used to predict the secondary structure of premiR72. The selected sequence was
then amplified from total RNA harvested from leaves of WT andigena plants. cDNA was
prepared with oligo (dT) primers, and was followed by a PCR for premiR72. The mature form
of miR72 was detected using stem-loop RT-PCR as described (Varkonyi-Gasic et al., 2007).
In brief, total RNA was isolated from SD-induced stolon samples using RNAiso Plus (DSS
TAKARA) as per the manufacturer’s protocol. One ug of total RNA was reverse-transcribed
using stem-loop primers (Table 4.1) to amplify the mature form of the miR72. End-point PCR
was performed with miR72FP and universal reverse primers. PCR amplified product further

sequence confirmed. Primer details are given in the table (Table 4.1).

4.2.3 Bioinformatic prediction and cleavage site mapping analysis for miR72 targets
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Candidate targets of miRNA72 were predicted with the help of psRNATarget tool
(plantgrn.noble.org/psRNATarget (Dai et al., 2018)). Default parameters were used with an
expectancy-value < 3 to avoid false targets. Interesting candidates with lower expectancy
values (Table 4.2) were considered for further analysis. To validate targets of miR72, 5' RLM-
RACE assay was performed using the First Choice RLM-RACE kit (Ambion). Briefly, total
RNA was extracted from stolons from wild-type potato (andigena) plants by TRIzol reagent
and ligated to the 5' RNA adapter. cDNA synthesis was performed using oligo (dT) primers.
Two sets of PCRs were performed with adapter-specific forward primers and gene-specific
reverse primers (Table 4.1). PCR amplicons from secondary-nested PCRs were then cloned in
a sub-cloning vector pPGEM-T-easy, and sequence verified to identify the cleavage sites of

mMiR72 on target gene transcripts.
4.2.4 Expression analysis of miR72

For expression analysis, four tissue types (shoot-apex, leaf, node and stem) were
harvested from two week old soil-grown andigena plants. To investigate the effect of SD
photoperiod, tissue types along with samples comprising stolon-to-tuber transition stages
(stolon, swollen stolon, and mini-tuber) were harvested at 10" days after their transfer to SD.
Leaves were also harvested on the earlier time-points (4™ and 7" day after SD induction). Total
RNA was isolated from 100 mg of crushed tissues using RNAiso Plus (DSS TAKARA) as per
the manufacturer’s protocol. miRNA-specific complementary DNA (cDNA) synthesis was
carried out using 2 ug of total RNA, Superscript IV Reverse Transcriptase (SSIV-RT
Invitrogen), and miRNA-specific stem-loop primers (Varkonyi-Gasic et al., 2007).
Quantitative PCR reactions were performed on a CFX96 Real-Time System (Bio-Rad) using
sRNA-specific forward and universal reverse primers (Table 4.1) Reactions were prepared with
SYBR green master mix (TAKARA Clontech), and incubated at 95 °C for 10 s, followed by
40 cycles at 95 °C for 5 s, gene-specific annealing temperature for 10 s, and extension at 72 °C
for 10 s. PCR specificity was checked by melting curve analysis and data were analysed using
272Ct or 2722 method (Livak and Schmittgen, 2001).

4.2.5 Gene construct designs and transgenic lines generation

For constitutive overexpression (OE) gene constructs, the precursor sequence of
miRNA72 (126 bp) was amplified by reverse transcription PCR from the leaves of soil-grown

andigena plants using primers listed in Table 4.1. Further the sequence was cloned into the
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binary vector, pBI1121 downstream to a constitutive CaMV 35S promoter. For the generation of
knockdown lines, Short Tandem Target Mimic (STTM) approach (Tang et al., 2012) was
undertaken. STTM72 construct was designed according to the previous protocol (Tang et al.,
2012) with a few modifications. Two primers with the sequence that can form hairpin were
synthesized based on a sequence of mature miR72 (Table 4.1). 48nt linker sequence that can
form hairpin was used. The tcg bulge site was included in the middle of miR72 complementary
sequences. Primers were annealed to a sub-cloning vector pPGEM-T-easy and PCR amplified.
Resultant product was circularized and STTM sequence (94 bp) was removed via restriction
digestion. Subsequently STTM sequence mobilized into pCB201 binary vector downstream to
a constitutive CaMV35S promoter. Both constructs were then transformed into Agrobacterium
tumefaciens strain GV3101. Transgenic potato plants were generated using the Agrobacterium-
mediated leaf transformation method (Banerjee et al., 2006). The transgenic line of andigena
harboring 35S::GUS construct was considered as a vector control (VC). Phenotypic
characteristics, such as plant growth, leaf shape and leaflet numbers in transgenic lines were
recorded before the initiation of SD photoperiod, whereas the tuber and root biomass were
measured after four weeks of SD induction. Prior to transgenic lines generation,
35S::PremiR72-pBI1121 construct harboring Agrobacterium was infiltrated into the N.

benthamaina leaves and miR72 was detected in the infiltrated leaves by stem-loop PCR.
4.2.6 Northern blot for the detection of miR72

Northern blot was carried out for small RNAs as described in the previous protocol
(Tirumalai et al., 2020) with minor modifications. Briefly, a total of 20-25 ug of RNA was re-
suspended in RNA loading buffer equal volume (not more than 10 ul) of deionized formamide
(Merck) heated at 98°C for 2mins and loaded on 15% polyacrylamide denaturing gel (19:1 ratio
for acrylamide to bis-acrylamide, 8M urea). The gel was run at 60V for 3-4 hours and RNA
from the gel was transferred to hybond N* membrane (Ameshram) by electroblot transfer in
1X tris borate EDTA buffer (TBE) at 10V for overnight. RNA was UV-cross-linked to the
membrane. The hybridization was performed at 35 °C for 24 hrs in UltraHyb-oligo buffer
(Ambion) with the oligo probes (Table 4.1) end labeled with 2P by a poly-nucleotide kinase
(NEB). The blots were washed with 2X SSC buffer + 0.1% SDS twice for 15 min at 35 °C.
Final wash performed with 0.1X SSC buffer at same conditions. Further, blots were kept in a
phosphor screen, exposed for 5 days and the signal was captured using Typhoon

phosphorimager (GE healthcare).
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4.2.7 Primer List

The primer details of the primers used in this study are listed in Table 4.1.

Table 4.1. List of primers used in this study.

SNZ Primer name | Primer Sequence (5'—3")
1 | StmiR72-STP | GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTTAGA
2 | StU6-STP GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTGGAC
3 | miR34STP GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTTCCA
4 | miR53STP GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCCAA
5 | miR111STP GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAAAT
6 | miR72FP GCGGCGTTGGTTGAGTGAGCA
7 | UGFP GACACGCACAAATCGAGAAATG
8 | miR34FP GCGGCGTCTGTGACAGGATAA
9 | miR53FP GCGGCGTTCCATGAGACTGTTT
10 | miR111FP GCGGCGAACATCTCCAGCCAT
11 | Univ-RP AGTGCAGGGTCCGAGGT
12 premiR72- GAGAGGATCCGTTGATTTCTCGGGTGCTTACTCAAC
BamHI-FP
13 Z;iT:;Z GAGAGAGCTCGTCGATTTCTTAGATGCTCACTCAACC
14 | EIF3e gFP GGAGCACAGGAGAAGATGAAGGAG
15 | EIF3e gRP CGTTGGTGAATGCGGCAGTAGG
16 | StCRY1b-FP | CAGTTGTGGATAGTAGAGCAGA
17 | StCRY1b-RPo | AACGAGACTTCAATCCCTTTCGAC
18 | StCRY1b-RPi | CCAGTACTTATGGGTAAGAAGTGCAG

4.2.8 Accession List

Table 4.2 The accession numbers for the transcripts analyzed in this chapter:

Sr.No. | Gene Name Accession Source
1 StBRC1b Soltu.DM.06G025210.1 PGSC
2 StCRY1b Soltu.DM.12G007030.1 PGSC
3 Polcalcin-jun-o Soltu.DM.02G034080.1 PGSC
4 Cold inducible histidine kinase | Soltu.DM.02G023620.1 PGSC
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*PGSC- Potato Genome Sequencing Consortium (http://spuddb.uga.edu/) v6.1

4.3 Results
4.3.1 Validation of potato-specific miRNA72 in potato

Previous small RNA sequencing studies (Lakhotia et al., 2014; Ou et al., 2015) have
reported potato-specific miRNAs in leaves and stolons. The authors reported that miR72 have
an abundant expression in leaves and tubers. Further, our deep sequencing analysis also
confirmed its presence in andigena cultivar. In our analysis, 126 bp of premiR72 was found to
be present on chromosome 12 with genomic locus (Chr12::3975263, 3975388), in potato. We
validated the presence of miR72 and its precursor in photoperiod sensitive variety andigena
and a photoperiod neutral potato variety Desiree. A 21 bp mature miR72 was detected by stem-
loop end point PCR from leaves and stolons for both varieties (Fig. 4.2 A). To confirm the
presence of premiR72, we performed RT-PCR from leaves of both potato varieties (Fig. 4.2
B), followed by a PCR amplification, which were sequence confirmed. Further, we found that
the precursor of miR72 was found to be located in the first intron of an actin-binding protein,
profilin (Soltu.DM.12G025540) (Fig. 4.3 A). Through MFold, we predicted structure (Zuker,
2003) of premiR72 and found that it had a typical hairpin loop structure with miR72 sequence
present in the stem region, which is a characteristic of miRNA precursors (Fig. 4.3 B). Overall,
these results demonstrated that miR72 is expressed in both potato cultivars, andigena and
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Fig. 4.1 Detection of potato-specific miRNAs and their expression analysis in stolons under
photoperiodic conditions. (A) A 3% agarose gel electrophoresis image for the amplification of miR53,
miR72, miR111, and miR34 from SD-induced leaves from potato plants using stem-loop RT PCR. L=50
bp ladder, NOR= stem-loop primer control, WC= water control. Detection of Conserved miR172 is
served as positive control. (B) Expression levels of candidate miRNAs in stolons from LD and SD
induced andigena plants (14 days). StU6 was used as the reference gene. Error bars indicate standard
error of means (SEM) from three biological replicates (n=3). Asterisks indicate significant differences

at p <0.05, using paired student’s t-test. ns =not significant at p <0.05.
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Fig. 4.2 Detection of miR72 and its precursor from short day (SD) induced leaves and their
confirmation by Sanger’s sequencing. A 3% agarose gel electrophoresis image for amplification of
miR72 (A) and precursor miRNA72 (B) from SD-induced leaves using stem-loop RT-PCR followed
by PCR respectively. L=50 bp ladder, NOR= stem-loop primer control, WC= water control. Stem-loop
PCR amplified product (A) and premiR72 amplicon (B) were cloned into a sub-cloning vector pGEM-
T-easy and the sequence was confirmed using Sanger sequencing for multiple clones. The resulting

representative sequences are shown.
4.3.2 Abundant expression of miR72 in different tissue types of potato

The relative expression of miR72 and its precursor were analyzed in different potato
tissue types with quantitative RT-PCR. MiR72 was ubiquitously expressed in all tissue types,
with the highest expression in leaves and least expression in shoot apex (Fig. 4.3 C). It was
observed that miR72 levels were altered in the SD-induced stolons, which further decreased
during the stolon-to-tuber transition (Fig. 4.3 D). This altered expression of miR72, suggests a
possible regulation of miR72 in tuber developmental stages. Further, the level of miR72
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precursor decreases in stolon-to-tuber transition stages (Fig. 4.3 E) similar to miR72, indicating

an upstream regulation of premiR72 might contribute to the reduced miR72 expression.
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Fig. 4.3 Intronic miR72 exhibits tissue-specific expression pattern and reduces during stolon
developmental stages. (A) A schematic representation of genomic locus of profilin gene. Precursor
miR72 is located within first intron (2185 bp) of the gene. Exons are highlighted in orange boxes
whereas UTRs are represented by green boxes. Lengths of the region are indicated by numbers at the
top. (B) Secondary structure of premiR72, as predicted by MFold (Zuker, 2003). MiR72 sequence is
further brought into the focus. (C) Expression of miR72 from the two-week old potato plant in different
tissue types. StU6 was used as the reference gene to normalize the expression of miR72. The abundance
of miR72 was plotted using 2” 2 method (Livak and Schmitten, 2001). The levels of miR72 (D) and
precursor of miR72 (E) are represented during stolon-to-tuber transition stages. Error bars indicate
standard error of means (SEM) from three biological replicates (n=3). Asterisks (one, two, three and
four) indicate significant differences at p<0.05, p<0.01, p<0.005, and p <0.001respectively, using
one-way ANOVA. ns =not significant at p <0.05.

4.3.3 Overexpression (OE) of miR72 affects tuber and root development, and leads to

sessile tuber formation in potato

To characterize miR72 function in potato, six constitutive 35S::premiR72 lines in
andigena were generated and two were selected for further studies (Fig. 4.4 A-B). Of all the
transgenic lines generated the transgenic line labelled, #OE32 exhibited severe changes in leaf
shape and increased trichome numbers, compared to WT (Fig. 4.4 B-D). However, other lines
did not exhibit a similar phenotype (Fig. 4.4 B-D). The OE line, #OE30, is shown as a

representative line. Further to reconfirm this phenotype was due to miR72, six constitutive OE
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lines in andigena were again generated. Based on the expression, three independent lines
(referred to as #OE2, #OE4, #OES5) with moderate to high levels of miR72 expression were
chosen for further analysis (Fig. 4.5A-B). The OE lines, #OE1 and 4 did not show any
phenotypic effect on plant architecture but, lines #OE2, 3, and 5 exhibited moderate phenotype
for increased trichome density and leaflet curling in accordance with #0E32 (Fig. 4.5 C).

Tuberization potential of overexpression lines was evaluated. #OE2, #OE4, #OE5 and
#OE32 lines exhibited a severe reduction in tuber weight compared to WT (Fig. 4.6A-C, G).
Interestingly, tuber numbers per plant did not change (Fig. 4.6 D, H), but root biomass in these
OE transgenic lines was greatly reduced (Fig. 4.6 F, J). In addition, we found that selected
miR72 overexpression lines displayed belowground sessile tubers (Fig. 4.7 A-B). We
suspected the phenotype might be photoperiod dependent. To confirm this hypothesis, we
generated miR72 overexpression lines in a day-neutral cultivar Desiree. We observed that the

OE transgenic lines generated in Desiree also produced sessile tuber phenotype (Fig. 4.7 C-D).

(A) (C)

Relative fold change

OE32-2" leaf-adaxial OE32-2" leaf-abaxial
side side

Fig. 4.4 MIRNAT2 overexpression affects leaf architecture in transgenic lines in Desiree. (A)
Expression levels of miR72 in overexpression (OE30 and 720E32) lines compared to WT. StU6 was
used as a reference gene for stem-loop quantitative RT-PCR analysis. Error bars indicate standard error
of means (SEM) from three biological replicates (n=3). Asterisks (one and four) indicate significant
differences at p <0.05 and p<0.001, respectively using Student’s t-test. (B) Plant architecture of miR72-
OE lines along with WT. Scale bar= 1 cm. (C) Increased trichome number on young leaf (second leaf

from shoot apex) of OE32 line is shown. Arrow indicates the trichomes. (D) Representative fully
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expanded (5") leaf images from miR72-OE lines and WT. The arrow indicates the change in leaflet

shape and increased trichome density as compared to WT. Scale bar= 1cm.

To assess the effect of miR72 knockdown, we also generated STTM lines of miR72 in
andigena. We selected three independent lines (Referred as #KD9, #KD10, and #KD25) with
more than 80% reduction in miR72 levels (Fig. 4.8A-B). STTM lines did not have any effect
on plant architecture. But, Line #KD9 exhibited tubers with a size bigger than WT plants.
However, phenotypic assessment needs to be repeated in order to conclude the effect of miR72
knockdown in potato plants.

(A)

Relative fold
=
1

Fig. 4.5 MiRNAT72 overexpression showed moderate phenotype for leaf architecture in transgenic
lines. (A) MiR72 levels in five overexpression lines compared to WT. StU6 was used as a reference
gene for stem-loop in quantitative RTPCR analysis. Error bars indicate standard error of means (SEM)
from three biological replicates (n=3). Asterisks (three and four) indicate significant differences at
p <0.005 and p<0.001, respectively using Student’s t-test. (B) Plant architecture of miR72-OE lines
along with WT. Scale bar= 5 cm. (C) Representative images for fully expanded (5" leaf from miR72-
OE lines and WT. The arrow indicates change in leaflet shape as compared to WT. Also, lines 72A2,

72A3, and 72A5 had moderate increased trichome density with respect to WT. Scale bar= 1cm.
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Fig. 4.6 Overexpression of miRNA72 affects tuber and root development in transgenic lines. (A)
And (B) Representative images for the tubers were obtained. Each image contains tubers from 6 plants
per line. Scale bar= 1 cm. Highlighted lines (#OE32, #OE2 and #OE5) exhibited significant reduction
in tuber weight. Total tuber weight (C) and (G) as well as tuber numbers (D) and (H) are represented in
the form of violin plots. Total Shoot weight (E) and (l) is indicated. Reduced root weight (F) and (J) in
miR72 overexpression lines is presented. Data from 6 independent plants for each line (n=6) is
represented. Asterisks (one, two, three and four) indicate significant differences at p <0.05, p<0.01,

p <0.005 and p<0.001, respectively using one way ANOVA test.
4.3.4 miR72 targets interesting candidate genes in tuberization

To explore the cause of phenotypes, observed miR72 overexpression lines of potato, in
silico prediction of miR72 targets was carried out (Table 4.2). Interesting candidate genes were
predicted as a target of miR72 that included Cold inducible histidine kinase, Polcalcin jun-o, a
TCP transcription factor (StBRANCHED1b / StIT1) and Cryptochromelb. A 5 RLM-RACE
was performed to identify cleavage site of miR72 on these targets. Only, cryptochrome 1b
(StCRY1b) was validated as a target with a cleavage frequency (8/8) (Fig. 4.8 C). We could not
confirm StBRC1b by cleavage site mapping assay however, its expression was decreased (Fig.
4.8 D) in leaves of miR72 OE line (#OE4). Future experiments are being conducted to unravel
the role of miR72 in tuber development.
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(A) (B)

Sessile tuber (72A5) Zoomed

OE3 OE4

(D)

Sessile tuber (#Des OE4) Zoomed
#Des OE3 #Des OE4

Fig. 4.7 miR72-OE lines exhibited belowground sessile tuber formation. (A) Representative images
for sessile tubers observed in the lines 72A3, 72A4 and 72A5. Scale bar= 1 cm. (B) Zoomed image for
sessile tubers in 72A5 line. (C) Representative plant and sessile tuber images for miR72-OE desiree

transgenic lines (72D3 and 72D4). (D) Zoomed image of sessile tubers in 72D4 line.
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Fig. 4.8 Knockdown lines generation using STTM approach and cleavage site mapping assay for
miR72 targets. (A) Schematic image for STTM RNA structure and the putative complex formed
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between STTM and the small RNAs. Note: The STTM linker (48nt) forms a weak imperfect “stem-
loop” that provides stability to STTM transcript for effective function. (B) MiR72 levels in three
knockdown lines compared to WT. StU6 was used as a reference gene for stem-loop RT-qPCR analysis.
Error bars indicate standard error of means (SEM) from three biological replicates (n=3). Asterisks (one
and two) indicate significant differences at p <0.05 and p<0.01, respectively using Student’s t-test. (C)
A modified 5" RLM-RACE results representing the cleavage site mapping of miR72 on StCRY1b
transcript. The numbers (8/8) represent the frequency of clones showing the same cleavage site. (D)
Cold inducible histidine kinase (StCHisK) and TCP transcription factor/tuber identity gene (StBRC1b)
Putative targets of miR72 as predicted by psRNATargetfinder software with expectancy less than 3.0.

4.4 Discussion

Small RNA (sRNA) mediated hormonal networks regulate various plant developmental
processes, such as SAM initiation and its maintenance, leaf polarity establishment and root
development (Dong et al., 2022). A stolon becomes the focal point wherein, all the hormone
regulated gene networks co-ordinate a series of developmental events to form mature tuber.
We speculate that small RNAs might play a key role in governing tuberization. We have earlier
reported that a number of SRNA candidates could potentially be involved in early stages of
tuber development (Kondhare et al., 2018, 2021). Here, we have attempted to explore the
putative function of a potato specific miRNA, miR72, during sessile tuber development in

potato.
4.4.1 miR72 expression and its possible regulation during stolon-to-tuber transitions.

MiR72 exhibited the highest reads amongst potato specific miRNA population from
two different small RNA sequencing datasets (Zhang et al., 2013; Lakhotia et al., 2014; Ou et
al., 2015). Moreover, it is found to be abundant in aerial tissue types, specifically in leaves
(Fig. 4.3 C). miR72 levels were reduced across the stolon-to-tuber transition stages (Fig. 4.3
D-E), which matches with the expression of miR72 precursor, suggesting that both might be
regulated during the tuber development. However, we observed that miR72 is located within
the first longest intron of a potato profilin gene. Profilin is an actin monomer —binding protein,
ubiquitously expressed in eukaryotes (Meagher and Williamson., 1994). Actin is a major
constituent protein of microfilaments in eukaryotic cells justifying the higher abundance of
miR72 in potato tissue types (Fig. 4.3 C). We did not observe any change in profilin levels in
stolon stages indicating that the reduction observed in miR72 levels in stolons, is independent
of the parent gene expression. The decreased expression of precursor in accordance with

miR72, suggests that processing of miR72 from its precursor was not hampered. Therefore, we
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speculate the possibility of an alternative splicing event (AS) within the intronic region of
profilin gene. In eukaryotes, AS has been found to be an important regulatory mechanism in
different cell types and at different developmental stages, as well as in response to
environmental cues (Yang et al., 2012; Yang et al., 2012). In a study by Yan et al (2012), heat
stress are shown to trigger alternate splicing event (AS) to suppress intronic miR400
expression. Previous study (Ou et al., 2015) reported that novel miR72 reads are reduced under
cold stress in potato tubers. We also observed that miR72 expression was reduced post cold
stress, indicating that miR72 expression can be regulated by abiotic stress. Subsequently,
through an in silico approach, we have identified five AS sites within the intronic region of
profilin gene. Further investigations are required to confirm alternate splicing as a regulatory

mechanism for miR72 reduction during the tuber development.
4.4.2 Altered expression of miR72 affects tuber and root development.

To understand the role of miR72 in tuber development, we had generated transgenic
lines for miR72. We observed that miR72-OE lines exhibited impaired leaf development as
well as reduced tuber yield and root biomass. To confirm the reproducibility of the results, we
generated miR72-OE transgenic lines two to three times. Out of five positive lines tested for
tuber development, only line #OE32 exhibited extreme phenotypes such as increased trichome
density, impaired leaf development and reduced tuber and root biomass. In the second set of
plant transformation events, we obtained three lines (#OE2, #OE4 and #OE5) with moderate
trichome density and leaf curling phenotype whereas, strong reduction in tubers and root yield
suggests that constitutive expression of miR72 may be the cause for these phenotypes.

StBRC1b/StIT1, the miR72 target is a TCP transcription factor (TFs). TCP TFs have
been shown to regulate leaf and root development processes, branching, lateral organ
development, circadian rhythm and gamethophyte development (Li, 2015) via stimulating
brassinosteroid, jasmonic acid and flavonoid biosynthesis as well as auxin signaling genes. In
a recent study by Nicolas et al (2022), StBRC1bi potato lines exhibited ectopic aerial tuber
formation and reduced below ground tuberization. These lines had defect in leaf shape
compared to WT. In our study, we did not observe any aerial tubers but, other phenotypes were
quite noticeable. It was also observed that only #0E4 line exhibited ~40% decrease in StBRC1b
gene expression. As miR72 expressed abundantly in all tissue types, we think for a possible
tissue specific regulation of target genes by miR72. To confirm this, currently we are

performing the tissue specific expression analysis of target candidate genes in the transgenic
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lines. Further, we had generated miR72-KD lines in potato via STTM approach. We observed
a ~85% reduction in the miR72 levels with no phenotypic alterations in leaves of KD lines.
These lines exhibited larger potato tubers compared to WT. However, our findings are
preliminary at this point because, the phenotypic analysis needs to be repeated to obtain
conclusive results. As miRNA72 has several putative targets, we did not rule out the possibility
that phenotype can be due to another target candidate gene. We confirmed Cryptochromelb as
miR72 target with cleavage site mapping assay. However, we could not get any conclusive
results for other targets probably due to tissue specific targeting of genes. Additional

experimental evidences are required to support this notion.
4.4.3 Constitutive overexpression of miR72 induces belowground sessile tuber formation

MiR72-OE lines exhibited an interesting sessile tuber phenotype suggesting that miR72
might be involved in stolon development. To re-validate, we generated miR72-OE lines in
Desiree background (a day neutral cultivar) and observed two out of the four lines showing
sessile tuber phenotypes. As reported in the study (Nicolas et al., 2022; Tang et al., 2022), none
of the StBRC1b RNAI lines showed visible sessile tuber phenotype. Tang et al., 2022, shown
that it1 lines lost tuber forming capacity. We did not find any such phenotype in OE lines.
Moreover, miR72-KD lines did not exhibit sessile tuber formation. All of the above results
point towards that sessile tuber phenotype can be an effect of other miR72-target gene/s.
Alternatively, a crosstalk of phytohormones could be involved in sessile tuber formation. For
e.g. strigolactone (SLs) biosynthetic mutant (CCD8i) in potato (Pasare et al., 2013) exhibited
a reduced diageotropic growth of the stolons. TCP TFs in Arabidopsis have shown to affect
SLs signaling (Minakuchi et al., 2010). Localized down-regulation of bio-active GAs leads to
reduction in stolon length to form tubers with reduced stock (Bou-Torrent et al., 2011;
Roumeliotis et al., 2013). Interestingly, Luisi et al (2011) proposed that GAs could change bud
sensitivity to application of synthetic SLs and SLs induces inhibition of tuber sprout growth.
Overall, our preliminary findings suggest that sessile tuber formation is an indeed effect of
MiR72 overexpression and it can be due to the impaired stolon development. To identify
whether this effect is direct through miR72 target or indirectly by the modulation of hormonal

network need to be further investigated.

Overall, in this study, we have attempted to identify the function of a highly abundant
potato specific miIRNA (miR72) during tuber development. MiR72 expression decreases

during stolon-to-tuber developmental stages. Overexpression lines of miR72 exhibited reduced
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tuber and root biomass, suggesting that reduced level of miR72 is necessary for tuber
formation. Moreover, miR72-OE lines showed sessile tuber formation. Candidate miRNA-
target gene responsible for sessile tuber phenotype has not been investigated yet. We speculate
that this phenotype might be due to direct miRNA72 target or indirectly by regulating hormonal
signaling pathway. We also observed that miR72 expression might be regulated through AS
events. Experiments are underway to show the miR72 function in regulating tuber

development.

Table 4.3. In silico target prediction for miR72 in potato:

S No Predicted targets Score Mode of Action
(PGSC accession number)

1 Cryptochrome 1b, Soltu.DM.12G007030.1 3.0 Cleavage

2 TCP Transcription factor, Soltu.DM.06G025210.1 25 Cleavage

3 Cold inducible histidine kinase, Soltu.DM.02G023620.1 | 2.0 Cleavage

4 Polcalcin jun-o Soltu.DM.02G034080.1 25 Cleavage

5 GTP binding 2, Soltu.DM.02G033590.1 3.0 Cleavage

6 Dip2/Utp12 Family domain containing protein ok Cleavage
Soltu.DM.03G030470.1

. Multidrug resistance-associated protein 2, 6 (Mrp2, 6), ”e Cleavage

abc-transoprter, Soltu.DM.01G023300.1

8 Carbohydrate transporter, Soltu.DM.05G021970.1 3.0 Translation

9 PHB2, Soltu.DM.10G003950.1 3.0 Cleavage

10 MRNA splicing factor, Soltu.DM.02G012090.1 35 Cleavage

1 E3 ubiquitin-protein ligase UPL5 3 Cleavage
Soltu.DM.05G024460.1

12 ATP-binding cassette transporter 3 Cleavage
Soltu.DM.08G016370.1
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Tuber development (tuberization) in potato is a complex process, which is under the
tight control of environmental and internal gene regulatory factors (Hannapel et al., 2017;
Kondhare et al., 2020). Numerous studies have focused on identifying factors involved in
tuberization. However, only a few reports demonstrate the how actual events of stolon-to-tuber
as an organ development happens (Roumeliotis et al., 2012). At the onset of tuberization, a
sub-axillary branch of the main stem acquires a series of changes at its tip where the orientation
of cell division from sub-apical region changes from transverse to longitudinal, resulting in a
radial expansion of stolon, to form a swollen stolon, which accumulates starch to develop into
a mature tuber. Phytohormones, such as gibberellin, auxin, cytokinin, abscisic acid and
strigolactones have been demonstrated to regulate tuber development. Particularly, a reduction
in gibberellin (GA) and a peak in auxins levels are possibly key events governing the stolon-
to-tuber developmental transitions. Previous studies have demonstrated the regulation of
GA:auxin ratio in stolons by controlling the expression of their metabolism genes
(Kloosterman et al., 2007; Carrera et al., 2000; Bou-torrent et al., 2011; Roumeliotis et al.,
2013). But how do plants maintain the hormonal balance in stolons remains unclear. Moreover,
events such as induction of other phytohormones (cytokinin and jasmonic acid), initiation of
biochemical pathways of secondary metabolites and the changes in metabolic flux takes place
during the tuber formation process. We speculate that these events are tightly regulated during

the tuber development process.

Small non-coding RNAs play a central role in regulating various aspects of plant growth
and development. Based on the functionality of small RNAs in organ development in other
plants, we hypothesized that small RNAs could govern hormonal networks during stolon-to-
tuber transition in potato. Previous reports have identified miRNA populations from the leaves
and tubers of potato plant (Yang et al., 2009; Zhang et al., 2009; Xie et al., 2011; Zhang et al.,
2013). Lakhotia et al. (2014) used a day neutral potato cultivar for miRNA identifications;
therefore, the effect of photoperiod was not observed on miRNA expression patterns. As
tuberization is greatly affected by the day length (Ewing and Struik., 1992; Rodriguez-Falcon
et al., 2006), we hypothesize that photoperiod might have an effect on small RNA expressions
in stolon stages. To understand the regulation of stolon transitions under differential
photoperiodic conditions, we performed a small RNA sequencing in stolons at different time
points of stolon-to-tuber transitions under SD and LD conditions. We identified several
candidate microRNAs with putative roles in tuber development. From these datasets, we also

identified numerous phasiRNA producing loci that could generate phased siRNAs targeting
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key tuberization genes. Further, we selected one such phasiRNA module that generates a novel
phasiRNA targeting a GA biosynthesis gene and demonstrated its function in maintaining GA
levels during stolon-to-tuber formation. We also attempted to study the function of potato
specific miRNA in tuber development. To investigate the functions of small non-coding RNAs

during stolon-to-tuber transition, we focused our study on three major objectives.

1. To identify small RNAs from early tuber transition stages of potato under LD vs SD

differential photoperiod conditions.

2. To decipher the role of a novel phasiRNA [siRD29(-)] in stolon-to-tuber transition
stages.

3. Investigating the function of a potato-specific miRNA (miRNA72) during potato
development.

Chapter 1: Introduction

In this chapter, we have conducted a thorough literature survey on the tuberization
pathway and small non-coding RNAs regulating plant organ development and stress responses.
We have also described the recent advances in the tuber development process. Phytohormonal
crosstalk during the stolon-to-tuber transition event is also elaborated. This information
suggested the necessity of internal regulatory factors to govern this transition. As small RNAs
can orchestrate hormonal networks during plant organ development, we hypothesize that tuber
transitions might be under the control of small RNAs. This chapter further describes miRNAs
and phasiRNAs as subsets of small RNAs, their biogenesis and the mode of action. We have
outlined many examples of their role in plant organ development and defence responses. We
also surveyed small RNA sequencing studies from potato plants and presented them in a
detailed report. To the best of our knowledge, phasiRNAs role in tuber development have not
been reported to date. Based on the roles performed by these SRNAs in other plants, we think
that phasiRNAs may fine-tune stolon-to-tuber development transition in potato. Finally, we
proposed three objectives to understand the function of small RNAs in regulating stolon-to-
tuber transitions. Our first objective was to perform small RNA sequencing analysis for early

stolon stages in order to finalize candidate small RNAs for the study.
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Chapter 2: Genome-wide identification of small RNAs from stolon-to-tuber transition

stages of potato under photoperiodic conditions

Small RNA transcriptome data from the early stolon stages of potato was limited. To
study the role of photoperiod during stolon-to-tuber transitions, we performed a small RNA
sequencing of stolon samples from a photoperiod-sensitive potato sub-species andigena
harvested on 4™, 7" and 10" day grown under SD and LD inductions. As one of our objectives
was to identify small RNAs involved in stolon-to-tuber transitions, we conducted sRNA
analysis, mainly the identification of miRNA and phasiRNAs, and studying the differential
expression profiles of DE miRNAs, phasiRNAs and their predicted targets. We have performed
quantitative PCRs and cleavage site mapping assay to validate differentially expressed
miRNAs and the candidate target genes. Target genes were categorized based on their role in

the tuberization pathway. Key findings from this study have been listed below.

1. We have identified seven conserved and twelve novel miRNAs differentially expressed
(DE) at the early stolon stages under SD vs LD photoperiodic conditions. A larger
number of DE miRNAs expressed under LD4 vs SD4 conditions, suggests that day
length affects miRNAs’ expression in the initial stolon stages (Fig. 2.7).

2. Conserved miRNAs, such as Stu-miR479 and Stu-miR319b-3p, exhibited the highest
expression in SD4 stolons. In contrast, StGRAS (a target of miR479) and StGAMYB (a
target of miR319b-3p) showed inverse expression patterns with respective to their
miRNAs. It indicated the possible role of miR479-StGRAS and miR319-StGAMYB
modules during tuber development (Fig. 2.8 and 2.11) process.

3. Potato specific miRNAs, such as n-miR147 and n-miR 206 were induced under SD
conditions (Fig. 2.9). Some of the potato specific miRNAs have also been predicted to
cleave important epigenetic factors like SET domain proteins (ASHR3 targeted by
novel-miR-221). It suggests the potential role of novel miRNAs in potato development.

4. Gene Ontology (GO) analysis for the putative miRNA target genes suggested that these
target genes were enriched in categories like transcription factors, phytohormone
biosynthesis and signaling pathways, and light-regulated genes (Fig. 2.10).

5. We also identified 830 putative TAS-like loci from the potato genome. Off which, 24
were predicted to be triggered by miRNAs and could generate phased siRNAs (Table
2.5).

6. TAS loci, such as TAS3 and TAS5 were consistently found conserved in our analysis
(Fig. 2.15).
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7. We have validated two TAS-like loci located on StTm2 and StPHO2 transcripts, and
phasiRNA produced were detected from the stolon samples (Fig. 2.14).

8. Altogether, 190 phased siRNAs were identified to be generated from 24 TAS-like loci.
Target prediction analysis revealed that several key tuberization-related genes are the
putative targets of phasiRNAs (Table 2.6).

Overall, our analysis suggested that miRNAs and phasiRNAs can target numerous genes that
could be associated with tuber development pathway. A part of this work has been published
in BMC Plant Biology (Kondhare, Malankar et al., 2018).

Chapter 3: PhasiRNA siRD29(-) regulates a gibberellin biosynthesis gene StGA30x3

during stolon-to-tuber transitions in potato

In this study, we have demonstrated a novel gene regulatory module (GRM) governing
stolon-to-tuber development in potato. Reduction of gibberellin levels in stolons is a major pre-
requisite for stolon-to-tuber transitions. Reduced expression of GA biosynthesis genes and
increased levels of GA catabolism genes contribute to a decreased bioactive GAs in stolons.
Interestingly, we observed that StGA30x3, a novel GA biosynthesis gene, is induced during
tuber development process, which is against the general notion. This observation led us to
hypothesize that the StGA30x3 may be regulated by another gene regulatory mechanism. Here,
we show that a GRM controlling StGA30x3 levels in tuber development and we propose our
hypothesis for the spatio-temporal regulation of GA levels in stolon. In silico analysis of
StGA30x3 promoter, followed by transient infiltration assays in the promStGA3ox3::GUS
transgenic lines, we proved that StBELS5 (a positive regulator of tuberization and a transcription
factor) induces StGA30x3 expression in potato. Overall, our results indicate that the Stu-
miR482c-StRGA4-siRD29(-) module and StBELS transcription factor complex enable plant to
fine-tune bioactive GA levels during stolon-to-tuber transitions. The salient results from this

work are as follows:

1. Through transient expression assays, followed by small RNA sequencing, we establish
that the Stu-miR482c-StRGA4-siRD29(-) gene regulatory module (GRM) is active in
planta (Fig. 3.1 and 3.5).

2. This GRM targets a novel GA3ox isoform, StGA30x3 in potato, and we further show
that StGA3ox3 (a GA biosynthesis gene) could be involved in GAz and GA:
biosynthesis (Fig. 3.3).
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. SIRD29(-) and StGA30x3 exhibit an inverse expression pattern during the stolon to
swollen stolon stage and leaves under tuber-inducing short-day (SD) conditions (Fig.
3.4 and 3.6).

. Overexpression of siRD29(-) and knockdown of StGA30x3 showed a similar tuber
numbers. Quantitative real time PCR studies from StRGA4-OE and StGA30x3-AS lines
revealed that the Stu-miR482c-StRGA4-siRD29(-)-StGA30x3 GRM is functional in
potato leaf and stolons (Fig. 3.15 and 3.16).

In vitro tuberization assays (with or without the GA inhibitor) and in vivo observation
from soil-grown transgenic lines suggest that StGA30x3 controls the tuber-stalk
development (Fig. 3.19-3.21).

Bioinformatic analysis of the StGA30x3 promoter indicates that StGA30x3 could be
regulated by phytohormones and StBEL5 TF complex. Further, we show that
StGA30x3 expression is induced by StBEL5 and jasmonic acid, whereas gibberellins
and auxins inhibits its expression (Fig 3.22-3.25).

Based on the results, we demonstrate that StGA30x3 is regulated by two distinct
mechanisms during stolon-to-tuber transition process in potato: (i) through a phasiRNA
siRD29(-) -mediated post-transcriptional regulation, and (ii) the induction of StGA30x3
by the mobile tuberization signal, StBEL5 (Fig. 3.27).

. We observed that this GRM is also conserved in tomato, indicating the significance of
such modules in fine tuning plant developmental processes (Fig. 3.28).

A part of this work has been published in “Plant Physiology” (Malankar et al., 2023)

Chapter 4: Understanding the function of potato specific miRNA (miR72) in regulation

of tuber formation in potato

We have identified several potato specific miRNAs from stolon stages with crucial

tuberization genes as their putative targets. In this work, we have selected a few candidate

miRNAs that were also reported in some of the previous small RNA sequencing studies (Zhang

et al., 2013; Lakhotia et al., 2014; Ou et al., 2017). Based on their expression pattern under

tuber inductive conditions, we have selected a highly abundant potato specific miRNA, miR72

for further study. Previous work by Ou et al. (2017) suggested that miR72 could be cold-

inducible in potato. We further identified miR72 as an intronic miRNA, whose expression

might be regulated by an alternate splicing (AS) mechanism. Furthermore, a sessile tuber

phenotype was noticed in miR72-OE lines, whereas STTM72-KD lines had no such phenotype.
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We also observed that sessile tuber phenotype of miR72-OE lines could be independent of
photoperiod. In summary, our preliminary findings suggest the potential role of miR72 in early
stolon development. This work is currently being pursued for a detailed characterization of
miR72 in potato and also understanding its gene regulation mechanism. Our preliminary work

in this direction has following findings.

1. Potato specific miRNA, miR72 was validated and sequence confirmed from the potato
genome (Fig. 4.1-4.2).

2. Quantitative PCR analysis revealed that miR72 exhibits a abundant expression
throughout potato plants, and its level decreases from stolon-to-tuber transition stages
(Fig. 4.3).

3. Overexpression lines of miR72 had exhibited reduced tuber yield and root biomass.
These plants also produced sessile tubers (Fig 4.6-4.7).

4. Since miR72-OE lines of Désirée (a day-neutral cultivar) developed sessile tubers,
indicating that this phenotype could be photoperiod-independent (Fig 4.7) and miR72
might be involved in early stolon development.

5. Cryptochrome 1b was confirmed as a miR72 target by the cleavage site mapping assay.
We could not confirm other targets, but StIT1 expression (a key tuberization marker
gene) was found to be reduced in miR72-OE line (Fig. 4.8), indicating that miR72 might
target StIT1 in a tissue-specific manner.

6. We also noticed that a precursor of miR72 resides within the first intron of Profilin
gene. Expression of miR72 and its precursor decreased from stolon-to-tuber transitions,
but host gene (Profilin) levels remain unchanged. We speculate that miR72 expression
might be regulated by an alternate splicing mechanism (Fig. 4.3), only future

experiments can unravel a detailed insights in this regard.

In summary, our research findings contributed in the knowledge of small RNAs regulating
stolon-to-tuber transition events of potato development. This has opened up new avenues
about the role of small RNAs as important regulators of tuberization. We also demonstrate
the functioning of a novel phasiRNA-mediated gene regulatory module controlling stolon-

to-tuber transitions in potato.
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Future directions

Our investigations and interesting findings to understand the role of small RNAs in stolon-
to-tuber transitions have opened-up new avenues and raised exciting questions that can be
studied further. To gain further insights in this complex yet fascinating developmental

transition process, the following approaches can be considered.

1. Our small RNA sequencing datasets has revealed many differentially expressed
miRNAs and phasiRNAs having key tuberization genes as their putative targets,
indicating their possible role in tuber development and some of the key targets along
with phasiRNAs needs to be further investigated.

2. We observed that Stu-miR482c-StRGA4-siRD29(-)-StGA30x3 module is functional in
stolon-to-tuber transitions; however, the upstream regulation of this module is yet
unknown and can be explored further.

3. MIiR72-OE lines exhibited sessile tubers with less tuber number and root biomass.
Identifying miR72 targets causing this phenotype would be an interesting question to
be studied in future.

4. The precursor of miR72 is located within the intronic region of Profilin gene and its
expression pattern, indicates its possible role in tuber development. The possibilities of

alternate splicing mechanism in this regard cannot be ruled out.
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Abstract

Phased short-interfering RNAs (phasiRNAs) fine tune various stages of growth, development, and stress responses in plants.
Potato (Solanum tuberosum) tuberization is a complex process, wherein a belowground modified stem (stolon) passes through
developmental stages like swollen stolon and minituber before it matures to a potato. Previously, we identified several
phasiRNA-producing loci (PHAS) from stolon-to-tuber transition stages. However, whether phasiRNAs mediate tuber devel-
opment remains unknown. Here, we show that a gene encoding NB-ARC DOMAIN-CONTAINING DISEASE RESISTANCE
PROTEIN (StRGA4; a PHAS locus) is targeted by Stu-microRNA482c to generate phasiRNAs. Interestingly, we observed that
one of the phasiRNAs, referred as short-interfering RNA D29(-), i.e. siRD29(-), targets the gibberellin (GA) biosynthesis gene
GIBBERELLIN 3-OXIDASE 3 (StGA30x3). Since regulation of bioactive GA levels in stolons controls tuber development, we hy-
pothesized that a gene regulatory module, Stu-miR482c-StRGA4-siRD29(-)-StGA30x3, could govern tuber development.
Through transient expression assays and small RNA sequencing, generation of siRD29(-) and its phase was confirmed in planta.
Notably, the expression of StGA30x3 was higher in swollen stolon compared to stolon, whereas siRD29(-) showed a negative
association with StGA30x3 expression. Antisense (AS) lines of StGA30x3 produced more tubers compared to wild type. As ex-
pected, StRGA4 overexpression (OE) lines had high levels of siRD29(-) and mimicked the phenotypes of StGA30x3-AS lines,
indicating the functionality of this module in potato. In vitro tuberization assays (with or without a GA inhibitor) using
StGA30x3 antisense lines and overexpression lines of StGA30x3 or StRGA4 revealed that StGA30x3 controls the tuber stalk de-
velopment. Taken together, our findings suggest that a phasiRNA, siRD29(-), mediates the regulation of StGA30x3 during sto-
lon-to-tuber transitions in potato.

miRNAs are 21- to 24-nt sRNAs, which form a RNA-induced
silencing complex (RISC) with ARGONAUTE 1 (AGOT1) to
target mRNAs (Rogers and Chen 2013; Borges and
Martienssen 2015). The AGO1-RISC complex loaded with

Introduction

Small noncoding RNAs (sRNAs) control various aspects of
plant growth and development (Liu et al. 2020; Dong et al.

2022). MicroRNAs (miRNAs) and phased short-interfering
RNAs (phasiRNAs) constitute a major category of sRNAs
and regulate the expression of target genes via transcription-
al or posttranscriptional gene silencing (Fei et al. 2013).

22-nt miRNAs can trigger the biogenesis of sSRNAs from
target mRNAs. With the help of SUPPRESSOR OF
GENE SILENCING3 (SGS3) and RNA-DEPENDENT RNA
POLYMERASEG (RDR6), cleaved mRNAs form dsRNAs
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(Yoshikawa et al. 2005). The resulting dsRNAs are then
cleaved by a DICER-LIKE 4 protein (DCL4), forming
phasiRNA duplexes that are distinctive and generated in
phased configuration (Allen et al. 2005; Chen et al. 2010).
The loci generating phased siRNAs are called PHAS loci.

Although numerous PHAS loci have been identified from
diverse plant species, only selective phasiRNAs are character-
ized for their functions in plant development. A subset of
phasiRNAs, known as trans-acting siRNAs (tasiRNAs), is in-
volved in seed germination, leaf and root development, shoot
apical meristem (SAM) initiation, flowering time, and pre-
meiotic reproductive development (Liu et al. 2020). Major
trans-acting siRNA producing loci (TAS) members are con-
served in plants. For example, miRNA390-TAS3-mediated
regulation of the ARF (AUXIN RESPONSE FACTOR) pathway
is conserved across the plant lineages and controls leaf mor-
phogenesis, developmental timing and patterning, lateral
root growth, and somatic embryogenesis (Xia et al. 2017).
miR166 and tasiRNAs targeting ARFs regulate shoot meri-
stem initiation and the maintenance of leaf polarity in maize
(Zea mays) and rice (Oryza sativa) (Nagasaki et al. 2007;
Nogueira et al. 2007). Another relatively conserved
phasiRNA pathway is miR828 targeting TAS4 or MYB tran-
scription factor (TF) genes (Xia et al. 2012) that are involved
in biosynthesis of anthocyanin, flavonoids, lignin (Bonar et al.
2018; Tirumalai et al. 2019), and fruit development (Rock
2013). Nonconserved phasiRNA pathways, such as
miR3954-siRNAs-NAC TFs, affect flowering time in citrus
(Citrus sinensis) (Liu et al. 2017; Ma et al. 2018). A recent
study showed that miR9678, a wheat- (Triticum aestivum)
specific miRNA, targets the long noncoding RNA, Wheat
Seed Germination Associated RNA (WSGAR), to produce
phasiRNAs, which regulate the germination process via the
altered response of 2 phytohormones, abscisic acid, and gib-
berellin (GA) (Guo et al. 2018). However, siRNA targets in this
pathway are unknown.

Tuber development mechanism (tuberization) in potato
(Solanum tuberosum) is a complex process governed by a coor-
dinated action of various environmental, biochemical, and gen-
etic factors (Hannapel et al. 2017; Kondhare et al. 2020). During
tuberization, a belowground modified stem (stolon) passes
through different developmental transitions starting from swel-
ling at the subapical region to the development of a minituber,
before maturing to a potato. At the onset of tuber formation, a
dynamic change occurs in GA and auxin metabolism and their
signaling pathways in the stolon. Several genes associated with
auxin biosynthesis (YUCCA family of FLAVIN-CONTAINING
MONOOXYGENASE; StYUC-LIKET), transport (PIN-FORMED
proteins; StPIN2 and —4), and signaling pathways (AUXIN
RESPONSE FACTOR; ARF and AUXIN/INDOLE-3-ACETIC ACID
PROTEINs; AUX/IAA proteins) show differential expression dur-
ing stolon-to-tuber transition stages (Kloosterman et al. 2008;
Roumeliotis et al. 2012b; 2013b). Moreover, the expression of
GA catabolism gene GIBBERELLIN 2-OXIDASE 1 (StGA20x1)
increases (Kloosterman et al. 2007), whereas the expression
of GA biosynthesis genes—GIBBERELLIN 20-OXIDASE 1

Malankar et al.

(StGA200x1) and GIBBERELLIN 3-OXIDASE 2 (StGA3ox2)—
decreases under tuber-inducing short-day conditions (Carrera
et al. 2000; Bou-torrent et al. 2011). As a result, auxin levels in-
crease at the stolon tip, which is accompanied by the reduction
of GA levels in the subapical part of the stolon (Roumeliotis et al.
20123; 2012b). This ceases elongation of the stolon and initiates
swelling at the subapical region, followed by accumulation of
starch and storage proteins to favor tuber maturation. Hence,
the spatiotemporal changes in expression profiles of auxin
and GA metabolism genes are crucial for early stages of
stolon-to-tuber transitions. The changes in GA levels are con-
trolled by regulation of StGA200x1 and StGA2o0x1 through
StBEL5 (BEL1-LIKE TF 5) and POTH1 (POTATO HOMEOBOX
1) homeodomain TFs as well as StSP6A protein (a
FLOWERING LOCUS T ortholog in potato). These factors act
as positive regulators of tuberization (Banerjee et al. 2006;
Navarro et al. 2011; Mahajan et al. 2012). Specifically, the
StBEL5-POTH1 heterodimer binds to the promoter sequences
of StGA20ox1 and negatively regulates its expression (Chen
et al. 2004). This interaction occurs through tandem TGAC
core motifs present in the promoter sequences of the target
genes. Overexpression of StBEL5 and StSP6A independently re-
sulted in an increased levels of StGA20x1 in stolons. The pro-
moter of StGA20x1 showed the presence of 2 tandem TGAC
motifs and StBEL5-POTH1 has been shown to bind to this se-
quence and induce gene expression (Lin et al. 2013; Sharma
et al. 2016).

Zhang et al. (2020) have identified reproductive phasiRNAs
that are essential to silence genes associated with early events
of meiosis in rice. Previously, we have identified several
phasiRNAs that are potentially involved in regulating key tu-
berization genes in potato (Kondhare et al. 2018; 2021).
Specific phasiRNAs were predicted to cleave GA metabolism
and auxin signaling genes. In the present study, a well-
conserved miR482 family member, Stu-miR482c, was pre-
dicted to cleave the transcript of a gene encoding NB-ARC
DOMAIN-CONTAINING DISEASE RESISTANCE PROTEIN
(StRGA4) to generate phasiRNAs. Further, 1 of the
phasiRNAs, referred as siRD29(-), could target the transcript
of the GA biosynthesis gene (StGA30x3). The function of this
StGA30x3 isoform is unknown in potato. To investigate the
existence and functionality of the Stu-miR482c-StRGA4-
siRD29(-)-StGA30x3 gene regulatory module, we asked fol-
lowing questions: (i) Does siRD29(-) generate from the
Stu-miR482c-cleaved StRGA4 locus? (ii) Is this siRNA gener-
ated during stolon-to-tuber transition stages? (iii) Does
siRD29(-) target StGA30x3 in a tissue-specific manner? (iv)
What is the role of StGA3o0x3 in potato development? (v)
Does this small RNA target gene pair (siRD29[-]-StGA30x3)
mediate the stolon-to-tuber transitions?

Here, we have validated the generation of siRD29(-) from
its PHAS locus (StRGA4) and confirmed StGA30x3 as its tar-
get. Further, we showed that the Stu-miR482c-StRGA4-
siRD29(-)-StGA30x3 gene regulatory module is functional
during stolon-to-tuber transitions and the StGA30x3 isoform
is potentially involved in GA; and GA; biosynthesis. Overall,
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A phasiRNA regulates StGA30x3 in potato

our study revealed phasiRNA-mediated regulation of a GA
biosynthesis gene during tuber development in potato.

Results

MicroRNA482c cleaves StRGA4, a PHAS locus
encoding Nb-ARC DOMAIN-CONTAINING DISEASE
RESISTANCE PROTEIN in potato

Previously, we identified 830 putative phasiRNA producing
(PHAS) loci from sRNA-sequencing data sets of stolon-to-
tuber transition stages in potato (Kondhare et al. 2018).
Among them, we found that a PHAS locus
(Chr09:46314301.46314552) can generate a phased siRNA
(phasiRNA), which targets a gibberellin biosynthesis gene
StGA3ox (Soltu.DM.01G018850.1). This PHAS locus was lo-
cated in the exonic region of a NB-ARC DOMAIN-
CONTAINING  DISEASE  RESISTANCE  PROTEIN—StRGA4
(Soltu.DM.09G019040.1)—and predicted to be cleaved by
Stu-miR482c to generate phasiRNAs (Supplemental
Table S1; Fig. 1A). Through a modified 5 RLM-RACE, we con-
firmed that Stu-miR482c cleaves StRGA4 transcript with a high
frequency (8 of 8) at the predicted site (Fig. 1B). Based on the
cleavage site, the phase of phasiRNA that targets StGA3ox was
mapped on the StRGA4 transcript at the 29th position on the
antisense strand, hence referred as siRD29(-) (Fig. 1A).

SiRD29(-) generation is RDR6 dependent

To test if microRNA482¢ (Stu-miR482c) is responsible for
generating siRD29(-) from StRGA4 transcript, we coinfil-
trated Stu-miR482c and StRGA4 OE constructs in leaves of
Nicotiana benthamiana plants. Dot blot analysis indicated
the accumulation of siRD29(-) in the leaves following
48 hrs of coinfiltration (Fig. 1C). Further, we sequence veri-
fied this siRNA (Supplemental Fig. S1). No siRNAs were gen-
erated in the empty vector-infiltrated leaf samples (control).
RDRG6 is an essential factor in conventional biogenesis of
phasiRNAs (Yoshikawa et al. 2005). To investigate if
siRD29(-) is generated in a RDR6-dependent manner, coinfil-
tration experiment was also performed in the RDRG-RNAI
line of N. benthamiana. These plants have a significantly re-
duced RDR6 transcript level and thus have low levels of
phasiRNAs (Schwach et al. 2005). Our analysis indicated
that the generation of siRD29(-) was reduced by 96% in
the coinfiltrated leaves of RDR6i plants compared to wild
type (WT) (Fig. 1D). These results confirmed that siRD29(-)
is generated from StRGA4 transcript in RDR6-dependent
manner post cleavage by Stu-miR482c.

A phasiRNA siRD29(-) targets StGA30x3

The phylogenetic analysis revealed a close conservation of
this isoform with Arabidopsis (Arabidopsis thaliana)
AtGA30x3 (NP_193900.1) (Supplemental Fig. S2). Thus, we
referred this gene as StGA3o0x3 henceforth. In silico analysis
predicted that siRD29(-) targets StGA3ox3 with an expect-
ancy value of 2.5 (E=2.5). Using a modified 5" RLM-RACE,
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we confirmed the cleavage of the StGA3o0x3 transcript by
siRD29(—) with a high frequency (9 of 9) at 11th/12th nu-
cleotide position (Fig. 1E). For in planta validation of
siRD29(-) targeting StGA30x3, a transient coexpression of
355:S5tGA30x3, 355:miR482c¢ and 35S:StRGA4 was carried
out in leaves of WT and RDRG6i plants of N. benthamiana.
The transcript levels of StGA30x3 in coinfiltrated samples
were significantly reduced compared to control (Fig. 1F).
As expected, coinfiltrated RDR6i lines did not show any
change in StGA3o0x3 levels due to low levels of siRD29(-) in
these plants (Fig. 1G). Altogether, these results suggest that
siRD29(-) acts in a trans-manner to regulate StGA30x3.

Further, RT-qPCR analysis revealed that siRD29(-) was
highly expressed in leaves, followed by node, shoot apex, sto-
lon, and stem under LD condition (Fig. 1H). During
stolon-to-tuber transition stages, it showed highest expres-
sion in SD-induced stolons (Fig. 1I).

Stu-miR482c triggers secondary siRNAs from
StRGA4 locus in planta

To confirm the generation of secondary siRNAs from StRGA4
post Stu-miR482c cleavage in planta, we performed small
RNA sequencing of N. benthamiana leaves coinfiltrated
with Stu-miR482c and StRGA4 OE constructs. SRNAs were
isolated from the infiltrated leaves (48 hrs post infiltration)
and subjected for deep sequencing. The size distribution pro-
file of sSRNAs indicated that StRGA4 expression did not have
any effect on sRNA population from N. benthamiana, but an
increase in the proportion of 21 nt small RNAs was observed
in coinfiltrated samples as compared to StRGA4-infiltrated
samples (Fig. 2A). Further, we mapped sRNA reads to the
StRGA4 transcript. StRGA4-specific SRNA reads were absent
in vector control samples but were abundant in coinfiltrated
samples in the presence of Stu-miR482c (Fig. 2B). The sec-
ondary siRNA phase began at the 1st nucleotide from the
Stu-miR482c cleavage site, which extended up to 29th pos-
ition, where siRD29(-) is located (Fig. 2C). Subsequently,
the number of reads for siRNAs decreased (Supplemental
Table S2). The first 3 phasiRNAs (D1-D3) from the StRGA4
locus had the highest number of sRNA reads
(Supplemental Table S2). Though, the position of siRD29(-)
was far from the Stu-miR482c cleavage site, we still obtained
a higher number of sRNA reads in comparison with other
siRNAs near the cleavage site (Fig. 2C). Overall, high-
throughput sequencing of coinfiltrated samples confirmed
that siRD29(-) is generated post Stu-miR482c cleavage at
the 29th phase from the StRGA4 PHAS locus.

StGA30x3 is highly expressed in the swollen stolon
under SD

StGA30x3 showed a ubiquitous expression in all tissue types
tested, with the highest expression in leaves, followed by
node, shoot apex, and stem tissues (Fig. 3A). The effect of SD
photoperiod was seen to be gradual as the leaves from WT
plants did not show a significant reduction in StGA30x3 levels

€202 Joquieydag /z uo Jesn aund YIS Aq Zev2922/€6vPe/SAYdId/E601 0 1/10p/a1oIHE-00UBAPE/SAYd|d/WO0"dno-ojWapese//:sdny woly papeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad493#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad493#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad493#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad493#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad493#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad493#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad493#supplementary-data

4 | PLANT PHYSIOLOGY 2023: 00; 1-18 Malankar et al.

A 5'.UUGGUAUGGGGGGACUAGGAAA.. 3' (2352)
Stu-miR482c¢ cleavage site -1'11'&)
StRGA4 transcript
5’ UTR LIl - LR W W | S| - - D29() 3'UTR
D2(-
©) 3' .GGAGUUCUACUUUCAAGAUAA..5' (10)
&«:} T 0.006
> & & 5
& & & &
B 8/8 C & & D ¢
& ¢ 5 0004
H
StRGA4  5'. . GUUGGUAUGGGGGGACUAGGAARA. .3' - 10.0 2
O . He ¢
Stu-miR482¢ FEEE TR Tt & ) g 0002
(22 n) 3' AACCGUACCCACCUUAUCCUUU §' g & 150me £
@ |25 € 0.000
& @
WT & \\&o@
E F G H |
De) @ P
0% 3 o2 WT 3 257 RDRGi g 0.005
é 0.15 g 20 ns % 0004
StGA30x3 5'. . AAAGAAGAUGAAAGUUCUAUC..3' B 5 s g 0.003
5 5
ERRRRRRAREREREN 2 010 2 2
1 4 o 9 0.002:
siRD29(-)  3' GGAGUUCUACUUUCAAGAUAA 5' & g 10 5
21 nt) ¢ o005 H ¢ 0.001
2 z 05 E
el S S
& o.00d——~1H & ool € 0.000
> x > ) x
o°&oo@° @;ﬁ d’éo ‘?P+ @Wf;"@
S SF & S &
¢ o o o5
& &
&% <>

Figure 1. A phasiRNA siRD29(-) generates from StRGA4 transcript, which targets StGA30x3 mRNA. A) A schematic representation of the StRGA4
transcript and Stu-miR482c cleavage site on StRGA4 mRNA. Putative phasiRNAs and the location of a phasiRNA siRD29(-) on the antisense strand
are also shown. The number in parentheses indicates the read count obtained in small RNA sequencing dataset from stolons (Kondhare et al. 2018)
B) Modified 5" RLM-RACE results depicting the cleavage site mapping of Stu-miR482c on StRGA4 transcript. Arrow shows the site of cleavage. The
numbers (8/8) represent the frequency of clones with the same cleavage site. C) Dot blot-based detection of a phasiRNA siRD29(-) in leaves of
wild-type N. benthamiana (NbWT) plants following coinfiltration of gene constructs using A. tumefaciens. The increased abundance of siRD29(-)
was detected using the blot paper. Null control, mock infiltrated leaves; vector control, empty vector-infiltrated leaves; StRGA4, leaves infiltrated
with 35S:StRGA4 construct; StRGA4 + miR482c, leaves coinfiltrated with 355:StRGA4 and 35S:pre-miR482c gene constructs in a binary vector.
D) Quantification of siRD29(-) levels from agroinfiltrated samples of WT plant and RDR6i line of N. benthamiana with 35S:StRGA4 and 35S:
pre-miR482c gene constructs. NtU6 was used as reference gene. E) Modified 5 RLM-RACE results representing the cleavage site mapping of a
phasiRNA siRD29(-) on StGA3ox3 transcript. Arrow shows the site of cleavage. The numbers (9/9) represent the frequency of clones showing
the same cleavage site. F) StGA30x3 mRNA accumulation 48 h after coinfiltration in WT N. benthamiana leaves. Control, mock infiltrated leaves;
EV + StGA30x3, leaves coinfiltrated with empty vector and 35S:StGA30x3 construct; Stu-miR482c + StRGA4 + StGA30x3, leaves coinfiltrated with
35S:pre-miR482c, 355:StRGA4 and 35S:StGA30x3 gene constructs. The transcript abundance was plotted as the 282 method (Livak and
Schmitten 2001). G) StGA30x3 mRNA accumulation 48 h after coinfiltration in RDR6i N. benthamiana leaves. H) Expression of siRD29(-) from
the 2-wk-old potato plant. StU6 was used as reference gene. Different tissue types (shoot apex, leaf, stem, node, and stolon) were used for the ana-
lysis. The abundance of siRD29(-) was plotted using the 282 method (Livak and Schmitten 2001). 1) The levels of siRD29(-) during
stolon-to-tuber transition stages. For D and F to |, error bars indicate standard error of means (SEM) from 3 biological replicates (n = 3).
Asterisks (1, 2, and 3) indicate significant differences at P < 0.05, P <0.01, and P < 0.005 respectively, using 1-way ANOVA, followed by the
Tukey HSD test and Student’s t-test. ns, not significant at P < 0.05; LD, long day; SD, short day.

after 4 days of SD induction, but it was reduced 7 days post SD
induction (Fig. 3B). Further, at 14 days of SD, StGA30x3 expres-
sion significantly reduced in leaves, petioles, and nodes, but it
was high in the shoot apex compared to LD conditions
(Fig. 3C). The expression of StGA30x3 remains unchanged in
root and stem tissues under LD/SD conditions (Fig. 3C). It
was evident that StGA30x3 was highly expressed in swollen sto-
lons, but its expression declined in minitubers (Fig. 3D).
However, the expression of other known GA metabolism genes
(StGA30x2, StGA200x2, and StGA20xT1) and tuberization activa-
tor StBEL5 during stolon-to-tuber transition stages were in line
with the previous reports (Supplemental Fig. S3).

The pattern of GUS activity using 5-wk-old in vitro plants
of promStGA30x3:GUS-pBI121 lines matched with StGA30x3
gene expression (Fig. 3E). GUS expression was observed in
leaves, roots, and the junction of stem petiole and stem roots
(Fig. 3, E, F, 1 and L). In the leaf, GUS expression was promin-
ently observed in the guard and mesophyll cells (Fig. 3, G and
H), respectively. Longitudinal (Fig. 3)) and transverse (Fig. 3K)
sections of the stem petiole junction revealed that the
StGA30x3 promoter expresses in the cortex cells and not in
the meristem region. Transverse section of roots indicated
GUS expression in the cortex region. A faint GUS expression
was also seen in the phloem region (Fig. 3M). Strong GUS
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Figure 2. A phasiRNA, siRD29(—), is generated from the antisense strand of StRGA4 transcript at the 29th phase post Stu-miR482c—mediated cleav-
age. A) Abundance of small RNAs (21 to 24 nt) in coinfiltrated leaf samples of N. benthamiana. VC, leaves infiltrated with empty vector; StRGA4,
leaves infiltrated with 35S:StRGA4; StRGA4 + Stu-miR482¢, leaves infiltrated with 355:StRGA4 and 35S::pre-miR482c constructs. Error bars indicate
standard deviation of means (SD) from 2 biological replicates (n = 2). B) Total read counts from small RNA sequencing of infiltrated samples of N.
benthamiana for control, StRGA4, and coinfiltration of 355:StRGA4 and 35S:pre-miR482c gene constructs. The mapping percentage of unique reads
to the genome of N. benthamiana, A. tumefaciens, and StRGA4 locus is also shown. C) Phased siRNAs register with Stu-miR482c-guided cleavage site.
Phased siRNAs (21 nt) are marked with the position from the cleavage site. The numbers above and below indicated the reads obtained from the leaf
samples coinfiltrated with StRGA4 and pre-miR482c gene constructs versus those infiltrated with only StRGA4 gene construct. For a simplified view,
phasiRNAs generated from the first 3 phases (D1-3) and those from 27th to 29th positions (D27-29) are represented.

activity was observed in swollen stolons (Fig. 30), whereas a
faint GUS expression was noted in minitubers and elongated
stolons (Fig. 3, N and P, respectively). Similarly, GUS and
StGA30x3 transcript expression was increased in swollen sto-
lons and was reduced in tubers (Fig. 3Q; Supplemental Fig.
4A). We noticed that GUS protein activity had not changed
in swollen stolons but reduced at the minituber stage
(Supplemental Fig. S4B). Since, the total protein content in-
creases during stolon-to-tuber stages (Supplemental Fig.
S4Q), the effect of induced GUS expression did not match
with the GUS protein activity in swollen stolons.

Altered expression of StGA3o0x3 affects leaf size and

chlorophyll content with no effect on tuber weight

To characterize the function of StGA30x3 in potato, 5 consti-
tutive StGA30x3-OE lines in andigena were generated
(Supplemental Fig. S5A). Of them, 3 independent lines (re-
ferred as #OE2, #OE3, and #OE5) with moderate or high le-
vels of StGA3ox3 expression were chosen for further
analysis (Fig. 4, A and B). Leaflet numbers were the same
but the overall leaf size was larger and the terminal leaflet
length was significantly higher in OE lines than WT (Fig. 4,

C and D). However, no change in the total leaf length was
noted (Supplemental Fig. S6B). OE lines showed an increase
in plant height compared to WT (Fig. 4E). The chlorophyll
content of the leaves was reduced in StGA30x3-OE lines
(Fig. 4F), whereas #OE3 had a reduced anthocyanin content
compared to WT (Fig. 4G).

To assess the effect of StGA30x3 knockdown, we generated
its antisense (AS) lines in andigena (Supplemental Fig. S5B).
We selected 2 antisense lines (referred as #AS1 and #AS3)
with more than 80% reduction in the StGA30x3 transcript le-
vels (Fig. 4, A and B). StGA30x3-AS lines showed a reduction
in plant height accompanied by a significant decrease in the
internodal distance (Fig. 4E, Supplemental Fig. S6A).
Although there was no change in the length of terminal leaf-
let as observed in StGA30x3-OE lines (Supplemental Fig. S6C),
the leaflets of the StGA30x3-AS lines were flattened com-
pared to WT (Fig. 4C). Evaluation of the tuberization poten-
tial of OE and AS lines of StGA30x3 showed that the overall
tuber weight remains unchanged in both transgenic lines
(Supplemental Fig. S6, D to F). However, AS lines produced
significantly higher tuber numbers per plant (Fig. 4, H and |;
Supplemental Fig. S6, H and 1). Grafting experiment was car-
ried out to test if leaf morphology or other pleiotropic
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Figure 3. StGA30x3 exhibits tissue-specific gene expression pattern, and short day induces its expression in swollen stolon. A) Accumulation of
StGA30x3 transcript in various tissues of WT andigena potato plants. Four tissue types of 2-wk-old soil-grown potato plants, such as shoot apex,
leaf, node, and stem were used for analysis. StEIF3e was used as a reference gene. Statistical significance was calculated in comparison with the
leaf transcript abundance. B) Effect of short-day (SD) and long-day (LD) photoperiods (4 and 7 days) on the expression of StGA30x3 in leaves of
potato plants. C) Effect of photoperiod on the expression of StGA30x3 in different tissue types of potato plants, subjected to LD or SD induction
for 14 days, following 8 wk in soil under LD conditions. Fold change of the gene expression in each tissue type for SD treatment is compared to
respective LD expression. D) Gene expression of StGA30x3 during stolon-to-tuber transition stages (stolon, swollen stolon, and minituber) harvested
from potato plants following 10 days of SD or LD induction. Fold-change of the gene expression in SD is compared to LD for each tissue type. For B to
C, error bars indicate standard error of means (SEM) from 3 biological replicates (n = 3). Asterisks (1, 2, and 3) indicate significant differences at P <
0.05, P < 0.01, and P < 0.005, respectively, using Student’s t-test. ns, not significant at P > 0.05. E to P) GUS activity in promStGA30x3:GUS transgenic
lines. GUS activity in 5-wk-old in vitro—grown entire plant (E), leaf and guard cells (F and G), longitudinal section of leaf blade (H), petiole stem nodal
junction (1), longitudinal and transverse sections of petiole stem nodal junction (J and K), roots and their transverse sections showing GUS expres-
sion in the cortex region (L and M), stolons, swollen stolons, and minitubers (N, O and P) harvested from 8-wk-old soil grown plants of
promStGA30x3:GUS induced with LD/SD conditions for 10 days. FaintGUS expression was observed in minitubers (P). Scale bars, E and L=
1cm; F, LN, O, and P =1 mm; ) =500 ym; K=200 ym; M = 100 ym; and G and H =20 ym. Q) The GUS transcript levels during stolon-to-tuber
transition stages harvested from promStGA30x3:GUS transgenic lines following 10 days of SD induction. For A, D, and Q, error bars indicate standard
error of means (SEM) from 3 biological replicates (n = 3). Asterisks (2 and 3) indicate significant differences at P < 0.01 and P < 0.005, respectively,
using 1-way ANOVA, followed by a Tukey HSD test. Ns, not significant at P < 0.05.

phenotypes of the transgenic lines have any effect on tuber ~ 2012) that further regulate numerous defense-related genes.
numbers. We observed no changes in tuber numbers for  In the absence of any pathogen attack, the miR482 family-
OE/OE, WT/OE, and OE/WT grafts (Supplemental Fig. S7). = mediated secondary phasiRNA cascade remains active.
The tuber numbers in heterografts of WT/AS and AS/WT  After pathogen attack, miR482 levels reduces in order to ex-
were also comparable to WT/WT homografts, suggesting  press and maintain high levels of disease resistance genes. We
that an increase of the tuber numbers in StGA30x3-AS lines utilized the principle of this signaling cascade to overexpress
might not be a result of the change in the leaf morphology.  siRD29(-) in potato. To enhance the expression of siRD29(-),
Instead, it could be due to the impaired bioactive GA levels.  constitutive OE lines of StRGA4 (OE8 and OE10) were gener-

ated in andigena plants. These lines exhibited reduced levels

of StRGA4 (Fig. 5A) as the transcript is being targeted by in-

StRGA4 overexpression lines have high levels creased levels of Stu-miR482c (Fig. 5B). Both OE lines showed
of siRD29(-) and mimic the tuber phenotype 2- to 2.5-fold increase of siRD29(-) levels in the leaves
of StGA30x3-AS lines (Fig. 5C). The corresponding ~70% decrease in StGA30x3 le-

Disease resistance genes from the Solanaceae family are  vels was observed (Fig. 5D). StRGA4-OE lines mimicked the
known to be targeted by miR482/2118 members to produce  specific phenotypes of StGA30x3-AS lines, for example, re-
secondary phasiRNAs (Zhai et al. 2011; Shivaprasad et al.  duced plant height (Fig. 5E), no change in the final tuber
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Figure 4. StGA30x3 overexpression affects leaf size and chlorophyll content, whereas its knockdown alters the number of tubers in potato.
A) Expression levels of StGA30x3 in the 5th leaf of overexpression (OE2, OE3, and OE5) and antisense (AS1 and AS3) lines compared to WT.
StEIF3e was used as a reference gene for RT-qPCR analysis. Error bars indicate standard error of means (SEM) from 3 biological replicates
(n =3). Asterisks (1, 2, and 3) indicate significant differences at P < 0.05, P < 0.01, and P < 0.001, respectively, using Student’s t-test. ns, not significant
at P> 0.05. B) Plant architecture of StGA30x3-OE and -AS lines along with WT. Scale bar = 5 cm. C) Representative images of the 5th leaf from WT,
StGA30x3-OE, and StGA30x3-AS lines. Scale bar = 1 cm. D) Terminal leaflet length of fully expanded 5th leaf in StGA30x3-OE lines in comparison with
WT. Data are from 12 independent plants for each line. E) Plant height in StGA30x3-OE and -AS lines in comparison with WT. For D to E, each min to
max whisker boxplot is prepared using data from 12 individual plants. Transverse lines show median of datapoints. F) Total chlorophyll content from
the 5th leaf of WT, StGA30x3-OE, and StGA30x3-AS lines. G) Estimation of anthocyanin content in the 5th leaf from the shoot apex in StGA30x3-OE
and StGA30x3-AS lines and WT plants. Panels F and G, n = 3. H) Number of tubers in StGA30x3-OE and StGA30x3-AS lines compared to WT. Data
were taken from soil-grown plants after 1 mo of SD induction and plotted from 10 individual plants per line. Error bars indicate standard error of
means (SEM). Asterisks (1, 2, 3, and 4) indicate significant differences at P < 0.05, P < 0.01, P < 0.005, and P < 0.001, respectively, using 1-way
ANOVA, followed by Dunnett test. ns, not significant at P < 0.05. 1) Representative images for the tubers obtained. Each image contains tubers
from 6 plants per line. Scale bar =1 cm.

weight (Supplemental Fig. S6G), but an increased tuber num-
bers (Fig. 5, F and G). We also quantified module-related
genes in SD-induced stolons of StRGA4-OE lines which exhib-
ited increased levels of siRD29(-), followed by a reduction in
the level of StGA30x3 (Fig. 5H). StGA30x3-OE lines (#OE3 and
#OE5) showed induced expression of siRD29(-) in stolons
possibly to balance the levels of StGA30x3 (Supplemental
Fig. S8A). StGA30x3-AS lines also exhibited increased abun-
dance of SiRD29(-). However, other module components
(StRGA4 and Stu-miR482¢) in these lines did not vary com-
pared to WT (Supplemental Fig. S8B). These results suggest
that the gene regulatory module (GRM) is functional during
stolon-to-tuber transitions of potato.

StGA30x3 controls tuber stalk development under in
vitro conditions

A transient overexpression of StGA30x3 in potato leaves led
to an increase in GA; levels post 48 hrs of agroinfiltration,

suggesting that StGA3o0x3 could contribute to the GA bio-
synthesis pathway (Supplemental Fig. S9). Further, to study
if StGA30x3 influences the earliness for tuber formation,
we conducted in vitro tuberization assays using OE
lines of StGA30x3 and StRGA4 and StGA30x3-AS lines.
StGA30x3-OE exhibited slight delay in tuberization com-
pared to control (Supplemental Fig. S10A), whereas
StGA30x3-AS and StRGA4-OE lines did not show delay in tu-
ber formation. We observed sessile tuber formation in WT
andigena plants. Interestingly, more than 50% tubers of
StGA30x3-OE lines showed stalk formation as compared
to none in WT (Fig. 6A), possibly due to increased levels
of bioactive GAs in the tuberizing nodes. Consistently, a
transient overexpression of StGA30x3 in potato leaves led
to an increase in GA, levels following 48 hrs of agroinfiltra-
tion, suggesting that StGA3o0x3 could contribute to the
GA,; biosynthesis pathway (Supplemental Fig. S9).
StGA30x3-AS and StRGA4-OE lines exhibited sessile tubers
similar to control plants (Fig. 6, A and B). Further, addition
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Figure 5. Overexpression lines of StGA30x3 and StRGA4 have enhanced levels of siRD29(-), whereas StGA30x3-AS and StRGA4-OE lines have reduced
StGA30x3 transcript levels. A to C) Expression of the phasiRNA module components, such as StRGA4 (A), Stu-miR482c (B), and siRD29(-) (C) in
leaves of overexpression lines of StGA30x3 (OE2, OE3, and OE5) and StRGA4 (OE8 and OE10) compared to WT. D) StGA3o0x3 expression in
StRGA4:OE lines and StGA30x3:AS lines (AS1 and AS3) compared to WT. StEIF3e was used for normalizing the gene expression data. For A to D
and F, error bars indicate standard error of means (SEM) from 3 biological replicates (n = 3). Asterisks (1 and 2) indicate significant differences
at P < 0.05 and P < 0.01, respectively, using Student’s t-test. ns, not significant at P > 0.05. E) Plant height for StRGA4-OE lines compared to WT.
Each min to max whisker boxplot is prepared using data from 10 individual plants. Transverse line shows median of datapoints. F) Tuber numbers
in comparison with WT. Data from 6 independent plants for each line is represented. G) Each image contains tubers from 6 plants per line. Image for
WT tubers is the same as that in Fig. 41. Scale bar = 1 cm. H) Expression of the module components, StRGA4, Stu-miR482c, siRD29(-), and StGA30x3
in the SD-induced (4 days) stolons of StRGA4 (OE8 and OE10) overexpression lines as compared to WT. Error bars indicate standard error of means
(SEM) from 3 biological replicates (n = 3). For E and H, 1-way ANOVA followed by Dunnett test was performed to check the level of significance.
Asterisks (1, 2, and 3) indicate significant differences at P < 0.05, P < 0.01, and P < 0.001, respectively. ns, not significant at P > 0.05.

of paclobutrazol (GA inhibitor) to the tuber-inducing med-
ia (8% sucrose) resulted in the formation of sessile tubers in
StGA30x3-OE lines similar to WT (Fig. 6, C and D). To test
whether StGA3o0x3 can control tuber stalk development
in vivo (in soil), we measured the lengths of the stolons
produced by the transgenic lines. StGA30x3-OE lines
(#OE2 and #OE3) exhibited higher stolon lengths com-
pared to WT, whereas the stolon lengths in StGA30x3-AS
and StRGA4-OE lines did not wvary significantly
(Supplemental Fig. S10B). We did not observe a significant
increase in the stolon length of the StGA30x3 #OES5 line.
This may be due to the fact that independent OE lines
do not always show similar phenotypes because of the var-
iations in the level of the transgene expression. Our results
indicate that StGA30x3 controls the tuber stalk develop-
ment in soil-grown plants, similar to the in vitro tuberiza-
tion assays.

Altered expression of StGA30x3 affect GA levels in
transgenic lines

To investigate the effect of altered StGA30x3 expression on
the GA contents, we quantified 5 gibberellins (3 bioactive
GAs: GA;, GA,, and GA; 1 GA precursor: GA,,; and 1 GA
degradation product: GAg) from the shoot apices of trans-
genic lines (Table 1). Levels of GA, precursor were increased
in StGA30x3-AS and StRGA4-OE lines. It is known that during
GA biosynthesis, GA, can follow either the 13-hydroxylation
or non-13-hydroxylation pathway to generate GA;, GA,
GA;, and GA,, respectively. The levels of bioactive GA;
were higher in the StGA30x3-OE line (# OE3). The OE line
(#2) though showed an increase in GA; content, but it was
below the significant threshold. However, StGA30x3-AS lines
did not exhibit a change in GA; levels. GA; levels were signifi-
cantly less in both of the StRGA4-OE lines. StGA30x3-OE
(#OE3) and StRGA4-OE (#OES8) lines had higher contents of
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Figure 6. Overexpression and knockdown of StGA30x3 influence development of tuber stalk during in vitro tuberization assays. A) In vitro tuber-
ization assay. Single-node explants from overexpression lines of StGA30x3 (OE2, OE3, and OE5) and StRGA4 (OE8 and OE10) and the antisense lines
of StGA30x3 (AS1 and AS3) along with wild-type(WT) and vector control (VC) plants were grown on 8% sucrose in dark. The percentage of nodes
producing each type of tubers formed in each line was scored on alternate days until the 12th day, and the final tuber number percent is plotted.
Error bars indicate standard error of means (SEM) from 3 experimental repeats (n = 3), where each experiment was conducted with n > 80 nodes
per transgenic line. B) The nodes with sessile versus stalked tubers were noted during the observations. Mostly, OE lines of StGA30x3 produced
stalked tubers, whereas antisense lines of StGA30x3 or overexpression lines of StRGA4 showed mostly sessile tubers. White arrow indicates the stalk
of the tuber. Scale bar =1 mm. C) In vitro tuberization assay using 3 types of transgenic lines with supplementation of a GA biosynthesis inhibitor,
paclobutrazol (0.5 mg/L). The symbols (+ and —) indicate the presence or absence of GA inhibitor in the MS media. D) Representative images of
each type of node with tuber are given. White arrow indicate stalk of the tuber in the presence or absence of GA inhibitor (scale bar =1 mm).

bioactive GA; and GA,. We could not determine GA,; and
GA, precursors from the shoot apices. Interestingly, all lines
indicated an increase in GA; degradation product, GAs.
Particularly, StRGA4-OE showed the highest GAg content.
Gibberellins were also measured from stolons of transgenic
lines, but no GA peaks were detected in any of the samples,
except for StGA30x3-OE lines, which exhibited low levels of
bioactive GAs and higher amount of GAg.

StBEL5 (a BEL-like Tf) induces StGA30x3 expression in
leaves of promStGA30x3::GUS lines

The GUS activity in promStGA30x3::GUS lines was highest in
swollen stolons compared to SD-induced stolon. These re-
sults suggested that StGA3o0x3 expression in stolons could
be regulated through its promoter. The 2.2-kb promoter
sequence of StGA3o0x3 was analyzed for the presence of cis-
regulatory motifs using tools such as PLANTPAN3.0 and
PLACE (Chow et al. 2019; Higo et al. 1999). Several motifs
were identified, such as bHLH (59), AP2-ERF (200), bZIP/
HD-ZIP (94), MYB (21), MYB/SANT (65) WRKY (253), DOF
(356), homeodomain TFs (90), ZF-HD (85), and NAC/NAM
(33). Interestingly, 12 tandem TGAC core motifs were also

identified in the StGA30x3 promoter using the RSAT tool
(Helden et al. 2000) (Fig. 7A). Among them, 6 TGAC core mo-
tifs were separated by lesser than 40-bp linkers (Fig. 7A;
Supplemental Table S3). To study this regulation, we agroin-
filtrated the StBEL5-OE gene construct in the leaves of
promStGA30x3::GUS lines. As StBELS expression is known to
be wound inducible (Chatterjee et al. 2007), we observed
an increased expression of StBELS as well as GUS in the
mock (control) compared to noninfiltrated leaves.
RT-gPCR from StBEL5-infiltrated leaves showed an increased
GUS expression (Fig. 7B). GUS protein activity was also in-
creased in StBEL5-OE gene construct-infiltrated leaves
(Fig. 7C), suggesting that StBEL5 induces the expression of
StGA30x3 in potato.

Discussion

Small RNA (sRNA) regulatory networks orchestrate various
plant developmental processes, such as initiation of
SAM and its maintenance, leaf polarity establishment,
flowering time, and root development (Dong et al. 2022).
Tuberization in potato is governed by numerous mobile sig-
nals, transcription factors, and phytohormones. These factors
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Table 1. Levels of GAs (ng/g of freeze-dried tissue weight) in the shoot apices of the transgenic lines (StGA30x3-OF, StGA30x3-AS, and StRGA4-OE)
compared to wild-type (WT) andigena plants after 6 wk in long-day conditions. GAs were quantified using LC-MS/MS with internal standards. The
values are means of 3 independent biological replicates (n = 3) + standard error of means (SEM). One-way ANOVA followed by Dunnett test was
performed to check the level of significance. Asterisks (1, 2, 3, and 4) in parenthesis indicate significant differences at P < 0.05, P < 0.01, P < 0.001, and
P < 0.0001, respectively

GA concentrations in shoot apices (ng/g of dried weight) represented as mean + SEM

Plant type GA3 GA4 GA7 GA8 GA12
Wild type WT 154.9 + 24.2 11329 £ 116.1 16395.7 + 1073.3 306.5 + 26.2 1052.0 + 76.7
StGA30x3-OE OE2 384.4 + 169.7 1387.8 +294.4 13936.4 + 1485.3 3858 +71.0 1055.2 £ 107.5
OE3 561.7 + 63.9(*) 1783.0 + 186.4 24926.9 +2163.9(%) 496.3 + 67.7 1435.7 £ 67.0
StGA30x3-AS AS1 200.7 +26.3 1517.1 £ 100.1 23570.5 +2170.2 421.6 +23.4 1336.6 + 86.8
AS3 2243+ 309 15359 + 48.4 22428.7 +565.0 422.0 + 38.1 14227 £72.2
StRGA4-OE OE8 57.2 +3.2(**) 2187.2 + 490.0(*) 64234.3 + 8146.4(™) 1198.7 &+ 101.5(**) 1968.1 + 198.7(***)
OE10 66.6 & 10.3(****) 1090.1 + 172.6 42182.6 + 3551.5(**) 1105.8 + 63.9(**) 1996.6 + 104.3(***)
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Figure 7. BEL1-like TF StBELS regulates the expression of StGA30x3. A) Schematics of StGA30x3 promoter highlighting the presence of TGAC core
motifs. The promoter sequence (~2.1 kb) characterized in Fig. 3 was used to identify the TGAC core motifs (denoted by pink diamond). The detailed
location of each motif is given below the schematics and also in Supplemental Table S3. TSS = transcription start site. B) Transcript abundance of
GUS and StBELS5 in the leaves of promStGA30x3:GUS line agroinfiltrated with 35S::StBELS gene construct. C) Quantification of GUS activity in leaves
of promStGA30x3:GUS line agroinfiltrated with 35S5:StBELS gene construct. Control, uninfiltrated leaves; Mock, buffer infiltrated leaves. Error bars
indicate standard error of means (SEM) (n = 3). Student’s t-test was performed to check the level of significance. Asterisks indicate significant dif-
ference at P < 0.05. D) Proposed model for the dual (transcriptional and posttranscriptional) regulation of StGA30x3 during stolon-to-tuber transi-
tions of potato. Stolon stages are represented as (I) LD stolon (I1) SD stolon, (l1) swollen stolon, and (IV) minituber. To highlight the role of StBEL5
and GA metabolism genes, the expression pattern of StBEL5, GA biosynthesis genes (StGA30x2, StGA30x3, and StGA200x2) and the GA catabolism
gene StGA2ox1 are also shown. LD, long day; SD, short day. Arrows indicate activation or promotion and the blunt arrow indicates inhibition.

coordinate a series of developmental events in the stolonto  stages of tuber development (Kondhare et al. 2018, 2021).
form a mature tuber. However, whether sRNA networks Here, we demonstrate the functionality of a gene regulatory
regulate stolon-to-tuber transitions in potato has not module (GRM), Stu-miR482c-StRGA4-siRD29(-)-StGA30x3,
been investigated. We have earlier reported that a number  and its importance during stolon-to-tuber transitions in
of sSRNA candidates could potentially be involved in early potato.
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Stu-miR482c-StRGA4-siRD29(-)-StGA30x3 GRM is
functional in potato

In this study, we provided the experimental evidences for a
phasiRNA regulating a GA biosynthesis gene, StGA30x3, in
potato. Through transient expression assays in N. benthami-
ana, followed by small RNA sequencing, we showed that
Stu-miR482c triggers synthesis of 21-nt phasiRNAs from
the StRGA4 PHAS locus. Further, we demonstrated that 1
of the phasiRNAs from this locus, siRD29(-), is generated
at the 29th position from the antisense strand in a
RDR6-dependent manner and cleaves StGA30x3 transcript
in planta (Figs. 1 to 2; Supplemental Fig. S1). These findings
establish the fact that Stu-miR482c-StRGA4-siRD29(-)-
StGA30x3 GRM is active. SiRD29(-) is found to be abundant
in leaves under LD and was highest in SD-induced stolons
(Fig. 1, H and 1). Interestingly, siRD29(-) and StGA30x3 tran-
script levels exhibited inverse expression patterns during sto-
lon to swollen stolon stage under SD conditions (Fig. 11 and
3D), indicating the possible role of this module in tuber
development.

Earlier, 2 isoforms of GA3ox (referred as StGA3ox1 and
StGA30x2) were reported in potato (Bou-Torrent et al.
2011; Roumeliotis et al. 2013a). However, only StGA3ox2
has been studied for its role in tuberization (Bou-Torrent
et al. 2011; Roumeliotis et al. 2013a). Here, we have identified
another isoform of StGA3ox (referred as StGA30x3)
(Supplemental Fig. S2) and it is a target of siRD29(-)
(Fig. 1E). Unique expression patterns of StGA3ox3 (Fig. 3, A
and E) suggest that it could have a distinct role in plant
growth and development. Previously, StGA30x2 expression
was found to be highly reduced in stolons under SD condi-
tions (Bou-Torrent et al. 2011). Surprisingly, we observed
the highest expression of StGA30x3 in SD-induced swollen
stolons (Fig. 3D). It raises an important question: what is
the relevance of increased StGA3o0x3 expression during the
transitions of a stolon to swollen stolon? A reduced GA level
is a prerequisite for tuber development. This perhaps neces-
sitates a regulatory mechanism that could control StGA30x3
levels during stolon-to-tuber transitions in potato. For ex-
ample, in rice, mMiR9678 has been shown to trigger
phasiRNA production from long noncoding RNA WSGAR
that could target GA biosynthesis genes to delay seed ger-
mination (Guo et al. 2018), suggesting a possible regulation
of GA metabolism through phasiRNAs in plants.

Bioactive GAs control leaf expansion and the elongation of
stem and root tissues (Davies 2004). We noted that the OE
and AS lines of StGA30x3 exhibited typical GA-mediated phe-
notypes (Fig. 4 Supplemental Fig. S6A). Interestingly,
StGA30x3-AS lines showed higher tuber numbers compared
to WT (Fig. 4H). Previously, a report by Roumeliotis et al.
(2013a) showed that StGA3o0x2 RNAJ lines had increased
tuber numbers (per plant) possibly due to an altered
GA:auxin ratio in stolons. However, we did not observe any
change in the expression of StGA30x2 in StGA30x3-AS lines
(Supplemental Fig. S11), suggesting that the phenotypes we
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observed were specifically due to the knockdown of
StGA3o0x3 only. To identify if pleiotropic phenotypes of
StGA30x3-OE lines have any effect on tuber numbers, grafting
was conducted. Heterografts (OE/WT, WT/OE) did not
show any change in the tuber numbers, suggesting that the
leaf morphology of StGA30x3-OE lines may not have any dir-
ect effect on the tuberization. However, the unaltered tuber
numbers in the heterografts of WT/AS could be the effect of
transport of bioactive GAs from leaf to stock (Supplemental
Fig. S7). Further, we observed that StRGA4-OE lines exhibited
an increased expression of siRD29(-) in leaves and stolons
(Fig. 5, C and H) but reduced the levels of StGA30x3 tran-
scripts (Fig. 5, D and H). These lines had quite similar tuber
phenotypes as of StGA30x3-AS lines (Fig. 5, F and G) suggest-
ing that the Stu-miR482c-StRGA4-siRD29(-) signaling cas-
cade is functional and regulates StGA30x3 expression in
StRGA4-OE lines. Hence, it is believable that this GRM is ac-
tive in leaves as well as in stolons of potato.

Subsequently, we investigated the role of the StGA30x3 iso-
form in the GA biosynthesis pathway. The GA3ox gene family
catalyzes the final step in the synthesis of bioactive GAs (GA,,
GA;, and GA,) from the GA,q precursor (Hedden and Phillips
2000). Previously, StGA30x2 was reported to catalyze GA,
production (Bou-Torrent et al. 2011). Through transient ex-
pression in potato (Supplemental Fig. S9A), we observed an
increased GA; levels in the potato leaves infiltrated with
the StGA30x3-OE construct, whereas GA; levels remained un-
changed. We noted that the levels of GA; and GA; were high
in StGA30x3-OE lines, whereas StRGA4-OE lines had signifi-
cantly reduced GA; levels, indicating that StGA30x3 might
be involved in GAj; synthesis (Table 1). GA; concentration
in AS lines of StGA30x3 was similar to WT. Also, the expres-
sion of StGA30x3 was less in the shoot apex (Fig. 3A). These
observations led us to speculate that the functions of
StGA30x3 in the shoot apex of the AS line might be compen-
sated by other GA biosynthesis enzymes. Further in the con-
stitutive StRGA4-OE lines, StGA30x3 transcripts are targeted
by siRD29(-); hence, the effect on GA; concentration is quite
evident in these lines. Even though GA; could not be esti-
mated in samples, high levels of GAg in StGA30x3-OE lines
possibly suggest a metabolic turnover resulted from the
breakdown of GA; produced. These results, in addition to
the StGA30x3-OE phenotypes (such as increased plant height,
larger leaf size, reduced chlorophyll, and anthocyanin con-
tent), indicate that the StGA30x3 isoform could be involved
in synthesis of bioactive GA; and GA;.

To dissect the role of StGA30x3 in tuber development, we
carried out an in vitro tuber induction experiment using
StGA30x3-0OE, StGA30x3-AS, and StRGA4-OE lines (Fig. 6). As
anticipated, StGA30x3-OE lines exhibited delay in tuberiza-
tion (Supplemental Fig. STOA); however, noticeable changes
were not observed in other transgenic lines. Further,
StGA30x3-OE lines produced stalked tubers (Fig. 6, A and
B). During in vitro tuberization experiment, application of
GA; leads to its accumulation in the meristematic region
of the nodes that causes cell elongation and formation of
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stalked tubers (Shibaoka 1993; Sanz et al. 1996; Xu et al.
1998a). Interestingly, application of paclobutrazol, a GA in-
hibitor to StGA30x3-OE lines led to the formation of sessile
tubers under tuber-inducing in vitro conditions (Fig. 6, C
and D), suggesting that enhanced levels of bioactive GA
might have stimulated the stalked tuber phenotype. The in-
creased stolon length in StGA30x3-OE lines as compared to
WT in soil grown plants (Supplemental Fig. S10B) further
supports the notion. A recent study by Kou et al. (2021) re-
ported that GA; treatment caused elongation in the flower
stock in Chinese cabbage (Brassica campestris) via induced
expansion of cell walls through activation of cell wall proteins
like expansins. These results suggest that StGA30x3 could be
involved in potato tuber stalk development.

StBELS5 regulates StGA30x3 expression in potato

We observed a prominent GUS expression pattern in swollen
stolons of StGA30x3 promoter lines (Fig. 30). This directed us
to investigate if any transcriptional regulators govern the ex-
pression of StGA30x3. BELs interact with KNOTTED1-LIKE
(KNOX) TFs to control diverse aspects of plant growth and
development (Hay and Tsiantis 2010). The BEL-KNOX het-
erodimers are shown to regulate the expression of key tuber-
ization genes by binding to the tandem TGAC core motifs in
their promoters (Chen et al. 2004; Sharma et al. 2016). The
presence of 12 tandem TGAC core motifs on the StGA30x3
promoter (Fig. 7A; Supplemental Table S3) indicated a pos-
sible regulation by StBEL5. Through transient overexpression
of StBEL5 in the leaves of promStGA30x3:GUS lines, we con-
firm that StBEL5 acts as an activator of StGA30x3 gene ex-
pression (Fig. 7, B and C). Increasing StGA3ox3 levels by
StBELS is counter intuitive, given the fact that GA inhibits tu-
berization. The key step in the stolon-to-tuber transition is to
regulate the GA:auxin ratio to alter the cell division pattern
(Xu et al. 1998b). Increased auxin at the stolon tip is trans-
ported to the subapical region of the stolon upon induction
(Roumeliotis et al. 20123, b), resulting in swelling of the sto-
lon. Thus, it appears that StBEL5 induces expression of
StGA30x3 possibly to maintain the GA:auxin ratio in the tu-
berizing stolons.

Dual regulation of StGA30x3 during stolon-to-tuber
transitions

Our findings point toward a possible dual regulation of
StGA3ox3 by 2 independent regulatory pathways—1 is
through siRD29(-) and the other is mediated by StBEL5.
Obviously, a question arises as to what is the need of such
a dual regulation? It is known that at the onset of tuber de-
velopment, GA levels reduce in the stolon (Xu et al. 1998a).
StBELS, a key tuber marker, inhibits GA biosynthesis gene
StGA200x1 (Chen et al. 2004) but upregulates GA catabolism
gene StGA2ox1 (Sharma et al. 2016) to reduce GAs in the
stolon. In the present investigation, we found that
siRD29(-) levels are high in SD-induced stolons of wild-type
andigena plants (Fig. 11). Further, StRGA4-OE lines exhibited
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a 2-fold increase in siRD29(-) levels and showed phenotypes
similar to StGA30x3-AS lines, suggesting that enhanced
siRD29(-) levels may exert a control to reduce StGA3ox3
abundance in the SD-induced stolon (Fig. 3D). However,
we found induced expression of StGA30x3 in swollen stolons,
implicating that the control exerted by siRD29(-) to reduce
StGA30x3 levels is possibly overridden by other gene regula-
tory mechanisms in the swollen stolon. We noticed that a tu-
berization activator StBEL5 and StGA3o0x3 are abundantly
expressed in the swollen stolon (Fig. 7; Supplemental Fig.
S3, B and E), suggesting a possible regulation of StGA30x3
by StBEL5. Indeed, we showed that StBEL5 increases
StGA30x3 expression in potato (Fig. 7B). As optimal GA levels
are required for stolon-to-tuber transitions, it emphasizes the
need for a distinct mechanism for spatiotemporal control of
GA levels in the stolon, which is possibly achieved either in-
dependently by siRD29(-) and StBEL5 or in combination. The
identification of such gene regulatory module to regulate an
important phytohormone GA suggests that it is crucial for a
plant to make developmental decisions to achieve the ultim-
ate outcome. Our current study proposes a GRM that could
regulate potato tuber development. What signals activate
this module is an interesting question. Moreover, whether
bioactive GAs could exhibit any feedback mechanism to
maintain the phytohormone ratios in stolons is not yet inves-
tigated. Notably, we show that this GRM is conserved in to-
mato (Solanum lycopersicum) (Supplemental Fig. S12),
indicating the relevance of such modules in developmental
processes.

In conclusion, we show that a regulatory network of
Stu-miR482¢c-StRGA4-SiRD29(-)-StGA30x3 is functional and
maintains StGA3o0x3 levels during stolon to swollen stolon
transition. This module provides flexibility to the regulation
of bioactive GA levels in fine tuning the stolon-to-tuber de-
velopment process in potato.

Materials and methods

Plant materials and growth conditions

In this study, the photoperiod-responsive potato cultivar—
S. tuberosum ssp. andigena 7540—which tuberizes under
short-day conditions (SD; 8 h light/16 h dark) was used.
WT andigena plants were propagated by subculturing stem
nodal explants on Murashige and Skoog’s (MS) media sup-
plemented with 2% sucrose (w/v) (Murashige and Skoog
1962). In vitro potato plants were maintained in a plant
growth incubator (Percival Scientific) at 24°C under long-day
(LD; 16 h light/8 h dark) conditions. N. benthamiana plants
(age: 5 to 6 wk after seed germination in soil) were used
for Agrobacterium tumefaciens-mediated transient coinfiltra-
tion assays.

Gene expression analysis

For studying transcript accumulation, 4 tissue types (shoot
apex, leaf, node, and stem) were harvested from 2-wk-old
soil-grown andigena plants. To investigate the effect of the
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SD photoperiod, plants were grown in soil under LD condi-
tions for 10 wk until they attained 10 to 12 leaves.
Subsequently, half of the plants were transferred to the
tuber-inducing SD conditions, whereas the remaining plants
were maintained under LD photoperiod. Tissue types (shoot
apex, leaf, node, and stem) along with samples comprising
stolon-to-tuber transition stages (stolon, swollen stolon,
and minituber) were harvested at 10 and 14 days after their
transfer to SD. Leaves were also harvested on the earlier time-
points (4th and 7th days after SD induction). All samples
were collected between Zeitgeber time (ZT) =2 and ZT =
4. Total RNA was isolated from 100 mg of crushed tissues
using RNAiso Plus (DSS TaKaRa) as per the manufacturer’s
instructions. Complementary DNA (cDNA) synthesis was
carried out using 2 ug of total RNA, Superscript IV Reverse
Transcriptase (SSIV-RT Invitrogen), and Oligo(dT) primers.
For gene expression analysis, reverse transcription
quantitative PCR (RT-qPCR) was performed on a CFX96
Real-Time System (Bio-Rad) using gene-specific primers
(Supplemental Table S4). Reactions were prepared with
SYBR green master mix (TaKaRa Clontech) and incubated
at 95°C for 30 s, followed by 40 cycles at 95°C for 5 s, gene-
specific annealing temperature for 15s, and extension at
72°C for 15 s. Similarly, 2 ug of total RNA was reverse tran-
scribed using stem loop primers, to study sSRNA expression
as per the protocol by Varkonyi-Gasic et al. (2007).
RT-qPCR was performed with sRNA-specific forward and
universal reverse primers (Supplemental Table S4). PCR spe-
cificity was checked by melting curve analysis and data were
analyzed using the 27 or 27" method (Livak and
Schmittgen 2001).

Cleavage site mapping by 5" RLM-RACE assay

To validate targets of small RNAs, a modified 5° RNA
Ligase-Mediated Rapid Amplification of cDNA Ends (5
RLM-RACE) assay was performed using the First Choice
RLM-RACE kit (Ambion). Briefly, total RNA was extracted
from stolons of WT potato (andigena) plants by TRIzol re-
agent and ligated to the 5 RNA adapter. cDNA synthesis
was performed using gene-specific reverse primers
(Supplemental Table S4). Two sets of PCRs were performed
with adapter-specific forward primers and gene-specific re-
verse primers (Supplemental Table S4). PCR amplicons
from secondary-nested PCRs were cloned in a subcloning
vector pGEM-T-easy and sequence verified to identify the
cleavage sites of sSRNAs on their target gene transcripts.

Phylogenetic analysis

The amino acid sequences of putative StGA3ox isoforms
were retrieved from Arabidopsis (A. thaliana), potato, to-
bacco (Nicotiana tabacum), and tomato (S. lycopersicum)
genomes. The phylogenetic tree was constructed using
T-COFFEE (hRp://www.ch.embnet.org/soaware/TCoffee.
html) and represented with TreeDyn (v198.3) (Dereeper
et al. 2008).

PLANT PHYSIOLOGY 2023: 00; 1-18 | 13

Gene construct designs and generation of potato
transgenic lines

To generate constitutive overexpression (OE) gene con-
structs, the full-length coding sequences of StGA3ox3
(1313 bp) and StRGA4 (3239 bp) were amplified by reverse
transcription PCR from the leaves of soil-grown andigena
plants using primers listed in Supplemental Table S4. These
sequences were then individually mobilized into the binary
vectors, such as pBI121 and pCAMBIA1300, downstream to
a constitutive CaMV35S promoter. Henceforth, these con-
structs are referred as 35S:StGA3ox3-pBI121 and 35S:
StRGA4-pCAMBIA1300. Similarly, the Stu-miR482c precursor
OE construct was generated in a binary vector pBI121 (re-
ferred as 35S:pre-miR482c-pBI121). For the antisense con-
struct, a nonconserved 446-bp sequence of StGA3ox3
(comprising 41 bp from 5" untranslated region [UTR] region
and 401 bp upstream to 5 UTR) was cloned in an antisense
direction downstream to the CaMV35S promoter into a bin-
ary vector pBI121. To analyze StGA30x3 promoter activity,
~2.3 kb sequence upstream of the StGA30x3 gene (including
5" UTR of 41 bp) was amplified from genomic DNA of andi-
gena plants and cloned upstream to the GUS reporter gene
(uidA) in the pBI101 to generate the promStGA3ox3:
GUS-pBI101 construct. All the gene constructs were then
mobilized into A. tumefaciens strain GV2260. Transgenic
potato plants were generated using the Agrobacterium-
mediated leaf transformation method (Banerjee et al.
2006). The transgenic line of andigena harboring 35S::GUS
construct was considered as a vector control (VC).
Phenotypic characteristics, such as plant height, internodal
distance, leaf length, and shape in transgenic lines, were re-
corded before the initiation of the SD photoperiod, whereas
the tuber and root biomass were measured after 4 wk of SD
induction. Moreover, the StBEL5-coding sequence (2,064 bp)
was PCR amplified from cDNA of S. tuberosum ssp. andigena
(Supplemental Table S4) and into the pBI221 vector to gen-
erate the StBEL5 OE construct.

Agrobacterium-mediated coinfiltration assays

To understand in planta phasiRNA production,
Agrobacterium-mediated coinfiltration assays were per-
formed in leaves of 6-wk-old WT and RDR6 mutant plants
of N. benthamiana. 35S:StRGA4-pCAMBIA1300 and 35S:
pre-miR482¢c-pBl121 constructs were transformed into the
A. tumefaciens GV3101 strain. For coinfiltration assays, indi-
vidual Agrobacterium colony harboring respective gene con-
struct was inoculated in 3-mL LB broth containing
appropriate antibiotics and grown overnight (primary cul-
ture). One hundred-milliliter secondary cultures (having
150 um acetosyringone) were set up without any antibiotics.
When the secondary culture reached an ODg of 1.00, cells
were centrifuged and pellet was resuspended in a buffer
(10 mm MgCl,, 10 mm MES-K: pH = 5.6, plus 150 pym aceto-
syringone), incubated at room temperature on a tube
roller for 3 hrs, followed by coinfiltration into the leaves
of N. benthamiana plants using a needleless syringe.
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Coinfiltrations with Agrobacteria containing pBI121 and
pCAMBIA1300 served as vector controls. Leaves were har-
vested following 48 hrs of coinfiltrations and subjected fur-
ther for SRNA analysis. For in planta validation of StGA30x3
as a target of siRD29(-), coinfiltrations were carried out in
the leaves of WT N. benthamiana plants with 35S:
StRGA4-pCAMBIA1300, 35S:pre-miR482c-pBI121, and 35S:
StGA30x3-pBl121constructs.

To determine whether StBELS regulates StGA30x3 gene ex-
pression, Agrobacterium-mediated coinfiltration assays were
performed in leaves of promStGA3ox3:GUS lines (3- to
4-wk-old soil-grown plants). The 4th leaf of each plant was
infiltrated with the 35S:StBEL5 gene construct. Leaves were
harvested 48 hrs post-infiltration and processed for GUS
transcript accumulation and protein activity.

Dot blot analysis

Dot blot was carried out for sSRNAs. Briefly, RNAs (2.5, 5, and
10 ug) were resuspended in deionized formamide (Merck)
heated at 98°C for 2 min. The sample (2 pL) was loaded on
the hybond N* membrane (Ameshram) several times till
the requisite amount of RNA was obtained on a single dot
area. Further, the blot was UV crosslinked and hybridization
was performed at 35°C for 24 hrs in UltraHyb-Oligo buffer
(Ambion) with the oligo probes (Supplemental Table S4)
end labeled with *’P by poly-nucleotide kinase (Invitrogen).
Blots were washed with 2x SSC buffer + 0.1% SDS (w/v)
thrice for 15 min at 35°C. Blots were exposed to a phosphor
screen for 5 days, and the signal was captured using Typhoon
phosphor imager (GE healthcare).

Analysis of StGA30x3 promoter activity

To analyze StGA30x3 promoter activity, 4 promStGA3ox3-
GUS transgenic andigena lines were generated. All the lines
showed a similar GUS activity pattern across the tissue types.
Of these, 1 representative line was chosen for further analysis.
Plants for the promStGA3ox3-GUS transgenic line were
grown in vitro for 5 wk under LD conditions before transfer-
ring to the soil. They were grown under LD conditions until
they attained 10 to 12 leaves. Half of the plants were sub-
jected to SD induction for 14 days, while the remaining
half continued to grow under LD. Stolon-to-tuber transition
stages as well as in vitro grown plantlets (4 wk old) were used
to perform GUS assay as described in Jefferson (1987). Briefly,
samples were kept for overnight in GUS extraction buffer at
37°C and transferred to the series of ethanol gradients from
20% to 100% (v/v) for the complete removal of chlorophyll.
Samples were photographed in a stereo microscope
(Olympus MVX10). Fluorometric MUG analysis from the
subset of tissue samples (mentioned above) was performed
as described (Jefferson et al. 1987). Frozen samples were
homogenized in GUS extraction buffer (100 ulL). Samples
were centrifuged at 16,000 g for 5 min on a benchtop centri-
fuge. Clear supernatant was removed and used for protein es-
timation by Bradford’s method (Bradford 1976). Aliquots of
extracts with approximately 5 ug of protein were made, and
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their volume was made up to 150 uL with extraction buffer.
GUS assay buffer (5 uL) was added to each sample and incu-
bated at 37°C for 3 h. Reaction was stopped by adding stop
(0.2 m Na,CO3) buffer. Fluorescence of the samples was mea-
sured using a multimode plate reader (Ensight, PerkinElmer)
with excitation wavelength 365 nm and emission wavelength
455 nm.

Histology and microscopy

To visualize the cell type—specific GUS expression, the tissues
were fixed in 0.1 mm sodium phosphate buffer containing 4%
paraformaldehyde (w/v) (Sigma) and 2% glutaraldehyde (v/v)
overnight at 4°C (Barker et al. 2021). The fixed tissues were
then dehydrated in a series of ethanol gradient from 20%
to 100% (v/v), followed by washes with xylene (JT Baker).
Tissue blocks were prepared with molten Paraplast (Leica).
Ten-micrometer sections were cut with the help of
Microtome (Leica) and mounted with DPX on glass slides.
Peels from the abaxial side of GUS-stained leaves were
mounted with 10% (v/v) glycerin solution to visualize guard
cells.

Estimation of chlorophyll and anthocyanin content
Terminal leaflet of the 5th leaf (from the shoot apex) was ex-
cised from plants 4 wk after soil transfer for the purpose of
chlorophyll and anthocyanin estimation. Using 100 mg of
freeze-dried leaf tissues, chlorophyll was extracted in 80%
acetone (v/v) and the absorbance of supernatant was mea-
sured at 645 and 663 nm wavelengths, and the total chloro-
phyll content (mg g~') was calculated per the report of
Bhattacharjee and Sharma (2012). Anthocyanin estimation
was performed with a protocol described by Nakata and
Ohme-Takagi (2014). Five volumes of extraction buffer
(45% methanol [v/v] and 5% acetic acid [v/v]) were added
to the 100 mg of plant tissues and mixed thoroughly.
Samples were centrifuged at 12,000 g for 10 min at room
temperature and the absorbance (Abs) of the supernatant
was measured at 530 and 657 nm and the anthocyanin con-
tent, expressed as Abs 530 g FW ™.

In vitro tuberization

A modified version of the method described by Hendriks
et al. (1991) was used for in vitro tuberization assays.
Single-node cuttings of WT andigena, VC, and 3 types of
transgenic potato lines (StGA30x3-OE, StGA30x3-AS, and
StRGA4-OE) were grown in vitro for 4 wk under LD condi-
tions on MS media containing 2% sucrose (w/v) and 0.2%
phytagel (w/v) (Sigma-Aldrich). Four consecutive nodes
from the apex (excluding apical region) containing a dor-
mant single axillary bud from 4-wk-old in vitro grown plants
were transferred to the tuber-inducing MS media with 8% su-
crose (w/v) and 0.2% phytagel (w/v) and incubated in the
dark at 18°C for 2 wk, and a number of tubers formed
were scored on alternate days. For each independent line,
more than 80 single nodes (n > 80) were used. Moreover,
to study the effect of GA inhibitor treatment, 48 single nodes
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of transgenic lines, WT, and VC plants were incubated on
tuber-inducing medium supplemented with GA biosynthesis
inhibitor—paclobutrazol (0.5 mg/L) or mock (control)—and
scored for the rate of tuber formation.

Small RNA sequencing

To identify the phase of siRD29(-) generation, 5th leaves of N.
benthamiana WT plants were coinfiltrated with Agrobacterium
containing  either  35S:StRGA4-pCAMBIA1300 and  35S:
pre-miR482c¢-pBI121 or only 35S:StRGA4-pCAMBIA1300. The
leaves coinfiltrated with pBI121 and pCAMBIA1300 served as
vector controls. Total RNA was isolated from these samples as de-
scribed before. For small RNA sequencing, all 3 coinfiltrated sam-
ples (35S:StRGA4-pCAMBIA1300 + 35S:pre-miR482¢-pBI121, 35S::
StRGA4-pCAMBIA1300, and pBI121 + pCAMBIA1300) were pro-
cessed in duplicates. RNA integrity was checked on Agilent
Bioanalyzer Chip (Tapestation 2200). Six independent small
RNA libraries were prepared and subjected to the deep
sequencing.

Processing of sSRNA reads for identification of
phasiRNAs

Sequencing reads of 51 bp in length were generated with the
llumina HiSeq-X sequencing platform (Bionivid Technology
Pvt. Ltd.). The quality of raw reads was examined by
NGSQCToolkit. Raw reads were filtered for high quality
with a Q-score >20. rRNA and tRNA reads were filtered
out by the sSRNA workbench, and adaptor null reads were dis-
carded. Redundant reads from coinfiltrated samples were
used to identify the PHAS locus with the help of
sRNAworkbench (version 4.7), keeping a cut-off of at least
2 abundances for each aligned read with a length preference
to 21 and a P-value cut-off of 0.05.

Quantification of GAs from agroinfitrated potato leaves
For the quantification of GA levels (GA;, GA;, and GA,), a
modified version of the protocol (Shaikh et al. 2022) was fol-
lowed. To test if StGA30x3 is involved in the production of
GA, GA;, or GA,, Agrobacterium-mediated coinfiltration as-
says were performed in leaves of 4-wk-old soil-grown WT
plants. The 4th leaf was agroinfiltrated with the 35S:
StGA30x3 construct, and samples were collected 48 hrs after
infiltration. Liquid N,-pulverized tissue (100 mg) was ex-
tracted in 250 yL of 80% methanol (v/v) containing
400 ng/mL of Adonitol as an internal standard to monitor re-
sponse of the machine throughout the run. Samples were
vortexed vigorously and centrifuged twice at 14,000 rpm
for 30 min at 4°C. Extracts were ran using the Phenomenex
Gemini C18 Column (50*4.6 mm, 5um, 110 A) in an AB
Sciex X500R Ultra-Performance Liquid Chromatograph-
Electrospray lonization-Quadrupole Time of Flight (UPLC-
ESI-QTOF) Mass Spectrometer, in a negative ionization
mode with a flow rate of 0.5 mL min~" and a gradient solvent
program of 16 min (0.0 min, 10% methanol/water; 3.0 min,
10% methanol/water; 6.0 min, 50% methanol/water; 7.0 min,
70% methanol/water; 10.0 to 12.0 min, 95% methanol/water;
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and 13.0 to 16.0 min, 5% methanol/water). Formic acid
(0.1% [v/v]; LC-MS grade) was added to both the solvents.
For MS/MS, the following parameters, ion spray voltage (V):
—4500, declustering potential (V): =50 V, and collision energy:
—35 V were used.

Gibberellin quantification from transgenic lines
Shoot apices as well as stolons of transgenic lines
(StGA30x3-OE, StGA30x3-AS, and StRGA4-OE) and WT plants
grown in soil for 6 wk under long-day conditions were used
for GA estimation. GAs were extracted according to pub-
lished protocol (Simura et al. 2018; Jathar et al. 2022;
Kundu et al. 2022) at NIPGR Metabolomics Facility, New
Delhi. The lyophilized plant sample (35 mg) was extracted
with 1 mL of cold extraction buffer (MeOH: H,O: HCOOH,
15:4:0.1) consisting with 20 ng of [°H,] GA, as an internal
standard. The homogenized sample was centrifuged at
12,000 g for 10 min at 4°C. Supernatant was taken out and
loaded onto a Strata-X (Phenomenex ) C;g solid phase ex-
traction (SPE) column preconditioned with 1 mL of metha-
nol and 1 mL of 0.1% formic acid (v/v) in water. After
loading, the SPE column was washed twice with 0.1% formic
acid (v/v) and 5% methanol. The sample was eluted with
1TmL 0.1% (v/v) formic acid in acetonitrile and dried in
SpeedVac. Dried sample was resuspended in 50 pL 5% (v/v)
methanol and analyzed by liquid chromatography coupled
with a SCIEX 6500" triple-quadruple-trap MS/MS. LC-MS/
MS was performed. Separation of GAs (GA,;, GAs; GA,
GA,, GAg GA;,, and GA,,) was carried out with a Zorbax
Eclipse XDB C;g column (50X 4.6 mm, 1.8 um, Agilent
Technologies). The mobile phase comprised solvent A
(water, 0.05% formic acid) and solvent B (acetonitrile) with
the following elution profile: 0 to 0.5 min, 5% B; 0.5 to
5 min, 95% B; 5.5 to 5.6. min 95% to 5% B; and 5.6 to
7.5 min 5% B, with a flow rate of 0.5 mL min~". The column
temperature was maintained at 27°C. For detection, the mass
spectrometer was operated in negative ionization mode
(MRM modus) to monitor analyte parent ion—product
ion transition (345—143 for GAs; 331— 213 for GA,
329211 for GA,, 363—257 for GAg 331—313 for GA;,,
331.1-243 for GA,, and 333.4—2592 for [*H,] GA,).
Mass spectrometer settings were as follows: ion spray voltage,
—4,500 eV; turbo gas temperature, 500°C; nebulizing gas,
50 psi; curtain gas, 45 psi; and target scan time of 280msec.
Analyst 1.7 software (Applied Biosystems) was used for
data acquisition and processing.

Grafting

StGA30x3-OE (#OE3), StGA30x3-AS (#AS1) lines, and WT
plants were maintained in vitro on MS medium for 3 wk be-
fore transferring to the soil. Lines were grown in soil for 4 wk
(16 h light, 22°C/8 h dark, 20°C). Thereafter, 3 combinations
of homografts (WT/WT; OE/OE and AS/AS) and 4 types of
heterografts (WT/OE;, OE/WT; WT/AS and AS/WT) were
prepared as per the protocol described earlier (Bhogale
et al. 2014). Grafts were incubated for 15 days in LD for
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recovery before being transferred to SD conditions for 4 wk
and scored for the tuberization phenotype.

Statistical analysis

Student’s t-test or 1-way ANOVA analysis were performed
for the experiments. To determine individual statistical dif-
ferences, Dunnett or Tukey HSD post hoc tests were carried
out, following 1-way ANOVA. One, 2, 3, and 4 asterisks indi-
cate P < 0.05, <0.01, <0.001, and <0.0001, respectively. Error
bars represent standard error of means (SEM). Min to max
boxplots were plotted in a way that the whiskers of the box-
plot included the smallest value and up to the largest value.
All data points were included for statistical analysis.

Accession numbers

Sequence data from this article can be found in the PGSC
database (http://spuddb.uga.edu) under accession numbers:
StRGA4 (Soltu.DM.09G019040.1), StGA3ox3 (Soltu.DM.01G
018850.1), StBEL5  (Soltu.DM.06G029500.1), StGA2ox1
(Soltu.DM.02G013470.1), StGA200x2 (Soltu.DM.06G012790.1),
and StGA3o0x2 (Soltu.DM.02G013430.1).
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