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ABSTRACT 

MOLECULAR GENETIC INVESTIGATION INTO THE PROCESSES UNDERLYING 

TRANSITIONS IN PLANT GENE EXPRESSION 

Mark Allan Alexander Minow 

University of Guelph, 2020

Advisor(s): 

Dr. Joseph Colasanti 

This thesis investigates several unanswered questions about how plant transcription 

factors and small RNA (sRNA) mediate transitions in gene expression. Specifically, this 

thesis addresses three goals: i) to better understand the maize autonomous flowering 

pathway and to what extent it overlaps with the ancestral photoperiod flowering 

pathway, ii) to providing insights into how sRNA transcriptomes change during the 

creation of maize recombinant inbred lines (RILs) and near isogenic lines (NILs), and iii) 

to determine if Arabidopsis phloem derived sRNA signals can influence gene 

expression in the shoot apical meristem (SAM). The first research goal addresses the 

floral transition, a critical change in SAM gene expression, that initiates reproductive 

growth. In maize, the transition to reproductive growth is driven by an autonomous 

pathway controlled by the transcription factor INDETERMINATE1 (ID1). Our RNA-

sequencing revealed that ID1 influences the floral transition through a pathway distinct 

from that used by ancestral maize, teosinte. In pursuit of the second goal, next 

generation sequencing was used to examine the sRNA transcriptome of maize RILs 

and NILs. Genome wide, most sRNA expression were found to be co-inherited with the 
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parental DNA. However, RIL non-parental sRNA expression patterns were also 

observed. These non-parental sRNA expression patterns often resembled the 

expression state found at the same locus in the other parent. In the NIL, many sRNA 

expression differences were observed over the introgressed DNA and the homologous 

region from the recurrent parent. However, the introgressed region had low 24nt sRNA 

expression, perhaps related to poor genome wide homology and past breeding history. 

The third goal used two synthetic systems to test phloem-to-SAM sRNA trafficking. Both 

systems provide evidence of phloem-to-SAM sRNA movement. Since the SAM gives 

rise to plant gametes, phloem-to-SAM sRNA transport provides a route for somatic 

sRNA to initiate heritable epigenetic transitions. Understanding the mechanisms behind 

these various transitions in plant gene expression will ultimately allow for the precise 

manipulation of traits that improve plant productivity to meet the challenges of climate 

change in the coming century.  
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1 Literature Review 

1.1 Plant growth is meristem driven 

Meristems are a collection of undifferentiated cells that divide to provide the 

cellular precursors that produce all plant organs. Above ground primary growth arises 

from the shoot apical meristem (SAM). The SAM is initiated during embryogenesis, 

produces the shoot, and eventually produces the male and female gametes. In this way, 

the SAM is of utmost importance as it harbors the stem cell lineage that passes through 

the cycle of generations. Cellular divisions push stem cells towards the flanks of the 

meristem. These flank cells divide to form the organ primordia, which form leaves and 

flowers. The fate of the primordia is determined by the expression of certain meristem 

identity genes. To produce flowers, the plant stem cells express floral meristem identity 

genes which directs the primordia to become reproductive tissues. Changes in gene 

expression in the SAM have large implications for growth and development as changes 

to the size and activity of the SAM often cause changes to gross plant morphology. For 

example, larger SAMs lead to more, and often larger, organs (Clark et al. 1995).  

Due to the ramifications of meristem size on plant growth, the amount of cell 

proliferation is tightly controlled in planta. The control of SAM size involves 

communication between different regions of the SAM. The dividing stem cells in the 

central zone at the top of the SAM communicate with the centrally located and slowly 

dividing cells of the organizing center (OC) (Somssich et al. 2016). In Arabidopsis 

thaliana, the SAM size is controlled in part by a regulatory loop involving the CLAVATA3 

(CLV3) and WUSCHEL (WUS) genes (Schoof et al. 2000). The transcription factor 
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WUS is expressed in the OC (Schoof et al. 2000). Through WUS, the OC signals to the 

above cell layers in the SAM to promote their identity as stem cells, which through 

anticlinal divisions produce the flanks of the SAM that ultimately produce shoot organs 

(Schoof et al. 2000). These stems cells express CLV3, which encodes a non-

autonomous signal peptide that moves back to the subtending OC inhibiting its 

proliferation (Fletcher et al. 1999; Rojo et al. 2002). Loss of function clv3 mutants 

increase SAM size which results in more and larger organs (Clark et al. 1995). Most 

prominent, clv3 mutants develop more flowers with more floral organs. This regulatory 

loop is well conserved in plants, and the Arabidopsis model can often be extended to 

other species (Somssich et al. 2016).  

1.2 Timing the floral transition: a critical SAM decision 

The SAM produces both above ground vegetative (leave and stems) and 

reproductive (flowers and fruits) tissues. The floral transition occurs when the SAM 

ceases to produce vegetative growth and instead initiates the growth of reproductive 

structures. This change in primordia identity is due to the activation of floral meristem 

identity genes (Turck et al. 2008). The trade-off between vegetative and reproductive 

growth is critical to plant life in both the natural world and in agriculture.  

To maximize fitness in a natural setting the plant must flower at an optimum time. 

Producing reproductive tissues is energetically costly and the plant must flower at a time 

when the external environment supports this energetic expense. For species that rely 

on animal pollinators, flowering must also be timed with their availability. Additionally, 

many plants must produce seed before the onset of unfavorable conditions. In 
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temperate regions this typically involves avoiding the cold winters, but in Mediterranean 

or sub-tropical climes reproductive growth is often timed to avoid seasonal droughts. 

Flowering must start early enough in the season to allow for seed production before 

these adverse seasonal events occur.  

In agronomy, the initiation of reproductive growth should be timed such that the 

seasonal growth period is maximized. In the case of crops where the reproductive 

tissue is desired, this involves producing as much vegetative growth as possible, while 

providing enough time for the seed to mature before the end of the growing season. In 

crops where pollination relies upon the environment, flowering synchrony is also vital; if 

many plants flower at the same time, pollination is more likely and there is a higher rate 

of seed set.  

Alternatively, if a crop is grown for vegetative tissues (leaves, stems, and roots) 

flowering is detrimental. Upon flowering, growth of vegetative organs dramatically slows 

while the existing vegetative tissues are catabolized to fuel reproduction. Moreover, 

after flowering, many plants produce secondary metabolites that are unappetizing to 

consumers (Assefa et al. 2019). For these reasons, flowering in vegetative crops is 

actively selected against by breeders.  

Many of the genetic pathways that control flowering are well conserved, although 

species-to-species differences exist (Andrés and Coupland 2012). Since flowering can 

be either beneficial or disadvantageous for crops, the identification of genes both 

promoting or inhibiting the floral transition is important. Due to the strong impact of 
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flowering on crop yield, plant breeding for yield often affects crop flowering. However, 

the molecular constituents behind this selection are often unknown. Understanding the 

genetics behind the floral transition can ultimately pave the way for better control of crop 

flowering. Once identified, bioengineering of floral regulators is a promising way to 

improve crop productivity. This biotechnology approach can accomplish goals 

unattainable through classical breeding methods. Specifically, bioengineering can 

induce trait variation after the exhaustion of extant germplasm diversity, and it can 

produce novel flowering times that are much more extreme than that produced by 

naturally occurring variants. In a Canadian context, transgenic changes that hasten 

flowering time can help facilitate the northern expansion of lucrative field crops that 

currently require a longer growing season.  

1.3 Photoperiod induced flowering in Arabidopsis involves SAM 
Florigen perception  

One of the environmental triggers for floral induction is the length of the light 

period (photoperiod). Arabidopsis is a facultative long-day (LD) plant; it hastens the 

floral transition when exposed to the long photoperiod of a temperate summer but will 

flower eventually under short-days. The SAM, however, is sequestered within the 

growing bud of the plant, where no direct perception of the photoperiod can occur. 

Instead, the photoperiod is perceived in the leaves, and this signal is transduced to the 

SAM to initiate the floral transition (Turck et al. 2008). This signal transduction involves 

a plant signal known as a Florigen, which is a small mobile hormone that promotes the 

floral transition (Chailakhyan 1936).  
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 Classical plant studies revealed that the signal to flower, Florigen, is produced in 

the leaves and acts non-autonomously. Molecular studies of Arabidopsis revealed that 

the gene FLOWERING LOCUS T (FT) encoded a Florigen that promotes the 

Arabidopsis floral transition under LD photoperiods (Koornneef et al. 1991; Araki et al. 

1998; Corbesier et al. 2007a). FT is a member of the Phosphatidylethanolamine-binding 

protein (PEBP) family, and other PEBP Florigens have been identified in diverse plant 

species (Danilevskaya et al. 2008a; Coelho et al. 2014). Under LDs, FT accumulates in 

the leaves and enters the phloem sieve tube for transport (Suárez-López et al. 2001). 

Once in the phloem stream, it is transported, source-to-sink, to the SAM (Corbesier et 

al. 2007a; Turck et al. 2008). In the SAM, FT is thought to interact with cytoplasmic 14-

3-3 proteins to facilitate nuclear import (Taoka et al. 2011a). Once in the nucleus, 

current models suggest 14-3-3 proteins allow FT interaction with FLOWERING LOCUS 

D (FD), a b-ZIP transcription factor (Abe et al. 2005; Wigge et al. 2005; Taoka et al. 

2011b). This complex, known as the floral activation complex (FAC), directly activates 

the expression of floral meristem identity genes. The expression of these floral meristem 

identity genes begins a regulatory cascade that results in the SAM beginning 

reproductive growth. The transition to reproductive growth includes a positive feedback 

loop that maintains floral identity without the constant exposure to LD photoperiods 

(Muller-Xing et al. 2014). This FT and FD centric model explains much of how 

Arabidopsis conducts the floral transition under inductive LDs and orthologous genes 

have been identified in other plant species including monocots (Turck et al. 2008).  
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1.4 Domesticated Zea mays was prehistorically selected to rely upon 
autonomous floral induction  

Although photoperiod can elicit flowering in some species, day-neutral plants rely 

upon internal cues to trigger the floral transition. This internal flowering pathway is 

known as autonomous floral induction. Although most tropical field corn varieties retain 

some photoperiod sensitivity (facultative short-day plants), temperate maize is a day 

neutral plant that flowers at a similar stage in development regardless of environmental 

growth conditions (Chardon et al. 2004; Sheehan et al. 2007). Genetically similar maize 

plants will produce the same number of leaves before producing reproductive organs. 

This floral synchrony is a great advantage to mechanized agronomy by ensuring good 

seed set. Unlike Arabidopsis, the genetics behind maize flowering remains poorly 

understood (Colasanti and Coneva 2009). This dearth of understanding slows human 

manipulation of maize flowering time through both novel biotechnological and traditional 

breeding methods.  

 Alteration of the maize flowering trigger was a critical step in producing modern 

field corn. Maize evolved from teosinte, a wild grass native to Mexico (Doebley 1990). 

The domestication of maize involved dramatic morphological changes to whole plant 

architecture and cob morphology from that of wild teosinte. Additionally, the mode of 

floral induction was radically altered during the pre-Columbian spread of maize 

cultivation. Teosinte is an obligate short-day plant; it never flowers unless exposed to 

short day photoperiods (Emerson 1924). To facilitate the northward expansion of maize 

to higher, temperate latitudes, the requirement for short day photoperiods was lost to 
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allow for seed production before the onset of a temperate winter. Like domesticated 

maize, there remains much to learn about what drives the teosinte floral transition. 

Additionally, the genetic changes underlying the transition to autonomous flowering 

remain unclear. It has been suggested that loss of certain floral repressors in the Zea 

mays CO, CO-LIKE TIMING OF CAB1 PROTEIN DOMAIN (ZmCCT) gene family were 

important to overcome the short-day (SD) requirement for flowering, but other 

uncharacterized genetic changes likely occurred as well (Yang et al. 2013; Huang et al. 

2017).  

 Several maize genes have been implicated in the floral transition, including 

INDETERMINATE1 (Id1) (Singleton 1946). Id1 encodes a zinc finger transcription factor 

that is a crucial part of the maize autonomous flowering pathway; id1 loss of function 

mutants flower extremely late, flowering months later than normal (Colasanti et al. 

1998). Id1 is expressed in the immature leaf whorl, but is absent from both mature 

photosynthetic leaves and the SAM (Colasanti et al. 1998). Therefore, Id1 acts non-

autonomously to affect either expression of a Florigen signal in the mature leaf or 

otherwise direct the floral transition at the SAM. The molecular nature of the mobile 

signal downstream of Id1 remains unknown. However, previous characterization of the 

id1 mutant has revealed some clues surrounding its mode of action. Mutant id1 maize 

over accumulates starch and sucrose in the photosynthetically active leaf (Coneva et al. 

2012). This is of particular interest, as there is evidence of ‘carbon status’ (i.e. amount 

of photosynthate) influencing the floral transition in multiple plant species (Corbesier et 

al. 1998; Wahl et al. 2013). Microarray studies revealed that id1 has a more profound 



 

 

8 

 

impact on the mature leaf transcriptome than that of the immature leaf where it is 

expressed (Coneva et al. 2007, 2012). Although few putative or established floral 

regulators were identified through this microarray expression analyses, many carbon 

metabolism related genes were found to be differentially expressed in id1 tissues 

(Coneva et al. 2007, 2012).  

  PEBPs are another group of genes implicated in the maize floral transition. 

Maize contains a large family of PEBP genes, which are referred to as Zea mays 

CENTRORADIALIS (ZCN) genes (Danilevskaya et al. 2008a). One of these genes, 

ZCN8, has been identified as a possible Florigen (Lazakis et al. 2011; Meng et al. 

2011). ZCN8 is expressed in the mature leaf, and it can complement an ft- mutant 

through heterologous Arabidopsis expression (Lazakis et al. 2011; Meng et al. 2011). 

ZCN8 was one of the few floral regulators that was found to be differentially expressed 

in id1 mature leaves (Meng et al. 2011; Coneva et al. 2012). Transgenic maize with 

elevated or decreased ZCN8 expression does change the number of leaves produced 

before flowering (Meng et al. 2011). However, these changes are very minor in 

magnitude compared to the delay exhibited by id1 mutants, illustrating that ZCN8 action 

alone cannot explain the id1 floral delay. ZCN8 has a close paralog, ZCN7, which could 

likewise trigger the floral transition (Danilevskaya et al. 2008a; Mascheretti et al. 2015). 

However, the extent to which ZCN7 and ZCN8 contribute to the floral transition has not 

been characterized yet.  
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1.5 Conserved miRNAs control the adult-to-juvenile transition and 
many other plant processes 

Another dominant mutant implicated in the floral transition is Corngrass1 (Cg1) 

(Chuck et al. 2007). Cg1 mutants remain in an extended vegetative phase, during which 

they produce only juvenile leaves. Molecular characterization revealed the Cg1 mutant 

over expresses a miRNA. miRNAs function to repress complementary mRNA molecules 

through post transcriptional gene silencing (PTGS), by either inhibiting mRNA 

translation or eliciting mRNA slicing and degradation. The Cg1 miRNA overexpression 

causes perpetual juvenility and highlights the importance of small RNA (sRNA) in 

regulating plant growth. 

Cg1 mutants overexpress miR156, a miRNA that is conserved in even basal land 

plants like the moss model Physcomitrella patens (Cho et al. 2012). The regulatory loop 

involving miR156 is a good example of how miRNAs control plant growth and 

development. In most angiosperms, miR156 and miR172 act as intertwined antagonists 

that act in an age-sensing network to control the adult-to-juvenile transition (Wu et al. 

2009). The adult-to-juvenile transition is another important developmental change in 

plant growth that involves a change to the morphology and physiology of subsequent 

vegetative growth. This is relevant to the floral transition, as juvenility inhibits flowering. 

In the miR156-miR172 network, the floral delay is related to the expression of floral 

inhibitors during the juvenile phase. During development, miR156 levels decrease, 

which allows increased expression of its targets: SQUAMOSA-PROMOTER-LIKE (SPL) 

genes (Wu et al. 2009). The increase in SPL gene expression upregulates the 
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expression of miR172, which in turn represses AP2-like genes, some of which repress 

the floral transition (Lauter et al. 2005; Salvi et al. 2007; Wu et al. 2009). Unlike in the 

Arabidopsis model, the interplay between miRNA-mediated gene regulation and other 

floral induction pathways remains under-studied in maize 

Much is known about the biosynthesis of plant miRNAs. Plant miRNAs are 

produced from inverted repeats that are transcribed under the control of their own 

promoter by RNA POLYMERASE II (RNA Pol II) (Lee et al. 2004). In Arabidopsis, after 

3’ polyadenylation and 5’ capping, these inverted repeats fold back on themselves and 

form a hairpin referred to as a primary-miRNA transcript (pri-miRNA) (Lee et al. 2004). 

Notably, the hairpin loop on this primary-miRNA transcript is not perfectly 

complementary, encoding specific mismatches and bulges; these physical features 

differentiate miRNA hairpins from other sources of double-stranded RNA (dsRNA), thus 

preventing miRNA hairpins from entering small interfering RNA (siRNA) biogenesis 

pathways (Mateos et al. 2010; Song et al. 2010; Werner et al. 2010).  

The pri-miRNA hairpin loop is bound by stabilizing proteins and excised from the 

rest of the transcript by the endonuclease DICER-LIKE 1 (DCL1) (Park et al. 2002; 

Voinnet 2009). This excised hairpin, now referred to as a pre-miRNA transcript, is then 

processed into 18-21nt dsRNA duplexes by further DCL mediated RNA cleavage (Park 

et al. 2002; Voinnet 2009). Normally this subsequent cleavage is again conducted by 

DCL1 (Ruiz-Ferrer and Voinnet 2009). However, due to functional redundancies, related 

DCL proteins (DCL2, DCL3, DCL4) can also digest these hairpins producing 22nt, 24nt 

and 21nt long sRNA duplexes, respectively (Xie et al. 2004; Henderson et al. 2006; 
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Smith et al. 2007; Wu et al. 2010). These sRNA duplexes then have their 3’ ribose 

modified by the addition of a methyl-group to the 2’ position by HUA ENHANCER 1 

(HEN1), which protects them from degradation (Yu et al. 2005; Ramachandran and 

Chen 2008). The sRNA duplexes are then shuttled from the nucleus into the cytoplasm, 

possibly via HASTY (HST), an ortholog of PLANT EXPORTIN 5 (Park et al. 2005). 

Once in the cytoplasm, sRNA duplexes bind an ARGONAUTE protein (AGO), which 

unravels the duplex to produce a single stranded sRNA molecule (Diederichs and 

Haber 2007). This sRNA can then bind complementary nucleotides to provide target 

specificity to AGO effectors. 

AGOs are still not entirely understood, but they are implicated in all known plant 

sRNA modes of action (Vaucheret 2008). Additionally, all known AGO mechanisms 

function in silencing and all AGOs use sRNA to guide their actions (Vaucheret et al. 

2004; Vaucheret 2008). AGOs recruit distinct protein complexes that alter the end 

silencing mechanism. There are two broad categories of AGO mediated gene silencing: 

PTGS and transcriptional gene silencing (TGS) (Vaucheret et al. 2004; Havecker et al. 

2010). Different AGO effectors trigger PTGS or TGS. Although not fully understood, 

AGOs have sRNA loading preferences based upon sRNA length and sequence 

(Thieme et al. 2012; Borges and Martienssen 2015).  

miRNAs are usually involved in PTGS, although exceptions exist where miRNAs 

give rise to TGS (Chellappan et al. 2010; Khraiwesh et al. 2010; Wu et al. 2010). In 

PTGS, AGO/sRNA complexes repress mRNA translation or cleave and degrade mRNA 

transcripts (Baumberger and Baulcombe 2005; Brodersen et al. 2008; Voinnet 2009). 
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Whether PTGS cleaves mRNA or represses mRNA translational depends on the 

location and extent of the mRNA complementarity to the targeting sRNA, the enzymatic 

capabilities of the AGO protein, and DCL binding partners (Carbonell et al. 2012; Reis 

et al. 2015). Either-way, PTGS reduces the amount of protein produced from a mRNA 

transcript, without altering the levels of mRNA transcription. 

1.6 Plant siRNA regulate genes via post transcriptional gene 
silencing and transcriptional gene silencing 

The second major category of sRNA is siRNA. siRNA are formed from 

complementary RNA that base pairs to form dsRNA. The sources of this dsRNA are 

diverse, and include exogenous viral RNA, complementary unlinked transcripts that are 

co-expressed, aberrant transcripts that become double stranded through the actions of 

RNA DEPENDENT RNA POLYMERASEs (RDRs) and bi-directional transcription of the 

same locus (Peragine et al. 2004; Allen et al. 2005; Donaire et al. 2008; Castel and 

Martienssen 2013). Once this dsRNA is generated, the siRNA pathway shares many 

components with the miRNA biogenesis pathway; i.e., dsRNA is digested by a DCL 

protein, the resulting duplex is 3’ methylated and exported into the cytoplasm, loaded 

into the appropriate AGO protein and then acts in the down regulation of its target (Xie 

et al. 2004; Yang et al. 2006; Vaucheret 2008). 

Like miRNA, siRNA can mediate PTGS. However, siRNA can also act in the 

nucleus via TGS. siRNA involved in PTGS are typically 21 or 22nt long, whereas TGS 

canonically involves 24nt siRNA. TGS causes changes in the methylation state of a 

genomic locus guided by sequence homology with a 24nt siRNA molecule (Matzke and 
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Mosher 2014). Plant DNA methylation can occur in CG, CHG or CHH (where H is any 

non-G nucleotide) sequence contexts. This sRNA directed methylation process is also 

called RNA-directed DNA methylation (RdDM). RdDM has been implicated in the 

transcriptional inhibition of both genes, and transposable elements (TEs) (Matzke and 

Mosher 2014).  

RdDM, paradoxically, requires transcription of a locus to trigger TGS. For most 

RdDM, a locus must be transcribed by two RNA polymerases that are unique to plants, 

RNA POLYMERASE IV (RNA Pol IV) and RNA POLYMERASE V (RNA Pol V) 

(Wierzbicki et al. 2008; Zhang and Zhu 2011). Both RNA Pol IV and V are active 

throughout the genome, including regions outside of promoters, that are not traditionally 

thought of as transcribed. These RNA polymerases produce long non-coding RNA 

transcripts (Wierzbicki et al. 2008). In Arabidopsis, RNA Pol IV first produces a 

transcript that is converted into dsRNA via the actions of an RNA-dependent RNA 

polymerase, RDR2, and then diced by DCL3 into 24nt duplexes (Castel and 

Martienssen 2013). These duplexes are 3’ methylated and exported to the cytoplasm as 

outlined above. In the cytoplasm, sRNA molecules are loaded into AGO4 and the 

AGO4-siRNA complex is imported back into the nucleus (Ye et al. 2012).  

Meanwhile, the same genomic locus that produced the RNA Pol IV transcript 

must be transcribed by RNA Pol V (Matzke and Mosher 2014). RNA Pol V produces a 

long non-coding RNA transcript that acts a ‘scaffold’ for the RdDM protein complex 

(Wierzbicki et al. 2008; Zhang and Zhu 2011). The sRNA loaded into AGO4 binds this 

RNA Pol V scaffold transcript and recruits a silencing complex that includes the DNA 
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methyltransferase, DOMAIN REARRANGED METHYLTRANSFERSE 2 (DRM2) (Castel 

and Martienssen 2013). After recruitment, DRM2 methylates cytosines de novo (in CG, 

CHG and CHH contexts) in the vicinity of the scaffold transcript (Cao and Jacobsen 

2002). AGO6 and AGO9 can also function in RdDM, although the majority of 24nt 

siRNA bind AGO4 (Havecker et al. 2010).  

Once established, TGS-triggered RdDM is stable and the silenced methylation 

state can be inherited trans-generationally, even without sustained expression of the 

initial sRNA silencing signal (Mathieu et al. 2007; Lisch 2009; Blevins et al. 2014; Fultz 

and Slotkin 2017a). This is partly because plants do not actively erase DNA methylation 

patterns across generations (Quadrana and Colot 2016). Additionally, RdDM 

establishes a positive feedback loop between repressive epigenetic marks to maintain 

silencing. For example, RdDM machinery recruits histone tail modifying enzymes to 

establish and maintain repressive histone marks (Deleris et al. 2010; Enke et al. 2011; 

Greenberg et al. 2013). Likewise, heterochromatin associated histone marks and DNA 

methylation recruit RNA Pol IV/V to help perpetuate RdDM (Law et al. 2013; Blevins et 

al. 2014; Johnson et al. 2014; Liu et al. 2014). The stability of sRNA silencing allows 

transient epigenetic events to have lasting transgenerational effects on plant 

epigenomes.  

1.7 Post transcriptional gene silencing can feed forward into 
transcriptional gene silencing 

It is unclear what starts RNA Pol IV/V transcription at a locus. This is puzzling, as 

both polymerases act in silenced chromatin which not often thought of as transcribed, 
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and interesting because this transcription acts as the initiating event for the eventual 

silencing of that locus. Repressive chromatin marks can recruit RNA Pol IV/V to re-

enforce silencing (Law et al. 2013; Blevins et al. 2014; Johnson et al. 2014; Liu et al. 

2014). However, how RdDM is first triggered at euchromatic loci is still being unraveled. 

Emerging evidence suggests that overlap and interactions within the PTGS and TGS 

pathways play important roles in starting RdDM at a locus (Cuerda-Gil and Slotkin 

2016).  

The established cycle of RdDM (discussed above) has been dubbed ‘canonical 

RdDM.’ Although not fully understood, it has become apparent that other sRNA 

pathways can cause DNA methylation through so-called non-canonical RdDM pathways 

(Cuerda-Gil and Slotkin 2016). Different modes of non-canonical RdDM have been 

observed. Despite their different molecular mechanisms, several commonalities exist 

amongst non-canonical RdDM. Most importantly they all feed into the cycle of canonical 

RdDM (Cuerda-Gil and Slotkin 2016). As stated above, this allows brief or rare events 

to manifest stable TGS. Therefore, although non-canonical RdDM events represent a 

vast minority of whole genome RdDM, their ability to target new regions for silencing 

may give them a disproportionately important role in driving plant epigenetic changes.  

Another commonality amongst reported instances of non-canonical RdDM is the 

involvement of molecular machinery typically responsible for PTGS. For example, 21-

22nt sRNA that are typically associated with PTGS can bind AGOs that then recruit 

DNA methylation machinery leading to epigenetic silencing (Nuthikattu et al. 2013; Bond 

and Baulcombe 2015; McCue et al. 2015). Even miRNAs have been observed to cause 
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TGS in several species (Chellappan et al. 2010; Khraiwesh et al. 2010; Wu et al. 2010). 

Another overlap with the PTGS pathway involves dsRNA templates, which, due to 

partial DCL protein redundancy, produce a mixed population of sRNA sizes, including 

those capable of triggering RdDM (Henderson et al. 2006; Marí-Ordóñez et al. 2013). In 

particular, dsRNA synthesized by RDR6 appear to be strong candidates for triggering 

non-canonical RdDM (Wu et al. 2012; Marí-Ordóñez et al. 2013; Cuerda-Gil and Slotkin 

2016). Large inverted repeats also produce sRNA sizes involved in both TGS and 

PTGS (Wu et al. 2010; Wroblewski et al. 2014).  

PTGS sRNA are often derived from RNA Pol II transcripts. In this way, non-

canonical RdDM links euchromatic transcription to heterochromatin-associated RNA Pol 

IV/V transcription. Once established, canonical RdDM silencing spreads short distances 

(Ahmed et al. 2011). This spread is important if TGS is to occur, as methylation over the 

coding sequence (aka gene body methylation) does not overtly alter transcription 

(Bewick et al. 2016). However, if methylation spreads from the gene body to proximal 

cis DNA regulatory elements, such as those near the transcriptional start site, TGS can 

occur. In this way, PTGS silencing can feed into TGS if the DNA regulatory elements 

needed for transcription are tightly linked to the region of the transcript repressed via 

PTGS. For this reason, RDR6 activity may play two important roles; in addition to 

producing sRNA capable of non-canonical RdDM, RDR6 actions result in sRNA 

biogenesis from across the transcript (Allen et al. 2005; Yoshikawa et al. 2005; Cuerda-

Gil and Slotkin 2016). This lessens the distance RdDM needs to spread to reach the 

promoter or other transcriptional regulatory motifs. Although the exact requirements for 



 

 

17 

 

the PTGS-to-TGS transition remain unknown, this process may underly many plant 

epigenetic fluctuations. 

1.8 Inheritance of new sRNA expression patterns 

 It is well established that sRNA expression has a large amount of intra-specific 

diversity. Depending on the genetic background, different loci express sRNA and sRNA 

expression from homologous loci differs in magnitude. Since sRNA expression 

differences occur in the same species, processes must alter sRNA expression during 

the evolutionary divergence from the last common ancestor. Much progress has been 

made in understanding the many ways in which sRNA expression can change in 

genetically homogenous lab strains. However, how these various mechanisms 

orchestrate the evolution of sRNA expression diversity in plant populations remains 

poorly understood.  

 Myriad changes to genome sequences can affect sRNA expression. Inverted or 

tandem repeats can result in sRNA silencing, so any insertion deletion (indel) events 

that affect these DNA patterns may alter sRNA expression (Wu et al. 2010; Wroblewski 

et al. 2014; Sidorenko et al. 2017). Indel events involving TEs, another rich source of 

sRNA expression, can likewise alter sRNA expression patterns (Lisch and Bennetzen 

2011a). Even smaller changes in DNA regulatory elements or transcription factors could 

affect sRNA expression if they affect the transcription of RNA Pol II derived PTGS 

precursors. 
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 Additionally, different heritable sRNA expression patterns can result from 

epigenetic changes. For example, changes to histone modifications or DNA methylation 

may alter the recruitment of RdDM machinery (Law et al. 2013; Blevins et al. 2014; 

Johnson et al. 2014; Liu et al. 2014). The expression of sRNA itself serves as an 

epigenetic mark that can act in both cis and trans. In cis, the cyclic nature of canonical 

RdDM can facilitate the transgenerational inheritance of sRNA expression without 

requiring changes in DNA sequence (Matzke et al. 2015). Additionally, in trans, non-

canonical RdDM can be initiated from sRNA expression at unlinked loci, leading to the 

RdDM cycle (Cuerda-Gil and Slotkin 2016). However, the exact requirements and 

frequency of non-canonical RdDM events remain foggy. Likewise, the influence of 

sRNA-mediated trans regulation on the inheritance of sRNA expression levels remains 

unclear.  

Hybridization provides a possible opportunity for sRNA patterns from divergent 

individuals to trans regulate one another. A cross between genotypes results in a hybrid 

with two polymorphic copies of the same genome. Each haploid copy of the genome 

would have a different sRNA transcriptome and the sRNA from one parental genotype 

could affect alter the sRNA expression state of the other parental genotype, and vice 

versa. Supporting this idea, sRNA expression of one allele may trigger sRNA 

expression at the homologous allele, possibly by eliciting a stable cycle of sRNA 

production (Greaves et al. 2012; Gouil and Baulcombe 2017). Evidence for similar 

allelic interactions influencing non-additive DNA methylation levels has also been 

reported, and some of these non-additive methylation changes have be linked to sRNA 
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activities (Bender 2004; Greaves et al. 2012, 2014; Eichten et al. 2013; Regulski et al. 

2013; Rigal et al. 2016; Zhang et al. 2016). Similar instances of sRNA-mediated trans 

interactions trigger TE silencing (Slotkin et al. 2003, 2005; Perez-Hormaeche et al. 

2008; Marí-Ordóñez et al. 2013; Creasey et al. 2014). sRNA-mediated allelic 

interactions may extend beyond TE regulation to also affect the inheritance of plant 

gene expression patterns. Indeed, heritable trans suppression has been observed 

between genes with partial homology (Matzke et al. 1994; Bender 2004; Sidorenko and 

Chandler 2008), and this suppression has been found to involve sRNA silencing 

(Hamilton and Baulcombe 1999). The magnitude to which sRNA expression altered by 

hybridization impacts gene expression remains unclear. Additionally, the extent to which 

any hybridization-induced changes to sRNA expression are inherited after the F1 

generations has not been thoroughly investigated. 

In any plant population, both genetic and epigenetic factors likely drive 

divergence in sRNA expression patterns. However, the extent to which epigenetics 

contributes to sRNA expression inheritance is controversial, as it allows for events of 

non-Mendelian inheritance. The meta-stability of epigenetic silencing complicates 

matters considerably; transient epigenetic events facilitating non-Mendelian inheritance 

are followed by relatively stable inheritance that appears Mendelian (Manning et al. 

2006). As it stands, the dynamics of heritable sRNA expression remains a hotly debated 

topic. 
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1.9 Plant sRNA is mobile 

Historically, it was thought that plant RNA was incapable of movement between 

cells or over long distances. This is due to the near ubiquitous presence of RNAse 

throughout the plant. However, this view became challenged as more was learned 

about sRNA in the late 1990’s, with several papers outlining how transgene silencing 

appeared to move cell-to-cell throughout the plant (Palauqui et al. 1997; Voinnet and 

Baulcombe 1997). It later emerged that transgene silencing is mediated by sRNA, 

indicating that RNA transport occurs despite the presence of endogenous RNAse 

(Hamilton and Baulcombe 1999). Another important discovery surrounding sRNA 

transport involves the vasculature. Although the xylem appears devoid of RNA, sRNA 

was detected in phloem sap exudate (Yoo et al. 2004; Buhtz et al. 2008). The phloem is 

an RNAse-free environment, which would allow for sRNA transport throughout the plant 

(Sasaki et al. 1998; Doering-Saad et al. 2002; Gaupels et al. 2008). These results 

indicated that, in addition to cell-to-cell movement, sRNA could be transported over long 

distances in the sieve tube. Thus, the movement of sRNA effectively can be split into 

two categories: short-distance cell-to-cell movement and long-distance transport.  

1.10 Short-distance sRNA trafficking 

A growing body of literature supports the short distance movement (~10-15 cells) 

of sRNA through plasmodesmata (PD). PD are cell-cell connections that transverse the 

cell wall to directly connect the cytoplasm of plant cells (Tilsner et al. 2016). PD were 

first implicated in local sRNA movement through the observation of the exclusion of 

transgene silencing in guard cells, which are symplastically isolated (devoid of PD 
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connections) from their surrounding cells (Willmer and Sexton 1979; Voinnet et al. 

1998). Further implicating PD in sRNA trafficking, plasmodesmal kinases have been 

demonstrated to regulate local sRNA trafficking (Rosas-Diaz et al. 2018). The size 

exclusion limit (SEL) of PD is regulated in part by the deposition of PD-localized callose 

(a glucan polymer) which restricts the PD aperture, lowering the SEL (Tilsner et al. 

2016). PD callose deposition has been demonstrated to regulate sRNA movement; the 

transport of miR165 is restricted when a modified CALLOSE SYNTHASE 3 (CALS3) 

gene is expressed in Arabidopsis roots to constricts PD connections (Vatén et al. 2011). 

Several studies have noticed the restriction or delay of sRNA movement through certain 

tissues, suggesting unknown PD barriers may develop to delay or limit sRNA movement 

(Liang et al. 2012; Skopelitis et al. 2018). sRNA exclusion from developing Arabidopsis 

embryos as the SEL changes has also been observed (Kobayashi and Zambryski 2007) 

(Kobayashi and Zambruski 2007).  

Short range apoplastic (cell wall mediated) sRNA movement may also occur. 

Perhaps the most convincing evidence for this is the observation of sRNA-mediated 

host-induced gene silencing (HIGS) between plant hosts and certain fungal pathogens 

(Nowara et al. 2010). sRNA silencing has been observed in the powdery mildew 

pathogen Blumeria graminis when the plant host expresses dsRNA or an antisense 

transcript for a B. graminis gene (Nowara et al. 2010).  

Various observations of sRNA local movement, taken together, raise the 

possibility that multiple modes of short distance transport of sRNA exist: some 

symplastic and potentially some apoplastic. The molecular machinery involved in this 
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trafficking remain undiscovered. A better understanding local sRNA movement is 

important, as sRNA gradients established by sRNA short distance movement controls 

plant many aspects of plant development (Chitwood et al. 2009; Melnyk et al. 2011a; 

Miyashima et al. 2011; Vatén et al. 2011). 

Genetic screens have been conducted to attempt to elucidate components of the 

local sRNA movement machinery. One important screen by Smith et al. (2007) used 

companion cell-specific expression of a transgenic hairpin targeted to the coding 

sequence of PHYTOENE DESTATURASE (PDS) which, when knocked down, causes a 

visible phenotype of photo-bleaching. Their work uncovered several proteins needed for 

short distance sRNA movement. Curiously, RDR2, NRPD1a (a major sub-unit of RNA 

Pol IV) and the SNF2-like chromatin remodeller CLASSY1 were all required for the 

reception of a mobile sRNA (Smith et al. 2007). These proteins are all TGS related but 

were not previously thought to be involved in the movement of a PTGS sRNA signal. It 

is still not well understood how these TGS associated proteins are involved. However, 

this result reinforces both the importance of, and our ignorance of, the interplay between 

PTGS and TGS pathways that occurs during sRNA movement.  

Plants deficient in AGO4 and/or DCL3 have increased rates of sRNA silencing 

spread (Smith et al. 2007). Plant deficient in these two proteins lose any transcriptional 

inhibition caused by local RdDM at the PDS silencing cassette. Therefore loss of RdDM 

function would increase RNA Pol II transcription of the hairpin, boosting sRNA signal 

production in the source tissue (Smith et al. 2007). DCL4 was found to be required to 

synthesize companion cell-derived mobile sRNA that was composed of 21nt sRNA 
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(Smith et al. 2007). The proposal by this group that mobile sRNA are composed solely 

of 21nt species has more recently been disproven due to an increase in the power of 

RNA deep sequencing technology (Smith et al. 2007; Molnar et al. 2010; Melnyk et al. 

2011a). Although the Smith et al., (2007) study did establish several components 

required for the production and reception of a locally mobile sRNA signal, it was 

restricted to studying short-distance sRNA movement within the leaves. They also did 

not find any sRNA trafficking specific (Smith et al. 2007). This may be partially explained 

if these proteins are integral to the survival and proper development of the plant; if a 

plasmodesmal protein is required for local sRNA movement, its loss of function would 

likely be embryo lethal, and thus would recalcitrant to genetic screens.  

1.11 Long-distance sRNA trafficking 

If a short-distance mobile sRNA signal targets a gene that is constitutively 

expressed, silencing can progress to become systemic. First, short-distance movement 

of sRNA from a source tissue into the proximal 10-15 cells cleaves complementary 

mRNA. This cut mRNA can give rise to secondary siRNA if cleavage is followed by 

RDR activity and subsequent siRNA biogenesis (Himber et al. 2003; Peragine et al. 

2004; Allen et al. 2005). This process of signal re-amplification is referred to as 

transitivity, and typically utilizes RDR6 for amplification and DCL2 and DCL4 for siRNA 

production (Ruiz-Ferrer and Voinnet 2009). The resulting secondary siRNA can also 

move short distances to repress target mRNA. In this way, transitivity produces a PTGS 

cycle of short-distance movement and sRNA signal reamplification. This cycle can 

progress to systemic sRNA silencing if the target is ubiquitously expressed (Voinnet and 
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Baulcombe 1997; Liang et al. 2012). Although transitivity and systemic sRNA silencing 

can lead to organism-wide silencing, systemic silencing is not true long-distance 

signalling. Rather, systemic sRNA silencing is the culmination of many short distance 

events.  

Phloem transport of sRNA represents truly long-distance signalling, where a 

sRNA signal is produced in a source tissue and trafficked without requiring secondary 

sRNA biogenesis along the way. This allows for sRNA signals to be transmitted 

throughout the plant without requiring constitutive expression of the target gene. This 

long-distance transport allows for the long-distance movement of sRNA that cannot 

induce transitivity. Notably, this includes the 24nt sRNA involved in RdDM, which where 

previously believed to be immobile (Voinnet and Baulcombe 1997; Smith et al. 2007; 

Molnar et al. 2010; Melnyk et al. 2011a). 

The discovery of sRNA-like molecules in the phloem lead to investigation of what 

was present and moving through the vasculature. Candidates included single stranded 

sRNA molecules, double stranded sRNA duplexes, and the longer sRNA precursor 

transcript (Yoo et al. 2004). There was also a question of whether the RNA was 

associated with AGO or similar proteins. Due to the high probability of phloem 

contamination by non-phloem components in phloem exudate studies, these studies 

were followed by various grafting experiments (Molnar et al. 2010; Melnyk et al. 2011a). 

These grafting experiments, illustrated that it was mature sRNA that was moving 

through the phloem and that the majority of the movement followed the ‘source-to-sink’ 
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movement characteristic of phloem-based movement (Brosnan and Voinnet 2011; 

Molnar et al. 2011).  

The increased power of sequencing technology has allowed better understanding 

of how sRNA move throughout the plant by comprehensively studying the size and 

exact sequences of all sRNA in a given tissue. This high through-put sequencing 

coupled with grafting mutant rootstocks and scions has greatly increased our 

understanding of how sRNA moves over long distances. Long distance trafficking was 

studied by grafting a dcl2/dcl3/dcl4 triple mutant rootstock expressing GREEN 

FLUORESCENT PROTEIN (GFP) to a scion with all functional DCL proteins and a 

transgenic hairpin targeted to a portion of this GFP or its promoter (Molnar et al. 2010; 

Melnyk et al. 2011a). This, and similar grafting studies, confirmed that 24nt mobile 

sRNA can direct genome-wide RdDM and TGS after phloem trafficking (Melnyk et al. 

2011a; Lewsey et al. 2016). Importantly, this graft mobile silencing extended into the 

root apical meristem (RAM), which is a collection of stem cells located far from mature 

phloem (Molnar et al. 2010; Melnyk et al. 2011a). Grafting approaches also revealed 

that 21nt sRNA is favored for short-distance movement and 24nt sRNA preferred for 

long-distance transport (Molnar et al. 2010; Melnyk et al. 2011a). These grafting studies 

did not however, demonstrate movement of phloem-derived sRNA signal into the SAM.  

Interestingly, not all sRNA are transported over short or long distances, even 

within a given size category (Molnar et al. 2010). The mobility of certain sRNA species 

is critical for tissue development, as the presence sRNA signals, notably miRNAs, 

during the differentiation control cell fate (Chitwood et al. 2009; Melnyk et al. 2011a; 
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Miyashima et al. 2011; Vatén et al. 2011). If all sRNA signals were being transported 

systemically, there would be a major conflict of developmental signals. The lack of 

universal sRNA mobility means that the plant must possess some unknown mechanism 

to selectively transport sRNA over short and/or long distances.  

 Additionally, once in the phloem, a yet to be characterized mechanism to export 

sRNA into the sink tissue must exist. In pumpkin, a phloem RNA-binding protein has 

been implicated in sRNA movement (Yoo et al. 2004). This protein exhibits 

phosphorylation dependent sRNA binding, with de-phosphorylation driving export from 

the phloem stream (Ham et al. 2014). However, homologous RNA-binding proteins 

have not been characterized in other species, including Arabidopsis.  

In addition, siRNA are not only small RNAs that are moving over long distances 

in the plant. miRNA has also been shown to be mobile and has been implicated in 

several signalling pathways. One of the best examples of this is miR399 in Arabidopsis 

(Pant et al. 2008). miR399 targets PHOSPHATE 2 (PHO2), which, when down 

regulated, results in an increase of phosphate uptake and translocation to the leaves 

(Delhaize and Randall 1995; Liu et al. 2012). This signal is only produced in the leaves 

under restricted phosphate conditions, and it moves into the roots to target PHO2 (Pant 

et al. 2008). This is a good example of an endogenous system that exploits the long-

distance movement of sRNA along with its innate regulatory properties. Again, the 

mechanism that facilitates miR399 transport over other miRNAs is not understood. 
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1.12 Mobile sRNA and plant epigenetic inheritance 

 The nature of plant meristematic growth, coupled with incomplete DNA 

methylation erasure, facilitates the transgenerational inheritance of epigenetic silencing 

(Quadrana and Colot 2016). Since sRNA can de novo methylate the genome, changes 

in sRNA expression can drive evolution of plant epigenomes. Methylation patterns 

initiated by sRNA silencing can be perpetuated in absentia of the original sRNA signal, 

which allows for rare events to have lasting consequences. Therefore, any novel 

epigenetic silencing has the potential to be passed to offspring if it occurs in the SAM 

stem cells that eventually become gametes. This makes the SAM sRNA particularly 

important. Despite the established mobility of sRNA, it is not clear if the phloem can 

traffic somatic sRNA signals to the SAM.  

Several groups have speculated that mobile sRNA entry to the SAM could bridge 

somatic environmental sensing with transgenerational DNA methylation changes to 

adapt to the environment (Martienssen 2008, 2010; Brosnan and Voinnet 2011). In this 

model, somatic sensory organs (leaves and roots) would sense environmental signals 

and induce phloem-mobile sRNA. This environmentally induced phloem signal would 

move source-to-sink to the growing tip of the plant wherein the SAM resides. Here, plant 

RDR activity may allow for sRNA signal amplification, allowing a weak mobile signal to 

manifest a strong response. Once in the SAM, sRNA could facilitate PTGS to modulate 

future shoot growth to better suit the environment. Additionally, if phloem-derived sRNA 

can move into the SAM, it could elicit de novo DNA methylation changes that can be 

maintained transgenerationally. Therefore, evidence supporting phloem-to-SAM sRNA 
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trafficking would provide a direct route for somatic sRNA to heritably influence the 

epigenetics of the stem cells that produce the next generation. 

1.13 Thesis Research Objectives 

Chapter 2: During domestication, the maize floral induction changed from relying 

on photoperiod sensing to utilizing autonomous signalling. Total and small RNA 

sequencing was conducted on flowering/vegetative teosinte and temperate maize to 

discover any common leaf transcriptional changes induced by maize photoperiod and 

autonomous floral pathways.  

Chapter 3: Many questions remain surrounding the inheritance of maize sRNA 

expression. The near isogenic line (NIL) sRNA transcriptome data (from chapter 2) was 

analyzed in tandem with previously published recombinant inbred line (RIL) sRNA 

expression data to observe how these different breeding schemes may influence sRNA 

expression patterns (Xu et al. 2017). 

Chapter 4: sRNA has been detected in the phloem. However, it is unclear if 

phloem-derived sRNA can regulate SAM gene expression. Two independent transgenic 

systems were created in Arabidopsis to determine if phloem-to-SAM sRNA transport 

does occur in planta. 
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2 Distinct gene networks modulate floral induction of 
autonomous maize and photoperiod-dependent teosinte 

 

The work in this chapter was published in 2018 in the Journal of experimental botany 
(https://academic.oup.com/jxb/article/69/12/2937/4983140), with the following authors 
contributing: Mark A. A. Minow, Luis M. Ávila, Katie Turner, Elena Ponzoni, Iride 
Mascheretti, Forest M. Dussault, Lewis Lukens, Vincenzo Rossi, and Joseph Colasanti. 
MAAM contributed to planning and conducting experiments, bioinformatic analysis, and 
writing the manuscript. All supplemental material referenced in this chapter are available 
in the online manuscript (open access). 

 

2.1 Abstract 

Temperate maize was domesticated from its tropical ancestor, teosinte. Whereas 

temperate maize is an autonomous day-neutral plant, teosinte is an obligate short-day 

plant that requires uninterrupted long nights to induce flowering. Leaf-derived florigenic 

signals trigger reproductive growth in both teosinte and temperate maize. To study the 

genetic mechanisms underlying floral inductive pathways in maize and teosinte, mRNA 

and small RNA genome-wide expression analysis was conducted on leaf tissue from 

plants that were induced or not induced to flower. Transcriptome profiles reveal 

common differentially expressed genes during floral induction, but a comparison of 

candidate flowering time genes indicates that photoperiod and autonomous pathways 

act independently. Expression differences in teosinte are consistent with the current 

paradigm for photoperiod-induced flowering, where changes in circadian clock output 

trigger florigen production. Conversely, differentially expressed genes in temperate 

maize link carbon partitioning and flowering, but also show altered expression of 

circadian clock genes that are distinct from those altered upon photoperiodic induction 

in teosinte. Altered miRNA399 levels in both teosinte and maize suggest a novel 

common connection between flowering and phosphorous perception. These findings 

provide insights into the molecular mechanisms underlying a strengthened autonomous 

pathway that enabled maize growth throughout temperate regions.  

https://academic.oup.com/jxb/article/69/12/2937/4983140
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2.2 Introduction 

Temperate maize (Zea mays ssp. mays) is derived from its wild progenitor, 

teosinte (Zea mays ssp. parviglumis) (Doebley 1990). Maize cultivation spread along a 

north/south axis from the Balsas river basin in Mexico, extending throughout the 

Americas. In addition to dramatic morphological modifications during domestication, 

growth in temperate climates required modern maize to respond to alternate stimuli to 

trigger flowering (Dorweiler et al., 1993; Studer et al., 2011; Hufford et al., 2012; Hung 

et al., 2012). The transition from vegetative to reproductive growth is a critical event in 

the plant lifecycle that directly influences yield and fitness. Floral induction can be 

triggered by environmental signals, such as photoperiod, as well as internal 

autonomous signals. The integration of these inputs causes the floral transition at the 

shoot apical meristem (SAM). Unlike teosinte, which depends on short -day (SD) 

photoperiods, endogenous signals control flowering in temperate maize (Coles et al. 

2010). Thus, flowering occurs at the same time regardless of day length, allowing maize 

to produce grain before a killing frost. The genetic mechanisms underlying autonomous 

signals in temperate maize remain poorly understood.  

Study of model plants, notably Arabidopsis thaliana, has delineated floral induction 

mechanisms that are conserved across species (Koornneef et al., 1991). In 

Arabidopsis, long day (LD) photoperiods promote early flowering via circadian clock-

controlled production of florigen in leaves. A key component of the LD pathway is 

CONSTANS (CO), which encodes a transcription factor that cycles in a circadian 

rhythm within leaves (Putterill et al. 1995). Under LD photoperiods CO protein 

accumulates and directly activates FLOWERING LOCUS T (FT) expression in the 

phloem (Suárez-López et al., 2001; Ayre and Turgeon, 2004; Tiwari et al., 2010). FT is 

a phosphatidylethanolamine-binding protein (PEBP) that acts as a mobile florigen (Araki 

et al. 1998; Corbesier et al. 2007b). FT translocates through the phloem to the SAM 

where it interacts with FLOWERING LOCUS D (FD), a bZIP transcription factor (Abe et 

al. 2005; Wigge et al. 2005). The FT-FD complex directly activates expression of 

APETALA1 (AP1) and other targets to establish reproductive meristem identity (Mandel 
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et al. 1992; Weigel et al. 1992). Loss of CO or FT function causes late flowering under 

LD conditions, but has little effect on flowering under non-inductive SD conditions 

(Koornneef et al. 1991).  

FT homologs with florigenic function are also found in monocotyledonous SD 

plants (Kojima et al. 2002; Danilevskaya et al. 2010; Krieger et al. 2010). The maize 

PEBP gene family, known as Zea mays CENTRORADIALIS (ZCN), includes the 

experimentally validated florigen, ZCN8 (Lazakis et al., 2011; Meng et al., 2011). Maize 

possesses an orthologous bZIP transcription factor, DELAYED FLOWERING1 (DLF1), 

that likewise influences flowering time (Muszynski et al. 2006). In teosinte, ZCN8 is 

expressed at high levels upon SD induction, and some temperate inbreds retain a 

residual photoperiodic response (Lazakis et al. 2011; Meng et al. 2011). Loss of an 

obligate photoperiod requirement in temperate maize is partially attributed to a loss of 

LD triggered circadian clock repression of flowering. Evidence suggests that loss of 

negative floral regulator, Zea mays CO, CO-LIKE TIMING OF CAB1 PROTEIN 

DOMAIN (ZmCCT), contributed to the northward expansion of maize (Hung et al. 2012; 

Yang et al. 2013). Other clock associated genes, including CONSTANS1 (CONZ1) and 

GIGANTEA1 (GI1), have minor effects on flowering in temperate maize (Miller et al. 

2008; Bendix et al. 2013).  

Small RNAs (sRNAs) are regulators of diverse components of plant growth and 

development, including flowering time. Conserved microRNAs (miRNAs) regulate genes 

that influence autonomous control of flowering (Aukerman and Sakai 2003; Wu and 

Poethig 2006). miR156 and miR172 are intertwined antagonists of a conserved age 

sensing network (Wu et al. 2009; Cho et al. 2012). During development, miR156 levels 

decrease and allow for elevated expression of miR172, which downregulates 

APETELA2 (AP2) floral repressors (Aukerman and Sakai 2003). A similar gene 

regulatory network has been described in maize. The dominant mutant Corngrass1 

(Cg1) allele overexpresses a miR156 gene, and a miR172 homolog downregulates 

AP2-like genes including GLOSSY15 and RELATED TO AP2.7 (RAP2.7) (Lauter et al. 
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2005; Chuck et al. 2007; Salvi et al. 2007). Interplay between miRNA mediated gene 

regulation and other modes of floral induction remain unstudied in maize.  

The predominant autonomous floral inductive pathway of temperate maize shares 

little similarity with characterized autonomous pathways in dicots (Colasanti and Coneva 

2009). The indeterminate1 gene (id1) encodes a transcriptional regulator that controls 

autonomous floral induction in maize (Colasanti et al. 1998). Loss of id1 function 

disrupts the autonomous pathway and severely delays the floral transition (Colasanti et 

al. 1998). The id1 gene is expressed exclusively in developing immature leaves (IL), but 

loss of id1 function has no overt effect on leaf morphology. However, id1 mutant mature 

leaves (ML) have increased levels of sucrose and starch and modified energy 

metabolism (Coneva et al. 2012). Although the mechanism is unknown, ID1 is thought 

to be involved in sensing whole organism carbon status and conveying readiness to 

flower (Coneva et al. 2007, 2012; Wong and Colasanti 2007). Carbohydrate sensing is 

associated with autonomous control of flowering in other plants (Corbesier et al. 1998; 

Moore et al. 2003; Wahl et al. 2013). 

The close genetic relationship between teosinte and temperate maize provides a 

unique opportunity to study how autonomous floral control evolved from an obligate 

photoperiodic ancestor. Photoperiod and autonomous pathways, despite responding to 

different stimuli, both rely on leaf-based signals. During maize domestication, an 

autonomous signal could have mimicked SDs, but trigger the same downstream 

photoperiodic leaf inductive pathway. Alternatively, an independent and weak 

autonomous pathway could have been strengthened during domestication to allow for 

flowering in temperate climates. To investigate how the autonomous flowering pathway 

dominated the ancestral photoperiod pathway, leaf mRNA and sRNA profiles were 

compared pairwise between flowering vs vegetative teosinte and flowering vs vegetative 

temperate maize. These comparisons show leaf expression overlap between 

photoperiodic and autonomously flowering Z. mays, revealing leaf events that were 

conserved during maize domestication. This overlap, however, does not include 

homologs of established floral regulators. Rather, distinct expression profiles of known 
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floral regulators in maize and teosinte were observed. This suggests that the maize 

autonomous and photoperiodic gene networks act in parallel and only converge after 

signal perception at the SAM. These findings provide novel insights into mechanisms 

that favored autonomous flowering to supplanted photoperiodic induction, fostering the 

widespread dissemination of maize.  

2.3 Results 

2.3.1 Comparing leaf transcriptomes of maize and teosinte at the floral transition  

To examine similarities between photoperiod and autonomous floral inductive 

pathways, plants were grown in four groups (Figure 2.1). Teosinte was grown under 

SDs to induce flowering and under SD photoperiods with a one hour night-break (NB) to 

maintain vegetative growth (Mascheretti et al. 2015). Plants introgressed into inbred 

background B73 and segregating normal Id1+ and mutant id1-m1 alleles were grown 

under LDs. Normal Id1+ plants (hereafter ‘WT’) and id1 homozygous mutants represent 

reproductive and vegetative treatments, respectively (Colasanti et al. 1998). Floral 

inductive signals produced in photosynthetic ML are influenced by developmental 

patterning outside of the SAM in the IL (Coneva et al., 2007; Mascheretti et al., 2015). 

Therefore, at the floral transition (V7) in WT B73 and SD teosinte, developing IL and 

developed ML were harvested as previously described and used for mRNA and sRNA 

expression profiling (Mascheretti et al. 2015). Pairwise comparisons in leaf expression 

were conducted between flowering vs non-flowering groups. Teosinte SD was 

compared to teosinte NB and B73 WT was compared to B73 id1. Finally, expression 

differences found in florally-induced and uninduced teosinte (SD vs NB) were 

contrasted with those observed in florally-induced and uninduced B73 (WT vs id1) to 

evaluate the overlap between the photoperiod and autonomous pathways in the leaf.  

2.3.2 Teosinte leaf mRNA expression changes at the floral transition highlight 
alterations in circadian clock and florigen gene expression 

RNA sequencing from teosinte tissues produced an average of ten million reads 

per sample. Through alignment to version v3.22 of the B73 genome, 25,610 and 30,057 
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expressed annotated transcripts were detected in ML and IL, respectively. From these, 

1,112 ML and 691 IL annotated genes showed differential expression between SD and 

NB treatments (False Discovery Rate; FDR = 0.05; Table S1). More than half of these 

transcripts, 756 ML and 522 IL, showed increased levels upon floral induction. Gene 

ontology (GO) term enrichment was conducted on these differentially expressed genes 

(Figure 2.2). In ML, this revealed upregulation of genes involved in oxidation/reduction  

 

Figure 2.1 Tissue sampling scheme of reproductive and vegetative teosinte and B73. Teosinte was 
grown under inductive short day (SD) conditions (A) and un-inductive night-break (NB) conditions 
(B). Likewise, B73 inbreds were grown under long day conditions with either homozygous for 
(WT) Id1 (C) or homozygous for mutant id1 (D) to induce and repress the floral transition 
respectively. RNA profiling was conducted on mature leaf (blue box) and the immature leaf whorl 
above the meristem (red box). Reproductive and vegetative expression changes were first 
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compared (A vs B; C vs D) within subspecies, followed by a comparison of expression changes 
between teosinte and B73.  
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Figure 2.2 The floral transition in teosinte and B73 results in transcriptional changes enriched in 
many gene ontology (GO) terms and contains candidate floral regulators. (A) Enriched GO terms 
up and downregulated in immature leave (IL; left) and mature leaves (ML; right) in 
vegetative/reproductive teosinte (night-break; NB vs short days; SD) and B73 (id1 vs WT). (B) 
Proportions of candidate floral regulators that were expressed (grey), differentially expressed 
(red) or not expressed (white) in vegetative/reproductive teosinte and B73. Shared GO terms are 
outlined in red and p values for each ontology term are displayed with a colour reflecting its level 
of significance.  
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status, phospholipid metabolism and carbohydrate metabolism and downregulation of 

glycosyl hydrolase genes. In IL, significant GO terms upregulated included microtubule 

transport, xylosyl-transferase activity, glycosyl-hydrolase activity, alterations to the cell 

wall and apoplast. In IL, downregulated GO terms included peptidase inhibition and 

organic acid metabolism.  

Maize population genetics studies have revealed numerous small effect loci 

underpinning flowering time variation (Buckler et al. 2009; Coles et al. 2010; Li et al. 

2016; Romero Navarro et al. 2017). A candidate gene list was created to compare 

putative floral regulators to observed differentially expressed genes (Table S2) (Buckler 

et al. 2009; Coles et al. 2010; Dong et al. 2012; Li et al. 2016). Several genes implicated 

in the floral transition were detected in ML and IL, and a subset exhibited differential 

expression (Table 2.1; Figure 2.2B). These included ZCN genes related to maize 

florigens. In ML, up regulation of ZCN7, ZCN8, ZCN12, ZCN15 and down regulation of 

ZCN18 and ZCN26 was observed in response to SDs. Genes associated with the 

circadian clock showed significant expression differences. In induced ML, expression of 

CIRCADIAN CLOCK ASSOCIATED1 (CCA1), and a CCT-like gene were increased, 

while an EARLY FLOWERING3-like (ELF3-like) homolog, and another CCT-like gene 

decreased in expression. A homolog of PHYTOCHROME INTERACTING FACTOR 3 

(PIF3) showed decreased expression in SD IL. Notable clock components that showed 

no altered expression in induced vs uninduced teosinte include ZmCCT and CONZ1.  

Transcriptional regulators associated with photoperiodic flowering were altered in 

SD vs NB teosinte leaves. SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 

(SOC1) homolog AGAMOUS-LIKE6 (ZAG6 or MADS56) and a VERNALIZATION5 

(VRN5) homolog were both down regulated in ML of induced teosinte. An established 

floral repressor, RAP2.7, showed decreased expression in IL (Salvi et al. 2007; 

Castelletti et al. 2014). MADS4 (ZMM4), an AP1 homolog that promotes the floral 

transition in temperate maize SAMs, had higher expression in both SD leaf tissues 

(Danilevskaya et al. 2008b). An uncharacterized gene, MADS67, had higher transcript 

accumulation in florally-induced IL. Differentially expressed genes were compared to  
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Table 2.1 Genes of interest differentially expressed in vegetative/reproductive (night-break vs 
short day) immature (IL) and mature (ML) teosinte leaves. Log2 fold change is reported, such that 
negative values represent an increase in reproductive plants. Transcripts in common with B73 
vegetative/reproductive plants are shown with bold and italics fold change values representing 
congruent and opposite expression changes respectively. 

 

 

 

 

 

 

 



 

 

40 

 

putative domestication and improvement targets to find possible overlap between 

selection targets and genes altered by floral induction (Table S3) (Hufford et al. 2012). 

Differentially expressed genes in teosinte IL (p=0.60 domestication, p=0.81 

improvement; χ2 goodness of fit) and ML (p=0.86 domestication, p=0.13 improvement; 

χ2 goodness of fit) showed no significant enrichment in targets of historical selection. 

Altered expression of several genes was confirmed by independent qPCR analysis 

(Figure S1). Transcript profiling of teosinte grown under SD and NB conditions is 

congruent with photoperiod pathways in other plants, where perception of SDs changes 

the circadian clock output and increases florigen levels. 

2.3.3 B73 leaf mRNA expression changes (WT vs id1) reveal alterations in 
circadian clock genes and carbohydrate utilization 

Total RNA sequencing from B73 tissues produced an average of ten million 

reads per sample and detected a similar number of expressed transcripts as detected in 

teosinte; i.e., 28,115 and 29,163 expressed annotated transcripts from ML and IL, 

respectively. In ML and IL, 1,519 and 179 annotated genes, respectively, showed 

differential expression between WT and id1 (FDR = 0.05; Table S4). Of these, 926 in 

ML and 135 in IL were upregulated upon flowering. GO enrichment of ML genes 

downregulated upon flowering included organic acid metabolism and nitrogen 

compound metabolism (Figure 2.2). GO terms enriched within upregulated ML genes 

include oxidation/reduction status, hexosyl-transferase activity, and trehalose 

metabolism. Of 20 trehalose metabolism genes expressed in leaves (Henry et al. 2014), 

seven were differentially expressed in ML. TREHALOSE-6-PHOSPHATE SYNTHASE1 

(TRPS1), which synthesizes T6P, and TREHALOSE-6-PHOSPHATE PHOSPHATASE1 

(TRPP1), which degrades T6P, were increased and decreased, respectively, in WT ML. 

Related to this finding, a SNF-RELATED KINASE1 (SnRK1) regulatory β subunit gene 

showed decreased expression in id1 IL tissues. Alterations in SnRK1 and T6P 

regulation are consistent with perturbed carbon partitioning in id1 tissues (Coneva et al. 

2007, 2012; Wong and Colasanti 2007). In IL samples, only two GO terms were 

enriched: glycosyl hydrolase activity and iron ion binding, which were up and down 
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regulated, respectively. In agreement with a previous microarray study, a severe 

reduction in transcript abundance of DHURRINASE-like β-GLYCOSIDASES were 

observed in id1 IL. Three GLYCOSYL-HYDROLASE FAMILY 16 (GH16) genes and a 

GLYCOSYL-TRANSFERASE FAMILY 14 (GT14) gene are involved in hemicellulose 

remodeling showed altered expression in IL. Transcriptome profiling of B73 flowering vs 

non-flowering leaves suggest changes in T6P metabolism, SNRK1 regulation, and 

hemicellulose metabolism. This is consistent with previously observed alterations in leaf 

carbon utilization and carbon signalling upon disruption of ID1 mediated autonomous 

induction (Coneva et al. 2012). 

The list of candidate flowering time genes was compared to the differentially 

expressed genes (Figure 2.2b; Table 2.2). Unlike teosinte, where six ZCN genes 

responded to floral induction, only ZCN26 was differentially expressed in the B73 ML 

transcriptome profile. Contrary to a florigenic signal, ZCN26 expression was down 

regulated upon flowering. Expression analysis at the ZCN8 locus is complex due to the 

paralog ZCN7 (94.3% amino acid identity) and previously detected sense and anti-

sense unspliced transcripts (Meng et al. 2011; Mascheretti et al. 2013, 2015). 

Therefore, strand specific reads were remapped and quantified for either ZCN7 or 

ZCN8 spliced transcripts and ZCN7 or ZCN8 unspliced transcripts (Figure S2). ZCN8 

expression was reduced in B73 id1 ML, as previously reported (Meng et al. 2011; 

Mascheretti et al. 2013, 2015). This confirmed ZCN7 and ZCN8 expression from B73 

Id1+ ML was lower than in teosinte SD ML, consistent with observed differences in the 

teosinte transcriptome profile.  

Transcription factor genes significantly altered included the floral regulator 

MADS1, (a SOC1 ortholog) that was down regulated in ML upon flowering. Additionally, 

MADS67 was expressed higher in WT IL. Unexpectedly, although plants were grown 

under identical photoperiods, significant expression changes of circadian clock 

associated genes were observed (Table 2.2). These clock genes were different from the 

ones affected by floral induction in teosinte. Nine CCT-like genes showed altered 

expression in florally-induced plants. Six of these, including putative maize CONSTANS  
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Table 2.2 Genes of interest differentially expressed in vegetative/reproductive (id1 vs WT) 
immature (IL) and mature (ML) B73 leaves. Log2 fold change is reported, such that negative values 
represent an increase in reproductive plants. Transcripts in common with teosinte 
vegetative/reproductive plants are shown with bold and italics fold change values representing 
congruent and opposite expression changes respectively. 
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ortholog, CONZ1, had increased transcript levels in WT ML and two CCT-like genes 

and a homolog of the Arabidopsis clock gene LUX had decreased levels. Expression of 

one CCT-like gene increased in WT IL. Other genes linked to the circadian clock with 

altered expression include ELF3-like, ELF4, and a PIF3 homolog. Like teosinte, ZmCCT 

genes showed no expression change. Expression of several genes was confirmed by 

qPCR (Figure S3). Genes differentially expressed upon floral induction were compared 

to putative domestication and improvement targets (Table S3). Differentially expressed 

IL genes (p=0.58 domestication, p=0.88 improvement; χ2 goodness of fit) and ML genes 

(p=0.43 domestication, p=0.08 improvement; χ2 goodness of fit) showed no enrichment 

in putative selection targets. mRNA transcriptome changes associated with disruption of 

autonomous floral induction point to changes in circadian clock genes distinct from 

those observed in photoperiod induction.  

To predict possible direct ID1 direct targets, sequences homologous to the 

consensus binding motif, TTTGTCSYWWT (IUPAC nucleotide code), were identified 

near differentially expressed genes (Table S5) (Kozaki et al., 2004). ID1 may directly 

bind and change the epigenetic state of genes in the IL to modulate later gene 

expression in ML (Mascheretti et al., 2015). Therefore, a motif search was conducted 

≤2kb upstream of genes differentially expressed in both tissues (Table S5). Several 

genes of interest contained putative binding sites near their promoters (Table 2). For IL 

genes, these included carbon metabolism genes such as a DHURRINASE-like, two 

GH16 genes, a CCT-like gene and MADS67. For putative targets in ML genes, sites 

were found upstream of CONZ1, two other CCT-like genes, an ELF3-like gene, MADS1, 

and TRPS1. Thus, carbohydrate utilization and clock output genes may be components 

of the autonomous pathway directly controlled by ID1.  

2.3.4 Photoperiod dependent teosinte and autonomously flowering maize share 
leaf transcriptional changes in response to flowering 

To examine universal changes accompanying the floral transition, transcripts 

altered in each group of florally-induced vs uninduced tissue were compared (Figure 

2.3a). No genes were found to be differentially expressed in all treatment combinations.  
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Figure 2.3 Comparison of immature leaf (IL) and mature leaf (ML) transcriptomes from induced 
and uninduced teosinte and B73. (A) Venn diagram displaying the number of transcripts 
differentially expressed in both reproductive/vegetative B73 (WT vs id1) and teosinte (short-days 
vs night-break). Principle component analysis (PCA) of B73 (Blue) and teosinte (green) mRNA 
mature leaf (ML; light shades) and immature leaf (IL; dark shades) transcriptomes in three (B) and 
two (C) dimensions, capturing 86.3% and 78.4% of the variance respectively. Reproductive 
treatments are depicted as triangles, and vegetative treatments as circles.  
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In ML, 219 annotated transcripts were differentially expressed in teosinte and B73, 

which is more than expected due to chance (p< 2.2E-16; χ2 goodness of fit). Of these, 

141 transcripts show the same direction of change in reproductive vs vegetative tissues. 

Some transcripts in common in ML include ZCN26, AP2-EREBP172, WRKY93, Ca2+ 

sensitive genes and two uncharacterized zinc finger genes. Of possible floral regulation 

genes, only ZCN26 was commonly expressed in induced ML. In IL, 22 transcripts were 

differentially expressed in both teosinte and B73, which is greater than expected due to 

chance (p< 2.2E-16; χ2 goodness of fit). Eleven transcripts showed common expression 

changes upon induction. These included MADS67 and a homolog of Arabidopsis 

PROTODERMAL FACTOR1 (PDF1). The four aforementioned GH16/GT14 

hemicellulose remodeling genes were differentially expressed in both teosinte and 

maize IL, comprising 18% of the overlap in this tissue. These genes are a part of the 

GO term ‘hydrolase activity, acting on glycosyl bonds,’ which is upregulated in both 

teosinte and B73 IL datasets. In ML, the predominate common GO term is 

oxidative/reductive status, suggesting that large scale leaf redox changes accompany 

the floral transition in domesticated maize and wild teosinte. These commonly regulated 

genes, however, include few of the canonical floral regulators differentially expressed in 

teosinte or B73 leaves. Even so, the comparison of gene expression in florally-induced 

vs uninduced teosinte and B73 leaves unveiled a significant overlap in the 

transcriptional response to the floral transition.  

Principle component analysis (PCA) of all samples showed that, when three 

principle components are used, the groups separate into four clusters that correspond 

to each genotype/tissue combination (Figure 2.3b). For two components, however, the 

teosinte IL and B73 IL transcriptomes cluster together (Figure 2.3c), illustrating that 

differences between teosinte and B73 transcriptomes is greater in ML than IL. No 

clustering is observed between reproductive or vegetative groups, showing that fewer 

transcriptional changes accompany the floral transition than those related to genotype 

and tissue. This is consistent with the relatively few transcripts (102-103) altered by 

induction in both genotypes.  
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2.3.5 Floral induction affects miR399 expression in both teosinte and B73 leaves 

sRNA sequencing performed in tandem with mRNA sequencing revealed 

changes in sRNA species that may regulate genes controlling the floral transition in SD 

vs NB teosinte and WT vs id1 leaves. Ten million 50bp single end reads per sample 

were generated for each genotype and tissue. This analysis detected 119,269 clusters 

producing unique sRNA from the B73 datasets and 469,533 clusters sRNA in teosinte 

(Table S7; Table S8; Table S9). Annotated maize miRNA sequences were used to 

quantify miRNA expression levels (TableS7; TableS10). The only miRNAs with 

significant levels in id1 leaves were miR399c and miR399e in ML and IL, respectively. 

These miR399 isoforms were more abundant in non-flowering tissue than WT (Table 

S7). In support of its established role in modulating gene expression, the previously 

confirmed in vivo target of miR399, GRMZM2G381709 (Lunardon et al. 2016), an 

Arabidopsis PHOSPHATE2 (PHO2) ortholog (hereafter ZmPHO2), had decreased 

mRNA abundance in id1 B73 IL and ML tissues (Table S4). This was confirmed by 

qPCR (Figure 2.4). Teosinte also had differentially expressed miR399 genes with 

increased accumulation in uninduced NB tissue. Differentially expressed miR399 

isoforms included miR399c, miR399b and miR399f in ML and miR399h in IL. Stem-loop 

qPCR confirmed the differential expression of these miR399 isoforms expression in 

flowering and non-flowering tissues (Figure 2.4). miR156, a known repressor of the 

reproductive transition, was among the differentially expressed annotated miRNAs in 

teosinte ML and IL (Table S10) (Wu and Poethig 2006; Wu et al. 2009). Isoforms 

miR156e, miR156i and miR156l had increased expression in teosinte NB IL. Stem-loop 

qPCR also demonstrated a small, but significant increase of miR156 in id1 issues 

(Figure 2.4c).  
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Figure 2.4 qPCR confirmation of miRNA and miRNA-target-gene expression changes upon floral 
induction. (A) Stem-loop qPCR quantification of miR399 isoforms and its target ZmPHO2 from 
immature (IL) and mature (ML) leaves of maize B73 WT and id1 plants. (B) Stem-loop qPCR 
quantification of miR399 isoforms in teosinte plants grown under inductive short days (SD) and 
inhibitory night breaks (NB). (C) Stem-loop qPCR quantification of miR156 expression in IL and 
ML from B73 WT and id1 plants. The primers used are not specific for a unique miRNA isoform, 
and group of isoforms detected is reported. These graphs are representative of data obtained for 
one of the three biological replicates analyzed. Asterisk indicates statistically significant change 
(p ≤ 0.05) when it was achieved across biological replicates 
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2.4 Discussion 

2.4.1 Teosinte and B73 leaf mRNA transcriptomes reveal responses to the floral 
transition by parallel pathways 

During the domestication of temperate maize, autonomous floral inductive 

signals superseded the obligate photoperiod signals required by tropical ancestor, 

teosinte. Here, leaf expression profiles of maize and teosinte at the floral transition were 

analyzed to investigate central components of floral inductive pathways in Z. mays. 

These analyses revealed little overlap in the expression changes of many distinct floral 

regulators in teosinte and B73. This supports the hypothesis that teosinte possesses 

elements of an autonomous inductive pathway that act separately in the leaf, but are 

repressed under LDs. In this model, two events occurred during domestication: first, 

loss of dominant floral repressors, including ZmCCT, that allowed flowering without SD 

induction and, second, potentiation of an extant autonomous inductive pathway (Yang 

et al. 2013). This is consistent with other models proposed in recent studies (Dong et al. 

2012; Romero Navarro et al. 2017). In both teosinte and B73 temperate maize, for both 

tissues sampled, only one candidate floral regulator, ZCN26, shows the same 

expression profile in teosinte and B73 tissues. Other transcripts showing conserved 

expression changes are involved in the response to floral induction, and may contribute 

to physiological responses that prepare the plant for reproductive growth.  

2.4.2 Expression of shared and distinct ZCN and MADS transcription factor 
genes is linked to photoperiodic and autonomous floral induction 

In teosinte, the ZCN8 gene shows dramatic induction in leaves of SD grown 

plants, analogous to expression changes in florigen genes of photoperiod responsive 

rice and Arabidopsis (Lazakis et al. 2011; Meng et al. 2011). Similarly, leaf expression 

of ZCN7, ZCN12 and ZCN15 increases under inductive conditions in teosinte, 

demonstrating that these FT homologs also possess photoperiod sensitivity. The ZCN7 

sequence and expression pattern is nearly identical to ZCN8, and ZCN15 is associated 

with floral timing in landrace populations (Romero Navarro et al. 2017). However, 
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whether any of these uncharacterized ZCN genes are bona fide florigens requires 

further study. 

In contrast, ZCN8 expression in leaves of B73 temperate maize grown under LD 

conditions showed more attenuated expression at the floral transition. Previous studies 

showed that ZCN8 expression levels are 3 to 4 fold higher in SD vs LD grown B73; 

however, this is relatively modest compared to the enormous upregulation of ZCN8 in 

SD vs NB teosinte (Lazakis et al. 2011). Moreover ZCN8 expression does not cycle in a 

diurnal pattern under LDs (Lazakis et al. 2011; Meng et al. 2011). ZCN8 shows a slight 

increase in expression in WT vs id1 ML, downplaying its importance in the floral delay 

caused by id1. Transgenic overexpression or knock down of ZCN8 causes minor 

variations in flowering time (1-4 leaves), whereas loss of id1 causes an extreme 

flowering delay (Colasanti et al. 1998; Meng et al. 2011). If id1 acts by activating ZCN8 

exclusively, loss of ZCN8 expression should produce a comparable extreme flowering 

delay. These findings suggest that temperate maize retains a residual photoperiod 

response; however, ZCN8 is not a major component of the autonomous pathway.  

ZCN26 had an altered response at the floral transition in leaves of both teosinte 

and maize. ZCN26 expression is down-regulated in ML in both cases, which is not 

indicative of florigen activity. Indeed, reduced ZCN26 expression in ML is consistent 

with anti-florigen activity (Pin et al. 2010; Higuchi et al. 2013). However, overexpression 

of ZCN26 in transgenic maize was reported to have no effect on the floral transition 

(Meng et al. 2011). Therefore, it will be interesting to determine the role played by 

ZCN26 in leaves that accompanies flowering, but does not directly trigger the 

reproductive transition at the SAM.  

MADS genes encode transcription factors that include members associated with 

flowering in diverse species (Mandel et al. 1992; Danilevskaya et al. 2008b). MADS67 is 

upregulated in IL of both teosinte and maize at the floral transition. MADS67 has not 

been previously implicated in triggering reproductive growth, but there is evidence of 

selection during domestication and subsequent improvement of maize cultivars, 
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indicating a possible role of agronomic importance (Hufford et al. 2012). Paralogous 

genes MADS1 and ZAG6 were significantly downregulated at the floral transition in ML 

of B73 and teosinte, respectively. MADS1 has an ID1 DNA binding motif upstream of its 

TSS, perhaps indicating MADS1 is a component of the autonomous pathway. A recent 

study identified MADS1 as a SOC1 ortholog that, when expressed in transgenic maize, 

altered flowering time in a bimodal fashion; i.e., low expression caused delayed 

flowering, but large increases resulted in early flowering by up to two weeks (Alter et al. 

2016). Consistent with these studies, MADS1 showed a small expression increase in 

id1 ML. ZAG6 displayed expression changes in the same direction as MADS1 with a 

similar fold-change in teosinte ML under non-inductive NB conditions, suggesting that 

these paralogs have divergent functions, with both contributing to flowering but along 

different pathways. A maize whole genome duplication event occurred between 5 and 

12 million years ago (Blanc and Wolfe 2004; Swigoňová et al. 2004). Duplication of a 

SOC1 precursor may have allowed for subfunctionalization of descendent genes into 

different floral inductive pathways, one of which was required for temperate growth 

habits.  

2.4.3 miR399 is down regulated at the floral transition in teosinte and maize 

Expression of miR399 isoforms are higher in pre-transition leaves of both 

teosinte and B73. miR399 targets ZmPHO2, which is implicated in regulating root 

phosphorus acquisition (Lunardon et al. 2016). A GWAS of flowering in maize landraces 

reported that ZmPHO2 is associated with the timing of male and female flowering, 

strengthening the argument for a role of miR399 and ZmPHO2 in maize reproduction 

(Romero Navarro et al. 2017). Phosphate deficiency is accompanied by increases in 

soluble sugars and increased sugar concentrations subsequently induce phosphate 

starvation responses (Ciereszko et al. 2005; Karthikeyan et al. 2007; Dasgupta et al. 

2014). Curiously, plants starved of phosphate and photosynthate do not accumulate 

miR399; thus, sugar levels supersede the miR399 expression response to phosphate 

(Liu et al. 2010). Therefore, miR399 levels may respond to altered abundance of leaf 

soluble sugars rather than phosphorus limitation. As previous studies have focused on 
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root metabolism, the detection miR399 expression differences in leaves upon floral 

induction may point to an undiscovered role for miR399 in leaves (Fujii et al. 2005; Pant 

et al. 2008).  

2.4.4 Disruption of ID1 mediated autonomous floral induction supports a link 
between leaf carbon metabolism and flowering in temperate maize 

Previous microarray and metabolomic studies suggest that id1 regulates a critical 

node that links leaf carbon status with long-distance signals that trigger the floral 

transition (Coneva et al. 2007, 2012; Wong and Colasanti 2007). The present analysis 

supports these findings and provides new candidates downstream of id1. These include 

carbon metabolism and potential floral regulator genes with ID1 DNA binding motifs in 

their putative promoters. Population genetic studies have uncovered loci showing signs 

of selection during domestication and improvement through classical breeding, but 

whether any of these loci were instrumental in transforming the reproductive timing 

mechanism is unknown. The GH16, MADS67 and TRPP1 genes are differentially 

expressed in both induced teosinte and maize, and show signs of historical selection 

(Hufford et al. 2012). Analysis of these genes may reveal additional molecular changes 

that facilitated the spread of maize to temperate regions. 

T6P is a critical sensor of carbon availability that tunes growth and carbon 

utilization to sucrose availability (Figueroa and Lunn 2016). In WT ML, expression of the 

T6P biosynthesis gene, TRPS1, increased and expression of a gene involved in T6P 

catabolism, TRPP1, decreased. TRPS1 is a possible target of ID1 because it has a 

consensus ID1 binding motif in its putative promoter. GO term enrichment for 

upregulated transcripts in WT ML also supports changes in T6P metabolism. This 

agrees with a previous metabolomic study that suggested increased T6P levels in B73 

leaves at the floral transition (Coneva et al. 2012). T6P levels are correlated with 

sucrose (Yadav et al., 2014), yet id1 ML have higher sucrose levels and signatures of 

lower T6P, suggesting that id1 affects both carbon sensing and partitioning. Consistent 

with changes in carbon metabolism, a SnRK1 β subunit is down regulated in id1 mutant 

IL. SnRK1 activity is correlated positively with low cellular energy status and negatively 



 

 

52 

 

correlated with T6P levels (Bouly et al. 1999; Polge et al. 2008; Zhang et al. 2009). 

Developing ILs are major carbon sinks in both vegetative and reproductive shoots. 

Higher SnRK1 activity in induced IL may lower energy utilization in maturing leaves, 

reducing leaf sink activity at a time when reproductive sinks are growing in strength. 

Carbohydrate sensing has a demonstrable effect on the floral transition in other plants 

(Corbesier et al., 1998; Moore et al., 2003; Wahl et al., 2013). Perception of sugar levels 

and subsequent id1 signalling would ensure that flowering occurs when energy levels 

are sufficient to support reproduction. In Arabidopsis, carbon signalling through T6P 

acts independently of photoperiod and miR156 to control flowering (Wahl et al. 2013). 

Interesting parallels are seen with id1 mutants, as loss of ID1 activity represses SD 

induced florigen production and shows little change in miR156 expression (Lazakis et 

al. 2011; Meng et al. 2011; Mascheretti et al. 2015). This implies that autonomous 

carbohydrate signalling may be similarly retained across the monocot-dicot divide.  

2.4.5 Developing leaves of Z. mays show altered expression of hemicellulose 
metabolism genes at the floral transition 

Of the 22 genes showing altered expression at the floral transition in both B73 

and teosinte IL, four are predicted to remodel hemicellulose. Given heightened levels of 

carbohydrates in id1 mutant leaves, these remodeling genes may be involved in carbon 

metabolism. Hemicellulose is a major sink which, in some plants, is broken down for 

carbon remobilization (Hoch 2007; Lee et al. 2007). Expanding maize leaves rapidly 

turn over select polymers during cell wall loosening (Gibeaut and Carpita 1991). 

Aberrant polymer remodeling could limit carbon recycling during cell wall development, 

‘locking’ carbon in the wall and preventing remobilization. Alternatively, changes in the 

maize apoplast may perturb IL function. Homologous cell wall remodeling genes in 

Arabidopsis are involved in phloem development (Bourquin et al. 2002). Maize IL rely 

exclusively on apoplastic export of sugar from ML via the phloem to support growth 

(Evert and Russin 1993). Altering the cell walls of symplastically isolated phloem would 

have severe consequences for export of sugars and information molecules, including 

florigen (Colasanti and Sundaresan 2000). A connection between walls and flowering 
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has been described in maize and sorghum. Maize brown midrib (bm) mutants display 

both altered leaf lignin content and altered flowering time (Vermerris and Mcintyre 1999; 

Vermerris et al. 2002). The mechanism underlying bm mediated effects on flowering is 

unknown, but could involve events in the IL. Mechanistic studies of monocot cell wall 

remodeling may unveil important physiological changes that accompany the floral 

transition. 

2.4.6 Photoperiodic and autonomous floral induction alter expression of distinct 
genes linked to the circadian clock  

Transcriptional changes in clock genes accompany the perception of inductive 

photoperiods and the transition to reproductive growth. Established photoperiodic 

models involve output from the circadian clock that triggers the expression of florigen 

(Tiwari et al., 2010; Dong et al., 2012; Hung et al., 2012; Romero Navarro et al., 2017). 

Photoperiod sensitive maize, such as teosinte, are induced to flower by long nights. 

Night-break treatment disrupts the inductive dark period yet does not affect the day 

length. Expression of components of the maize circadian clock, including CCA1, ELF3-

like, PIF3 and CCT-like genes, change in response to SD induction. Several clock 

genes have been identified in previous studies of the genetic control of maize flowering 

time (Buckler et al. 2009; Coles et al. 2010; Hung et al. 2012; Yang et al. 2013; Li et al. 

2016). Other clock components show no expression changes upon photoperiodic floral 

induction, suggesting that they are entrained to other stimuli. ZmCCT represses maize 

flowering under LDs and has been implicated in floral adaptation to temperate climates 

(Hung et al. 2012; Yang et al. 2013). This study finds that ZmCCT levels are unchanged 

under NB conditions in leaves, suggesting that ZmCCT expression is affected by day 

length, rather than night length, and that other repressors act upon flowering under NB 

treatment. The observed expression changes in ZCN genes upon exposure to SD 

supports a role for circadian clock output in triggering florigen expression. 

Interestingly, many circadian clock output genes show altered expression in the 

WT vs id1 comparison, including CONZ1, eight CCT-like genes and an ELF3-like gene. 

Moreover, these clock associated genes are different from those that are altered by 
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photoperiod induction in teosinte. This was unexpected, as WT and id1 plants were 

grown under identical photoperiods. Part of the circadian rhythm is entrained to daily 

changes in sugars due to photosynthesis rather than the perception of light though 

photoreceptors (Haydon et al. 2013; Pattanayak et al. 2015). In maize, sucrose and 

hexoses cycle diurnally (Kalt-torres et al. 1986). Consistent with altered carbon 

metabolism throughout the light/dark cycle, we propose that the cyclical sugar cycle, or 

‘sugar clock’, is altered by loss of id1 function (Figure 2.5). Changes in sucrose levels 

over the day accompany the late flowering id1 phenotype and, although a sugar cycle 

corresponding to the light/dark period persists, the magnitude of changes are 

significantly altered (Coneva et al. 2012). In this model, the magnitude of fluctuating 

photosynthate levels increases as plants grow, regardless of day length. Carbon 

sensors, including T6P, signal when a critical threshold is attained, relaying this 

information to ID1. ID1 acts as a key integrator that modulates the output from the 

‘sugar clock’, such as CCT-like gene expression, to promote florigen production (Figure 

2.5). The nature of these autonomous florigens, whether ZCN-related genes, 

metabolites, or a multifactorial signal, remains to be determined. Notably, SD vs NB 

treatments do not alter leaf sucrose and starch levels in teosinte leaves (Coneva et al. 

2012). Hence, gene expression changes observed in teosinte at the floral transition are 

in response to photoperiod and not altered sucrose levels. Distinct outputs from parallel 

internal oscillators may contribute to flowering by photoperiod or autonomous signalling. 

   

2.4.7 Conclusions 

Transcriptome comparison of flowering pathways in obligate photoperiod 

dependent teosinte and day-neutral autonomous temperate maize suggests that these 

two pathways operate through distinct leaf gene networks. Therefore, potentiation of the 

autonomous pathway combined with loss of LD floral repression accommodated the 

northward migration of maize. Intriguing shared responses were observed at the floral 

transition in teosinte and maize. Conserved miR399 down regulation in leaves upon 
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flowering alludes to novel roles for miR399 and ZmPHO2 beyond controlling phosphate 

uptake. Transcriptional regulators show conserved expression alterations in both  
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Figure 2.5 Parallel clocks in maize leaf regulate autonomous and photoperiod pathways that 
converge at the shoot apical meristem (SAM) to cause flowering. Diurnal cycles of light and dark 
(top) are perceived by photoreceptors to entrain the circadian clock and induce flowering under 
short day (SD) photoperiods (blue box, right). Similarly, in growing plants, daily fluctuations of 
fixed carbon levels (starch and Suc) attain a critical threshold and feed into a proposed “sugar 
clock” to activate autonomous induction (red box, left). Output from each clock affects expression 
of distinct CCT-like genes that produce florigens, such as the ZCN genes. For autonomous 
flowering, ID1 modulates input from carbon sensors to signal expression of CCT-like regulators 
and other possible florigens (indicated by “?”). Cross talk between clocks integrates 
environmental and endogenous signals to balance plant growth and determine the relative 
contribution of each flowering pathway (illustrated by red and blue triangle graphic, lower left). 
Genes found to have altered expression in this study are shown in purple; key genes implicated in 
flowering from other studies are shown in grey. Dotted lines indicate movement of florigens from 
leaves. Green boxed area represents activity in leaf. 
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temperate maize and teosinte. These include MADS67, a gene previously identified as 

a target of maize domestication and improvement. Further, paralogs MADS1 and ZAG6 

likely underwent subfunctionalization after prehistoric polyploidization, resulting in their 

involvement in the autonomous and photoperiodic pathways, respectively. Unique 

components of the circadian clock show mutually exclusive expression trends upon 

disruption of autonomous or photoperiodic pathways, suggesting that distinct 

components of the clock influence flowering via each pathway. This study illuminates 

genetic changes underpinning the evolution of temperate maize and provides new 

targets for single gene studies that will provide improved mechanistic understanding of 

the floral transition.  

2.5 Materials and Methods 

2.5.1 Plant materials and growth conditions 

Maize and teosinte plants were grown as described previously (Mascheretti et 

al., 2015) (Figure 1). Z. mays spp. parviglumis plants were grown under non-inductive 

long day (LD) conditions (14/10; light/dark) and then induced to flower by exposure to 

short-day (SD) conditions (10 light/14 dark) or flowering was inhibited by a one hour 

night-break (NB) treatment in the middle of the dark period. The id1-m1 allele was 

backcrossed eleven times into Z. mays spp. mays inbred B73 and segregating flowering 

Id1+ (WT) and non-flowering plants (id1-m1) at the V7 stage were genotyped and used 

for RNA isolation as previously described (Wong and Colasanti, 2007). Temperate 

maize plants were grown under long day photoperiods (14h day/10 h night).  

2.5.2 mRNA profiling and binding site prediction 

Total RNA was extracted from three replicates of frozen tissues using the 

MirVana kit (Ambion) following manufacturer’s instructions. 10 µg samples of total RNA 

were treated with 3 units of TURBO DNAse (Ambion) for 1 hour at room temperature 

(RT) in a final volume of 50 µl, followed by purification with RNA Clean and 

Concentration-5 column (Zymo Research). RNA quality and concentration was 

estimated by agarose gel electrophoresis and spectrophotometer. Libraries for next 
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generation Illumina system directional sequencing of total RNA were prepared with 

TruSeq Stranded Total RNA with Ribo-Zero Plant kit (Illumina). Sequencing of 24 total 

RNA-Seq (4 sample types, each with three biological replicates) was performed at the 

Istituto di Genomica Applicata (Udine, Italy) on an Illumina Hiseq2500 platform. RNA-

seq paired-end 2x100 bp sequences, producing about 20 million paired reads/sample, 

achieved a total of approximately 60 million 2X100bp paired-end reads for each sample 

type (BioProject accession number PRJNA439244). FastQC was used to ensure reads 

were of appropriate quality (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 

Differential gene expression was analyzed using the Tuxedo software suite (Bowtie2 

v2.1.0; TopHat v2.0.11; cufflinks v2.2.1) and aligned against the B73 reference genome 

(V3.22) (Li et al. 2009; Schnable et al. 2009; Trapnell et al. 2012; Langmead and 

Salzberg 2013). One B73 id1 immature leaf biological replicate produced low read 

alignment rates (27.85%) and was excluded from analysis. To quantify expression from 

the ZCN7 and ZCN8 loci, strand specific reads were remapped using Bowtie2 

independently for both the ZCN7 and ZCN8 coding sequence and for the unspliced 

sense and antisense transcripts. A reference gene (GRMZM2G161285) with stable 

FPKM values with very low variance (6.94±0.24) was selected and used to standardize 

reads across all libraries. Reads were called to either ZCN7 or ZCN8 based on MapQ 

values. Reads that mapped completely to exons where excluded in 

the ZCN7 and ZCN8 unspliced sense reads. All Gene Ontology (GO) enrichment was 

conducted using AgriGO (V5a) (Du et al. 2010). Venn diagrams were generated through 

Bioinformatics & Evolutionary Genomics 

(http://bioinformatics.psb.ugent.be/webtools/Venn/). Principle component analysis 

(PCA) was conducted through SPSS using transcripts within the 10th highest percentile 

of variance across all samples. Sequences upstream (≤2kb) to genes that were 

differentially expressed in Id1+ vs id1-m1 leaves were used for in silico motif discovery 

using the Find Individual Motif Occurrences (FIMO) tool and degenerate motif 

TTTGTCSYWWT (IUPAC nucleotide code) (Grant et al. 2011).  
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2.5.3 sRNA profiling  

For sRNA-seq, total RNA was prepared and purified as described above and 

used as template for sRNA libraries prepared with the TruSeq small RNA kit (Illumina). 

Sequencing of the 24 sRNA-seq libraries (4 sample types, each with three biological 

replicates) was performed on an Illumina Hiseq2500 platform. sRNA-seq single-end 

1X50bp reads sequencing, producing about 10 million reads/sample was done, thus 

obtaining a total of approximately 30 million 1 X 50 bp single-end reads for each sample 

type. Shortstack (V3.4) aligned sRNA reads to the B73 reference genome (V3.22) and 

created sRNA counts within sRNA clusters based upon physical position (default 

settings) (Axtell 2013a). These clusters were compared to annotated Z. mays microRNA 

loci (miRBase) to quantify miRNA expression (Kozomara and Griffiths-Jones 2014). The 

R package ‘baySeq’ was used with the counts produced by Shortstack to determine 

differential sRNA cluster expression (Hardcastle and Kelly 2010).  

2.5.4 mRNA and miRNA qPCR  

Confirmation of expression trends were conducted on mRNA and miRNA using 

qPCR and stem-loop qPCR, respectively. The qPCR and statistical analysis of data was 

performed as described previously (Mascheretti et al., 2015). Preparation of cDNA and 

stem-loop qPCR was performed as previously reported using the universal UPL28 

probe (Roche) (Varkonyi-Gasic et al. 2007). Expression was normalized to miR166 for 

miRNA quantification and both MEP and UBPC for mRNA quantification. Primers 

employed for qPCR and stem-loop qPCR are reported in Table S11 and Table S12. 
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The work in this chapter is in preparation to be published, with the following authors 
contributing: Mark A. A. Minow, Luis M. Ávila, Lewis Lukens, Vincenzo Rossi and 
Joseph Colasanti. MAAM contributed to planning and conducting experiments, all 
bioinformatic analysis, and writing the manuscript. All supplemental figures and tables 
referenced in this chapter are available in appendix 1. Supplemental data is available at 
request. 

3 Patterns of stability and change: a case study of Zea 
mays small RNA transcriptomes in RILs and NILs 

3.1 Abstract: 

Small RNA (sRNA) play important roles in epigenetic regulation of genes and 

transposons in eukaryotes. Diverse sRNA expression patterns exist within a species, 

but how this diversity arises is not well understood. To provide a window into the 

dynamics of maize sRNA patterning, sRNA and mRNA transcriptomes of Zea mays 

recombinant inbred lines (RILs) and near isogenic lines (NILs) were examined. Analysis 

of two RILs revealed that most clusters of sRNA expression retain the parental sRNA 

expression level. However, expression states that differ from the parents were also 

observed. These RIL non-parental expression levels often resembled the expression 

state found at the same locus in the other parent. Additionally, despite being more 

genetically different than similar, the RILs exhibited a preponderance of similarities in 

non-parental sRNA expression levels. In a parallel analysis, measurements of NIL 

sRNA transcriptomes support the notion that sRNA expression patterns were altered 

during the introgression process. Specifically, 24nt sRNA expression was lower over the 

introgressed region than the homologous region derived from the recurrent parent. This 

reduction in sRNA expression across the introgression may be related to the breeding 

history and the proportion of DNA retained from the NIL parents. These findings provide 
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insights into how patterns of sRNA silencing evolve during the creation of RILs and NILs 

in maize and other plants. 

3.2 Introduction: 

Intraspecies genetic diversity modulates plant phenotype and fuels natural and 

human selection to optimize plant growth. Classical genetic experiments and breeding 

practices use crosses between diverse parents to dissect the constituents behind 

differing phenotypes. One of these tools is recombinant inbred lines (RILs) (Bailey 

1971), which are created by crossing two divergent inbred parents to produce 

recombinant chromosomes containing both parental genomes. Progeny are selfed for 

generations to re-establish genomic homozygosity at all loci from one parent or the 

other such that the resulting RILs are comprised of varying combinations of components 

from each parental genome. Combining DNA mapping with phenotypic analysis can 

reveal loci that control specific traits for RIL populations. Once loci of interest are 

identified they can be integrated into a desired background to create near isogenic lines 

(NILs) (Snell 1948). To further characterize an allele, a donor parent carrying an allele 

of interest is crossed with a parent of the desired background and progeny are 

recurrently backcrossed to the wanted germplasm while selecting for the target locus. 

This introgression process eliminates the donor parent genome, except for the DNA 

linked to the target allele. The process of bringing together distantly related genomes for 

the creation of RILs and NILs may alter the epigenetic diversity of the resulting progeny. 

How epigenetic differences are affected after being crossed together is poorly 

understood. Recent evidence, however, suggests that small RNA (sRNA) play a major 
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role in how divergent epigenomes interact (Ha et al. 2009; He et al. 2010; Groszmann et 

al. 2011; Barber et al. 2012; Li et al. 2015; Rigal et al. 2016; Seifert et al. 2018). 

Plant sRNA can repress complementary loci in cis and in trans through 

transcriptional gene silencing (TGS) or post-transcriptional gene silencing (PTGS), 

which is mediated by 24 nucleotide (nt) and 21-22nt sRNA, respectively (Reviewed in 

Borges and Martienssen, 2015). Recent studies have investigated the molecular 

mechanism behind changes in plant sRNA expression patterns. For example, 

transcripts are often targeted for PTGS due to high rates of aberrant mRNA production 

or transcription of an inverted repeat (Axtell 2013b; Wroblewski et al. 2014). Recent 

studies demonstrated that recurrent PTGS at a locus can feed-forward into TGS (Marí-

Ordóñez et al. 2013; Nuthikattu et al. 2013; McCue et al. 2015; Fultz and Slotkin 

2017b). Stable TGS, which is established and maintained by RNA-directed DNA 

methylation (RdDM), potentiates a silenced epigenetic state that can be inherited across 

generations , even after loss of complementary sRNA expression (Lister et al. 2008; 

Blevins et al. 2014; Fultz and Slotkin 2017b). In some cases, heritable trans co-

suppression can occur between genes with partial homology (Matzke et al. 1994; 

Bender 2004; Sidorenko and Chandler 2008), and this co-suppression has been found 

to involve sRNA silencing (Hamilton and Baulcombe 1999). Notably, homology-based 

silencing is critical for transposable element (TE) repression (Slotkin et al. 2003, 2005; 

Perez-Hormaeche et al. 2008; Marí-Ordóñez et al. 2013; Creasey et al. 2014). 

Homology-based sRNA silencing may also occur between alleles. It has been 

suggested that sRNA expression at one allele can elicit sRNA expression at the 
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homologous allele (Greaves et al. 2012; Gouil and Baulcombe 2017). Indeed, sRNA 

can elicit a stable cycle of RdDM at homologous loci, in which 24nt sRNA is recurrently 

expressed (Cuerda-Gil and Slotkin 2016). In this way, past allelic interactions might 

have influenced sRNA expression, resulting in increased sRNA expression from one 

allele, such that is resembles the allele from the other parent.  

Most knowledge of how divergent sRNA transcriptomes and related epigenomes 

interact when combined comes from the study of F1 plants. F1 hybrids produce a sRNA 

transcriptome comprising the sum of sRNA diversity from both inbred parents and 

results in a sRNA population that is distinct from either parent. Moreover these hybrids 

show a propensity for decreased levels of 24nt sRNA expression (He et al. 2010; 

Groszmann et al. 2011; Kenan-Eichler et al. 2011; Barber et al. 2012). This reduction in 

24nt sRNA expression in hybrid sRNA transcriptomes may cause relaxation of TE 

silencing, as observed in the F1 plants (Josefsson et al. 2006; Kenan-Eichler et al. 

2011; Rigal et al. 2016; Edger et al. 2017). This F1 TE silencing relaxation correlates to 

increase the expression of genes proximal to TEs, potentially contributing to F1 vigor 

(heterosis) (Hollister and Gaut 2009; Hollister et al. 2011; Forestan et al. 2017). This 

“TE trade-off hypothesis” proposes that the risks of TE activation are counter-balanced 

by heightened plant vigor caused by increased transcriptional flux (Hollister and Gaut 

2009; Hollister et al. 2011; Forestan et al. 2017). The reduction of vigor in subsequent 

generations (F2 and beyond) coincides with a reduction in genetic and sRNA 

expression diversity due to increased genome homozygosity (inbreeding). Coincidental 

with this reduction in genome heterozygosity, TE surveillance, mediated in part by 
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sRNA expression during gametogenesis and embryogenesis, retighten TE silencing 

(Mosher et al. 2009; Slotkin et al. 2009; Calarco et al. 2012; Ibarra et al. 2012; Vu et al. 

2013).  

In this paper, comparison of sRNA expression in two RILs and their inbred 

parents reveals stability in sRNA patterns, as most sRNA patterns were unchanged 

from that of either DNA parent. However, differences in predominantly 24nt and 22nt 

sRNA expression were observed between an inherited haplotype and its parent. In both 

RILs, non-parental sRNA expression resembled the expression found at that locus in 

the other parent. A separate parallel comparison of sRNA expression in a B73 NIL 

segregating an introgressed haplotype revealed low 24nt sRNA expression and 

increased TE expression over the introgressed region. These findings of non-parental 

sRNA expression after the creation of RILs and NILs may provide insights into the 

processes that underly the evolution novel epigenetic states. 

3.3 Results: 

3.3.1 RIL sRNA profiles largely reflect those of their inbred parents but also 
reveal novel sRNA expression patterns 

A transcriptomics approach was used to examine how sRNA expression differed 

between two RILs and their inbred parents. sRNA and mRNA root expression data from 

maize inbred parents AC7643 and AC7729/TZSRW, (hereafter AC and ACTZ, 

respectively) and two derived RILs, RIL64 and RIL208, were retrieved from the 

Sequence Read Archive (Ribaut et al. 1996; Lu et al. 2010, 2011; Xu et al. 2017). 

Expression from physically linked clusters of sRNA (Table S1; Table S2) were 
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compared between each RIL and the two inbred parents (Table S3). Likewise, the 

inbred parents were compared to each other (Table S4). Across all genotypes 551,114 

sRNA producing clusters were detected, of which 255,957 mapped to annotated TEs. 

Between 5,573 and 9,327 sRNA clusters were differentially expressed in each of the 

four RIL-to-parent comparisons. These sRNA clusters produced sRNA of various sizes 

between 20-24nt with one size often more prevalent. Differentially expressed sRNA 

clusters were enriched for 24nt and 22nt predominant clusters compared to the global 

sRNA size distribution (Table S5). Previously generated RIL mRNA sequencing data 

was used to detect SNPs and map genomewide RIL DNA parentage. When sRNA 

expression differences between parents and RILs were overlaid upon chromosomal 

positions, regions of large sRNA expression differences were in regions where RIL and 

parent alleles differed (Figure 3.1; Figure S1). More than 75% of the RIL sRNA clusters 

differentially expressed between RILs and a parental line mapped to where the RILs 

and parental lines have different alleles. 

Over one-fifth of sRNA expression differences between RILs and parents 

occurred at chromosomal positions where RILs and parental lines shared alleles. We 

refer to these cases as instances of non-parental expression (Table S6). Non-parental 

expression constituted 21.9% (RIL64) and 22.5% (RIL208) of all sRNA expression 

differences. sRNA clusters exhibiting non-parental expression were enriched for 

clusters that produced predominantly 24nt and 22nt sized sRNA compared to the total 

population of sRNA clusters (Table S7).  
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Figure 3.1 Example of chromosome 1 analysis shows that most sRNA expression differences 
between a RIL and a parental inbred correspond to DNA inherited from the other parent. (A) 
Alleles (black dots) detected in RIL64 (left) and RIL208 (right) were inherited from either AC (green 
boxes) or ACTZ (blue boxes) across chromosome 1. Regions close to recombination points 
without markers were not assigned to a parent (white). (B) sRNA expression differences, either 
increases or decreases in expression, (expression differences/Mb) between AC (green and below 
the x axis) and ACTZ (blue and above the x axis) for RIL64 (left) and RIL208 (right) are shown 
alongside the mapping data for chromosome 1. Regions of frequent sRNA expression differences 
between RILs and one parent correspond to regions where the lines have different alleles. 
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In only ~1-2% of all cases of non-parental expression (0.015% of all detected 

sRNA clusters) did the RIL have an expression pattern significantly distinct from both 

parents (32 in RIL64 and 48 in RIL208) (Figure 3.2). Instead, most non-parental sRNA 

expression levels resembled (p≥0.05; t-test) the allele from the other parent. Of these 

non-parental sRNA clusters exhibiting ‘other-parental’ expression, most clusters had 

lower expression than the level found in the DNA parent (Figure 3.2). In both RILs, non-

parental sRNA expression from ACTZ DNA had a larger proportion of 22nt sRNA 

clusters down regulated than those derived from AC (Figure 3.2). Curiously, most 

(71.7% RIL64 and 72.6% RIL208) non-parental sRNA expression was similar in the 

RIL-to-RIL comparison. This similarity in non-parental sRNA expression contrasts with 

the genetic make-up of the RILs, as the RILs were more genetically different than 

similar. 

One explanation for the similarity in RIL sRNA non-parental expression involves 

epistasis; the inheritance of a few trans acting loci could drive similar non-parental 

sRNA expression. Alternatively, the sRNA clusters could be regulated independently 

from one another, and something else may cause the similarity in RIL sRNA non-

parental expression. If the sRNA clusters were indeed regulated independently, then the 

inheritance of different unlinked trans regulators should drive the non-parental sRNA 

expression differences between RILs. We tested this alternative hypothesis, by seeing if 

the genomic proportion of different DNA between RILs correspond to the proportion of 

non-parental sRNA expression different between RILs (Figure S2). The proportion of 

DNA different between RILs was consistent with the proportion of non-parental sRNA  
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Figure 3.2 RIL sRNA clusters exhibiting non-parental expression showed sRNA expression rarely 
significantly different to that found at the same sRNA cluster in the other parent. Only 1.3% of RIL 
non-parental sRNA expression represented truly novel sRNA patterns levels (inner circle; green) 
that were significantly different from both parents. The remaining sRNA clusters showed 
expression that resembled (p>0.05; t-test) the expression levels found in the other parent. These 
sRNA clusters exhibiting ‘other-parental’ expression were more often downregulated (inner circle; 
blue) than upregulated (inner circle; red) when compared to levels found in the DNA parent. Non-
parental sRNA patterns were composed of mostly 22 and 24nt sRNA. Predominant sRNA sizes are 
displayed independently (outer circle) for sRNA clusters showing novel, decreased or increased 
expression changes from parental levels.  
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clusters with different expression in each RIL (Figure S2D). This may suggest the sRNA 

clusters are regulated independently from one-another and that phenomena other than 

epistasis cause the similarity in RIL-to-RIL non-parental sRNA expression.  

One explanation for the similarity in RIL sRNA non-parental expression involves 

epistasis; the inheritance of a few trans acting loci could drive similar non-parental 

sRNA expression. Alternatively, the sRNA clusters could be regulated independently 

from one another, and something else may cause the similarity in RIL sRNA non-

parental expression. If the sRNA clusters were indeed regulated independently, then the 

inheritance of different unlinked trans regulators should drive the non-parental sRNA 

expression differences between RILs. We tested this alternative hypothesis, by seeing if 

the genomic proportion of different DNA between RILs correspond to the proportion of 

non-parental sRNA expression different between RILs (Figure S2). The proportion of 

DNA different between RILs was consistent with the proportion of non-parental sRNA 

clusters with different expression in each RIL (Figure S2D). This may suggest the sRNA 

clusters are regulated independently from one-another and that phenomena other than 

epistasis cause the similarity in RIL-to-RIL non-parental sRNA expression.  

sRNA mediated allelic interactions may elicit elevated non-parental sRNA 

expression (Greaves et al. 2012; Gouil and Baulcombe 2017). To look for any evidence 

of past allelic interactions triggering a non-parental increase in RIL sRNA expression, 

the sRNA clusters were filtered according to the following criteria: i) sRNA clusters that 

produced sRNA from both strands; ii) sRNA clusters that produced 24nt sRNA; iii) 

clusters that showed a non-parental increase in expression compared to the DNA 
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parent resulting in expression that was similar to the other parent and both RILs. 36 

sRNA loci within the AC haplotype and 36 sRNA loci within the ACTZ haplotype showed 

sRNA expression patterns meeting the above criteria (Figure 3.3, Table S8) The non-

parental increases in sRNA expression from these 72 clusters appears consistent with 

past allelic interactions triggering sRNA expression, although additional investigation is 

needed to confirm this possibility. 

3.3.2 Specific TE families were enriched in both the total and non-parental sRNA 
populations  

We sought to establish whether any specific TE families are enriched for RIL 

non-parental sRNA expression. If no TE families were enriched for non-parental sRNA 

expression, then the proportion of non-parental sRNA clusters corresponding to each 

TE family should be the same as that found in the entire sRNA transcriptome. First, the 

proportion of detected sRNA clusters derived from TE families were compared to the 

abundance of these families in the reference genome (Figure 3.4a; Table S9). Then, the 

representation of each TE family in the entire sRNA transcriptome and in the non-

parental sRNA clusters were compared to each other (Figure 3.4b). Helitrons, 

unclassified long terminal repeat (LTR) elements and other LTR element families 

showed overrepresentation in the sRNA transcriptome, whereas high copy number LTR 

element families were underrepresented. Overall, the proportion of non-parental sRNAs 

that mapped to a TE family was similar to the proportion of all sRNAs that map to the 

family. Gyma LTR elements were a notable exception in that they were enriched for 

non-parental expression in both RILs. The over-representation of non-parental sRNA  
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Figure 3.3 Examples from 4 different chromosome regions of sRNA clusters showing non-parental 
increases in sRNA expression such that expression levels in both RILs resemble that found at the 
allele from the other parent. sRNA clusters exhibit sRNA expression levels (Reads per million; 
RPM) higher than the DNA parent yet equivalent to the other parent. Clusters of sRNA expression 
are coloured based upon their DNA parent of origin (green AC; blue ACTZ). All clusters displayed 
produced predominantly 24nt sRNA. Letters denote statistically identical groups (p>0.05; one-way 
ANOVA). Error bars denote standard error. Table S7 lists all other sRNA clusters displaying 
similar patterns of elevated non-parental sRNA expression.  
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Figure 3.4 Changes from the parental sRNA expression state show preferential transposon 
abundance. (A) TE families produce sRNA in proportions different from their abundances within 
the annotated TE population (B) non-parental sRNA expression states show biased transposon 
targeting when compared to all expressed TE sRNA clusters. TE proportions are coloured (dark to 
light) according to order of abundance in the genome. Others includes all TE families with 
proportions lower than the last reported value. For each observed proportion FDR corrected p 
values (Χ2 goodness of fit) are included in brackets. Red and blue p values represent significant 
over and under abundance, respectively. 
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changes over Gyma elements may indicate something about this TE family causes a 

propensity for sRNA expression change in these RILs. 

3.3.3 WT B73 and Mu NIL siblings have sRNA expression differences across an 
introgressed region 

Unlike the two RILs studied here, NILs have identical genetic trans environments 

except for genetic differences that occur over a small region of the genome. To 

investigate potential sRNA expression differences across an introgressed region, sRNA 

and mRNA transcriptomes were measured from a family segregating an introgressed 

allele. NIL sRNA and mRNA transcriptomes were measured in two maize tissues 

(mature leaf; ML and immature leaf; IL) from B73 plants segregating the W22 derived 

id1-m1 locus (Minow et al. 2018). The sampled individuals were progeny of an Id1-

B73/id1-m1 self that were selected to be either homozygous for the wild-type (WT) Id1-

B73 allele or the mutant (Mu) id1-m1 allele (hereafter NIL WT and NIL Mu). To best 

analyze the genome of the NILs, sRNA sequences were aligned to the B73 reference 

genome modified to also include the introgressed W22 region (Figure S3).  

NIL sRNA alignment revealed differential sRNA expression between the Mu W22 

introgressed region and WT B73 homologous region (Figure 3.5; Table S10). Of the 

differentially expressed sRNA clusters across the introgression or B73 homologous 

region, 99.5% in IL and 98.9% in ML produced predominantly 24nt sRNA (Table S10). 

Expression differences within the interval were enriched for 24nt sRNA clusters 

compared to all expressed sRNA (p<2.2e-16 IL, p<2.2e-16 ML; Χ2 test). Many sRNA 

clusters (ML 89 clusters; IL 121 clusters) were expressed in both WT and Mu samples, 
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indicating some homologous regions expressed 24nt sRNA in both W22 and B73 

haplotypes. However, there were sRNA clusters over the W22 introgression with zero 

WT expression (IL 19; ML 17), and sRNA clusters over the homologous B73 region with 

zero Mu expression (IL 92; ML 39). This suggests that sequences producing sRNA 

were unique to each haplotype. Curiously, unique sRNA clusters occurred at a lower 

rate over the W22 introgression compared to the homologous B73 region (IL p<2.2e-16;  

 

Figure 3.5 Lower sRNA expression occurred over the introgressed W22 region compared to 
homologous B73 derived region. Normalized small RNA (sRNA) expression levels in mature (ML; 
top) or immature leaves (IL; bottom) is shown, as dots for sRNA clusters that were differentially 
expressed between NIL WT (grey) andMu (red) genotypes aligning to either the W22 derived 
introgressed region (left) or the homologous B73 region (right). Inset: Proportion of sRNA clusters 
showing higher expression in WT (black) or Mu (red) for each group. The proportion of WT sRNA 
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clusters showing higher expression in B73 is significantly higher (ML p=5.70e-13; IL p<2.2e-16; Χ2 
goodness of fit) than the proportion of Mu sRNA clusters showing higher expression across the 
W22 region. The introgressed id1-m1 and bz2-m alleles are indicated by a single and double 
triangle, respectively. 
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ML p 1.05e-6; exact Poisson test), hinting at reduced sRNA silencing over the 

introgressed region. 

As expected, NIL Mu plants had higher sRNA expression than their WT siblings 

across the W22 introgressed region. Likewise, over the homologous B73 region a 

similar pattern was observed, with more sRNA expression in the WT genotype than the 

Mu. However, this bias in sRNA expression was not equal. Mu individuals B73 DNA had 

a significantly lower proportion of sRNA clusters with increased expression over W22 

DNA when compared to the proportion of sRNA clusters with increased expression in 

WT siblings over the homologous B73 region (Figure 3.5, inset pie charts). That is, over 

W22 region the Mu fewer clusters with higher 24nt sRNA expression than that observed 

over the corresponding B73 region in WT tissues. Additionally, more (~double) sRNA 

expression differences were observed over the B73 region than over the W22 

introgression (ML B73 175, W22 91, p=0.016; IL B73 385, W22 194, p= 2.5e-05; 

binomial test). Taken together, these data indicated lower 24nt sRNA expression over 

the W22 introgression compared to that seen over the homologous B73 segment. 

We then sought to determine if 24nt sRNA expression across the W22 

introgression was unusually low. To examine 24nt sRNA expression over the 

introgression relative to the rest of the maize genome, a random sample of 1000 

regions of equivalent size to the introgression was compared with the introgressed Mu 

W22 DNA and the homologous region from WT B73 (Figure 3.6). This comparison 

showed that average 24nt expression and total number of 24nt sRNA clusters across 

the W22 haplotype are low compared to the rest of the genome. These trends 
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suggested that not only is 24nt sRNA expression across the W22 region lower than the 

homologous B73 region, but the W22 region appears to have low sRNA expression 

compared to the rest of the genome.  

3.3.4 The W22-derived introgressed region has higher levels of gene and TE 
expression 

Since sRNA expression is often associated with TE repression, we hypothesized that 

TE expression across the introgressed region would be higher in the Mu than that seen 

in the WT group. To gauge TE activation, TE transcripts were quantified by aligning 

mRNA reads to the annotated B73 TEs within this introgressed region (Table S11). Mu 

samples had higher TE expression relative to that seen over the homologous B73 

region, concordant with the higher levels of 24nt sRNA expression in the WT NIL 

causing stronger TE repression (Table S12; Table S13). Across the introgressed 

interval, the proximity between the expressed TEs and differentially expressed sRNA 

clusters was examined. sRNA expression differences were enriched over unclassified 

LTR elements and depleted over high copy LTR element families compared to all 

annotated TEs within this interval (Figure S4, Table S14). Of the 29 TEs showing 

expression differences in the NIL total RNA-seq, 6 directly overlapped with differentially 

expressed sRNA clusters (Table S15). In all cases where higher sRNA expression was 

observed directly at TE, lower TE transcript levels were detected. However, overlap 

between differentially expressed sRNA and differentially expressed TEs was not 

significantly different (ML p=0.82; IL p=0.22; binomial test) from that expected by 

chance alone (Table S16). Additionally, across the introgressed interval, the proximity 

between differentially expressed sRNA and TEs showing detectable expression was  
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Figure 3.6 Histograms illustrating that the W22 introgressed region has a low number of 24nt 
sRNA clusters with low average expression compared to the B73 genome. (A & B) Expression 
from 24nt sRNA clusters was sampled randomly 1000 times in 15,455,269 windows and the 
distribution of average expression was plotted for WT immature leaf (A) and WT mature leaf (B). 
Observed average expression across the Mu W22 (red) introgressed region and the homologous 
WT B73 (black) region are plotted as vertical lines. (C) Likewise, the number of all detected 24nt 
sRNA clusters were counted across the same 1000 random regions. Percentiles of each observed 
value is reported next to the corresponding vertical line. 
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smaller compared to chance (ML p=2.68e-5; IL p=7.38e-10; binomial test; Table S16). 

Taken together, NIL mRNA and sRNA expression data suggest that introgression may 

have altered both TE expression and host sRNA silencing. However, differences in 

sRNA expression appear to indirectly affect TE expression. 

The lower 24nt sRNA expression over the W22 region may have affected gene 

expression; based upon the TE tradeoff hypothesis, this reduced sRNA silencing could 

have increased proximal gene expression in the Mu genotype compared to the Wt. 

(Gaut and Hollister 2009; Hollister et al. 2011). Thus, to investigate the possibility that 

these 24nt sRNA are repressing gene transcription, the ratio of mRNA expression 

(Mu/Wt) across the introgressed region was compared to the rest of the genome. 

Permutated sampling demonstrated that this ratio of mRNA expression across the 

introgressed region was significantly different compared to the rest of the genome, with 

Mu mRNA levels being higher (Figure S5). Although it is possible that altered 24nt 

sRNA expression contributes to the observed mRNA expression pattern, we cannot 

exclude the possibility that the divergent ratio of mRNA expression is caused by DNA 

polymorphisms between the W22 introgression and the homologous B73 region.  

3.4 Discussion: 

3.4.1 RIL sRNA transcriptomes are mostly shaped by cis regulation, however 
non-parental sRNA expression patterns exist and often resemble those 
from the other parent.  

The diversity of sRNA expression between genotypes is established (Barber et 

al. 2012; Seifert et al. 2018). Some sRNA differences are due to differences in DNA 

sequence. However, epigenetic changes also influence sRNA expression (Law et al. 
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2013; Blevins et al. 2014; Johnson et al. 2014; Stroud et al. 2014). Here we show that 

RIL sRNA patterns generally are inherited from the haplotype parent. Likewise, NILs 

show stable sRNA expression in regions unlinked to the introgressed DNA. This 

suggests that sRNA expression is often controlled by proximal effects. However, many 

questions about the origin and establishment of novel sRNA expression regimes 

remain.  

Although RILs preserve the parental cis environment, they contain distinct trans 

environments that could modulate sRNA expression. The trans environment affects 

sRNA expression and likely causes some of the observed non-parental sRNA patterns. 

Comparing RIL sequences to their parents revealed that the RILs are more genetically 

different than similar. As such, one might expect RILs to have inherited different trans 

regulators and possess more non-parental sRNA expression differences than 

similarities. However, across RIL sequences derived from the same parent, non-

parental sRNA expression levels were more often similar in a RIL-to-RIL comparison. It 

is possible that each RIL inherited the same epistatic allele, which could explain the 

RIL-to-RIL sRNA expression similarity. However, using a model based on RIL-to-RIL 

genetic similarities and differences we find preliminary evidence consistent with 

independent trans regulation of each sRNA cluster, which is contrary to single locus 

epistasis driving the non-parental expression similarities between RILs. Extension of 

this analysis (Figure S2) to a larger population of RILs would provide more concrete 

evidence surrounding the extent to which RIL non-parental expression similarities are 

explained by independent or epistatic trans regulation. Our analysis implies that 
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phenomena other than classical trans effects could establish non-parental sRNA 

expression patterns in RILs. Larger mapping populations could reveal sRNA-eQTLs that 

provide mechanistic information about the molecules (protein or RNA) that control 

differential sRNA expression in trans. Future sRNA-eQTL analysis could also reveal 

where sRNA trans regulators are distributed across the genome and determine the 

frequency of sRNA trans co-regulation or epistasis.  

Despite inheriting a DNA cis environment identical to either inbred parent, many 

RIL sRNA clusters exhibited expression levels similar to those observed in the inbred 

parent whose DNA was no longer present; i.e. the sRNA expression resembled that of 

the other parental state. As found in F1 plants, these non-parental sRNA expression 

states have a tendency to be downregulated from parental sRNA expression levels (He 

et al. 2010; Groszmann et al. 2011; Kenan-Eichler et al. 2011; Barber et al. 2012). 

Evidence for paramutation-like methylation and sRNA expression changes have been 

reported (Greaves et al. 2012, 2014; Eichten et al. 2013; Regulski et al. 2013; Rigal et 

al. 2016; Zhang et al. 2016; Gouil and Baulcombe 2017). Some of the ‘other-parental’ 

increases in sRNA expression could have resulted from this type of sRNA-mediated 

allelic interaction; sRNA from one allele may act in trans upon the other allele to 

increase sRNA expression by initiating a stable cycle of RdDM. This allelic cross-talk 

would allow for amplification of rare de novo sRNA silencing events in a population 

without the need for TE copy number expansion to trigger silencing within each 

individual (Marí-Ordóñez et al. 2013; McCue et al. 2015). Interactions between 

homologous regions may alter sRNA patterns and persist after the homologous DNA 
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segregates away, reflecting a pedigree-derived ‘transmission history’ that molds the 

sRNA transcriptome.  

We found that novel sRNA expression signatures present in RILs, but not in 

either parent, were infrequent (0.015% of all clusters), suggesting that de novo sRNA 

production arises infrequently in RIL populations. This rare establishment of sRNA 

expression at new loci is consistent with observations demonstrating that the sRNA 

transcriptome of F1 maize plants is almost entirely the sum of parental diversity; few loci 

express sRNA at loci found in neither parent although sRNA expression levels from 

existing clusters change (Barber et al. 2012). Overall, in the RILs studied here, adoption 

of the expression state of the homologous locus in the other parent contributes more to 

sRNA expression change than de novo sRNA production from new loci. 

3.4.2 The RIL sRNA transcriptome is enriched over low copy number TEs with 
non-parental sRNA expression preferentially targeting Gyma elements 

Maize utilizes sRNA and RdDM (reviewed in Matzke et al. 2015) to suppress TEs 

and properly coordinate gene expression (Jia et al. 2009; Madzima et al. 2014). 

Exemplifying this importance, mutations in mop1, mop2 and rmr6 genes, which are 

implicated in RdDM, cause pleotropic developmental defects (Dorweiler 2000; Alleman 

et al. 2006; Parkinson et al. 2007; Erhard et al. 2009; Sidorenko et al. 2009). Likewise, 

mutants defective in nucleosome remodeling that facilitate RdDM produce non-viable 

embryos (Fu et al. 2018). Here, 46.4% of the RIL sRNA transcriptome is produced from 

TEs. Moreover, sRNA expression was found to be enriched at low copy number 

unclassified LTR elements and depleted from hyper abundant families. Depletion in high 
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copy number families may be related to sRNA trans actions; i.e., sRNA produced from 

one element should repress other family members (Slotkin et al. 2003, 2005; Bousios et 

al. 2016). Low copy number TEs share less genome-wide homology and therefore may 

be less susceptible to trans repression.  

Gyma LTR elements were the only TE family consistently enriched for non-

parental sRNA expression. Gyma LTR elements are regulated uniquely by 

leafbladeless1 (lbl1), which encodes a component of the trans-acting siRNA (tasiRNA) 

pathway (Dotto et al. 2014). Loss of lbl1 function increases expression of 21-22nt sRNA 

from certain Gyma LTR regions, indicating that Gyma elements are silenced by an 

uncharacterized sRNA pathway that becomes active upon loss of lbl1 function (Dotto et 

al. 2014). Study of sRNA expression from Gyma loci over sequential generations may 

reveal more about how Gyma TE sRNA expression shifts over time.  

3.4.3 Introgressed DNA within a NIL displays higher transposon expression and 
lower levels of 24nt sRNAs than a homologous B73 segment  

Classical introgression studies between teosinte or tropical maize and temperate 

inbreds frequently resulted in mutations consistent with transposon activation 

(Mangelsdorf 1955, 1958). Indeed, Mangelsdorf (1958) suspected that the cause of 

introgression-induced mutations was related to the phenomena being studied by 

McClintock (transposons) and Brink (paramutation). Parallel to this study, teosinte NILs 

underwent sequential backcrosses while native teosinte DNA was segregated away 

(Mangelsdorf 1958). Our NIL observations indicate that introgression-triggered TE 

activation is intertwined with sRNA expression changes. Recent study of teosinte 
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derived NILs likewise reported possible TE activation, resulting in reduced fitness in 

some of the NIL lines (Xue et al. 2019). Solanum lycopersicum (tomato) lines with 

introgressed wild Solanum pennellii DNA showed more extreme (transgressive) 

changes in sRNA expression relative to that found in the F1 or F2 generation, although 

no measure of TE expression was made (Shivaprasad et al. 2012). Although the 

relationship remains unclear, hybridization and subsequent DNA segregation may affect 

both TE and sRNA expression. Future NIL study will determine if expression differences 

of sRNA and TEs influences gene transcription.  

3.4.4 Reduced NIL 24nt sRNA expression could relate to poor genomewide 
homology and past heterozygosity 

Why does the NIL introgressed region show lower 24nt sRNA expression than 

the corresponding B73 region? Since, sRNA expression at this locus is lower compared 

to other regions of the NIL genome, it is unlikely that low 24nt expression across this 

introgression reflects low sRNA expression in the original W22 parent. Instead, the 

answer may lie with a proposed heterosis mechanism derived from observations of 

allopolyploids (Freeling et al. 2012), and supported by evidence from studies of hybrids 

and polyploids (Woodhouse et al. 2014; Li et al. 2015; Edger et al. 2017; Forestan et al. 

2017; Renny-Byfield et al. 2017). During inbreeding, plants establish tight epigenetic 

balance between gene expression and TE repression by way of 24nt sRNA production. 

Since parental inbreds are highly divergent from one another, they will have distinct 

sRNA populations that are effective at silencing their respective TE populations but will 

be less capable at silencing TEs present in other inbreds. Freeling et al. (2012) 

proposed that, in hybrids, the ‘crossed wires’ of the two distinct inbred silencing 
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regimens loosens epigenetic control of both genes and TEs, resulting in increased gene 

expression and vigor. Indeed, widespread heterozygosity triggers increases in TE 

expression (Josefsson et al. 2006; Kenan-Eichler et al. 2011; Rigal et al. 2016; Edger et 

al. 2017). This relaxation of TE silencing in F1s likely elicits silencing in subsequent 

generations, enforcing sRNA-mediated depression of vigor (Hale et al. 2009; Hollister 

and Gaut 2009; Freeling et al. 2012; Edger et al. 2017). sRNA produced from previously 

silenced TEs may constitute a genomic ‘immune memory’ that serves as a homology 

sensor to re-establish the repression of activated TEs (Fultz et al. 2015; Bousios and 

Gaut 2016). These sRNA-based immune memories may encompass aberrant TEs 

retained in silenced heterochromatin that only express sRNA after relaxation of TE 

silencing (Slotkin et al. 2009; Lisch and Bennetzen 2011b; Creasey et al. 2014). F1 

plants possess the entirety of the immune memories from both inbred parents. 

However, in subsequent generations, parts of this immune memory are lost through 

segregation, which changes the ability to repress TEs. 

Similarly, the study of epigenetically unstable loci suggests heterozygosity 

precipitates epigenetic instability. Paramutable alleles are epigenetically unstable loci. 

Single locus heterozygosity between a paramutable and a paramutagenic allele across 

successive generations can potentiate paramutation, as the paramutable allele 

becomes progressively less expressed (Mikula 1961; McWhirter and Brink 1962; Pilu et 

al. 2009). Conversely, heterozygosity between paramutant and certain mutant alleles 

increases the expression of paramutant alleles (Styles and Brink 1966, 1969; Das and 

Messing 1994; Hollick et al. 1995; Hollick and Chandler 1998). Homozygosity has been 
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correlated with epigenetic stability in paramutated epialleles (Brink 1958; Brink et al. 

1968; Kermicle 1996; Hollick and Chandler 1998). Thus, heterozygosity at 

epigenetically unstable alleles is associated with instability (both increasing and 

decreasing expression) while homozygosity is associated with perpetuation of the 

current state.  

The NIL examined here was maintained heterozygous for 11 generations. 

Repeated heterozygosity at the introgressed haplotype may have decreased the 

epigenetic stability, relaxing TE repression. NILs retain a disproportionate amount of 

DNA from one parent, along with its sRNA immune memories. Biased retention of 

immune memories may modulate sRNA silencing (Figure 3.7). Throughout somatic 

development and gamete production, the lack of genome-wide homology to the W22 

region may impair silencing, resulting in lower 24nt sRNA expression and increased TE 

expression. Interestingly, a recent study of maize-teosinte NILs proposed a similar 

sRNA homology sensing mechanism to explain their observations of NIL TE activation 

and phenotypic ‘hybrid decay’ (Xue et al. 2019). We propose that past heterozygosity 

and parental DNA retention underpin the observed sRNA expression patterns in NILs. 

This indicates the process of introgression may itself alter the function of any 

introgressed alleles, potentially providing one reason why the production of NILs can 

produce phenotypes that differ from either parent. 
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Figure 3.7 Model of how NIL breeding history could explain low sRNA expression across the 
introgression. Both NIL chromosomes originate from two divergent inbreds (red and blue) with 
unique sRNA expression patterns (black arrows). Inbreds spend generations in reproductive 
isolation, during which they accumulate sRNA ‘immune memories’ (depicted as light red or light 
blue shading across chromosomes) that are effective at repressing their own TE populations, but 
less so at repressing the distinct TEs found in the other parent. F1 plants relax gene and TE 
regulation which contributes to heterosis. F1 plants retain the full complement of immune 
memories from both inbred, so effective sRNA suppression occurs in the next generation. NILs 
lose immune memories from one parent while possibly potentiating TE escape through 
maintained heterozygosity. The efficacy bias in immune memories manifests as less effective 
silencing at the blue haplotype compared to the red haplotype. Ellipsis denotes the passage of 
many generations. 
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3.5 Methods: 

3.5.1 RIL polymorphism detection and RIL mapping 

RIL mRNA sequencing was performed as previously described in Xu et al. 

(2017); Illumina sequencing data were retrieved from the publicly available SRA 

(PRJNA294848). In brief, RIL expression data were produced from RNA extracted from 

V1 stage roots of either parental inbreds AC7643 (AC) or AC7729/TZSRW (ACTZ) or 

the derived RIL64 and RIL208. Each RIL genotype was sampled in 4 biological 

replicates each with ~60 million paired-end reads produced per mRNA library (Xu et al. 

2017). mRNA reads were aligned to the Z. mays reference genome (V4.36; retrieved 

from Ensembl) using Tophat2 (Bowtie2 v2.1.0; TopHat v2.0.11) (Trapnell et al. 2012; 

Langmead and Salzberg 2013; Cunningham et al. 2019). To detect polymorphisms from 

B73, SAMtools and bcftools were used on mRNA alignments to call polymorphisms 

found at depth >4 with concordant alignments and quality ≥10 (Li et al. 2009; Li 2011). 

This data set was filtered again so that only polymorphisms present in all replicates of 

the same tissue remained. To map RILs, filtered polymorphisms unique to an inbred 

parent were used as physical DNA markers. Parental haplotypes were unassigned from 

the last marker on either side of recombination points. mRNA reads aligned to the 

maize reference genome revealed 84,523 polymorphisms with B73. Of these 

polymorphisms, 17,712 were found to be polymorphic between AC and ACTZ and used 

to assign haplotypes to each RIL (Figure S6). Mapping showed that RIL64 is composed 

of 48.4% AC and 45.9% ACTZ derived DNA, with 5.7% unmapped near sites of 
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recombination, whereas RIL208 is composed of 44.1% AC and 45.6% ACTZ DNA, with 

10.3% unmapped. 

3.5.2 RIL sRNA transcriptome analysis 

RIL sRNA sequencing was performed by Xu et al. (2017) as previously described 

on the same tissues as the mRNA sequencing (see above). All libraries were inspected 

with FastQC before alignment and information about the quality of all Illumina 

sequencing has been reported previously (Xu et al. 2017). Each RIL genotype was 

sampled in 4 biological replicates each with ~8 million single-end reads produced per 

sRNA library (Xu et al. 2017). Shortstack (V3.4) defaults were used in the analysis of 

the sRNA sequencing data (Axtell 2013a). Explicit details outlining how ShortStack 

clusters and quantifies sRNA can be found in Axtel (2013). ShortStack trimmed 

adapters, aligned sRNA reads to the reference genome (RIL V4.36), defined sRNA 

clusters based upon physical position proximity and quantified sRNA expression within 

clusters (Axtell 2013a). ShortStack was run without identifying DNA hairpins (--nohp). 

ShortStack was used simultaneously on all RIL libraries to produce identical sRNA 

clusters within all RIL groups; for example, Cluster_1 defines the same locus in both 

AC, ACTZ, RIL64 and RIL208. The R package ‘baySeq’ was used with the raw sRNA 

expression counts to produce the reported normalized expression values and determine 

differentially expressed (FDR <0.05) sRNA clusters (Hardcastle and Kelly 2010). For 

rapid comparison between non-parental patterns, expression from all RIL sRNA clusters 

exhibiting non-parental expression was also converted to reads per million (rpm, Table 

S6; Table S8) To test possible contributions of trans effects to RIL sRNA regulation, 
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mRNA mapping data was used to determine the chances of RILs inheriting shared or 

different trans acting factors (see Figure S2 for full details). These chances of trans 

factor inheritance were used to predict the rate at which the two RILs should differ in 

non-parental sRNA expression patterns. Predicted values were then compared through 

a Χ2 test to the observed data from regions of DNA originating from the same parent in 

both RILs.  

RIL sRNA clusters showing significant expression differences from their 

haplotype parent were filtered to highlight those showing expression patterns consistent 

with past allelic interactions causing elevated non-parental sRNA expression. To pass 

filtering, sRNA clusters needed to produce sRNA from both strands, produce some 24nt 

sRNA, and show an equivalent (t-test) non-parental increase in expression compared to 

the DNA parent in both RILs. Final criteria required that the cluster be from the same 

DNA parent (controlling the cis environment) in both RILs, restricting the search to this 

portion of the genome. mRNA expression was quantified via transcriptome analysis 

using HiSAT2, StringTie and DEseq2 using default settings (Kim et al. 2015; Pertea et 

al. 2015; Love et al. 2018). All statistics were performed in R (V3.4.1) (R Core Team 

2017). 

3.5.3 NIL polymorphism detection and mapping the limits of the introgressed 
region 

NIL mRNA sequencing was performed as described previously; Illumina 

sequencing data were retrieved from the publicly available SRA (PRJNA439244) 

(Minow et al. 2018). Briefly, NIL data were produced from RNA extracted from V7 stage 
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immature and mature leaves of plants either homozygous for Id1+-B73 or id1-m1 alleles. 

Each NIL group was sampled in triplicate biological replicates and ~20 million paired-

end reads were produced per mRNA library, although one Mu IL sample was excluded 

due to poor read quality (Minow et al. 2018). The id1-m1 allele, caused by Ds excision 

from the W22 bz2-m locus into the normal Id1 allele (Theres et al., 1987; Colasanti et al, 

1998), was introgressed for 11 generations into the B73 background by repeated 

backcrossing of plants heterozygous for id1-m1 allele to the B73 inbred. mRNA reads 

were aligned to the Z. mays reference genome (V3.22; retrieved from Ensembl) using 

Tophat2 (Bowtie2 v2.1.0; TopHat v2.0.11). mRNA expression from NILs was quantified 

using the Tuxedo software suite (Trapnell et al. 2012). To detect polymorphisms from 

B73, SAMtools and bcftools were again used on the mRNA alignments to call 

polymorphisms found at depth >4 with concordant alignments and quality ≥10 (Li et al. 

2009; Li 2011). This set of polymorphisms was filtered again so that only 

polymorphisms present in all replicates of the same tissue remained. To find the 

introgressed region in the NIL, filtered polymorphisms were converted into 

polymorphisms/bp (calculated in a 1 Mbp sliding window) to reveal the region of high 

polymorphism delineating the boundaries of the introgressed DNA. To determine the 

relative divergence in mRNA expression originating from the NIL introgressed locus, a 

python script in tandem with Bedtools sampled the relative mRNA expression ratios 

(Mu/WT) of genes within a region of equal length (15455269bp) to the introgressed 

DNA 20,000 times (Quinlan and Hall 2010).  
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3.5.4 NIL sRNA transcriptome analysis 

NIL sRNA sequencing was performed as previously described on the same 

tissues as for mRNA sequencing (see above) (Minow et al. 2018). All libraries were 

evaluated with FastQC and quality information about the sequencing was reported 

previously (Minow et al. 2018). Each NIL group was sampled in three biological 

replicates and ~10 million single-end reads were produced per sRNA library (Minow et 

al. 2018). Shortstack (V3.4) was used as described for the RIL analysis (Axtell 2013a). 

Likewise, baySeq was used to determine differential sRNA expression from the 

transcriptome-wide data (Hardcastle and Kelly 2010). The sRNA expression pipeline 

was conducted using a modified B73 (V3.22) reference genome that included the W22 

(v2.0) sequence corresponding to the introgressed DNA (Springer et al. 2018). The 

W22 region incorporated into the reference encompassed the contiguous sequence 

between the distal most genes (GRMZM2G165963-to-GRMZM2G011078) within the 

region defined by high polymorphism compared to the B73 reference (Figure S3). For a 

sRNA cluster to be deemed ‘expressed’ in both WT and Mu samples, greater than 1 

average normalized read count needed to be observed in both groups. To compare the 

24nt sRNA expression at the W22 introgressed haplotype and the homologous B73 

region to the rest of the B73 genome, 1000 randomly permutated regions of equivalent 

size to the introgression were sampled from the B73 WT IL and ML. For each 

permutation, the number of 24nt clusters was counted and the average expression 

calculated to compare to the values observed at the W22 introgressed haplotype (Mu 

genotype) and the homologous B73 region (WT genotype). 
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3.5.5 RIL and NIL TE sRNA enrichment and expression analysis 

To find which TEs are preferentially represented in the expression differences 

between RIL and NIL groups, annotated TE sequences were retrieved from MaizeGDB 

using the gbrowse gff3 dumper (RIL V4 TE annotation track; NIL V3 MIPS repeats) 

(Schnable et al. 2009; Nussbaumer et al. 2013; Jiao et al. 2017). Bedtools was used to 

determine the overlap with differentially expressed sRNA clusters for the RILs and the 

NIL introgressed region, which were compared to the annotated TE population via a Χ2 

test in R. To determine the expression of TEs from the introgressed region, the mRNA 

reads were re-aligned (Bowtie2) to all annotated TEs within the introgressed interval 

(Langmead and Salzberg 2013). Unique concordant reads were counted using Bedtools 

and standardized to library size. No filters were applied to remove TEs with low read 

abundances. The proportion of NIL TEs showing significant (t-test; α = 0.05) and non-

significant increases in WT vs Mu mRNA counts were compared to an even distribution 

of differences (1:1) with a Χ2 test. Bedtools was used to compare the position of 

expressed NIL TEs to regions proximal (+/- 1.5kb) to differentially expressed sRNA 

clusters across the introgression. A binomial test was used to compare the number of 

overlapping expressed TEs and differentially expressed sRNA to that expected due to 

chance alone. 
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The work in this chapter is in preparation to be published, with the following authors 
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Misyura and Joseph Colasanti. MAAM contributed to planning and conducting 
experiments and writing the manuscript. All supplemental figures and tables referenced 
in this chapter are available in appendix 2. Supplemental data is available at request. 

4 Plant small RNA expressed in phloem companion cells 
can move into stem cell niches and regulate gene activity 
at the shoot meristem  

4.1 Abstract: 

Small RNA (sRNA) serves as a negative regulator of gene expression. In plants, sRNA 

regulation can occur via post transcriptional gene silencing (PTGS) or through RNA-

directed DNA methylation (RdDM) leading to transcriptional gene silencing (TGS). 

sRNA is mobile in planta; sRNA can move cell-to-cell short distances and long-distance 

phloem trafficking of sRNA has been observed. However, it is unclear if the shoot apical 

meristem (SAM) is connected to phloem sRNA signalling. Two independent transgenic 

approaches were used to determine the extent of any Arabidopsis thaliana phloem-to-

SAM sRNA trafficking. Both systems support the existence of a phloem-to-SAM sRNA 

communication axis. Moreover, it appears phloem-derived sRNA can regulate gene 

expression in CLV3-expressing stem cells that give rise to all shoot tissues including 

gametes. The demonstration of phloem-to-SAM sRNA movement provides an important 

link between somatic sRNA and the growing shoot. Importantly, phloem-to-SAM sRNA 

trafficking may allow somatic sRNA to direct SAM RdDM, fixing transient sRNA 

expression events into stable epigenetic changes.  
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4.2 Introduction: 

Plant shoots grow from a collection of stem cells in the shoot apical meristem 

(SAM). This niche of stem cells is established during embryogenesis, maintained during 

somatic growth, and gives rise to all above-ground tissues, including the male and 

female gametes. In Arabidopsis thaliana the number of stems cells in the SAM is 

controlled in part by a feedback loop involving the CLAVATA3 (CLV3) and WUSCHEL 

(WUS) genes (Clark et al. 1995; Schoof et al. 2000). Localization of the transcription 

factor WUS to a sub-population of slowly dividing cells in the SAM defines the 

organizing centre (OC) (Schoof et al. 2000). Cells of the OC signal to above cell layers 

in the SAM to promote their identity as stem cells which, through anticlinal divisions on 

the flanks of the SAM, ultimately produce shoot organs (Schoof et al. 2000). These 

stems cells express CLV3, which encodes a non-autonomous signal peptide that moves 

back to the subtending OC to inhibit its proliferation (Fletcher 1999; Rojo et al. 2002). 

Loss-of-function clv3 mutants have increased cell numbers in the SAM, which give rise 

to larger organs as well as increased numbers of floral organs (Clark et al. 1995). The 

CLV3:WUS regulatory loop is highly conserved in higher plants and subtle variations in 

activity alter the size and shape of the shoot organs, making this genetic circuit a key 

regulator of plant morphology (Somssich et al. 2016). 

Changes to gene regulation at the SAM herald important developmental 

transitions that influence shoot morphology. One critical developmental transition at the 

SAM is the switch from vegetative to reproductive growth, as floral timing affects fitness 

in natural environment and agronomic yield. The initiation of SAM reproductive 
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development is influenced by the environment; for example, flowering time in 

Arabidopsis is hastened in response to long-day (LD) photoperiods (Andrés and 

Coupland 2012). FLOWERING LOCUS D (FD) is an important regulator of Arabidopsis 

flowering that is constitutively expressed in the SAM, and fd mutants exhibit delayed 

flowering under LDs (Abe et al. 2005; Wigge et al. 2005). To trigger flowering, the FD 

transcription factor requires interaction with mobile floral inductive signals that are 

produced in leaf companion cells and transmitted to the SAM via the phloem. Leaves 

perceive long-day photoperiods and subsequently express FLOWERING LOCUS T 

(FT), a phloem mobile signal that promotes flowering (Corbesier et al. 2007b; Turck et 

al. 2008). FT acts as a florigen by translocating to the meristem where it induces the 

floral transition through interactions with FD (Abe et al. 2005; Wigge et al. 2005; 

Corbesier et al. 2007b). The phloem traffics information molecules throughout the plant 

to integrate development with the environment (Turnbull and Lopez-Cobollo 2013; Kehr 

and Kragler 2018). In addition to protein factors, the phloem transports small RNA 

(sRNA), which act as important gene regulators (Buhtz et al. 2008; Pant et al. 2008).  

sRNAs serve semi-conserved roles in gene silencing in diverse eukaryotes. Plant 

sRNAs are the products of DICER-LIKE (DCL) enzymatic processing of diverse double 

stranded RNA (dsRNA) substrates, which produce ~20-24 nucleotide (nt) sRNA 

duplexes (Borges and Martienssen 2015). microRNAs (miRNAs) are typically 21nt in 

length and serve as master regulators of specific processes, including leaf 

development, aging, the floral transition and environmental sensing (Fujii et al. 2005; 

Chitwood et al. 2009; Wu et al. 2009; Koyama et al. 2017). miRNAs are produced from 
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transcripts encoding imperfectly complementary hairpin loops. Small interfering RNA 

(siRNA) typically originate from fully complementary dsRNA that often arises from single 

stranded RNA precursors by the actions of plant RNA-DEPENDENT RNA 

POLYMERASE (RDR) genes (Borges and Martienssen 2015). In contrast to miRNA, 

siRNA embody a collection of sRNA of diverse sizes and regulatory actions.  

sRNA can interact with ARGONAUTE (AGO) effector proteins to repress mRNA 

activity through post-transcriptional gene silencing (PTGS) or by repressing transcription 

through transcriptional gene silencing (TGS) (Vaucheret 2008). PTGS typically involves 

21 or 22nt sRNA that target complementary mRNA molecules for cleavage or 

translational inhibition (Baumberger and Baulcombe 2005; Brodersen et al. 2008; Reis 

et al. 2015). TGS at target genes has been associated with transgenerationally heritable 

DNA methylation changes that are triggered by RNA directed DNA methylation (RdDM). 

Canonical RdDM typically involves 24nt siRNA and frequently target the repression of 

transposable elements (TEs) (Matzke and Mosher 2014). In addition, recent work has 

done much to unveil the actions of other size classes of sRNA involved in non-canonical 

RdDM (Cuerda-Gil and Slotkin 2016). Although not fully understood, non-canonical 

RdDM can link PTGS with TGS; that is, silencing can progress from repressing 

translation to preventing transcription (Cuerda-Gil and Slotkin 2016).  

 Some plant sRNAs move short distances through plasmodesmata and thus can 

regulate gene activity non-autonomously (Voinnet et al. 1998; Melnyk et al. 2011b; 

Vatén et al. 2011; Rosas-Diaz et al. 2018). This local diffusion facilitates the 

morphogen-like behavior of several miRNAs by creating developmental gradients 
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(Chitwood et al. 2009). Mobile sRNA can also elicit the production of more sRNA in 

recipient cells; although not fully understood, sometimes PTGS elicits the biogenesis of 

secondary siRNA (transitivity), often through RDR6-mediated amplification (Himber et 

al. 2003; Allen et al. 2005; Yoshikawa et al. 2005; Donaire et al. 2008). These 

secondary siRNAs can then move also, initiate transitivity and silence targets a distance 

from the initial signal. In this way, secondary siRNAs can establish organism-wide gene 

silencing by cycling through stages of sRNA movement and sRNA signal amplification. 

This systemic silencing process has been shown to be involved in transgene silencing, 

which is associated with heritable DNA methylation (Hamilton and Baulcombe 1999; 

Jones et al. 1999). Plant sRNA can also move systemically through phloem sieve tubes 

without RDR amplification (Molnar et al. 2010; Melnyk et al. 2011a). The sRNA detected 

in phloem exudate is composed of all size classes, including miRNAs associated with 

mineral nutrient sensing (Buhtz et al. 2008; Pant et al. 2008). Long-distance movement 

occurs across graft junctions and can move into recipient tissues such as root meristem 

and fully vascularized flowers (Melnyk et al. 2011a; Zhang et al. 2014). However, long 

distance movement of phloem-derived sRNA into the SAM has not been demonstrated 

(Voinnet et al. 1998; Brosnan and Voinnet 2011).  

 Parallel synthetic biology approaches were used here to determine whether 

sRNA can move from phloem-to-SAM to regulate gene expression in Arabidopsis. The 

first transgenic system uses phloem expression of a fully complementary inverted 

repeat to target the FD gene. This transgenic system suggests sRNA produced from an 

inverted repeat in the phloem can move to the shoot apex and inhibit FD activity. The 
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second system expresses an artificial miRNA in the phloem to repress a synthetic CLV3 

target in the SAM. This transgenic system provides additional evidence that sRNA can 

move from the phloem to meristem, and specifically that this sRNA can enter the stem 

cell subdomain of the SAM expressing CLV3. This study provides evidence that plant 

phloem-to-SAM sRNA signalling exists, suggesting somatic sRNA may influence future 

SAM growth. Moreover, since the SAM gives rise to future gametes, phloem-to-SAM 

sRNA signalling might have the potential to elicit transgenerationally stable changes. By 

demonstrating the link between phloem sRNA and SAM gene regulation, we have 

revealed a route for somatic environmental sensing to alter plant growth and 

development in current and possibly future generations.  

4.3 Results: 

4.3.1 Phloem-expressed sRNA can act as an ‘anti-florigen’ 

To determine whether phloem-derived sRNA can influence gene regulation in the SAM 

we utilized two components: a phloem-specific sRNA signal and a SAM specific target. 

In Arabidopsis, the SUCROSE SYMPORTER 2 (SUC2) promoter is a well characterized 

promoter that drives specific expression in companion cells (Truernit and Sauer 1995). 

To ensure phloem specificity of this promoter, the SUC2 promoter was used to drive 

expression of a β-GLUCURONIDASE:GREEN FLUORESCENT PROTEIN (GUS:GFP) 

fusion protein. As expected, in all examined independent insertions (n=3), the 

pSUC2::GUS:GFP plants exhibited vein specific fluorescence and GUS activity, and 

sections of paraffin embedded plant tissues confirmed expression only subtending the 

SAM (Figure 4.1; Figure S1). FD was selected as the endogenous target as it is  
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Figure 4.1 The two Arabidopsis transgenic systems devised to test phloem-to-SAM sRNA 
silencing. (A) The first system uses a transgenic sRNA source and an endogenous SAM target. 
The transgene has the SUC2 promoter (pSUC2; blue) driving phloem expression of an inverted 
repeat (FDi) homologous to FD (red). If the phloem expressed pSUC2::FDi can repress FD in the 
SAM, then the floral transition should be delayed under long day photoperiods. Top Inset: 
Depiction of where FD is expressed in the SAM. The region in the first FD exon homologous to the 
FDi cassette is denoted by a black box. (B) The second system uses a transgenic sRNA source 
and SAM target. A site complementary to MmuMiR124 (gold) was inserted into the 3’ UTR of the 
CLV3 (purple) transcript. This modified CLV3 transcript was cloned with the native CLV3 promoter 
(pCLV3) and 3’ enhancer (eCLV3). This CLV3 transgene (pCLV3::CLV3:124’::eCLV3; abbreviated to 
C) was then used to rescue clv3-2 mutants. After selecting for stable homozygous C lines, a 
second transgene was stacked into these plants. This transgene used pSUC2 to expresses an 
artificial microRNA consisting of the mature MmuMiR124 sequence in the Arabidopsis MiR319a 
precursor transcript. If the pSUC2::aMmuMiR124 transgene (abbreviated to S) can silence C 
expression, then the stacked transgenics should show enlarged SAMs and an increase in floral 
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organ numbers. Middle Inset: Depiction of where CLV3 is expressed in the SAM. (C&D) A 
pSUC2::GUS:GFP transcriptional reporter was used to confirm pSUC2 vein specificity. Both 
cleared whole mounts (C) and paraffin wax embedded and sectioned tissues (D) exhibited GUS 
reporter staining constricted to the veins, distal to the shoot apex. The black scale bar denotes 
the length corresponding to 500 base pairs (bp) of DNA.  
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constitutively expressed in the SAM and loss of FD function causes delayed flowering 

that is observed easily under long-days. To test phloem-to-SAM sRNA movement, the 

SUC2 promoter was used to drive expression of an inverted repeat homologous to FD 

(hereafter pSUC2::FDi) (Figure 4.1a). To ensure the RNA interference cassette was 

capable of FD knockdown, the same inverted repeat was cloned under the control of the 

native FD promoter (designated pFD::FDi). If sRNA produced by the pSUC2::FDi 

construct can reach the SAM and inhibit FD expression, Arabidopsis pSUC2::FDi 

transgenic plants should flower late. 

 Five and 17 independent pFD::FDi lines were created in the Landsberg erecta 

(Ler) and Columbia 0 (Col) ecotypes, respectively. Likewise, 12 and 17 independent 

pSUC2:FDi transgenic lines were created in Ler and Col, respectively. In the T2 

generation, all lines screened displayed variable levels of delayed flowering (Figure S2). 

Three Col pSUC2::FDi plants with a pronounced delay were selected for further 

analysis. In progressive generations (up to T7), homozygous individuals derived from 

these three transgenic lines exhibited a delay in days to flowering and produced more 

rosette leaves compared to Col Wt when grown under LD photoperiods (Figure 4.2). 

The pSUC2::FDi driven flowering delay was not as pronounced as that produced by a 

representative Col pFD:FDi line nor the fd-5 mutant (Figure 4.2). pSUC2:FDi, pFD:FDi 

or fd-5 plants grown under non-inductive short days flowered at the same time as Col 

Wt (Figure S3). Quantitative real-time PCR (qPCR) showed that the severity of the 

delayed flowering phenotypes corresponded to reduced levels of FD mRNA. Consistent 

with the floral delay, pSUC2::FDi lines showed reduced endogenous expression of FD,  
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Figure 4.2 The pSUC2::FDi transgene delays the floral transition under long day photoperiods. 
Plants containing the pSUC2::FDi transgene produce more rosette leaves and flower significantly 
later than the Wt control. Three independent pSUC2::FDi lines are shown. The pSUC2::FDi floral 
delay was not as strong as that observed by expressing the same FDi cassette under the FD 
promoter nor the fd-5 mutant. Each dot represents one individual for each respective genotype. 
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but the pFD::FDi lines and the fd-5 mutant showed a further reduction in FD expression 

(Figure 4.3). Furthermore, crossing the pSUC2:FDi transgene into fd-5 mutant plants 

revealed no additive delay of flowering, indicating the knockdown was specific to FD 

(Figure S4). These data indicate that the pSUC2::FDi transgene does repress FD over a 

distance. Furthermore, it suggests the pSUC2::FDi knockdown is less effective than 

SAM expression of the same interference cassette or genetic disruption of FD in the fd 

mutant. 

4.3.2 Defects in sRNA production abrogate the anti-florigen effect 

The pSUC2:FDi transgene was crossed into several sRNA related mutant 

backgrounds to ensure the pSUC2:FDi floral delay is caused by sRNA action, not via 

another mechanism. If these sRNA related genes are required for the pSUC2:FDi 

function, the mutant background should abrogate the floral delay caused by the 

pSUC2:FDi transgene (Figure S5). HUA ENHANCER 1 (HEN1) methylates the 3’ end of 

sRNA to promote RNA stability and hen1 mutants under-express sRNA of all sizes 

(Yang et al. 2006). pSUC2::FDi hen1-6 plants showed no delay in flowering compared 

to hen1-6 alone, suggesting that targeting of the endogenous FD gene by sRNA, 

facilitates knockdown of FD. Similarly, rdr6-15 mutant plants carrying the pSUC2::FDi 

transgene displayed equivalent flowering time to rdr6-15 mutants. The rdr6-15 

suppression of the pSUC2::FDi floral delay suggests the involvement of RDR6 

amplification in phloem-to-SAM sRNA silencing. The pSUC2:FDi gene was also crossed 

with two different alleles of HASTY, an importin/exportin homolog that is reported to be  
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Figure 4.3 qPCR of apically enriched tissues indicate the pSUC2::FDi transgene reduces FD 
expression. The measurement of FD expression from a representative line indicated the 
pSUC2::FDi transgene reduced FD expression to ~50% that of WT levels. Although not statistically 
significant, FD expression in the representative pFD::FDi line and fd-5 mutants trended towards 
lower expression than pSUC2::FDi 11. FD expression is normalized to KNAT1. Letters denote 
statistically similar (p>0.05) groups, as determined by ANOVA with post hoc Tukey’s HSD test. 
Error bars indicate +/- standard error.  
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involved in nuclear sRNA export. Again, the combination of pSUC2:FDi with either the 

hst-6 or hst-15 allele suppressed the late flowering phenotype. However, the loss of 

HST function inhibits the actions of floral repressor miR156, thus causing an 

acceleration of the floral transition (Wu and Poethig 2006). Therefore, it is unclear 

whether the lack of floral delay in the pSUC2::FDi hst- plants is due to the failure of FDi 

sRNA act at the SAM or because of aberrant hst- miR156 levels. Taken together, these 

data are consistent with phloem-to-SAM mobile sRNA eliciting delayed flowering in 

pSUC2::FDi plants. 

4.3.3 Phloem-expressed artificial miRNA influences gene expression in SAM 
stem cells 

 To further refine our understanding of the movement of sRNA into the SAM, we 

investigated whether phloem-derived sRNA can move into the specific stem cells that 

give rise to the shoot. Since the CLV3 gene is expressed exclusively in stem cell, the 

CLV3 gene was chosen as a target for sRNA knockdown. For this purpose, the native 

CLV3 gene was cloned with its native promoter (pCLV3) and the 3’ enhancer element 

(eCLV3) that is required for stem cell specific expression (Brand et al. 2002). However, 

the 3’ UTR of this CLV3 gene construct was modified further to contain a target site 

complementary to the mouse microRNA MmuMiR124. MmuMiR124 was chosen as it 

has no plant homolog and no complementary sequences have been detected in the 

Arabidopsis genome (Ghosh Dastidar et al. 2016; Wójcik et al. 2018). This recombinant 

construct, pCLV3::CLV3:124’::eCLV3, is hereafter referred to as ‘C’ (Figure 4.1b). The 

other component of this system is an artificial miRNA consisting of the Arabidopsis 

MiR319a precursor transcript with the active miRNA site replaced with the MmuMiR124 
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sequence cloned under the control of the SUC2 promoter. This construct, 

pSUC2::aMmuMiR124, is hereafter referred to as ‘S’ (Figure 4.1b). If the sRNA 

produced from S in the phloem can reach C in the SAM central zone, it should repress 

C expression (S->C silencing).  

C was stably transformed to rescue plants homozygous for the loss of function 

clv3-2 allele (Clark et al. 1995). In the Ler background, clv3-2 mutants produce 

additional flowers that contain extra organs and produce multi-carpellate siliques that 

are severely ‘club-shaped’ (Clark et al. 1995). Moreover, we observed that clv3-2 plants 

produce additional rosette leaves (Figure 4.4C; Figure S6). To ensure the insertion of 

the MmuMiR124’ site did not disrupt CLV3 function, a C transgene without the murine 

insertion was also stably transformed into the clv3-2 background. As expected, the eight 

independent C transgenic lines lacking the MmuMiR124’ site all rescued the clv3-2 

mutant in the T1 generation. Likewise, 15 independent transgenic lines were recovered 

for C genes with the MmuMiR124’ site, and all of these lines rescued the clv3-2 loss of 

function phenotype. These rescued plants produced phenotypically ‘Wt’ flowers, except 

for a few flowers produced near the transition to reproductive growth stage that 

produced an occasional extra petal . From these 15 clv3-2 C plants, two independent 

T4 homozygous lines (C9, C10) were selected for introduction of the S gene. 

Importantly, the C9 and C10 lines displayed a stable ‘Wt’ phenotype over many 

generations (five and counting); in these backgrounds zero ‘clv’ phenotype plants were 

observed.  
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Figure 4.4 S->C transgenics shows variable silencing with some strong ‘clv’ events. 
Representative images representing the inflorescence (center), rosette leaves (upper right; scale = 
1cm), silique (lower right; scale = 1cm) and SAM (bottom left scale = 100μm) phenotypes for the 
following groups: (A) Ler Wt (B) Ler pSUC2::aMiR124 (C) clv3-2 (D) C9 (E) S->C 9-3 ‘Wt’ (F) S->C 9-
3 ‘clv’, (G) C10, (H) S->C 10-5 ‘Wt’, (I) S->C 10-5 ‘clv.’ Plants were photographed at 40 days after 
planting. Note the difference in silique and SAM scale between clv3-2, S->C 9-3 ‘clv’ and S->C 10-5 
‘clv’ groups. 
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The S gene was then transformed into the C9 and C10 lines (see Figure S7 for a 

pedigree of the experiment). From this transformation, 28 and 27 independent lines 

were recovered in the C9 and C10 backgrounds, respectively (hereafter S->C 9 or S->C 

10). In the T1 generation, other than some minor bud aberrations, all lines appeared 

phenotypically ‘Wt’ (Figure S8). From the T2 generation, 27 S->C lines displayed minor 

qualitative changes in inflorescence buds, including slight changes in petal number and 

position, but otherwise appeared ‘Wt’ (Figure S9). However, two lines, S->C 9-3, and S-

>C 10-5 produced some phenotypically ‘clv’ T2 plants (Figure S9). A later grow out of a 

larger T2 population uncovered a third T2 line, S->C 9-2, that likewise segregated ‘clv’ 

and ‘Wt’ plants. In the S->C lines, once the ‘clv’ phenotype it appeared to be stably 

inherited in all progeny. S->C 9-3 ‘Wt’ plants homozygous for S continued to produce 

both ‘clv’ and ‘Wt’ progeny, suggesting S->C 9-3 ‘Wt’ plants can harbor a recessive 

allele (Figure 4.4e&f). Indeed, S->C ‘Wt’ plants produced ‘clv’ progeny at a rate near 

25% (102/350 T5 plants; p = 0.07; Χ2 test vs 0.25), consistent with the ‘clv’ phenotype 

being controlled by one recessive locus. 

 The S->C ‘clv’ plants were qualitatively less severe clv3-2 plants, with less 

visible undifferentiated tissues in the inflorescence meristem and fewer severe silique 

phenotypes (Figure 4.4). Additionally, the S->C ‘clv’ plants often produce flowers with 

tightly closed sepals, whereas this was rarely observed in the clv3-2 mutants. To 

quantify the severity of the ‘clv’ phenotype in the S->C 9-3 and S->C 10-5 lines, the 

number of anthers and petals produced per flower were counted (Figure 4.5). Both  
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Figure 4.5 The two independent S->C ‘clv’ lines produce additional anthers and petals per flower. 
All ‘clv’ groups produced aberrant numbers compared to Ler Wt, the C only lines, or the S->C ‘wt’ 
groups. Both S->C 9-3 ‘clv’ and S->C 10-5 ‘clv’ lines produced a similar number of anthers per 
flower compared to clv3-2. However, clv3-2 produced more petals per flower than either line. 
Letters denote statistically similar (p>0.05) groups. For anther counts p values were determined 
ANOVA with post hoc Tukey’s HSD test. For petal counts, due to the zero variance in Ler Wt, p 
values were determined by a Kruskal-Wallis rank sum test followed by pairwise Wilcox tests. Error 
bars indicate +/- standard error. 
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S->C 9-3 and S->C 10-5 plants displayed a similar number of anthers as the clv3-2 

mutant. However, the clv3-2 allele produced more petals than either S->C ‘clv’ group. 

Therefore, both S->C ‘clv’ lines exhibit phenotypes consistent with loss of clv3 function, 

but not as severe as the null clv3-2 allele.  

To ensure the S gene itself did not cause a phenotype similar to loss of clv3 

function, S was transformed into the Ler Wt background. Of 9 independent T1 S lines 

isolated, none exhibited a clv-like phenotype. Some S lines produced serrated large 

rosette leaves, which was also seen in the three S->C lines that produced ‘clv’ 

individuals (Figure S10). Additionally, these S plants had a delayed floral transition, 

producing more rosette leaves than Ler Wt (Figure S11). The S increase in rosette leaf 

number appeared additive with the ‘clv’ mediated increase in rosette leaf number, with 

S->C ‘clv’ plants producing more rosette leaves than clv3-2 plants (Figure S12). These 

observations suggest that, despite the lack of genomic homology, the phloem 

expression of MmuMiR124 alters the growth and development of Arabidopsis. However, 

none of the S transgenics exhibited floral phenotypes like the clv3-2 or the S->C ‘clv’ 

plants. Therefore, S alone is not responsible for the observed ‘clv’ phenotypes in S->C 

lines.  

qPCR was used to measure the transcript levels of CLV3 in the S->C lines that 

produce both ‘Wt’ and ‘clv’ plants. The expression of CLV3 is under the control of an 

endogenous compensation loop that maintains proper CLV3:WUS balance (Schoof et 

al. 2000; Rodriguez-Leal et al. 2019). In clv3 mutants that produce non-functional 

transcript, this compensation results in a dramatic upregulation of CLV3 expression 
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(Rodriguez-Leal et al. 2019). Both S->C 9-3 and S->C 10-5 ‘Wt’ plants showed a 

modest decrease in CLV3 expression compared to the C9 and C10 lines respectively 

(Figure 4.6). This decrease in CLV3 expression suggests that the S gene in the S->C 

‘wt’ background reduces C expression, but not enough to manifest a ‘clv’ phenotype. 

Like the clv3-9 allele, loss of function clv3-2 plants produce a large amount of transcript 

(Rodriguez-Leal et al. 2019). S->C 9-3 ‘clv’ and S->C 10-5 ‘clv’ plants also 

demonstrated a large increase in CLV3 transcript (Figure 4.6). Consistent with the 

milder ‘clv’ phenotypes in the S->C lines, both S->C ‘clv’ lines had reduced CLV3 

expression compared to the clv3-2 background. These data imply that S derived sRNA 

may regularly move to decrease C expression and, in the S->C events that do trigger a 

‘clv’ phenotype, the plants over-express non-functional clv3-2 transcript. 

4.3.4 Strong S->C ‘clv’ events could be consistent with epigenetic alterations at 
C 

 Since S->C ‘clv’ events are consistent with the inheritance of a single recessive 

locus, we investigated the possibility that the S gene was no longer required for the ‘clv’ 

phenotype; that is, was the appearance of the ‘clv’ phenotype in the T2 generation due 

to S permanently silencing one copy of C in the T0 or T1 generation? To this end, a S-

>C 9-3 ‘clv’ plant was crossed to the homozygous C9 complement line. If the ‘clv’ 

phenotype requires continuous aMiR silencing, C9 x S->C 9-3 ‘clv’ F2 plants with at 

least one copy of the S gene (i.e. S is dominant) and an unlinked recessive allele, 

should return ‘clv’ (3/16 F2 plants). However, if ‘clv’ is caused by one recessive allele 

alone, irrespective of the presence or dosage of S, ¼ of the C9 x S->C 9-3 ‘clv’ F2 

population should be ‘clv’. All C9 x S->C 9-3 ‘clv’ F1 plants were ‘Wt’ and 152/528 F2  
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Figure 4.6 qPCR of apically enriched tissues show differing CLV3 expression in S->C ‘Wt’ and S-
>C ‘clv’ plants. For both independent events, CLV3 expression was reduced in S->C ‘Wt’ plants 
compared to that observed in their respective C only progenitors. Both S->C 9-3 ‘clv’ and S->C 10-
5 ‘clv’ groups show elevated CLV3 expression. However, this expression was not as high as that 
found in the clv3-2 background. Displayed p values were determined by a student’s t-test. Error 
bars indicate +/- standard error.  
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plants exhibited a ‘clv’ phenotype. This is inconsistent with a model that requires the 

continuous interaction between S and C (Χ2 test vs 3/16; p =3.433e-9). The observed 

ratio is close to that expected under single locus model (Χ2 test vs ¼; p = 0.0465), 

consistent with the ‘clv’ phenotype no longer requiring presence of S.  

Furthermore, several C9 x S->C 9-3 F2 ‘clv’ plants were genotyped for the 

presence of the aMiR cassette. Of these ‘clv’ plants, 14/64 (Χ2 test vs ¼; p = 0.56) did 

not contain the S gene. Progeny from four of the F2 lines that genotyped negative for 

the aMiR cassette (which contains a kanamycin resistance gene) were grown on 

kanamycin plates and all four exhibited kanamycin sensitivity. This again suggests that 

S assorts independently of the ‘clv’ trait. Therefore, S likely acted in the T0 or T1 

generation to silence one copy of C but is no longer required to maintain the ‘clv’ 

phenotype.  

 One possible explanation for the low frequency of S->C ‘clv’ events, and their 

current independence from S, is that S elicited stable epigenetic silencing at C in the T0 

or T1 generation. If C silencing is unstable and can rarely re-activate, it may also 

explain why the C9 x S->C 9-3 ‘clv’ F2 population returned fewer ‘clv’ plants than 

expected (Χ2 test vs ¼; p = 0.0465, n = 528). Alternatively, a T0 or T1 genetic change 

could be responsible for the S->C ‘clv’ phenotype. If genetic change is responsible for 

the S->C ‘clv’ phenotype, all plants within the same transgenic line should display an 

identical ‘clv’ effect. Inconsistent with this genetic explanation, within the S->C 9-3 line, 

the severity of the ‘clv’ phenotype changed in each subsequent generation. Differences 

included increased numbers of floral buds with unclosed sepals and aberrant silique 
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shape (Figure S13; Figure S14). Since floral petal number varied the most between S-

>C 9-3 ‘clv,’ S->C 10-5 ‘clv’ and clv3-2 plants, petals were counted from different 

lineages within the S->C 9-3 background. Based on petal number variation, the 

strongest ‘clv’ phenotypes arose from individuals derived from a line that was stably ‘clv’ 

for several generations (Figure S15). An independent growth experiment comparing two 

S->C 9-3 T4 families again supported ‘clv’ phenotype differences within the same 

transgenic lines (Figure S16). This variation in phenotype is at odds with a genetic 

explanation of the S->C ‘clv’ events, supporting the notion that epigenetic changes may 

be involved.  

If S derived sRNA elicited epigenetic changes at C, C silencing is expected to 

involve RdDM silencing. To investigate the possibility that the C locus in ‘clv’ individuals 

was methylated, ‘clv’ plants were treated with the DNA methylation inhibitor 5-

Azacytidine (5-Aza). To avoid the possibility of S reinforcing any potential RdDM at C, 

C9 x S->C 9-3 F3 plants without S were 5-Aza treated. One of the 203 C9 x S->C 9-3 

F3 seeds treated with 5-Aza produced a ‘Wt’ plant (Figure S17). The progeny of this 5-

Aza revertant plant segregated ‘clv’ as a recessive trait 8/34 (Χ2 test vs ¼; p = 0.84 n = 

34). The ‘Wt’ progeny of this ‘Wt’ plant displayed flowers with unclosed sepals, which 

was not observed in C9 or S->C 9-3 ‘Wt’ lines. This is consistent with the 5-Aza 

treatment reactivating one C allele, although not to the same level as the naïve state 

before S introduction. 
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4.3.5 S->C ‘clv’ events exhibited somatic instability  

Closer observation of S->C ‘clv’ individuals revealed a degree of somatic 

instability; the S->C 9-3 ‘clv’ plants occasionally produce 1-3 siliques that appear 

phenotypically ‘Wt’ (Figure S18). These ‘Wt’ siliques were not observed on clv3-2 

plants. Seed produced from ‘Wt’ siliques (from an otherwise strong ‘clv’ plant) were 

sown to check for changes in progeny phenotype. Two out of 288 plants from these ‘Wt; 

siliques produced phenotypically ‘Wt’ plants (Figure S19). The progeny of these plants 

were all phenotypically ‘Wt,’ with the notable exception of producing occasional siliques 

with 3-4 carpels (Figure S20). A ‘Wt’ offspring of the 5-Aza revertant plant also 

produced one ‘clv’ silique with 5 carpels (Figure S21). Taken together, these 

observations support somatic instability of both the ‘Wt’ and ‘clv’ phenotypes in the S->C 

background.  

4.3.6 Consistent with variable silencing, one S->C line produced a novel 
inflorescence phenotype 

In the T3 generation another homozygous S->C line, S->C 9-11, segregated two 

distinct phenotypes: 1) ‘Wt’ plants and, 2) plants with ‘big buds’ (hereafter ‘BB’) that 

produced more and larger petals and sepals (Figure S22). The stark difference in plant 

phenotype occurred despite the fixation of both S and C transgenes. As expected for 

reduced clv3 function, ‘BB’ plants made additional petals and sepals per flower, but 

additional anthers or carpels per flower were not observed. The ‘BB’ phenotype is an 

unexpected and separate elaboration of S->C silencing instability, with increased 

perianth organ number. 
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The ‘BB’ phenotype arose multiple times from S->C 9-11 ‘Wt’ parents, at a rate of 

12% (3/25 progeny). To test how the ‘BB’ trait was inherited, two first cousins, one ‘Wt’ 

and one ‘BB,’ were crossed (for a pedigree see Figure S23). These closely related 

individuals were homozygous for both transgenes and are expected to be near 

genetically identical. All F1 plants had ‘BB’ phenotypes (Figure S24). In the S->C 9-11 

‘Wt’ x S->C 9-11 ‘BB’ F2 population, the segregation of ‘BB’ and ‘Wt’ individuals 

exhibited a 3:1 ratio 140/199 (Χ2 test vs ¾; p = 0.13). Crosses between Ler Wt x S->C 

9-11 ‘BB’, and C9 x S->C 9-11 ‘BB’ also produced ‘BB’ F1 plants, further suggesting the 

‘BB’ phenotype behaves as a dominant trait (Figure S24). Thus, despite arising multiple 

times from ‘Wt’ parents, ‘BB’ appears act as a dominant single allele. The repeated 

appearance of the dominant ‘BB’ phenotype from ‘Wt’ parents is difficult to explain 

genetically; it is reminiscent of a possible underlying epigenetic change.  

4.3.7 S->C plants display variable shoot morphologies that are not heritable 

In addition to the ‘clv’ and ‘BB’ phenotypes, S->C transgenic plants exhibited 

occasional shoot aberrations. For example, inflorescences would end in a terminal 

flower or plants would lose apical dominance (Figure S25). Paradoxically, similar bud 

termination effects have been observed in plants that overexpress CLV3, suggesting an 

imbalance of CLV3 signalling in S->C plants (Müller et al. 2006). This phenotypic 

variability was even more pronounced after the plants were outcrossed. In three S->C 

F2 populations, a wide array of polymorphisms appeared (Figure S26). In addition to the 

meristem determinacy defects, S->C F2 phenotypes included enlarged buds and petals, 

altered flowering time, silique sterility, shortened siliques, wrinkled or curled siliques, 
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leaf serration, altered leaf shape, altered height, and clonal chlorotic sectors. One of the 

more common F2 phenotypes was the termination of the inflorescence in multi-

carpellate or multi-staminate structure, reminiscent of the flowers observed in the carpel 

factory mutation, which is due to the loss of DICER-LIKE1 (DCL1) function (Jacobsen et 

al. 1999). The variable S->C shoot phenotypes may hint at the epigenetic instability of 

the S->C system, possibly interfering with both CLV3 and miRNA signalling. 

To ensure this instability was not caused solely by the S gene, another F2 

population was generated from Ler Wt x S. The resulting F2 population displayed no 

phenotypic instability. This may suggest that the wide variety of phenotypes result from 

interactions between the S and C transgenes.  

Phenotypic instability was most pronounced in the S->C F2 population that arose 

from the cross between the S->C 9-11 ‘BB’ and S->C 9-11 ‘Wt’ cousins. Of these F2 

seedlings, 13.6% (n = 206) died before producing true leaves and those that lived 

exhibited a dramatic range of phenotypes (Figure S27). Progeny of S->C 9-11 ‘BB’ self 

crosses also displayed aberrant shoot growth, although these events were less frequent 

and not seedling lethal. Progeny from these distorted F2 plants did not maintain the 

parental phenotype. However, F3 plants continued to exhibit phenotypic variation in 

similar traits as the F2. The parents of this F2 population were closely related and 

genetically homogenous. Due to genetic similarity between the parents, and the 

generationally transient nature of the phenotypes, this morphological instability is not 

consistent with genetic changes. Deciphering the underlying cause of this instability 

awaits further research. 
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4.4 Discussion: 

4.4.1 Phloem-derived sRNA can influence SAM expressed genes 

 The mobile nature of plant sRNA is well established, yet the extent of this 

mobility with respect to travel from phloem-to-SAM remains unclear (Voinnet et al. 1998; 

Brosnan and Voinnet 2011). Evidence presented here suggests that this sRNA phloem-

to-SAM communication axis does exist. Movement of sRNA to the SAM was supported 

by two distinct experiments: 1) phloem expression of a large inverted repeat targeting 

FD expression in the entire meristem body and 2) phloem expression of an aMiR 

targeting CLV3 expression in the stem cell sub-population of the SAM. These synthetic 

systems also provide preliminary information about how endogenous phloem-to-SAM 

sRNA signalling may occur.  

 The pSUC2::FDi system demonstrated that phloem expression of a fully 

complementary inverted repeat could regulate gene expression in the SAM. The 

pSUC2::FDi transgene reduced FD expression and delayed flowering, although not as 

much as expressing the FDi cassette directly in the SAM or genetically disrupting FD 

function. In support of sRNA repression of FD causing the late flowering, the flowering 

delay was abrogated in sRNA biogenesis mutants. Inverted repeats generate a 

spectrum of sRNA sizes that can trigger secondary sRNA biogenesis and transitivity 

(Bleys et al. 2006; Wroblewski et al. 2014). Importantly, this type of repeat does not rely 

on RDR amplification to produce sRNA, yet the delay in flowering was abrogated in the 

rdr6-15 mutant (Himber et al. 2003). Moreover, FD is expressed exclusively in the apex 

and, therefore, any secondary sRNA biosynthesis could only occur after the sRNA has 
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reached the SAM (Abe et al. 2005; Wigge et al. 2005). Thus, RDR6-mediated transitivity 

is likely a critical step in phloem-to-SAM sRNA signal reception. miRNAs can sometime 

trigger secondary sRNA biogenesis, and it is possible the S->C system likewise relies 

on RDR6 actions in the SAM (Allen et al. 2005; Creasey et al. 2014). In this way, only 

small initial populations of phloem mobile sRNA need to reach the SAM to trigger an 

effective silencing response.  

 The S->C silencing system combined a phloem-expressed aMiR with a synthetic 

CLV3 target expressed in SAM stem cells. Only a few independent lines produced 

strong ‘clv’ individuals, and most S->C transgenics were phenotypically ‘Wt.’ However, 

these ‘Wt’ lines showed a reduction in CLV3 transcript levels after the introduction of S, 

supporting the notion that S-derived sRNA moves to the apex and into the stem cells. 

Past studies have reported that reduction of CLV3 expression to below 33% of Wt levels 

is required for the ‘clv’ phenotype to become apparent (Müller et al. 2006). Likewise, 

only 4/35 inducible 35S driven RNAi lines produced sufficient knockdown to elicit ‘clv’ 

phenotypes (Reddy and Meyerowitz 2005). Comparing SUC2::FDi to FD::FDi 

knockdown revealed that silencing over a long distance has lower efficacy than the 

same RNAi cassette co-expressed with its target. Accordingly, the rare appearance of 

S->C ‘clv’ phenotypes appears concordant with the dramatic reduction in CLV3 

expression needed to manifest meristem over-proliferation.  

 A recent study of miRNA movement within the SAM by Skopelitis et al. (2018) 

described distinct cellular domains wherein miRNAs act non-autonomously; outside of 

these domains, miRNA movement was restricted. The SAM contains several distinct 
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domains, across which non-autonomous miRNA silencing was impaired. (Skopelitis et 

al. 2018). In contrast, our S->C system supports miRNA movement from the phloem 

through these domain barriers to reach the region of CLV3 expression. In most 

instances (S->C ‘wt’ plants), S-triggered reduction in CLV3 expression was modest, 

perhaps below that which could be detected by the histology approach used in 

Skopelitis et al., (2018). Meanwhile our evidence suggests the strong S->C ‘clv’ 

silencing events occurred in the T1 or T0 generation. This places the strong silencing 

events temporally proximal to the dsDNA break occurring during transgene integration. 

dsDNA breaks have been demonstrated to induce sRNA expression (termed double-

strand break induced small RNA or diRNA) in a RDR6 dependent manner (Wei et al. 

2012; Miki et al. 2017). Perhaps the coincidence of phloem diRNA and MmuMiR124 

expression was required to elicit a strong ‘clv’ phenotype. A study by Fultz and Slotkin 

(2017) likewise suggested that the T1 or T0 generation is a critical window for sRNA 

mediated silencing of a transgenic transposon, and that T1 plants lacking key sRNA 

silencing genes do not achieve Wt level silencing after the restoration of functional 

silencing in T2 plants. The initial transformations in Skopelitis et al., (2018) were 

performed in an rdr6- background and the absence of RDR6 activity in the T1 or T0 

generation may have prevented strong silencing events. Taken together, we suggest 

that sRNA gating within the SAM may not be impregnable, such that some dosage of 

distantly-produced miRNA may pass through these domain barriers. Indeed, a similarly 

leaky sRNA gating mechanism was observed in the parenchyma subtending the 

Arabidopsis SAM (Liang et al. 2012).  
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4.4.2  S->C phenotypic instability may hint at important endogenous phloem-to-
SAM sRNA signalling 

Unexpectedly, the S->C plants displayed a variety of abnormal shoot 

phenotypes, often affecting other shoot traits beyond that expected from altered CLV3 

function. Compared to parental lines, shoot aberrations increased in frequency and 

severity in F2 populations, even from crosses between highly related individuals. Why 

phenotypic instability is promoted by out-crossing remains unclear. However, since 

these aberrant phenotypes are transgenerationally unstable and appear after crosses 

between first cousins, the underlying mechanism does not appear to be genetic 

changes. Instead these transient phenotypes may reflect unstable epigenetic states.  

One explanation for these unstable phenotypes is that S expression, despite low 

genomewide homology, occasionally has off-target effects. However, we do not favor 

this explanation, as this phenotypic instability was not observed in plants containing S 

alone. An alternative hypothesis is that if endogenous phloem-to-SAM sRNA trafficking 

does play important roles in plant development, perhaps the S->C system disrupts this 

process by flooding the system with artificial sRNA signals. Indeed the influence of 

transgenic sRNA expression on endogenous sRNA expression has been previously 

observed and the authors likewise speculated this was caused by diversion of sRNA 

biogenesis/effector proteins into interactions with transgenic sRNA (Wroblewski et al. 

2014). If the shoot phenotypes observed in the S->C lines are indeed due to the 

disruption of endogenous phloem-to-SAM signalling, then severity and diversity of these 

growth defects may hint at the importance of phloem-to-SAM sRNA trafficking in plant 

growth and development.  
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4.4.3 Phloem-to-SAM sRNA trafficking could induce epigenetic changes 

 In the S->C transgenic system, silencing of C was rarely strong enough to 

produce a ‘clv’ phenotype. What could have occurred to cause these rare strong S->C 

‘clv’ events? One possibility is that the S->C PTGS of C can occasionally progress to 

TGS via RdDM, resulting in a dramatic reduction of C expression. Supporting potential 

RdDM involvement in C silencing, treating S->C ‘clv’ plants with the DNA methylation 

inhibitor 5-Aza produced one revertant ‘Wt’ plant. In contrast to the pSUC2::FDi system 

which targets the gene body of FD (distal to DNA regulatory elements driving FD 

expression), the aMiR target site is very close (56 bp 5’) to the 3’ eCLV3 required for 

SAM expression of CLV3 (Brand et al. 2002). This eCLV3 sequence contains the 

endogenous transcriptional terminator, whose function is critical to avoid gene silencing 

(de Felippes et al. 2020). RdDM silencing spreads short distances into linked 

sequences (Ahmed et al. 2011; Bond and Baulcombe 2015). The proximity of the aMiR 

site to eCLV3 limits the distance silencing would need to spread to potentially disrupt C 

transcription. Although no specific mechanism wherein S could cause a genetic change 

at C has been reported, we cannot dismiss the possibility that genetic changes may 

underly the S->C ‘clv’ events. However, a strictly genetic explanation does not explain 

the variable severity of the ‘clv’ phenotype, nor the ‘clv’ somatic instability. Considering 

these variations, we suggest that epigenetic events underly the S->C ‘clv’ events.  

 A phloem-to-SAM sRNA transport pathway provides a route for phloem sRNA 

signals to influence gene expression in the stem cells that produce the shoot. Notably, 

these SAM stem cells give rise to the gametes and, consequently, the next generation. 
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Regardless of the mechanism behind the S->C ‘clv’ events, the role of sRNA in initiating 

gene silencing is well established. It has been demonstrated in somatic tissues, 

including the root apical meristem, that mobile sRNA can cause vegetatively stable 

changes in DNA methylation (Melnyk et al. 2011a; Lewsey et al. 2016; Yu et al. 2018); 

we suggest similar events could occur in the SAM. Several of the sRNA species found 

in the phloem respond to environmental stimuli (Buhtz 2008). It is possible that 

environmentally induced sRNA expressed in the phloem could alter the epigenetic state 

of homologous loci in the SAM through RdDM. Plants do not completely erase DNA 

methylation patterns upon passage through the gametophyte generation, thus 

facilitating the inheritance of epigenetic variants (Quadrana and Colot 2016). If 

environmentally responsive phloem-to-SAM mobile sRNA triggers transgenerational 

epigenetic changes, it may contribute to plant adaptation to that environmental stimulus. 

Indeed, others have suggested that sRNA could bridge environmental sensing with 

progeny imprinting, and phloem-to-SAM sRNA transport provides a route for these 

adaptive epigenetic changes to occur (Martienssen 2008, 2010; Brosnan and Voinnet 

2011; Minow and Colasanti 2020).  

This study used combinations of synthetic constructs to investigate Arabidopsis 

phloem-to-SAM sRNA trafficking. Although transgenic phloem sRNA appears to enter 

the SAM, whether endogenous sRNA moves along the phloem-to-SAM axis remains 

unknown. Further study is needed to reveal the extent to which endogenous phloem-to-

SAM sRNA trafficking exists and whether sRNA drives adaptation to the environment. 
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4.5 Methods: 

4.5.1 Plant materials and growth conditions 

Arabidopsis thaliana plants were grown in Sunshine mix LA4 or Promix BX at 

60% relative humidity, in growth chambers with an irradiance of 150 µmolm-2s-1 and 

constant day/night temperatures of 22°C and 18°C respectively. Plants were fertilized 

bi-weekly with liquid 17-5-17 (200ppm) fertilizer until early senescence. Plants were 

grown under 16-hour long days photoperiods, or 8-hour short day photoperiods when 

specified. All experiments were conducted in the Landsberg erecta (Ler) or Columbia-0 

(Col) ecotypes. All Arabidopsis mutants (clv3-2, fd-5, hen1-6, hst-6, hst-15, and rdr6-15) 

were obtained from the Arabidopsis Biological Resource Center (ABRC). To prevent 

selfing, hand crosses were conducted using unopened female flowers with pre-

dehiscent anthers  

4.5.2 Recombinant plasmid construction 

To construct the pSUC2::FDi and pFD::FDi transgenes, a 264bp region of the first 

exon of FD was amplified from cDNA and inserted into the pHANN vector in sense and 

anti-sense orientation. Then this hairpin-forming fragment was amplified and added to 

pDONR221 P5P2 via Gateway® recombination. The pSUC2 promoter sequence was 

amplified from a plasmid graciously provided by George Coupland and recombined into 

pDONR221 P1P5r. The pFDi promoter was amplified off an Arabidopsis BAC clone 

(F4B14 from the ABRC) and likewise added to pDONR221 P1P5r. Finally, a 3-way 

Gateway® reaction was used to combine both promoters with the FDi hairpin into the 

pK7WG expression vector. 
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The pSUC2::GUS:GFP reporter construct was created by first amplifying and 

Gateway® recombination cloning pSUC2 into the pDONR P4P1r vector, then 

recombining this into the pKGWFS7 expression vector. To construct C, two fragments 

of the native pCLV3::CLV3::eCLV3 locus were amplified off Col Wt genomic DNA and 

subcloned into pUC19 through use of restriction enzymes. Within the 3’ CLV3::eCLV3 

fragment, a naturally occurring NsiI site (New England Biolabs) was used to insert an 

oligonucleotide duplex containing the MmuMiR124’ site into the 3’ UTR of the CLV3 

transcript. Next the two pCLV3::CLV3::eCLV3 fragments were restriction enzyme 

digested and inserted into binary vector pBM42GW,3 via a three fragment ligation. A 

complementation control was likewise constructed using 3’ pCLV3::CLV3::eCLV3 

without the MmuMiR124’ site insertion. To construct S, first the SUC2 promoter was 

amplified and cloned into pK7m24GW,3 via restriction enzyme digest. Then gene 

synthesis (Eurofins-Operon) was used to create the artificial MmuMiR124 by replacing 

the active miRNA319a site with that of MmuMiR124. This aMiR fragment was then 

restriction digested and ligated into the pK7m24GW,3 downstream of pSUC2. Primers 

used and the final sequences of all expression vectors are contained in Table S1 and 

Figure S28 respectively. All cloning PCR reactions were performed in a Bio-Rad T100 

thermal cycler using either Phusion High-Fidelity DNA Polymerase (Thermo-fisher) or 

KOD Hot Start DNA Polymerase (Sigma-Aldrich). 

4.5.3 Stable transformation of Arabidopsis 

 Agrobacterium-mediated Arabidopsis floral dips were used to stably integrate 

transgenes as previously described (Clough and Bent 1998), using the Agrobacterium 
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strain GV3101. For herbicide selection, plants were grown on ½MS plates containing 35 

µgmL-1 Kanamycin, ½MS plates containing 20 µgmL-1 Basta (Glufosinate-ammonium) 

and 1% (w/v) sucrose. Alternatively, soil grown plants were sprayed three times with 

200µgmL-1 Basta. For all constructs, numerous independent insertion lines were 

generated (see corresponding sections of the text). Unless otherwise indicated, all 

transgenic analysis was conducted on plants homozygous for a given transgene. The 

SUC2::FDi and FD::FDi constructs were dipped into both Ler and Col Arabidopsis 

accessions, however most quantitative analysis was conducted in the Col background 

to allow comparison to the fd-5 mutant. The SUC2::GUS:GFP reporter was transformed 

in Col. To construct the S->C system, clv3-2 mutant plants were dipped with the C 

transgene; then, after selecting two stable homozygous lines, S was stacked into this 

background (See Figure S7 for a pedigree of the experiment).  

4.5.4 Flowering time and floral organ phenotypic analyses 

For quantitative flowering analysis, all Arabidopsis seed were stratified (3-4 days at 4°C) 

prior to sowing and thinned to uniformity after ~1 week of growth. For each growth 

experiment, comparisons were made within the same chamber in which all genotypes 

were randomly distributed. Flowering time was determined as the number of days 

before floral buds could first be discerned in the rosette, and rosette leaf number 

includes all true leaves except those initiated from axillary meristems. To score floral 

organ number, the number of petals or anthers per flower were counted. Individual 

flower organ counts were averaged to determine the floral organ count for individuals. 

Within comparisons, flowers were taken from plants at the same developmental stage. 



 

 

128 

 

For S->C ‘clv’ segregation ratios, seedlings were germinated on ½MS plates containing 

1% (w/v) sucrose before transplantation to soil, to avoid bias for seedling vigor during 

thinning. Seeds germinated on plates were first sterilized through sequential washes of 

0.05% Triton-X in 70% ethanol, and two changes of 100% ethanol. Top down rosette 

leaf area was calculated via imageJ. All stats were conducted using R (V3.4.1).  

4.5.5 DNA extraction and genotyping  

 Following the SUC2:FDi crossing, PCR genotyping for the transgene or fd-5 t-

DNA insertion was conducted using the primers and conditions listed in Table S2. 

Plants homozygous for hen1-6, hst-6, hst-15, or rdr6-15 where identified via by the 

mutant phenotype. PCR genotyping was conducted using GoTaq® Green Master Mix 

(Promega) in a Bio-Rad T100 thermal cycler. To extract genomic DNA, rosette leaf 

tissue was frozen in liquid nitrogen, ground to a powder and resuspended in buffer 

consisting of 200mM Tris-HCL, 250 mm NaCl, 25mM EDTA and 0.5% (w/v) SDS (pH 

7.5). The supernatant was removed, and DNA was subsequently precipitated with 

isopropanol, pelleted, and washed twice with 70% ethanol. This genomic DNA was then 

responded in water, and 1µL was used as a template in PCR reactions.  

4.5.6 RNA extraction and qPCR expression analysis 

15-day old Arabidopsis seedling had all mature rosette leaves and roots 

removed, leaving the apex, developing leaves and some petiole, which was immediately 

flash frozen in liquid nitrogen. This apically enriched tissue was pooled from five plants 

produce an independent biological replicate. TRIzol (Invitrogen) was used to extract 

total RNA from the apices, per manufacturer instructions. This RNA was the treated with 
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DNAse I (Thermo-fisher), and subsequently cleaned up via phenol/chloroform extraction 

and ethanol precipitation. RNA quality was determined via agarose gel electrophoresis 

and RNA purity and quantity was measured via NanoDrop 2000C (Thermo Scientific) 

spectrophotometer measurements. 1000µg total RNA was used with the iScript cDNA 

Synthesis kit (Bio-Rad). After confirming primer specificity and efficiency via a standard 

curve, qPCR measurement of transcript abundance was done using SsoAdvanced 

Universal SYBR Green Supermix (Bio-Rad) on an Applied biosystems 7300 real-time 

PCR system. qPCR primers are listed in Table S3. For all qPCR experiments, 3 

technical replicates and 3-6 biological replicates were used. To normalize expression to 

the amount of meristem derived cDNA in the total cDNA pool, KNAT1 expression was 

used as a meristem-specific endogenous control in addition to β-tubulin. Importantly, 

KNAT1 expression did not show consistent expression trends within the groups 

sampled, implying its expression was unchanged across the genotypes sampled and 

serves as a good measure of meristem content (Figure S29). The 2–ΔΔCt method was 

used to determine expression across groups (Livak and Schmittgen 2001). Due to the 

mild difference in FD expression, this qPCR experiment was repeated 3 times 

independently, all of which exhibited the same trend in FD expression.  

4.5.7 5-Azacytidine treatments 

 Arabidopsis seeds were sterilized (see plant growth conditions) and plated in 

sterile conditions upon ½MS plates with or without 100µM 5-Aza. This dose and 

exposure of 5-Aza has been previously demonstrated reduce genomewide Arabidopsis 

DNA methylation (Griffin et al. 2016). The seeds were then dark stratified for 3 days at 
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4°C, before being transferred to the light. After 8 more days of growth, all seedlings 

were transferred to soil and grown to maturity. ‘Wt’ siliques produced from otherwise 

‘clv’ individuals were counted and harvested separately from the rest of the seed.  

4.5.8 Sectioning, GUS staining and microscopy 

Whole seedlings were cleared in ethanol at room temperature over several day. Then 

GUS staining was carried out as previously described (Jefferson et al. 1987). GUS-

stained tissues were counter stained with Eosin Y and embedded in paraffin wax before 

being sectioned on (Leica RM2665) into 8µm ribbons. These ribbons were placed on 

poly-l-lysine coated slides, re-hydrated, and viewed via light microscopy (Leica DMLS2). 

GFP fluorescence was viewed via epifluorescence microscopy (Leica MZFLIII). For 

imaging of Arabidopsis SAMs, the inflorescence tissue was hand dissected before being 

placed fresh into an environmental scanning electron microscope (Hitachi TM-1000) 
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5 Final thoughts 

Transcription is an important step in gene regulation. Plant transcription is 

controlled by regulators including transcription factor proteins and small RNA (sRNA). 

This thesis focuses on these two classes of gene regulators to better understand their 

actions. Classical models of gene regulation focus on the importance of transcription 

factors. Transcription factors bind specific DNA elements in the promoters of target 

genes, and individual transcription factors either promote or inhibit gene expression. 

These target genes can themselves have downstream regulatory effects. Thus, 

changes in one transcription factor has many ‘ripple effects’ that integrate into a larger 

transcriptional change elicit a response. 

 Although simplistic, this model of transcriptional regulation is relatively effective 

in explaining the expression of many genes. However, due to the downstream effects, it 

remains difficult to establish which downstream transcriptional changes are directly 

caused by a given transcription factor; that is, it remains challenging to order genes into 

a genetic pathway. INDETERMINATE1 (Id1) encodes one such transcription factor. 

Despite the importance of Id1 in controlling maize flowering, little is known about its 

direct downstream targets and how the autonomous inductive pathway converges on 

flowering (Colasanti et al. 1998; Coneva et al. 2012). RNA-sequence analysis 

comparing temperate field maize and teosinte revealed that ID1 induces flowering via a 

different gene regulatory network than photoperiod responsive induction (Minow et al. 

2018). This RNA-sequencing profiling provided a list of floral regulators that were 

differentially expressed in id1 tissues. How these floral regulators interact with Id1 
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remains unknown. However, this smaller group of candidate genes could help identify 

how Id1 controls the autonomous flowering pathway. Additionally, this transcriptomic 

analysis addresses the extent to which ID1 signalling is integrated with known maize 

miRNA pathways. Our analysis indicates that Id1 acts independently of expression 

changes in miR156/miR172, although miR399 expression was reduced in flowering 

autonomous maize and teosinte mature leaves. How miR399, which is involved in 

regulating phosphate uptake, is involved in maize floral induction remains an open 

question. 

In addition to the transcription factor control of gene expression, the epigenetic 

state near a gene controls transcription. The epigenetics of a locus is largely stable, as 

epigenetic states generally promote the maintenance of that same state. One important 

epigenetic regulator is sRNA, which represses homologous loci. sRNA can be produced 

from any sequence in the genome, allowing for an immense amount of flexibility in 

sRNA silencing. This contrasts DNA binding proteins, that have evolved to have target 

specific nucleotide sequences. It is known that sRNA can trigger epigenetic changes by 

acting in trans to influence the expression of homologous loci. Through phenomena like 

stable co-suppression and non-canonical RNA-directed DNA methylation (RdDM), this 

sRNA trans regulation can initiate a cycle of sRNA silencing at loci away from the 

original sRNA trigger (Hamilton and Baulcombe 1999; Matzke and Mosher 2014; 

Cuerda-Gil and Slotkin 2016). This allows sRNA to initiate epigenetic changes that 

remain stable in the absence of the initial sRNA trigger. However, there are also many 

examples where sRNA expression and does not precipitate cycles of sRNA expression 
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at homologous loci in the genome. Two outstanding basic questions are: what exactly is 

needed for sRNA expression to trigger stable cycles of sRNA production over distal 

homologous regions and how often does this occur in plant populations?  

5.1 sRNA cross talk between and within haploid genomes 

The ability of sRNA to stably alter sRNA expression elsewhere in the genome 

may be especially relevant following hybridization. Crossing two distantly related plants 

together places polymorphic haploid genomes with different sRNA transcriptomes into 

the same nucleus, potentially providing a ripe opportunity for sRNA trans regulation to 

influence epigenetic inheritance. The study of F1 hybrid sRNA transcriptomes supports 

the notion that sRNA expression changes in hybrid plants (Barber et al. 2012). 

However, it is unclear how many of these sRNA expression changes trigger 

transgenerational epigenetic changes that can be maintained in generations after the 

hybridization event.  

If sRNA patterns altered after hybridization are maintained, it would provide an 

opportunity for haploid genomes to exchange information with one another. This 

reciprocal sRNA cross-talk may allow plants to ‘learn’ sRNA patterns from evolutionarily 

divergent individuals. This ‘learning’ may have implications for the control of 

transposable elements (TEs). sRNA silencing is integral in the host control of TEs, 

however recognizing novel TEs often requires a mutagenic TE replication phase (Marí-

Ordóñez et al. 2013; Nuthikattu et al. 2013; McCue et al. 2015). Mu-killer, is an example 

that demonstrates the ability of haploid genomes to ‘learn’ from one another. Crossing 

Mu-killer into a background with active homologous TEs silences these TEs, which 



 

 

134 

 

persists after the Mu-killer allele segregates away (Slotkin et al. 2003). In this way, 

‘learning’ sRNA patterns allows plant populations to silence active TEs without needing 

each individual to experience a TE duplication burst. It is unclear to how frequently 

haploid genomes ‘learn’ sRNA patterns from one another to silence TEs. 

One example of two haploid genomes ‘learning’ the gene expression state of the 

other is paramutation. In characterized examples of paramutation, crossing two different 

alleles together (one active, one repressed), results in a heritable repression of the 

active allele. Furthermore, examples of paramutation-like inheritance of sRNA 

expression and DNA methylation patterns have been observed (Bender 2004; Greaves 

et al. 2012, 2014; Eichten et al. 2013; Regulski et al. 2013; Rigal et al. 2016; Zhang et 

al. 2016; Gouil and Baulcombe 2017). Although full the molecular mechanism remains 

elusive, current models of paramutation are centered around sRNA expression changes 

(Hollick 2016). It therefore seems possible that, like the above example of sRNA cross-

talk facilitating TE silencing, sRNA cross talk between haploid genomes may influence 

the inheritance of gene expression states.  

 Additionally, if plants can adapt to their environment via somatic sRNA signals 

that change the epigenetic profile of shoot apical meristem (SAM) cells (see below), 

sRNA communication between haploid genomes may likewise facilitate the increase in 

a novel epiallele’s population frequency. Such sRNA pattern ‘learning’ events would 

allow rare events to have larger population level impacts. However, it is unknown how 

frequently sRNA cross-talk triggers novel epigenetic states, and how often these 

changes influence gene expression.  
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 Our work in chapter 3 examines how two related recombinant inbred line (RIL) 

sRNA transcriptomes differed from one another and their inbred parents. If hybridization 

stably alter sRNA patterns, we expect the two RILs to exhibit similar sRNA expression 

patterns. This transcriptomics approach revealed largescale retention of the sRNA 

expression found in the parental lines. However, non-parental sRNA expression 

patterns were also observed. Of these non-parental expression patterns, the RILs 

exhibited striking similarities in expression. This was despite the RILs being more 

genetically distinct than similar. It is possible that this similarity in non-parental sRNA 

expression is due to the maintenance of epigenetic patterns that change upon 

hybridization.  

 Additionally, we measured sRNA expression within near isogenic line (NIL) 

siblings segregating introgressed DNA. Here, sRNA expression appeared reduced over 

the introgressed DNA compared to the homologous region from the recurrent parent. 

We speculate that the low sRNA expression across the introgression is related intra-

genomic sRNA cross talk. Specifically, we believe that low genome-wide homology to 

the TEs within the introgressed region may reduce its levels of sRNA silencing. 

Consistent with this prediction, TE expression across the introgressed region was 

higher than that found homologous region from the inbred parent. However, the 

implications of altered sRNA expression on NIL gene expression needs further inquiry.  

 Although these snapshots of RIL and NIL sRNA transcriptomes do not follow the 

evolution of sRNA patterns across sequential generations, our results appear consistent 

with the notion of cross-talk between and within haploid genomes influencing the sRNA 
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transcriptome. If intra and inter-genomic sRNA cross-talk events permanently alter 

sRNA patterns, this will imply the pedigree of an individual (i.e. past genome-genome 

interactions) has left epigenetic consequences. To more definitively support the 

influence of pedigree on the sRNA transcriptome, a more comprehensive study is 

needed. Specifically, sampling the sRNA transcriptomes of the sequential generations 

involved in RIL or NIL creation would provide better evidence about how sRNA cross-

talk may influence the inheritance of sRNA expression.  

5.2 Phloem-to-SAM sRNA transport links somatic sRNA to future 
growth 

 sRNA have been detected in phloem sieve tubes (Buhtz et al. 2008). Therefore, 

phloem sRNA may be trafficked organism-wide, although which tissues receive these 

signals is unclear. To date, long-distance sRNA movement has demonstrated to allow 

movement across graft junctions, into vascularized flowers and into root apical 

meristems (Molnar et al. 2010; Melnyk et al. 2011a; Zhang et al. 2014). Phloem 

transport moves predominantly from carbon producing source tissues (e.g. leaves) into 

carbon consuming sink tissues. Therefore, sRNA in the phloem could move source-to-

sink into the growing SAM. However, long distance phloem-to-SAM sRNA silencing has 

not been demonstrated (Brosnan and Voinnet 2011). The SAM exists many cell layers 

away from the phloem, and barriers to sRNA movement have been observed to insulate 

the mature vasculature from the meristem (Liang et al. 2012; Skopelitis et al. 2018). Our 

work set out to discern if phloem-to-SAM trafficking occurs despite the presence of 

these barriers. 
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Systemic gene silencing involves somatic sRNA signals that can encompass the 

SAM to elicit heritable gene silencing (reviewed in Molnar et al. 2011 and Dunoyer et al. 

2013). However, systemic gene silencing is not true long-distance trafficking. Rather 

systemic silencing results from a cycle between short-distance trafficking and secondary 

siRNA biogenesis that creates a ‘front’ of silencing that can encompass the SAM (Liang 

et al. 2012). At first glance, this may seem an arbitrary distinction, however, for systemic 

silencing to reach the SAM two criteria must be met: 1) the sRNA must be capable of 

triggering secondary siRNA (transitivity) 2) the sRNA target must be constitutively 

transcribed to continually fuel secondary sRNA biogenesis. These two criteria would 

serve as a stringent filter, greatly limiting which sRNA can influence the SAM. However, 

if phloem-to-SAM sRNA trafficking does occur without systemic silencing, a much larger 

population of sRNA can influence SAM gene regulation.  

In chapter 4 we provide transgenic evidence that long distance phloem-to-SAM 

sRNA silencing can occur in planta. Moreover, it appears that phloem derived sRNA 

can move into the distal-most population of stem cells that express CLAVATA3 (CLV3). 

Importantly, these CLV3 expressing cells are the precursors for the entire shoot, 

including the cell lineages that produce the male and female gametes. Curiously, long-

distance silencing produced rare events that behaved as recessive reduced CLV3 

function alleles. Although more work must be done to determine the molecular 

mechanism, several of our observations are consistent with the strong phloem to stem 

cell silencing events being epigenetic in nature. This would be consistent with the 

established roles of sRNA in initiating stable cycles of RdDM. 
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Several research groups have speculated that plant sRNA may act as a 

transgenerational signal, joining somatic environmental sensing with adaptive 

expression changes (Martienssen 2008, 2010; Brosnan and Voinnet 2011). Under this 

model, sensory organs, like leaves and roots, would express sRNA in response to 

environmental signals. This sRNA would move, source-to-sink, through the phloem to 

the SAM. Once there, this sRNA would regulate gene expression. Our evidence 

indicates sRNA can indeed move phloem-to-SAM, a key component of this ‘gemmule’ 

model that had not been demonstrated previously. By regulating SAM gene expression, 

environmentally induced sRNA could influence the rest of the soma produced from that 

meristem. Furthermore, it has been demonstrated in somatic tissues that mobile sRNA 

can cause vegetatively stable changes in DNA methylation to modify gene expression 

(Melnyk et al. 2011a; Lewsey et al. 2016; Yu et al. 2018). Additionally, plants do not fully 

erase methylation patterns during gamete production. Therefore, if any environmentally 

induced sRNA triggers RdDM, it would allow the inheritance of any resulting DNA 

methylation. If these sRNA induced changes provide an adaptive advantage to the 

plant, it would allow the plant to prime its progeny to thrive in the parental environment. 

Although the molecular mechanism remains unclear, there is ecological evidence of 

progeny adapting to the parental environment (Sultan 1996; Galloway 2005; Galloway 

and Etterson 2007). It is tempting to speculate this environmental adaptation is driven 

by sRNA moving to the SAM, converting somatic environmental sensing into epigenetic 

changes inherited in the gametes. 
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One caveat of our sRNA movement study is that it relies upon artificial 

transgenes to demonstrate movement; using a strong phloem promoter produces 

enough sRNA to influence SAM expression, but the extent to which endogenous 

phloem-to-SAM sRNA signalling occurs remains unknown. We have designed a similar 

transgenic system that would detect if endogenous miRNAs can influence CLV3 

expression, however analysis of these transgenic lines is only in preliminary stages. If 

sRNA driven environmental adaption does take place, it requires a source of 

environmentally responsive sRNA that can modulate endogenous gene expression. 

These requirements are met by TEs; i.e., TEs are a source of sRNA, are 

environmentally responsive, and TEs can influence gene expression (Lisch and 

Bennetzen 2011a). Furthermore, somatic tissues relax TE silencing, increasing the 

likelihood of TE reactivation, novel insertions and sRNA expression changes (Li et al. 

2010). Environmentally induced TE expression can result in sRNA expression, which 

could theoretically move to the SAM (Ito et al. 2011). Once in the SAM, the TE-derived 

sRNA could influence the epigenetic state of related TEs throughout the genome, in turn 

altering the expression of genes by influencing the activity of nearby DNA regulatory 

elements. Importantly, this would include the DNA regulatory elements within TEs 

themselves. These TE DNA regulatory elements would respond to the same 

environmental trigger as the initial sRNA signal. For example, heat induced TE sRNA 

could alter the epigenetic states of related TEs each containing homologous heat 

responsive elements. Modulating the epigenetics of TE DNA regulatory elements may 

influence the plant response to an environmental stimulus and this induced diversity 
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may be selected upon to adapt to the local environment. Future sRNA transcriptomic 

studies of plant populations with active environmentally responsive TEs may shed light 

on to what extent TE derived sRNA may drive adaptation to the environment.  

Our S->C transgenic system produced rare strong silencing events. These 

events likely occurred in the T0 or T1 generation, and no similar events were observed 

in the same insertion lines at more advanced generations. This timeframe is coincident 

with the double stranded DNA (dsDNA) break that occurred during transgene 

integration, which has been demonstrated to induce sRNA expression (diRNA) (Wei et 

al. 2012). Curiously, TE integration universally involves dsDNA breaks. If the S->C 

strong silencing events are linked to diRNA expression ‘boosting’ the efficacy of the 

aMiR, it would be interesting to observe if similar long-distance silencing events 

occurred following TE duplication. If true, the somatic release of TE silencing may be 

part of the plant strategy to identify and repress active TEs (Li et al. 2010).  

This thesis provides evidence of phloem-to-SAM sRNA silencing. However, the 

molecular machinery required for such trafficking remains unknown. One advantage of 

the SUC2::FDi system is its simple genetics: one transgene and one endogenous SAM 

target. The SUC2::FDi system is amenable to a suppression screen, which may identify 

genes involved in plant sRNA trafficking. In this suppression scheme, treating the 

SUC2::FDi plants with a mutagen may randomly suppress sRNA trafficking resulting in 

plants that flower at the same time as the Columbia (Col) Wt. I have begun this 

suppression screen experiment. One stably strong SUC2::FDi line was mutagenized 

using ethyl-methanesulfonate (EMS), which induced random point mutations (G->A; C-
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>T). From a screen of 6000 plants, 129 early flowering (Ea) M2 plants were identified. 

17 of these Ea lines had a flower time that resembled Col Wt through to the M5 

generation. These 17 Ea lines were backcrossed 3 times to the pre-mutagenized 

SUC2::FDi line to remove mutations unlinked to the causative alleles. Of these 17 lines, 

3 lines exhibited flowering time inheritance consistent with one Mendelian trait (2 

dominant variants, one recessive). These Ea lines were also selfed to fix the dominant 

alleles. Genotyping by sequencing will produce mapping intervals which will contain the 

causative allele that suppressed the SUC2::FDi floral delay. Although this screen may 

uncover known sRNA biogenesis mutant, it could also shed light on the molecular 

machinery behind phloem-to-SAM sRNA trafficking.  

Plants face unique life challenges, many of which stem from the plant immobility. 

Unlike animals, plants react to the environment via developmental plasticity rather than 

behaviorally. Underpinning this plasticity is a remarkable ability to alter gene expression 

in response to environmental signalling. Despite the importance of plants to human life, 

much of the molecular workings underpinning plant gene expression remain unknown. 

These mysteries include the actions of classical plant transcription factors, like ID1, 

which control fundamental processes like monocot flowering. Likewise, many questions 

remain as to how sRNA influences gene expression, and how this is inherited across 

generations. Many aspects of plant growth and development may poise plant life to 

benefit from epigenetic changes (Minow and Colasanti 2020). I believe future inquiry will 

continue to stress sRNA as a critical trans signal that facilitates communication within 

plant genomes. This sRNA communication likely integrates somatic signalling to shift 
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gene expression throughout the plant. When this sRNA regulation engulfs the SAM, this 

may shape both the current and future generations. Additionally, sRNA may facilitate 

cross-talk between haploid genomes following a cross. This would allow for the 

‘learning’ of sRNA patterns, potentially spreading rare events such that advantageous 

variants become prominent a population. In these ways, sRNA may help evolve 

increased plasticity in plant gene expression at both the individual and population level.  

Understanding how sRNA controls plant gene epigenetic dynamism will 

ultimately allow its manipulation in plant breeding schemes. Crop genetic diversity has 

been progressively lost during the breeding of elite germplasm. Integrating directed 

epigenetic shifts with classical DNA sequence-based inheritance may hasten the rate at 

which new phenotypic diversity can be produced. By producing new diversity in elite 

lines, stable sRNA driven epigenetic changes may supplement classical genetics to 

further the advancement of desirable agronomic traits.  
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APPENDIX 1: 

Supplemental Table 5 Proportion of predominate small RNA sizes produced from 
differentially expressed small RNA clusters compared to the predominant sizes 
found in all small RNA clusters 

Dominan
t Size of 
sRNA 
from 

cluster 

All detected 
clusters 

Differentiall
y 

expressed 
AC vs 
ACTZ 

Differentially 
expressed 

RIL64 vs AC 

Differentially 
expressed 
RIL64 vs 

ACTZ 

Differentiall
y 

expressed 
RIL208 vs 

AC 

Differentiall
y 

expressed 
RIL208 vs 

ACTZ 

Mixed 

0.20100922
9 

0.008273 
(<2.2e-

16) 

0.00432176
2 

(<2.2e-16) 

0.00762829
4 

(<2.2e-16) 

0.004127 
(<2.2e-

16) 

0.006219 
(<2.2e-

16) 

20 
0.00935196

7 

0.000209 
(<2.2e-

16) 

0.00027882
3 

(1.4e-15) 

0.00041608
9 

(3.2e-15) 
0.000179 
(1.3e-12) 

0.000322 
(<2.2e-

16) 

21 
0.01722329

7 

0.009401 
(<2.2e-

16) 

0.00501882
1 

(1.9e-15) 

0.01248266
3 

(2.0e-3) 
0.007895 
(8.7e-8) 

0.004932 
(<2.2e-

16) 

22 
0.03930039

9 

0.094217 
(<2.2e-

16) 

0.10009758
8 

(<2.2e-16) 

0.13106796
1 

(<2.2e-16) 

0.069621 
(<2.2e-

16) 

0.106358 
(<2.2e-

16) 

23 
0.01024651

9 

0.000877 
(<2.2e-

16) 

0.00111529
3 

(1.6e-14) 

0.00027739
3 

(<2.2e-16) 
0.000359 
(2.3e-13) 

0.000536 
(<2.2e-

16) 

24 

0.72286859 

0.887023 
(<2.2e-

16) 

0.88916771
2 

(<2.2e-16) 

0.84812760
1 

(<2.2e-16) 

0.917818 
(<2.2e-

16) 

0.881634 
(<2.2e-

16) 

p values from a χ2 goodness of fit test are stated in brackets after each proportion 
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Supplemental Table 7 Proportion of non-parental differentially expressed small 
RNA Clusters with a dominant size of small RNA compared to the predominant 
sizes detected from all clusters 

Dominant 
Size of 

sRNA from 
cluster 

All detected 
clusters 

Non-parental 
expression 

RIL64 vs AC 

Non-parental 
expression 

RIL64 vs ACTZ 

Non-parental 
expression 

RIL208 vs AC 

Non-parental 
expression 
RIL208 vs 

ACTZ 

Mixed 

0.201009229 
0.006008011 

(<2.2e-16) 
0.012202954  

(<2.2e-16) 
0.005119454 

(<2.2e-16) 
0.012035011 

(<2.2e-16) 

20 
0.009351967 

0 
(1.7e-4) 

0.001284522 
(9.4e-4) 

0 
(8.8e-4) 

0.000547046 
(9.2e-5) 

21 
0.017223297 

0.010013351 
(0.032) 

0.017983301 
(0.82) 

0.011945392 
(0.16) 

0.009846827 
(0.015) 

22 
0.039300399 

0.204272363 
(<2.2e-16) 

0.244059088 
(<2.2e-16) 

0.119453925 
(<2.2e-16) 

0.218271335 
(<2.2e-16) 

23 
0.010246519 

0.002670227 
(3.6e-3) 

0.000642261 
(1.7e-4) 

0 
(5.0e-4) 

0.000547046 
(3.8e-5) 

24 
0.72286859 

0.777036048 
(2.8e-6) 

0.723827874 
(0.93) 

0.863481229 
(<2.2e-16) 

0.758752735 
(6.1e-4) 

p values from a χ2 goodness of fit test are stated in brackets after each proportion 

 
Supplemental Table 12 Expected values of higher TE expression for all TEs in 
either wildtype or mutant groups when aligned to the region of the introgression 
as predicted through chance  

 Observed 
Immature 

Leaf 

Expected  
Immature 

Leaf (50%) 

Observed 
Mature Leaf 

Expected 
Mature 

Leaf 
(50%)  

WT>Mu  

1985 
 

2663 
 (<2.2e-16) 

 

1850 
 

2514 
(<2.2e-16) 

 
Mu>WT 

 
3341 

 
2663 

 

 
3178 

 
2514 

p values from a χ2 goodness of fit test are stated in brackets next to each expected value, observed values are in bold 
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Supplemental Table 13 Expected values of higher TE expression for significantly 
different (t-test; α = 0.05) TEs in either wildtype or mutant groups when aligned to 
the region of the introgression as predicted through chance  

 Observed 
Immature 

Leaf 

Expected  
Immature 

Leaf (50%) 

Observed 
Mature Leaf 

Expected 
Mature 

Leaf 
(50%)  

WT>Mu  

69 
 

252.5 
 (<2.2e-16) 

 

37 
 

68 
(1.7e-7) 

 
Mu>WT 

 
436 

 
252.5 

 

 
99 

 
68 

p values from a χ2 goodness of fit test are stated in brackets next to each expected value, observed values are in bold 

 

Supplemental Table 16 Observed values of overlap between differentially 
expressed (DE) sRNA and DE transposable elements (TE) or DE sRNA and 
expressed TEs compared to the expected values based upon chance alone 

 Observed 
Immature 

Leaf 

Expected  
Immature 

Leaf 

Observed 
Mature 

Leaf 

Expected 
Mature 

Leaf  

DE sRNA 
&  

DE TE 

 

25 
 

32.45 
 (0.22) 

 

4 
 

5.08 
(0.82) 

 
DE sRNA 

& 
expressed 

TE 

 
241 

 
348.99 

(7.38e-10) 

 

 
133 

 
188.06 

(2.68E-05) 

p values from a binomial test are stated in brackets next to each expected value, observed values are in bold 
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APPENDIX 2: 

Table S1 Primers used in the construction of long-distance silencing constructs 

Name Sequence (5’ to 3’) 

FD X-F (XhoI-
F) 

TTCTCGAGGACATCAACCTTGCTTCCATCC 

FD K-R (KpnI-
R) 

TTGGTACCGGAATTCAAGCTCAGAACAGTTG 

FD B-F 
(BamHI-F) 

TTGGATCCGACATCAACCTTGCTTCCATCC 

FD C-R (ClaI-
R) 

GCATCGATGGAATTCAAGCTCAGAACAGTTG 

Hann B5F GGGGACAACTTTGTATACAAAAGTTGGGAAGTTCATTTCATTTG
GAGAGG 

term B2-R GGGGACCACTTTGTACAAGAAAGCTGGGTAATTTAGGTGACACT
ATAGAATATG 

pFD B1-F GGGGACAAGTTTGTACAAAAAAGCAGGCTAATAGTTATCCAAGG
CCCTCTCTACTTG 

pFD B5r-R GGGGACAACTTTTGTATACAAAGTTGTTGGAAAAGAGAACAGAA
GTGAACCAAC 

SUC2 B1-F GGGGACAAGTTTGTACAAAAAAGCAGGCTTGTAAAATCTGGTTT
CATATTAATTTC 

SUC2 B5r-R GGGGACAACTTTTGTATACAAAGTTGTATTTGACAAACCAAGAAA
GTAAG 

SacI_pSUC2_
Fp 

GAAAGAGCTCTAAAATCTGGTTTCATATTAATTTCACACACCAAG
TTAC 

NcoI_XhoI_S
UC2_Rp 

TCAAACCATGGAAGGAACTCGAGATTTGACAAACCAAGAAAGTA
AGAAAAAAAAGAAATTTCTTTGAG 

XhoI_mi124_
Fp 

AGAAACTCGAGCAAAAAAGCAGGCTCAAACACACGCTCG 

NcoI_mi124_
Rp 

CAAACCATGGGTACAAGAAAGCTGGGTCATGGCGATGC 

CLV3aFp AAAGGATCCGAGCTCTTCGTGGACTTGGAGTTGATGC 

CLV3aRp AACTGCAGACCGGTAAACAGTTGTTGAACTGGACCGG 

CLV3bFp TTTGGATCCACCGGTCTGTTTCATTGCTTTAGTTGTCACG 

CLV3bRp AACTGCAGGATATCCTTTATTGGTTAGTATAGGTGAATGG 

2°CLV124 CTAAGGCACGCGGTGAATGCCAGTGCA 

2°CLV124* CTGGCATTCACCGCGTGCCTTAGTGCA 
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Table S2 fd-5 and pSUC2::FDi genotyping primers 

Name Sequence (5’ to 3’) 

FD-5F GCTAAGCATCAGAGAAACCATAGACTCTCTGC 

FD-5R GGTGGATGGAAGCAAGGTTGATGTCATTCC 

LBb1.3 ATTTTGCCGATTTCGGAAC 

FDiRev GGTTCCTGGTTCAAAGATCC 

SUC2F CCACCACTACAACCACCGC 

Table S3 qPCR primers used to quantify expression of FD and CLV3 

Name Sequence 

qRT FD-F CTTTTCCACCTCCTGCAACTG 

qRT FD-R CATTTTCTGCCTGCAAGTGAG 

qRT CLV3-F GTTCAAGGACTTTCCAACCGCAAGATGAT 

qRT CLV3-R CCTTCTCTGCTTCTCCATTTGCTCCAACC 

qRT KNAT1-F TCCCATTCACATCCTCAACAATC 

qRT KNAT1-R CCCCTCCGCTGTTATTCTCT 

qRT AtBTub-F CTCAAGAGGTTCTCAGCAGTA 

qRT AtBTub-R TCACCTTCTTCATCCGCAGTT 
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