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Abstract 

 

Uncovering the molecular mechanism of flowering in a marine angiosperm, Zostera marina, and 

evaluating the effects of warming on flowering processes 

 

Christine T. Nolan 

 

Chair of Supervisory Committee: 

Takato Imaizumi 

Department of Biology 

 

Florigen and antiflorigen genes within the phosphatidylethanolamine-binding protein 

(PEBP) gene family regulate flowering in angiosperms. In eelgrass (Zostera marina), an 

estuarine foundation species, flowering and seed production are crucial for population resilience, 

especially in the face of rising seawater temperatures, more frequent extreme weather events, and 

anthropogenic disturbances. Yet, the molecular mechanism underpinning flowering remains 

unknown.  

In Chapters 1 and 2, we investigate the role of florigen and antiflorigen genes in Zostera 

marina in the regulation and onset of flowering. We identified thirteen PEPB genes in Z. marina 

(ZmaPEBP); ten FT (florigen) homologs, two TFL1 homologs, and one MFT homolog. Among 

these thirteen ZmaPEBP genes, when over-expressed in Arabidopsis, two genes (ZmaFT2 and 



ZmaFT4) caused an early flowering phenotype, and two genes (ZmaFT9, and ZmaTFL1a) caused 

a late flowering phenotype. To gain insight into the function of these four genes in eelgrass, we 

analyzed gene expression in different plant tissue from adult perennial shoots in either vegetative 

or flowering reproductive phases at three sites (Willapa Bay, WA USA). ZmaFT2, ZmaFT4, and 

ZmaTFL1a expression was higher in flowering rhizome and shoot tissues, while ZmaFT9 was 

solely expressed in leaves of vegetative shoots. We also analyzed gene expression in annual 

eelgrass shoots over the growth season from three sites across two bays (Willapa Bay, WA and 

Yaquina Bay, OR USA). ZmaFT2, ZmaFT4, expression increased at the time of flowering and 

ZmaTFL1a expression increased after flowering onset occurred. ZmaFT9 expression was high in 

leaves of early vegetative seedlings but decreased shortly before flowering onset. Our results 

suggest that ZmaFT2 and ZmaFT4 may promote flowering and ZmaTFL1a may be involved with 

flowering-related developmental processes, such as shoot architecture, while ZmaFT9 may 

inhibit flowering in eelgrass. 

In Chapter 3, using Z. marina, we applied a common garden approach to experimentally 

test how flowering and its underlying molecular mechanisms responded to elevated water 

temperature (+3°C). We focused on developmental and reproductive traits paired with ZmaPEBP 

gene expression to gain insight to the molecular mechanism underpinning differences in 

flowering responses. We compared annual shoots from two source populations (Willapa Bay and 

Padilla Bay, WA USA) to understand natural variation not only in morphological and 

reproductive traits, but also in ZmaPEBP gene expression governing flowering onset. At the 

individual and population levels, annual seedlings in the +3°C heated treatment produced more 

spathes and accelerated development of inflorescences so seeds dispersed sooner. Also, seedlings 

from Padilla Bay flowered at greater rates and earlier than Willapa Bay, and these differences 



were exaggerated by the +3°C heated treatment. Two predicted floral activators, ZmaFT2 and 

ZmaFT4 had increasing expression throughout the summer regardless of population and showed 

no response to the temperature treatment. ZmaFT9 expression, a predicted repressor of flowering 

onset, was expressed at lower levels in the shoots grown in the +3°C heated treatment, and even 

more so in the Padilla Bay population which flowered earlier than the Willapa Bay population. 

ZmaTFL1a, a gene predicted to be involved with downstream flowering processes, showed no 

significant response to the temperature treatment. These results highlight the contribution of 

ZmaFT9 expression to the temperature-based response of timing of flowering onset. Elevated 

seawater temperature impacted flowering timing and spathe production, with potential 

consequences for seed yield and meadow resilience.   

Combined, these studies support the key role of antiflorigen (ZmaFT9) in the molecular 

control of flowering in Z. marina, not only as the main determinant of flowering onset, but also 

as an integrator of temperature into the flowering response. Florigen genes that contribute to the 

activation of flowering (ZmaFT2 and ZmaFT4) and genes that are responsible for flowering 

related developmental processes (ZmaTFL1a) are also important components of the flowering 

mechanism.  
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SUMMARY 

Florigen and antiflorigen genes within the phosphatidylethanolamine-binding protein 

(PEBP) family regulate flowering in angiosperms. In eelgrass (Zostera marina), an estuarine 

foundation species, flowering and seed production are crucial for population resilience. Yet, the 

molecular mechanism underpinning flowering remains unknown. Among thirteen PEBP genes in 

Z. marina (ZmaPEBP), we showed that four genes (ZmaFT2, ZmaFT4, ZmaFT9, and 

ZmaTFL1a) altered flowering time when overexpressed in Arabidopsis. We analyzed gene 

expression in different tissues and throughout the growth season from perennial and annual 

populations in Willapa Bay and Yaquina Bay, USA. Across six sites exhibiting different degrees 

of population genetic structure, ZmaFT2 and ZmaFT4 were expressed in leaves of vegetative and 

reproductive shoots and in rhizomes of reproductive shoots. ZmaFT9 was solely expressed in 

leaves of vegetative shoots, while ZmaTFL1a levels increased after flowering shoots developed. 

Our results suggest that ZmaFT2 and ZmaFT4 may promote flowering, while ZmaFT9 may 

inhibit flowering in eelgrass.  

 

KEYWORDS 

antiflorigen, florigen, flowering, foundation species, phosphatidylethanolamine-binding proteins 

(PEBP), seed production, Zostera marina (eelgrass) 

 

INTRODUCTION 

In angiosperms, flowering is induced by florigen genes, with FLOWERING LOCUS T 

(FT) as the main inducer of flowering processes. FT is a member of a larger family of genes that 

encode phosphatidylethanolamine-binding proteins (PEBP), which includes other genes relevant 

to flowering, all of which are highly conserved across flowering plants.1,2 In Arabidopsis 

thaliana, there are six FT-like genes implicated in flowering processes. FT and TWIN SISTER 

OF FT (TSF) both activate flowering.3–5 TERMINAL FLOWER 1 (TFL1), Arabidopsis thaliana 

CENTRORADIALIS homologue (ATC), and BROTHER OF FT AND TFL1 (BFT) all inhibit the 

onset of flowering.6–8 MOTHER OF FT AND TFL1 (MFT), while capable of activating flowering 

processes, plays a role in seed germination.9,10 In Arabidopsis, PEBP genes involved with the 

photoperiodic flowering pathway show tissue-specific expression patterns. FT is expressed in 

leaf phloem companion cells, generating a long distance protein signal transported to the shoot 
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apical meristem.5,11 TFL1 expression occurs in meristem tissue in shoots and FT and TFL1 

antagonistically regulate shoot indeterminacy.12–15 The PEBP gene family has undergone 

expansion in monocot lineages, specifically within the FT clade, with species like Oryza sativa 

and Brachypodium distachyon having 19 and 18 members of their PEBP gene families (13 and 

12 within FT clades), respectively.16–19  PEBP genes have multifaceted roles in development in 

plant species; FT and TFL1 are both known to affect branching and shoot architecture in 

flowering plants including Arabidopsis and tomato.20–22 FT homologs in potatoes and 

strawberries promote tuber and stolon formation, respectively.23,24 FT expression is mainly 

controlled by photoperiod (daylength) and temperature, among other environmental conditions, 

which in turn regulates flowering time.25–32 

FT function and the floral pathway have been extensively studied in various terrestrial 

plant species,2 including eudicots such as Beta vulgaris33 and Chrysanthemum setiscupe34, and 

also monocot species such as Allium cepa35 and Oryza sativa.36 Characterization of FT function 

in aquatic species has only been recently explored in a fresh-water species, duckweed37, and has 

not yet been investigated in marine species. Eelgrass (Zostera marina) is a seagrass native to 

both the Atlantic and Pacific Northern Hemisphere, one of about 60 species of marine 

angiosperms, and a member of the early-diverging monocot order Alismatales. Despite its small 

genome of 202.3 Mb38, eelgrass is predicted to have at least thirteen PEBP genes19 in line with 

the observed expansion in other monocot lineages. 

Seagrasses are foundation species of coastal ecosystems and essential for nutrient 

cycling, sediment stabilization, and habitats for fish and invertebrates.39,40 However, seagrasses 

are sensitive to natural and anthropogenic pressures such as eutrophication, direct bed 

disturbances, and experience higher mortality rates with higher water temperatures.39,41 

Flowering and seed production critically contribute to persistence and increasing genetic 

diversity within local Z. marina populations, and restoration efforts centered around seeds appear 

promising.42–47 Annual and perennial populations exist and are largely regarded as distinct 

ecotypes. Annual ecotypes, where seeds germinate and shoots flower within one season, rely on 

flowering and seed production as a means of reproduction and continued persistence.48,49 In 

perennial ecotypes, the predominant form, shoots persist for multiple seasons and use both 

vegetative propagation and sexual reproduction as means of growth and persistence.43,50 

Perennial populations produce fewer flowering shoots with large variation in flowering 
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frequency.49 Overall, eelgrass shows large phenotypic variation in flowering timing and 

frequency across spatial scales and seasons.49,51–53 Determining the causes for this variation is 

central to understanding the ecology, evolution, and restoration of the species.  

In perennial Z. marina populations in Willapa Bay, USA, less than 25% of shoots 

typically flower each year,49,51 and it is not currently possible to predict how many and which 

shoots will flower. Therefore, studying the molecular mechanism of flowering onset in perennial 

populations proves difficult. In the annual ecotypes, all shoots flower in the same year as 

germination, such that annual populations can exceed 70% flowering frequency.49,54,55 

Characterizing the mechanism underpinning sexual reproduction and its relationship to 

environmental stimuli in Z. marina is a key knowledge gap that if addressed, would improve our 

understanding of how seed production is affected by environmental factors. Identifying genetic 

markers of flowering would provide a method for predicting seed potential within a population. 

Such advances could allow for more strategic and efficient seed-based restoration efforts of 

eelgrass, through improved donor site selection and in the scaling-up of seed collection and 

planting efforts.45,46,56 However, the relevant genes and mechanism by which Z. marina 

flowering onset is cued and regulated across populations remains unknown.  

Here, we explored the mechanism of flowering in Z. marina and investigated the function 

of FT/TFL1 homologs. We confirmed thirteen eelgrass florigen homologs (ZmaPEBP) and 

demonstrated that four likely have flowering function as activators and repressors. To elucidate 

ZmaPEBP function, we performed a heterologous functional assay in Arabidopsis. 

Overexpression of four ZmaPEBP genes, ZmaFT2, ZmaFT4, ZmaFT9, and ZmaTFL1a, resulted 

in either precocious or delayed flowering. We characterized expression patterns of these four 

genes in Z. marina shoots across three perennial and three annual sites to rule out patterns that 

are site- or life history-specific. Quantification of expression of these four genes across different 

tissue types and developmental stages suggests that ZmaFT9 may inhibit floral transition and 

ZmaFT2 and ZmaFT4 contribute to flowering onset, while ZmaTFL1a likely functions in 

flowering shoot architecture. 

 

RESULTS 

Phylogenetic analysis revealed thirteen PEBP genes in Z. marina 
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We identified thirteen Z. marina PEBP homologous genes. Phylogenetic analysis 

incorporating other PEBP genes representing different plant lineages revealed these genes belong 

to three clades; FT/TSF (ten genes, named ZmaFT1-10), TFL1/BFT (two genes, ZmaTFL1a and 

ZmaTFL1b), and MFT (one gene, ZmaMFT1) (Figure 1). Monocot lineages harbor an expansion 

in FT genes (Figure S1), which have been reported to cluster into distinct clades, this finding was 

not reflected in our analysis.18,19,57 It has been shown that the initial FT duplication within 

monocots occurred in Alismatales, the basal monocot lineage that includes Z. marina and the 

Zosteraceae family.18 Z. muelleri, a sister species to Z. marina, has a similar gene duplication 

structure.  

PEBP genes that induce flowering tend to cluster within the FT clade, while genes that 

repress flowering tend to cluster with the TFL1 clade.18,19,33 Our analysis showed Z. marina and 

Z. muelleri both have genes that cluster within the FT clade and TFL1 clade, as well as one 

predicted MFT paralog each. While sequence similarity alone cannot predict gene function,58 our 

analysis suggest that the Z. marina genome may have several representatives of the same floral 

pathway genes that are conserved across angiosperms. 

 

Four ZmaPEBP genes affect flowering phenotype in overexpression assays 

As a first step towards investigating the function of ZmaPEBP genes, we examined the 

deduced amino acid sequences. The predicted open reading frames for all ZmaPEBP genes 

encode proteins with high similarity to Arabidopsis FT and TFL1 and rice Hd3a (Figures 2A and 

S2). We also observe the conservation of key residues for FT function,59,60 such as at position 85 

where all genes show conservation relative to Arabidopsis FT and TFL (Y85 in FT, and H85 in 

TFL1). 

To assess the conserved flowering function of each ZmaPEBP gene, we generated 

transgenic Arabidopsis overexpression lines. We validated all ZmaPEBP expression in the T1 

generation (Figure S3). Although the expression levels of each gene varied among T1 plants, 

none of the constructs were silenced. Of the thirteen ZmaPEBP genes, four demonstrated a 

strong effect on flowering time. Overexpression of ZmaFT2 and ZmaFT4 resulted in early 

flowering in Arabidopsis under LD conditions, compared to a 35S:GFP control (Figure 2B). 

Both genes are in the FT/TSF clade (Figure 1). Overexpression of ZmaFT4 had a stronger effect 

on flowering time than ZmaFT2 (Figures 2B, 2C, and S4A). ZmaFT9 and ZmaTFL1a lines 
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showed a large delay in flowering time, with a stronger phenotype observed with ZmaFT9 

(Figures 2B and 2C). Unlike the striking late-flowering phenotypes of ZmaFT9 and ZmaTFL1a 

overexpressors, several other ZmaPEPB genes (ZmaFT3, ZmaFT5, ZmaFT6, ZmaFT10, and 

ZmaMFT1) caused subtle late-flowering phenotypes (1-2 extra leaves on average than the 

control) in our assay. This indicates that they may have minor roles in flowering time regulation, 

although these small differences could also be caused by indirect effects of growth changes 

caused by the overexpression of these genes.  

ZmaTFL1a is in the TFL/BFT clade with Arabidopsis TFL1, while ZmaFT9 is found in 

the FT/TSF clade (Figure 1). We also observed a decrease in LFY and API, downstream targets of 

FT,29,32 in 35S:ZmaFT9 and 35S:ZmaTFL1a lines (Figure S4B). Flowers produced on T1 plants 

showed morphological phenotypes similar to TFL overexpressors and to mutant lfy plants where 

leaf-like structures develop in place of floral organs (Figure S4C).61,62 Together, these results 

suggest that Z. marina has two PEBP genes that promote flowering and two that strongly repress 

flowering, all of which do so through interaction with the conserved flowering pathway. 

 

Genetic structure between annual and perennial ecotypes provides context for the potential 

roles of ZmaPEBP genes 

To assess function of ZmaFT2, ZmaFT4, ZmaFT9, and ZmaTFL1a in eelgrass flowering 

in plants with varying genetic backgrounds, we analyzed expression in shoots across different 

populations. When eelgrass flowers, the vegetative shoot primarily produces a bolted flowering 

shoot, completely changing overall shoot architecture (Figures 3A-D). In our sample 

populations, perennial meadows experience both clonal and sexual reproduction, while in annual 

populations, sexual flowering is the predominant mode of reproduction (Figures 3E-G, Table 

S4).  

The five populations sampled in Willapa Bay showed significant population structure, 

supporting our ability to look for common gene expression patterns associated with flowering 

despite genotypic variation. Based on 327 loci (single nucleotide polymorphisms; SNPs) across 

224 individuals (Table S4), most genetic differentiation occurred between life history types 

(annual and perennial), while the western perennial population also differed from perennial 

populations in the east of the bay (Figures 3H and S5, Table S6). Small but significant genetic 

differentiation was also observed between the annual sites within Willapa Bay, and we expect 
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that Yaquina Bay annuals, 140 km to the south, were genetically distinct. Overall Fst’s ranged 

from 0.013 to 0.142 (Figure 3H, Figure S5, Table S6). Similarly, DAPC analyses (Figure S5B) 

separated annual from perennial populations on the first axis (explaining 71.3% of the variation) 

and both north-south (annual sites) and east-west (perennial sites) geographic structure on the 

second axis (12.3% of the variation). Finally, tests for individual population assignment revealed 

two primary clusters (K = 2), explained primarily by the assignment of most individuals in the 

annual population one group, and those from perennial populations to the second group (Figure 

S5A). Overall, population structure across ecotypes and across small geographic distances within 

ecotypes, (less than 20km in a single bay) allowed us to test for common gene expression 

patterns associated with flowering. We also included annual samples from Yaquina Bay (Table 

S4), 140 km to the south, and likely genetically distinct,63 in the expression analyses. 

 

Expression of ZmaPEBP genes changes across development and tissue type 

To gain insight into the roles of ZmaFT2, ZmaFT4, ZmaFT9, and ZmaTFL1a in eelgrass 

flowering, we analyzed gene expression in different tissues from both adult vegetative and 

flowering shoots from perennial populations (Figures 4A and 4B, Table S4). In Z. marina, the 

two flowering activators, ZmaFT2 and ZmaFT4 (Figures 2B and 2C), had higher expression in 

stem and rhizome of flowering compared to vegetative shoots, but expression in leaves was more 

similar between life stages (Figures 4B and S6, Table S7). Although ZmaTFL1a acted as a 

flowering repressor when overexpressed in Arabidopsis (Figures 2B and 2C), its expression 

decreased in flowering tissue relative to vegetative shoots, whereas expression in stem and 

rhizome tissue increased in flowering relative to vegetative shoots (Figures 4A and 4B). This 

result was surprising, since expression was observed in tissues beyond the shoot apical meristem 

(vegetative stem tissue), where TFL1 expression is typically found.12,13,64,65 Both ZmaFT4 and 

ZmaTFL1a showed higher levels of expression in the tip of vegetative leaves compared to other 

sections of vegetative leaves (Figure S6, Table S8), similar to FT in Arabidopsis.11 The 

expression levels of the other floral repressor, ZmaFT9 (Figures 2B and 2C), were depleted in 

leaves from flowering shoots compared to vegetative shoots (Figures 4A, 4B, and S6, Table S3). 

Together, these results suggest that ZmaFT9 expression correlates to the vegetative state in 

eelgrass. 
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Our results in Z. marina highlight the expression of floral activators in stem and rhizome 

tissue. ZmaTFL1a, contrary to its apparent function as a floral repressor in Arabidopsis, is 

upregulated in stem and rhizome flowering tissue. However, TFL1 is known to play a role in 

shoot architecture and development in Arabidopsis,6,66 which aligns with our observed 

expression in flowering stems. Overall, our results suggest that expression of ZmaFT2, ZmaFT4, 

ZmaFT9, and ZmaTFL1a genes are consistent with their predicted roles in eelgrass floral 

development based on the Arabidopsis heterologous assay and show tissue-specific expression 

patterns. 

 

Expression of ZmaPEBP genes changes over the lifecycle of an annual ecotype 

Due to the annual ecotype’s predictability of flowering, annuals provide a system in 

which to study PEBP gene expression trends over the plant development throughout the growing 

season and their relationship to flowering onset. In the 2023 season in Willapa Bay, seedlings 

emerged in early April and differentiation to flowering occurred in late June (Figure 5A, Figure 

S7). The emergence of flowering shoots coincides with peak photoperiod (approximately 16 

hours, Figure 5B). 

In both ZmaFT2 and ZmaFT4, we observed increasing expression over the season, with a 

more significant increase occurring when flowering shoots emerged (Figures 5C and S8, Table 

S9, Table S10). This trend was more apparent in root and rhizome tissue than in leaf tissue. A 

similar trend was observed in ZmaTFL1a expression (Figure S8).  The peak in ZmaFT2, 

ZmaFT4, and ZmaTFL1a leaf expression also coincides with the maximum photoperiod (Figure 

5B). ZmaFT9, unlike the other ZmaPEBP genes, is expressed at higher levels in leaves at earlier 

stages of vegetative development. Approximately one month before flowering shoots were 

observed, we saw a decrease in expression (Figure 5C). The average daily temperature rose 3°C 

(12°C to 15°C) and 1.9°C (14.9°C to 16.8°C) between 9 May 2023 (23129) and 18 May 2023 

(23138) during this interval at ST-ANN and NP-ANN, respectively, with daily maxima ranging 

from 18°C to 29.5°C at ST-ANN and 17°C to 25.5°C at NP-ANN (Figures 5D and 5E). The large 

decline in ZmaFT9 expression was followed by a slower decline in expression after flowering 

shoots emerged. These results align with tissue and developmental state-specific expression 

trends observed in perennial shoots (Figure 4B). We also analyzed expression levels of ZmFT2, 

ZmFT4, ZmFT9, and ZmTFL1a in annuals from Yaquina Bay (YQ-ANN). Trends in expression 
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of each gene align with expression patterns observed in ST-ANN and NP-ANN site (Figure S9). 

However, results from YQ-ANN were either not statistically significant or less significant, likely 

due to limited sample size and sampling of clonal branches rather than bolting portions (Tables 

S11 and S12).  

To compare gene expression levels of all ZmaPEBP genes in annual and perennial life 

history types, we performed RNA sequencing in leaf tissue samples collected from annual shoots 

on 17 July 2023 (23198) and from perennial shoots on 15 Jul 2022 (22196) (Figure S10). 

Differential gene expression analysis largely aligned with qPCR results regarding expression of 

ZmaFT2, ZmaFT4, and ZmaFT9. The expression level of ZmaFT9 in vegetative tissues was 

several folds higher than ZmaFT2 and ZmaFT4 levels. Expression of ZmaTFL1a was close to the 

detection limit. We also observed expression of ZmaFT5, ZmaFT6, and ZmaMFT1 in perennial 

and annual leaf tissues.  

Together, these results suggest that ZmaFT2 and ZmaFT4 are involved in the activation of 

flowering, potentially in the formation of floral meristems and inflorescences, with ZmaTFL1a 

involved in some shoot architecture function after the flowering shoot has bolted. Other 

ZmaPEBP genes expressed may also play a role in reproductive processes. ZmaFT9 is seemingly 

involved with vegetative growth and appears to require a decrease in expression to allow 

flowering onset to occur.  

 

 

 

DISCUSSION 

In this study, we characterized florigen genes in eelgrass and their function in regulating 

the onset of flowering. The molecular controls for the flowering onset in Z. marina have not been 

previously investigated, despite the importance of sexual reproduction in improving population 

resiliency, a key goal for restoration efforts.43 Identifying and characterizing flowering genes and 

their effect on flowering in eelgrass will inform how flowering is cued and how eelgrass is 

predicted to reproduce under climate change conditions.  

Here, we provide evidence of eelgrass FT/TFL1 homologs with both inducing and 

repressing function in flowering. We identify thirteen florigen homologous genes in eelgrass and 

demonstrate that at least four are functionally relevant to the flowering pathway. We show that Z. 
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marina, like other monocots, has an expanded FT clade within the PEBP gene family, which is 

also mirrored in Z. marina’s sister species, Z. muelleri. Using Arabidopsis to assess the function 

of ZmaPEPB genes, we demonstrate that overexpression of four ZmaPEBP genes results in 

precocious flowering (ZmaFT2 and ZmaFT4) or strongly delayed flowering (ZmaFT9 and 

ZmTFL1a). To the best of our knowledge, these results provide the first functional implication of 

florigen in marine angiosperms. Further, we observed tissue-specific expression of these 

ZmaPEBP genes that correlate to developmental state (flowering and vegetative) in both annual 

and perennial Z. marina shoots. We believe that the role of the four focal genes (ZmaFT2, 

ZmaFT4, ZmaFT9, and ZmaTFL1a) is conserved across annual and perennial ecotypes, and 

across geographically structured populations. Our findings add to the expanding body of 

knowledge on seasonal flowering through the balance of activators and repressors beyond 

terrestrial plants and model species.  

 

Two Z. marina FT genes, ZmaFT2 and ZmaFT4, likely contribute to flowering onset  

In Arabidopsis, there are six PEBP genes (FT, TSF, TFL1, ATC, BFT, and MFT), with FT 

as the main inducer of flowering. Our phylogenetic analysis demonstrated an expansion in the 

PEBP gene family focused within the FT clade. Ten of ZmaPEBP genes identified fell within 

FT/TSF clade, consistent with phylogenetic analyses of FT genes described Liu et al.19 Further 

annotation of the Z. marina genome may reveal other florigen genes as well as insights into other 

genes implicated in flowering processes. In eelgrass, the spatial and developmental expression 

patterns of ZmaFT2 and ZmaFT4 are similar and both likely contribute to the activation of 

flowering in a manner similar to FT. In wild populations, both ZmaFT2 and ZmaFT4 show 

increased expression in stem and rhizome tissue after the onset of flowering in both perennial 

and annual shoots. Given that rhizomes are modified stem structures,67 these findings may 

indicate potential involvement of these genes in processes regarding shoot architecture and 

branching patterns, as seen in other terrestrial plant species.10,20–23 Further, there is a slight 

increase in expression observed in leaf tissue before the emergence of flowering shoots. This 

peak in expression in annual populations approximately coincided with maximum photoperiod, 

indicating that photoperiod may be one influencing factor on the expression of these ZmaFT 

genes. This result aligns with previous literature, where temperature, salinity, and photoperiod 
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were found as environmental controls of flowering.56,68,69 Collectively this mechanism likely 

influences the differential growth observed across local and seasonal eelgrass populations. 

 

ZmaFT9 may be the main determinant of flowering through repression of flowering onset  

Our results suggest that a repressor, ZmaFT9, may be a major determinant of flowering 

onset in Z. marina. Not only did overexpression of ZmaFT9 have a significant delay in flowering 

time in Arabidopsis, but its expression was also restricted to vegetative leaves in both Z. marina 

annual and perennials. Moreover, ZmaFT9 expression in leaves decreased sharply before 

flowering shoots emerge in the annual ecotype. Only after ZmaFT9 expression decreases do we 

observe increased expression in ZmaFT2 and ZmaFT4. Adult perennial shoots that remained 

vegetative express ZmaFT9 at high levels, which was not seen in adult perennial flowering 

shoots. These results suggest the involvement of ZmaFT9 in the repression of flowering. Given 

that ZmaFT9 is found only in leaves, we hypothesize that ZmaFT9 acts as an antiflorigen,70 

which prevents activation of flowering through repression of flower-activating gene expression. 

In Arabidopsis, flowering onset is proposed to be control by competition of binding to the same 

target transcription factor between florigen and antiflorigen.71 If this is the case in eelgrasses, 

having higher expression levels of ZmaFT9 than ZmaFT2/ZmaFT4 in vegetative shoots may play 

an important role in repressing floral transition. In this framework, the presence of antiflorigen 

maintains the vegetative state in shoots, and when it is substantially reduced, the shoot 

experiences the onset of flowering.  

Several FT homologs have been previously implicated to function antagonistically to 

canonical florigen. BvFT1 in beets (Beta vulgaris) represses flowering through repression of 

BvFT2, the functionally conserved homolog of Arabidopsis FT.33 Similarly, chrysanthemums 

(Chrysanthemum seticuspe) also contain an antiflorigenic FT/TFL1 family protein (CsAFT) that 

acts antagonistically to CsFTL372. ZmaFT9 is the first antiflorigen described in a marine 

angiosperm. Further study of ZmaFT9 antiflorigen will reveal the mechanism of repression by 

which Z. marina regulates flowering in marine environments.  

 

ZmaTFL1a may regulate flowering shoot architecture and other processes  

While many genes within the FT or TFL1 clade have previously described functions in 

regulating flowering, we know that several PEBP genes are implicated in developmental 
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processes other than flowering.2 In strawberries (Fragaria vesca), three FT genes collectively 

impact plant architecture and FveFT3 has an effect on fruit yield.24 The FT homolog StSP6A 

induced tuberization in potato (Solanum tuberosum).23 TFL1 homologs are also plays a role in 

flowering shoot architecture, with tfl1 Arabidopsis plants having short stems with single terminal 

flowers.6,66 Overexpression of RCN1 and RCN2, the TFL1 homologs in rice (Oryza sativa), 

prevents stem elongation and affects branching and panicle development in rice plants.65 

ZmaTFL1a is expressed at low levels in leaf tissue in vegetative shoots. In both ecotypes, 

ZmaTFL1a expression increases greatly in rhizome tissue once the floral transition has occurred 

(Figures 4, S7, and S10). Paired with the delayed flowering phenotype in 35S:ZmaTFL1a 

Arabidopsis (Figure 2), we hypothesize that ZmaTFL1a may contribute to shoot architecture. 

Further study of ZmaTFL1a function and regulation within Z. marina populations may yield new 

insights into increasing seed potential in a population, a key component of increasing population 

genetic diversity43 and a strategy currently being used in restoration practices in the eastern 

United States.42,44,45 

Our study focused primarily on flowering onset and therefore did not pursue inquiry in 

other developmental functions. However, we used RNA sequencing to capture expression of all 

thirteen PEBP genes we identified in our phylogenetic analyses. In addition to ZmaFT2, 

ZmaFT4, ZmaFT9, and ZmaTFL1a, we observed expression of ZmaFT5, ZmaFT6, and 

ZmaMFT1 at consistent levels across vegetative and flowering perennials and annuals (Figure 

S10). ZmaFT5, ZmaFT6, and ZmaMFT1 had weak but statistically significant effects on 

flowering time in heterologous functional assays in Arabidopsis (Figure 2), and detectable 

expression of these genes may indicate some minor role in flowering or reproductive processes. 

Among tissues examined, we did not see clear difference in ZmaPEPB expression between 

perennials and annual flowering shoots, indicating that the transcriptional regulation of 

ZmaPEPB genes in these tissues is similar between two life history types.  

It is also possible ZmaPEBP genes may have also experienced subfunctionalization or 

neofunctionalization regarding processes attributed to FT. For example, FT is involved in 

regulation of stomata opening,73 but ZmaPEBP genes would lack this role since eelgrass lack 

stomata and genes responsible for stomata differentiation.38 Given the wide array of effects 

expression of these genes has on various developmental processes in other plants, we expect that 

future studies will elucidate other roles of PEBP genes in eelgrass that were not brought to light 
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due to experimental limitations and lack of gene-editing tools. Our methodology described here 

may also facilitate the study of PEBP genes in other marine angiosperms. Further, we expect that 

study of activating and repressing florigens in the context of eelgrass populations on a larger 

scale will provide more insights to how these genes are influenced by local environmental 

factors. Continued research into function of ZmaPEBP genes in flowering will impact 

reproduction- and restoration-focused research and allow for more strategic and efficient seed-

based restoration efforts of eelgrass. 

 

Conclusion 

Our study begins to address the long-standing question of why certain eelgrass shoots 

flower and why flowering frequency varies across spatial scales and seasonally. There is a 

breadth of work exploring this question from the population level, often comparing local 

environmental factors,49,52,55,69,74 but no studies to date approaching this question from a 

molecular and mechanistic perspective. Rising atmospheric and water temperatures and 

increasing frequency of extreme climate events predicted as a result of climate change will likely 

increase the thermal stress on marine and aquatic ecosystems and have impacts on eelgrass 

population health.75–77 With global loss of seagrass populations estimated at 7% annually and 

rising39,78 and given the importance of seeds in promoting resiliency in eelgrass populations,43 a 

key gap has been understanding how climate change and warming events will impact eelgrass 

reproduction and persistence. Characterization of the interacting genetic by environmental 

controls of flowering will lead to a better understanding of factors affecting seed production and 

to improved seed-based restoration strategies to inform their restoration and management. 

 

Limitations of study 

Because there are no molecular genetic tools in eelgrass, we were able to use 

heterologous function assays in Arabidopsis to evaluate gene function. Heterologous assays, 

while useful and commonly used to assess the function of PEBP homologs, provide only 

information about genes that result in strong and obvious phenotypes when expressed. Because 

eelgrass morphology and development are different from Arabidopsis, heterologous assays alone 

may not capture the multifaceted role of ZmaPEBP genes in eelgrass. Although the florigen 

function is thought to be conserved in angiosperms, at the molecular level, potential 
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compatibility differences of each eelgrass PEBP protein with specific Arabidopsis flowering 

signal molecules may interfere the outcome of the flowering function assay. In addition, without 

loss- and gain-of-function analyses, we were only able to determine correlations between 

expression patterns in Z. marina and reproductive and developmental state in our samples, rather 

than causal relations. Future studies will be needed to further elucidate the exact function, 

mechanism, and roles in processes beyond flowering onset of ZmaPEBP genes in eelgrass. 
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ADEGENET Jombart and Ahmed99 
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EXPERIMENTAL MODEL DETAILS 

 All Arabidopsis lines were grown in long-day (LD) conditions (16 h light, 8 h dark, 100 

µmol/m2s, 22 °C, 70% relative humidity) on either selection media [1xLinsmaier-Skoog 

(PhytoTech Labs, Lenexa KS) media, 2% sucrose (wt/vol), 100 mg/L ticarcillin, 16 µg/mL 

Basta], 1X LS media [1xLinsmaier-Skoog], or a soil mixture (Sunshine #4, Sun Gro 

Horticulture, Agawam MA) as described in Song et al.29 with supplemented slow-release 

fertilizer (Osmocote 14-14-14, Scotts Miracle-Gro, Marysville OH) and pesticide (Systemic 

Granules, Bonide, Oriskany NY). All seeds were sterilized and once sown, were kept at 4°C for 

2-5 days for stratification. Plants grown on media were at 22°C in incubators (Percival Scientific, 

Perry IA) under white fluorescent or LED light with a fluence rate of 90-110µmol m–2 sec–1. 

Plants grown on soil were in the same conditions but grown in PGC Flex reach-in models 

equipped with broad-spectrum white light (Conviron, Controlled Environments, Pembina ND). 

Number of rosette and cauline leaves in flowering assays were counted in soil-grown plants 

when the bolted flowering stem had reached approximately 1cm in height. We collected 
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seedlings (T1 and T3) for gene expression analysis at ZT16 (zeitgeber time 16) and stored 

samples at -80°C. 

 Field studies on Z. marina flowering occurred in two shallow bays of the U.S. Pacific 

coast: Willapa Bay, Washington (240 km2 at mean tide100 with 34 km2 of eelgrass meadows101) 

and Yaquina Bay, Oregon (13 km2)100 (Table S4). Both bays contain perennial and annual 

ecotypes. For samples used for restriction-site associated DNA sequencing, 50 shoots were 

collected from Bay Center and Long Island in April 2023, with 1-2 m spacing between each 

individual to reduce the probability of collecting clones.102 The meristem region (3-5 cm) was 

stored at -80oC.103 Samples from Stackpole, Stackpole Annual, and Nahcotta Port Annual sites 

were collected in 2019 as described in Briones Ortiz et al.103 For gene expression analysis, Z. 

marina tissues (including rhizome and roots, vegetative mature leaves, inflorescence, and 

spathes) were collected from perennial population sites in Willapa Bay (Figure 3, Table S4) in a 

three-consecutive-day period in July (13-15 Jul 2022). We collected tissue from at least 15 adult 

plants at each site, with 1-2m spacing between each individual. Samples from two annual 

populations in Willapa Bay (ST-ANN and NP-ANN)49 and one from Yaquina Bay (YQ-ANN) 

were collected in a similar manner at two-week intervals from April and August 2023. Samples 

were placed at -80°C for long-term storage. Photoperiod data was obtained from the US Naval 

Astronomical Applications Department.104 Temperature data was collected at the sediment 

surface using iButtons (Dallas Semiconductor, Dallas TX) in 2-hour increments at Willapa Bay 

annual sites. 

 

METHOD DETAILS 

Phylogenetic analysis and identifying ZmaPEBP genes 

To identify PEBP family genes in Z. marina, we performed a BLAST search82 using 

Arabidopsis FT (AT1G65480) amino acid sequence against the Z. marina genome.38 Sequences 

of other PEBP family genes were obtained from the literature (Table S1), or from the genomes of 

the order Alismatales via a BLAST search with the Arabidopsis FT and ZmaPEBP sequence as 

queries. To assess the evolution and expansion of the PEBP gene family within Zostera species, 

we included Zostera muelleri.105 Z. muelleri PEBP genes were identified via local BLAST search 

in its genome using Arabidopsis FT sequences as query.  
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To create a phylogenetic tree, all full-length Alismatales sequences were aligned with 

previously described PEBP family sequences from A. thaliana, O. sativa, A. coerulea, C. 

seticuspe, and B. distrachyon by Multiple Sequence Comparison by Log-Expectation 

(MUSCLE) on the EMBL-EBI portal.83 The alignment was fine-tuned by hand in Mesquite v 

3.70 with the Multiple Sequence Alignment module.87 We used IQ-TREE84 to build a maximum-

likelihood phylogenetic tree with 1000 bootstraps using ModelFinder85 to predict the best 

substitution matrix and UFBoot86 to compute ultra-fast bootstrap values. Mesquite Version 3.70 

was used to build the consensus tree out of 400 base trees including sequences from Z. marina, 

Z. muelleri, A. thaliana, B. distachyon, A. coerulea, Lemna aequinoctialis, Symplocarpus 

renifolius, Spirodela polyrhiza, C. seticuspe, O. sativa, and Allium cepa. 

Amino acid residues important in canonical FT and TFL1 structure and function59,60 were 

analyzed using a multiple sequence alignment (MAFFT)88 of amino acid sequences of Z. marina, 

Arabidopsis FT and TFL1, and O. sativa Hd3a to have a monocot FT sequence as comparison. 

  

Generating ZmaPEBP overexpression lines and quantifying flowering time in Arabidopsis 

To investigate conserved flowering function of ZmaPEBP genes, we overexpressed each 

in the Arabidopsis wild-type Col-0 accession. To generate 35S:ZmaPEBP lines,106 the coding 

sequences for each ZmaPEBP gene from the Z. marina reference genome38 were synthesized 

(Twist Bioscience, South San Francisco CA), amplified using Phusion polymerase 

(ThermoFisher, Bothell WA) with gene-specific primers (Table S2, S3), and cloned into the 

pENTR D-TOPO plasmid (Invitrogen, Waltham MA).  Once verified by sequencing (Azenta Life 

Sciences, South Plainfield, NJ USA), the ZmaPEBP inserts were transferred to the 

overexpression binary vector, pB7WG2.107 We transformed Agrobacterium tumefaciens strain 

GV3101 harboring each plasmid via electroporation. According to conventional floral-infiltration 

methods,108 cells were grown overnight at 30°C in LB medium [10g/L tryptone, 5g/L yeast 

extract, 10g/L NaCl] supplemented with Spectinomycin [100µg/mL], and 50mL of culture were 

used to inoculate 600mL of LB medium, which was then incubated at 30°C for 6 hours. Cells 

were pelleted and resuspended in the infiltration buffer [50% sucrose, 0.04% Silwet]. Whole 

flowering stems of Arabidopsis plants were submerged in the infiltration buffer for 60 seconds 

(now T0). The 35S:GFP line was generated in a similar manner as a control. Expression levels of 

ZmaPEBP inserts were verified in T1 and T3 lines using RT-qPCR. 
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To screen for altered flowering phenotypes in 35S:ZmaPEBP lines, we used T1 generation 

plants in the initial flowering time assay with all 35S:ZmaPEBP and 35S:GFP lines. In the T1 

flowering time assay, sterilized seeds were germinated on selection media and 14-day-old 

seedlings in were transferred to soil. Flowering assays in the T1 generation included at least 16 

individuals per construct. We recorded rosette leaf number at time of flowering.  

Candidate genes that altered flowering time were assayed using homozygous T3 

35S:ZmaPEBP plants with a single T-DNA insertion. In the T3 flowering assays, sterilized seeds 

were sown directly into soil under LD conditions. We quantified flowering time in a similar 

manner in T1 and T3 lines with at least 10 individuals per line.  

 

Analyses of population genetic structure 

Three perennial and two annual populations in Willapa Bay were evaluated for 

population-level genetic structure was determined using reduced representation sequencing 

across five sites (RAD-seq; Figure 3G, Table S4).109  

High-molecular-weight genomic DNA was extracted using DNeasy Plant Pro Kit 

(Qiagen, Hilden, Germany). Genomic libraries were constructed for restriction-site associated 

DNA sequencing (RAD-seq)109 with the restriction enzyme Sbf1 sequenced using the Illumina 

NovaSeq 6000 SP platform using 150 bp paired-end reads (University of Oregon, Genomics and 

Cell Characterization Core Facility). Pooled-library reads were demultiplexed using the 

process_radtags program with –best-rad settings and trimmed to 137 bp in STACKS94. The 

single-end reads were aligned to the published genome of Z. marina38,110, using BWA-MEM111, 

with minimum alignment and mapping Phred quality scores of 30.  

Genotyping of polymorphic loci was conducted using the ref_map pipeline in 

STACKS112. Subsequent filtering was performed using the R-package SNPFILTR95 (steps 

described in Table S5). Identical multilocus genotypes (MLGs, >95% shared alleles between 

individuals), a result of clonal reproduction, were identified using PLINK (function –genome)96. 

Only one representative sample of each clonal genotype was retained for further processing. 

Samples in the Stackpole perennial and both annual sites were initially collected as seedlings 

resulting from sexual reproduction, and no clones were found. 

Population structure was examined using measures of population genetic differentiation 

(FST)113 using the R-package HIERFSTAT97,114. Population structure was also inferred using a 
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test of population assignment of individuals, implemented in STRUCTURE v2.1.1.598. The 

number of clusters (K) tested ranged from 1 to 10, and the most likely ancestral groups were 

evaluated using the mean log probability of the data, L(K)98 and the ΔK statistic115. Genetic 

relationships among individual samples were visualized using a discriminant analysis of 

principal components (DAPC) plot, implemented in the R package ADEGENET99.  

 

Collection of plant material, RNA extraction and quantitative RT-PCR  

We performed quantitative RT-PCR (RT-qPCR) to analyze gene expression in three 

instances: A. thaliana T1 and T3 lines, and Z. marina in field collections. For gene expression 

analysis in T1 lines, sterilized seeds were germinated selection media in LD conditions to isolate 

transformants. Two-week-old transformants were transferred to 1xLS media and antibiotics. 

After one week, transformants (21-day-old) were harvested at ZT16. For gene expression 

analysis in T3 lines, plants were grown on 1xLS media for 14 days in LD conditions and 

collected at ZT16. To account for possible diurnal expression trends of FT homologous genes in 

fields, we collected all Z. marina plant material between ZT3-5 to capture peak expression, 

which occurs in the morning (ZT4) in many long-day plants.80,116,117  All plant tissue collected 

was stored in RNAlater stabilization solution (ThermoFisher).  

Total RNA was isolated using RNeasy Plant Mini Kit (Qiagen), including an on-column 

DNA digestion procedure. Complementary DNA (cDNA) was generated with iScript cDNA 

synthesis kit (Bio-Rad). The qPCR reaction was performed using SSoAdvance SYBR Super Mix 

(Bio-Rad) with specific primers (Table S2). 

We used two reference genes to normalize expression in transgenic Arabidopsis, 

ISOPENTENYL PYROPHOSPHATE / DIMETHYLALYLL PYROPHOSPHATE ISOMOERASE 

(IPP2) and SERINE/THREONINE PROTEIN PHOSPHOTASE 2A (PP2A).80 We used three 

reference genes for expression analysis in Z. marina,79 CYCLOPHILIN 2 (CYP2), EUKARYOTIC 

INITIATION FACTOR4A (ELF4A), and RIBOSOME STRUCTURAL PROTEIN L28 (RPL28). 

Samples with no detectable expression were treated as having a cycle threshold (CT) value as 

CT=40. A baseline threshold of relative fluorescence units (RFU) was set for consistency across 

primers to compare between plates, and resulting CT values were analyzed using a delta CT 

method. The average CT values of all reference genes were used for calculation. 
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RNA sequencing sample preparation 

To compare expression of all ZmaPEBP genes in different reproductive states and across 

life history types, we performed RNA sequencing on our isolated RNA samples from comparable 

leaf tissue types from the Stackpole sites ST and ST-ANN (Perennial Vegetative Leaf Tip, 

collected 15 Jul 2022; Perennial Flowering Leaf, collected 15 Jul 2022; and Annual Flowering 

Leaf, collected 17 Jul 2023). Samples were processed at GENEWIZ (Azenta Life Sciences) for 

next-generation sequencing.  

 

QUANTIFICATION AND STATISTICAL ANALYSES 

RNA sequencing gene expression analysis 

Resulting fasta files of 150 bp paired-end reads were processed and filtered using fastp 

v0.24.091 with the default parameters. To perform alignment and quantification, the fastp outputs 

of forward and reverse reads were processed with Salmon quant89 (Galaxy Version 

1.10.1+galaxy2) with default settings except for the use of the --gcBias flag. The reference 

transcriptome and genome were obtained from Olsen et al. 201638 (JGI Data portal) under 

Zostera marina v3.1 draft assembly. Quantification is performed on the transcriptome. The 

genome is supplied to allow for building a decoy aware index. The output files from salmon were 

processed with tximport v1.34.0. To obtain normalized counts, the 

DESeqDataSetFromTximport() function from DESeq2 v1.46.090 was used to create a DESeq 

object. Then, the functions estimateSizeFactors() and counts(dds, normalized=TRUE) were used 

to obtain normalized counts. 

 

Statistical analysis of Z. marina qPCR gene expression data  

We performed statistical analyses on the Z. marina expression data to compare tissue-

specific expression in flowering and vegetative life stages across three sites (Jul 2022), and to 

examine the time series of expression in annual eelgrass (Apr-Aug 2023). Expression of 

candidate genes (ZmaFT2, ZmaFT4, ZmaFT9, and ZmaTFL1a) were analyzed separately. In the 

first comparison, linear models (analysis of variance, ANOVA) were constructed with relative 

expression values (delta CT) as response variable and with site, tissue, and life stage, as well as 

tissue x life stage interaction included as fixed factors. To be comparable between vegetative and 



 37 

flowering life stages, the included tissue types were rhizome, stem, and leaf middle (middle 10 

cm of leaf blade, Figure 3).  

In the second comparison, each of the eight collection timepoints was considered a 

separate level of a categorical factor. Using a linear model framework, delta CT was the response 

variable and fixed effects were timepoint, site, and the timepoint x site interaction which would 

account for different phenology between sites. Expression values required log-transformation to 

generate a Gaussian distribution in all analyses. Significant factors or interactions were followed 

up by post-hoc tests to determine significant differences between groups based on Tukey HSD 

significance levels. Statistical models were built in R118 using the package lme492, with post-hoc 

tests from emmeans.93 
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Figure 1: Phylogenetic tree of phosphatidylethanolamine binding protein (PEBP) genes in 
angiosperms. See Table S1 for sequence accession numbers. Nucleotide-level maximum 
likelihood analysis with 100 bootstraps, values shown at nodes. Species were chosen to represent 
the different angiosperm lineages having PEBP gene family members, with over-representation 
of monocotyledoneous and Alismatales taxa (monocotyledons: B. distachyon, O. sativa, A. cepa; 
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Alismatales: L. aequinoctialis, S. polyrhiza, S. renifolius, Z. marina, Z. muelleri; other: A. 
thaliana, A. coerulea, C. seticuspe).  Z. marina characterized here is shown in bold, and the tree 
includes its sister species Z. muelleri (Zmu). PEBP genes fall into two clades: FT (FLOWERING 
LOCUS T, blue) and TFL1 (TERMINAL FLOWER 1, yellow). Open circles denote previously 
described activators of flowering, closed circles denote repressors, and half-filled circle denotes 
activator (under short-day conditions) and repressor (under long-day conditions). 
 
  



 40 

 

 
Figure 2: ZmaFT and ZmaTFL1 genes alter flowering phenotype when overexpressed in 
Arabidopsis thaliana. (A) Amino acid sequence alignment of ZmaFT and ZmaTFL1 with 
Arabidopsis thaliana FT and TFL1 and Oryza sativa Hd3a (an FT ortholog). Blue boxes 
highlight residues important for FT function as a flowering promoter (blue). (B) Overexpression 
of thirteen ZmaPEBP orthologs under the control of the 35S promoter highlighted four 
candidates that altered flowering time. ZmaFT2 and ZmaFT4 cause precocious flowering, while 
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ZmaFT9 and ZmaTFL1A caused delayed flowering in the T1 generation under long-day 
conditions. Asterisks indicate significance based on t-test against the control (35:GFP), with 
Bonferroni correction defining p=a/n (n=number of comparisons) (n.s.: non-significant, *: p < 
0.0038, **: p < 0.00077, ***: p < 0.000077). C) Altered flowering time phenotype was 
confirmed in homozygous individuals (T3 generation). Number labels on x-axis represent 
homozygous lines. Asterisks indicate significance based on t-test comparing to wild type (WT) 
with Bonferroni correction (p=a/n; **: p < 0.005, ***: p < 0.0005).  
All individuals are shown as data points (n³16), with median indicated by center line in box, 
upper and lower quartile by box boundaries, and highest and lowest value within two 
interquartile ranges by whiskers. 
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Figure 3: Description of Zostera marina (eelgrass) sampling approaches, life stages, and sites 
used in this study. Tissue isolated from (A) vegetative and (B) flowering shoots. Eelgrass (C) 
vegetative and (D) flowering shoots. Scale bar approximately 10 cm. (E) Eelgrass meadows 
form through (F) clonal reproduction via rhizome extension or (G) from the formation of 
inflorescences and seeds within spathes. Scale bar approximately 1 cm. (H) Geographic location 
of study sites in Willapa Bay, WA USA: Bay Center (BC), Long Island (LI), Stackpole (ST), 
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Stackpole Annual (ST-ANN) (ST and ST-ANN represented by sample point on map due to 
proximity), and Nahcotta Port Annual (NP-ANN) (Table S4).  Pairwise genetic distance, FST, 
estimated through estimated RAD-Seq analysis shown in white boxes (n=48 per population). 
Subscript of FST indicates which sites included in the pair-wise comparison. Scale bar 
approximately 4 km. Photographs of annual plants are in Supplemental Figure S7. 
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Figure 4: Expression of florigen genes in different Z. marina tissues. (A) Relative expression 
levels of ZmaFT2, ZmaFT4, ZmaFT9, and ZmaTFL1a across different tissue types in different 
developmental stages, vegetative (white) and flowering (grey). Expression in tissues was 
measured in samples (n³10) from 3 sites shown in Figure 3H. All expression values are relative 
to 3 reference genes (CYP2, ELF4A, and RPL28). Median is indicated by center line in box, 
upper and lower quartiles by box boundaries, and highest and lowest values within two 
interquartile ranges by whiskers. (B) Comparing means between tissue types across reveals 
different trends of expression changes within tissue types across vegetative (white) and flowering 
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(grey) developmental stages. Mean expression was calculated using log10 transformed expression 
values. Error bars are standard errors of means. Different letters indicate statistically significantly 
different groups determined by one-way ANOVA test with post-hoc Tukey HSD of log10 
transformed values. 
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Figure 5: Expression of ZmaFT2 and ZmaFT9 genes in leaf and rhizome tissue across the 2023 
growing season at ST-ANN and NP-ANN sites (Figure 3H, Table S4). (A) Ratio of flowering 
shoots to total shoots collected at each time point for both ST-ANN populations and NP-ANN 
population, n³10. Grey shaded region in each panel indicates when flowering shoots emerged. 
(B) Photoperiod regime over growing season in Willapa Bay. Data obtained from the US Naval 
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Astronomical Applications Department. Red lines indicate days samples were collected for gene 
expression analysis. (C) Relative expression levels of ZmaFT2 and ZmaFT9 across leaf (square) 
and rhizome and root (circle) throughout the growing season (April-July). Lighter green and 
purple lines indicate NP-ANN site, while darker green and purple lines indicate ST-ANN site. 
Time points where shoots are vegetative shown in white and time points where shoots had 
flowered are filled grey. All expression values are relative to 3 reference genes (CYP2, ELF4A, 
and RPL28). Plot point represents mean, and error bars are standard error. Statistically significant 
groupings based on post-hoc Tukey HSD of log10 transformed values are listed in Table S10. (D, 
E) Daily average temperature (black), daily minimum temperature (light grey), and daily 
maximum temperature (dark grey) at ST-ANN site (D) and NP-ANN site (E) throughout the 
growing season. Temperatures were collected at the sediment surface using iButtons (Dallas 
Semiconductor) every 2 hours. Red lines indicate days samples were collected for gene 
expression analysis. Temperature from 2023-04-08 to 2023-04-23 was not recorded. 
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Figure S1: Phylogenetic tree of FT ortholog genes from species represented in Figure 1 (monocots: B. 
distachyon, O. sativa, A. cepa; Alismatales: L. aequinoctialis, S. polyrhiza, S. renifolius, Z. marina, Z. 
muelleri; eudicots: A. thaliana, A. coerulea, C. seticuspe). Basal angiosperm Amborella trichopoda FT 
(AtrFT) was chosen as an outgroup. See Table S1 for sequence accession numbers. Nucleotide-level 
maximum likelihood analysis with 100 bootstraps, values shown at nodes. Colors of branches correspond 
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to clade-designation of OsFT-like genes described in Liu et al. 2023;1 clade I (green), clade II (blue), and 
clade III (pink). Z. marina characterized in study is shown in bold.  
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Figure S2: Amino acid sequence alignment of ZmaFT, ZmaTFL1, and ZmaMFT proteins with Arabidopsis 
FT and TFL1 and Oryza sativa Hd3a (FT ortholog). Blue boxes highlight residues important for function of 
Arabidopsis FT as flowering activator (Y85, E109, N110, V120, L128, Q140, and N152). 
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Figure S3:  Expression levels of ZmaPEBP genes in T1 overexpression lines under a 35S promoter. All 
lines are in Col-0 background. Each point represents a biological replicate of 4-6 individual T1 plants 
pooled per sample.  
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Figure S4: Characterization of ZmaFT2, ZmaFT4, ZmaFT9 and ZmaTFL1a Arabidopsis overexpressor. 
(A) Expression of ZmaFT2, ZmaFT4, ZmaFT9 and ZmaTFL1a genes in homozygous T3 overexpression 
lines under the 35S promoter. All lines are in Col-0 background. Numbers on x-axis represent different 
inbred lines. Asterisks indicate significance based on t-test comparing to wild type (WT) with Bonferroni 
correction with log10 transformed values (p=a/n; n.s.: not significant, ***: p < 0.0005). (B) Expression of 
LFY and AP1 in homozygous T3 overexpression lines. Asterisks indicate significance based on t-test 
comparing to wild type (WT) with Bonferroni correction with log10 transformed values (p=a/n; n.s.: not 
significant, *: p < 0.006, **: p < 0.001). (C) We observed altered flower morphology in lines 



 54 

overexpressing 35S:ZmaFT9 and 35S:ZmaTFL1 compared to WT (Col-0) in T1 generation. Scale bar 
1mm. 
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Figure S5: Population structure and genetic relationships between eelgrass populations used in our 
study. (A) Population structure inferred using ADMIXTURE analysis implemented in STRUCTURE 
v2.1.1.5 (admixture model with correlated allele frequencies, with a burn-in period of 10,000 iterations and 
100,000 MCMC repetitions). Each individual plant is represented by a stacked column (x axis), giving the 
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probability of assignment to two ancestral populations (K = 2, Fig. 2C). The number of clusters (K) tested 
ranged from 1 to 10, and the most likely ancestral groups were evaluated using the mean log probability 
of the data, L(K)2 and the ΔK statistic3.  (B) Scatterplot describing genetic relationships among individuals 
using the first two principal components of DAPC (variance explained in parentheses). Stratified cross-
validation (90% of observations used for the training dataset) was performed to identify the optimal 
numbers of principal components to retain for the DAPC analysis. Data points represent individuals, 
colors indicate source populations. (C) Relationship between K (the number of ancestral populations) and 
the Mean likelihood of the data L(K) (blue) and ∆K (black) values for STRUCTURE analyses. The dashed 
red line indicates the suggested optimal K value based on the analyses.  
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Figure S6: Relative expression levels of ZmaFT2, ZmaFT4, ZmaFT9, and ZmaTFL1a across different 
leaf tissues. Results from leaves on vegetative and flowering shoots are shown with white and grey 
boxes, respectively. Expression in tissues was measured in samples from 3 sites. All expression values 
are relative to 3 reference genes (CYP2, ELF4A, and RPL28). Median is indicated by center line in box, 
upper and lower quartiles by box boundaries, and highest and lowest values within two interquartile 
ranges by whiskers, n³5. 
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Figure S7: Representative pictures of Z. marina annual shoots from Stackpole Annual in April, May, 
June, and July timepoints. Asterisks indicate leaf (*) and rhizome and root (**) tissue sampled. 
Inflorescences indicated by arrows. Scale bar 5cm.  
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Figure S8: Expression of ZmaFT4 and ZmaTFL1A genes in leaf and rhizome tissue across the 2023 
growing season at ST-ANN and NP-ANN sites. Grey shaded region in each panel indicates when 
flowering transition occurred during growing season (April-July). Leaf (square) and rhizome/root (circle) 
values with lighter green and purple lines indicate NP-ANN site, while darker green and purple lines 
indicate ST-ANN site. Time points where shoots are vegetative shown in white and time points where 
shoots had flowered are filled grey. All expression values are relative to 3 reference genes (CYP2, 
ELF4A, and RPL28). Plot point represents mean, and error bars are standard error. Statistically 
significant groupings based on post-hoc Tukey HSD of log10 transformed values are listed in Table S10. 
 
  



 60 

 
 

 
 
Figure S9: Expression of ZmaFT2, ZmaFT4, ZmaFT9 and ZmaTFL1A genes in leaf and rhizome tissue 
across the 2023 growing season at YQ-ANN site. Relative expression levels across leaf (square) and 
rhizome and root (circle) shown throughout the growing season (May-August). All expression values are 
relative to 3 reference genes (CYP2, ELF4A, and RPL28). Plot point represents mean, and error bars are 
standard error. Statistically significant groupings based on post-hoc Tukey HSD of log10 transformed 
values are listed in Table S12. n³3. 
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Figure S10: Normalized counts of ZmaPEBP genes from RNA sequencing. Stackpole leaf tissue from 
vegetative and flowering (Veg, white fill; Flo, grew fill) perennials (dark purple) and annual (light purple) 
shoots. mRNA-sequencing reads were aligned and quantified with Salmon then imported to DESeq2 for 
count normalization. Median is indicated by center line in box, upper and lower quartiles by box 
boundaries, and highest and lowest values within two interquartile ranges by whiskers. Each circle 
represents a biological repeat/sequencing run, n=4. 
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Table S1: Accession and GenBank numbers for DNA sequences used in phylogenic analysis. If gene 
was functionally characterized, function and reference are also included (see Supplement References.  

Name Species Gene ID Database Function Publication 
ZmaFT1 Zostera marina Zosma03g21100.1 Phytozome     
ZmaFT2 Zostera marina Zosma01g14870 Phytozome     
ZmaFT3 Zostera marina Zosma01g23380.1 Phytozome     
ZmaFT4 Zostera marina Zosma04g08400.1 Phytozome     
ZmaFT5 Zostera marina Zosma06g26410.1 Phytozome     
ZmaFT6 Zostera marina Zosma01g37360.1 Phytozome     
ZmaFT7 Zostera marina Zosma01g37330 Phytozome     
ZmaFT8 Zostera marina Zosma05g25830.1 Phytozome     
ZmaFT9 Zostera marina Zosma01g13540.1 Phytozome     
ZmaFT10 Zostera marina Zosma06g06360.1  Phytozome     
ZmaMFT1 Zostera marina Zosma06g00480.1 Phytozome     
ZmaTFL1a Zostera marina Zosma04g17290.1 Phytozome     
ZmaTFL1b Zostera marina Zosma04g24270 Phytozome     

ZmuMFT1 Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuTFL1b Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuTFL1c Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuTFL1a Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT4 Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT3 Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT2b Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT2a Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT1b Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT1a Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT5a Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT5b Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT8a Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT8b Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT10a Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

ZmuFT10b Zostera muelleri   
Local 
(SRR1714574)   Lee et al. 201612 

AtATC  
Arabidopsis 
thaliana  AT2G27550  TAIR  Repressor Mimida et al. 200113 

AtBFT  
Arabidopsis 
thaliana  AT5G62040  TAIR  Repressor Yoo et al. 201014 

AtFT  
Arabidopsis 
thaliana  AT1G65480  TAIR  Activator Kardailsky et al. 199915 

AtMFT  
Arabidopsis 
thaliana  AT1G18100  TAIR  Activator Yoo et al. 200416 

AtTFL1  
Arabidopsis 
thaliana  AT5G03840  TAIR  Repressor 

Kardailsky et al. 1999, 
Koboyashi et al. 199915,17 

AtTSF  
Arabidopsis 
thaliana  AT4G20370  TAIR  Activator Yamaguchi et al. 200518 

BdMFTA 
Brachypodium 
distachyon Bradi2g01020 Phytozome     
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BdMFTBa 
Brachypodium 
distachyon Bradi2g27860 Phytozome     

BdMFTBb 
Brachypodium 
distachyon Bradi1g42510 Phytozome     

BdTCB2 
Brachypodium 
distachyon Bradi3g44860 Phytozome     

BdTCB1 
Brachypodium 
distachyon Bradi4g42400 Phytozome     

BdTCB3 
Brachypodium 
distachyon Bradi5g09270 Phytozome     

BdFT1 
Brachypodium 
distachyon Bradi1g48830 Phytozome Activator Lv et al. 201419 

BdFT2 
Brachypodium 
distachyon Bradi2g07070 Phytozome Activator Shaw et al. 201920 

BdFT3 
Brachypodium 
distachyon Bradi2g19670 Phytozome     

BdFT13 
Brachypodium 
distachyon Bradi2g49795 Phytozome 

Activator 
(SD), 
Repressor 
(LD) Qin et al. 201921 

BdFT4 
Brachypodium 
distachyon Bradi1g38150 Phytozome     

BdFT6 
Brachypodium 
distachyon Bradi3g08890 Phytozome     

BdFT7a 
Brachypodium 
distachyon Bradi4g39730 Phytozome     

BdFT7b 
Brachypodium 
distachyon Bradi4g39760 Phytozome     

BdFT7c 
Brachypodium 
distachyon Bradi4g39750 Phytozome     

BdFT9 
Brachypodium 
distachyon Bradi5g14010 Phytozome     

BdFT12 
Brachypodium 
distachyon Bradi3g48036 Phytozome     

BdFT10 
Brachypodium 
distachyon Bradi4g35040 Phytozome     

AqFT1 
Aquilegia 
coerulea Aqcoe2G432300 Phytozome   Sharma et al. 201922 

AqFT2 
Aquilegia 
coerulea Aqcoe4G263600 Phytozome   Sharma et al. 201922 

AqFT3 
Aquilegia 
coerulea Aqcoe4G257600 Phytozome   Sharma et al. 201922 

AqMFT 
Aquilegia 
coerulea Aqcoe3G016200 Phytozome     

AqTFL1a 
Aquilegia 
coerulea Aqcoe2G140500 Phytozome     

AqTFL1b 
Aquilegia 
coerulea Aqcoe1G447800 Phytozome     

AqTFL1c 
Aquilegia 
coerulea Aqcoe1G447700 Phytozome     

LaFTL1 
Lemna 
aequinoctialis LC625473 GenBank Activator Yoshida et al. 202123 

LaFTL2 
Lemna 
aequinoctialis LC625474 GenBank Repressor Yoshida et al. 202123 

SrMFT 
Symplocarpus 
renifolius LC030438 GenBank   Ito-Inaba et al. 201624 

SrFT 
Symplocarpus 
renifolius LC030437 GenBank Activator Ito-Inaba et al. 201624 

SpFT 
Spirodela 
polyrhiza Spipo19G0001700 Phytozome     

CsFTL1 
Chrysanthemum 
seticuspe AB679270 GenBank     

CsFTL2 
Chrysanthemum 
seticuspe AB679271 GenBank     

CsFTL3 
Chrysanthemum 
seticuspe AB679272 GenBank Activator Oda et al. 201225 

CsTFL1 
Chrysanthemum 
seticuspe AB839767 GenBank Repressor Higushi et al. 201526 
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Chrysanthemum 
seticuspe AB770478 GenBank     

CsAFT 
Chrysanthemum 
seticuspe AB839766 GenBank Repressor Higuchi et al. 201327 

Hd3a/OsFTL2 Oryza sativa Os06g06320 Phytozome Activator Kojima et al. 200228 
RFT1/OsFTL3 Oryza sativa Os06g06300 Phytozome Activator Kojima et al. 200228 
OsMFT2 Oryza sativa Os01g02120 Phytozome     
OsMFT1 Oryza sativa Os06g30370 Phytozome     
OsRCN1 Oryza sativa Os11g05470 Phytozome Repressor Nakagawa et al. 200229 
OsRCN3 Oryza sativa Os12g05590 Phytozome     
OsRCN4 Oryza sativa Os04g33570 Phytozome     
OsRCN2 Oryza sativa Os02g32950 Phytozome Repressor Nakagawa et al. 200229 
OsFTL11 Oryza sativa Os11g18870 Phytozome     
OsFTL5 Oryza sativa Os02g39064 Phytozome     
OsFTL6 Oryza sativa Os04g41130 Phytozome     
OsFTL7 Oryza sativa Os12g13030 Phytozome     
OsFTL1 Oryza sativa Os01g11940 Phytozome Activator  Wei et al. 202530 
OsFTL8 Oryza sativa Os01g10590 Phytozome     
OsFTL13 Oryza sativa Os02g13830 Phytozome     
OsFTL12 Oryza sativa Os06g35940 Phytozome Repressor Zheng et al. 202331 
OsFTL4 Oryza sativa Os09g33850 Phytozome Repressor Gu et al. 202232 
OsFTL10 Oryza sativa Os05g44180 Phytozome Activator Fang et al. 201933 
OsFTL9 Oryza sativa Os01g54490 Phytozome     
AcFT1 Allium cepa KC485348 GenBank Activator Lee et al. 201334 
AcFT2 Allium cepa KC485349 GenBank Activator Lee et al. 201334 
AcFT3 Allium cepa KC485350 GenBank     
AcFT4 Allium cepa KC485351 GenBank Repressor Lee et al. 201334 
AcFT5 Allium cepa KC485352 GenBank     
AcFT6 Allium cepa KC485353 GenBank     

AtrFT 
Amborella 
trichopoda 

evm_27.TU.AmTr_v1.0_ 
scaffold00066.22 (PAC:31564108) Phytozome   
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Table S2: qPCR primers used in this study.  
Name Accession No. Forward 5’-3’ Reverse 5’-3’ 

ZmaFT1 Zosma03g21100 GTTCGGATCGGTGGTGATGA ATGGTCGGCGTTGGGTTATT 

ZmaFT2 Zosma01g14870 ACACAATGCTCATGGTAGATCCT AGCACAAACACGAAACGGTG 

ZmaFT3 Zosma01g23380 GCCCAAGCAACCCTACTTCT ACCGTCTGCCTACATGGTTG 

ZmaFT4 Zosma04g08400 TGCACTGGTTGGTGGTGAA AGCCGACTAGGTTGACGGAA 

ZmaFT5 Zosma06g26410 CGAGTTGGAGGCGAGGATTT CCGTCACCAACCAGTGTAGG 

ZmaFT6 Zosma01g37360 TGCACACTCTCTTGTGCTGG CCACGATCACCACCGTACTT 

ZmaFT7 Zosma01g37330 ACCCTGGTTGGTGACGGATA CAATCTCCGGCAACGGACTT 

ZmaFT8 Zosma05g25830 CACTGGATGGTGACGGACAT GCGGCATTGATTCGTGACAG 

ZmaFT9 Zosma01g13540 TTCCTACACACTGGTTATGGTCG GATGGATGGTTGTGGGCTCT 

ZmaFT10 Zosma06g06360  AGAGTCCACAACCGAGCATC AACCGCTACCTCTCTCCCTT 

ZmaTFL1a Zosma04g17290 TGTTCACTGGATTGTGACAGA CCAGTGCAAATCGACGTGTG 

ZmaTFL1b Zosma04g24270 ACACACTGATCATGACTGACCC ATCAGTTGTGCCGGGAATGT 

ZmaMFT1 Zosma06g00480 TTCCTTACATGGGTCCACGC AAACGGTAGCAACAGGGAGG 

ZmaCyp2 Zosma05g32090 CACTCCACTACAAGGGATCGAAA GGACCTGTATGCTTCTTAACGAAGT 

Zmaelf4a  Zosma03g02900 TCTTTCTGCGATGCGAACAG TGGATGTATCGGCAGAAACG 

ZmaRPL28  Zosma04g25970 TTCCGCACCTAGGGTTTCG ATATTGGCGCAGCGATTTTG 

AtIPP2  AT3G02780 GTATGAGTTGCTTCTCCAGCAAAG GAGGATGGCTGCAACAAGTGT 

AtPP2AA3  AT1G13320 GCGGTTGTGGAGAACATGATACG GAACCAAACACAATTCGTTGCTG 

AtLFY  AT5G61850 ACGCCGTCATTTGCTACTCT CTTTCTCCGTCTCTGCTGCT 

AtAP1  AT1G69120 AGTGGGATCAGCAGAACCAAGGCC TTGCAGTTGTAAACGGGTTCAAGAGTCAG 

GFP None TGAGCAAGGGCGAGGAGCTG TGCAGATGAACTTCAGGGTCAGCT 
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Table S3: Primers used for pENTR-cloning in this study, designed to be compatible with pENTR-D TOPO 
cloning protocol (Invitrogen). 

Name Accession No. Forward 5’-3’ Reverse 5’-3’ 

ZmaFT1 Zosma03g21100 CACCATGGAAAAGAATGATCCACTTGTTC AATCAAGTCTGAATCTTTCTACCTCCAGATC 

ZmaFT2 Zosma01g14870 CACCATGTCAAAAGAAAAAAATCCCCTTG AATCATATCCTCCTTCCTCCAGATCCA 

ZmaFT3 Zosma01g23380 CACCATGGGAAAGAGTGGCA AACTACAAGAATCGGCGACCAC 

ZmaFT4 Zosma04g08400 CACCATGCCGGGATCGGA AACTAAAAAAAACGCCTTCCCCCA 

ZmaFT5 Zosma06g26410 CACCATGGGGTTGATGATTG AACTAGGGCATATATAAAGTCTGAAACCTT 

ZmaFT6 Zosma01g37360 CACCATGGGGTTAATGATTGATTCAG AAAATCATGTGAACCTACGGCCA 

ZmaFT7 Zosma01g37330 CACCATGGTGGATCCTGATGCGCCAAATC AATCAAGTCTGAAACCTTCTACCACTAGTA 

ZmaFT8 Zosma05g25830 CACCATGCCGAGACCGGC AATCATGTGAACCTACGGCCA 

ZmaFT9 Zosma01g13540 CACCATGTCGAGGCCAGG AATTATGCGAACCTTCGACCACCA 

ZmaFT10 Zosma06g06360  CACCATGTACCGTGTTCTT AATTAAGATGTCGATTTGAACCTTC 

ZmaTFL1a Zosma04g17290 CACCATGGCACGAGTTTC AACTAACGTCTTCTAGCTGCAGT 

ZmaTFL1b Zosma04g24270 CACCATGAATATGACTGTTACCTACAACTC AATTAGCGACTGCGAGCTGCAGTCTC 

ZmaMFT1 Zosma06g00480 CACCATGGCGAGCTGCGT AATCAAGTCTGAAACCTTCTACCACTAGTA 

 
 
 
Table S4: GPS coordinates and tidal elevation of study sites including individuals sampled per site and 
the number of unique multilocus genotypes (MLG) used in the population genetic analyses (BC, LI, ST, 
ST-ANN, and NP-ANN). Tidal elevation reported in meters of mean lower low water (MLLW) 

Site Abbreviation Individuals 
Sampled 

Total 
MLGs Position (°N, °W) Tidal Elevation 

(m MLLW) 
Bay Center BC 44 38 46.652, 123.946 0.3 

Long Island LI 47 44 46.515, 123.972 0.3 

Stackpole ST 41 41 46.611, 124.038 1 ± 0.1 

Stackpole Annual ST-ANN 48 48 46.613, 124.034 1 ± 0.1 

Nahcotta Port 
Annual NP-ANN 53 53 46.502, 124.029 0.7 

Yaquina Bay 
Annual YQ-ANN - - 44.622, 124.042 0.3 

 
  



 67 

Table S5: Filtering steps applied to the sequenced reads. Rows describe individual steps in the 
bioinformatic pipeline. Columns describe the number of individuals, single nucleotide polymorphic sites 
(SNPs), and missing data remaining in the dataset after the application of each step. 

Step / Filter Individuals SNPs Missing Data 

Single Nucleotide Variant calling with ref_map.pl in STACKS 9 243 10711 64.66% 

Genotype depth ≥ 10 243 10711 76.68% 
Genotype Allelic Balance (the proportion of reads supporting a variant 
site) 0.2 ≥ 0.8 243 10711 76.95% 

Loci with Minor Allele Count > 1 (remove fixed loci) 243 3926 43.35% 

Loci with < 20% Missing Genotypes across individuals 243 1361 6.07% 

One locus per rad-tag (locus with highest Minor Allele Frequency) 243 695 5.08% 

Individuals with < 20% Missing Genotypes across all loci 233 695 2.85% 

Loci with Minor Allele Frequencies ≥ 0.05 in at least one subpopulation 233 330 3.81% 
Loci meeting Hardy Weinberg Equilibrium expectations in at least one 
subpopulation  233 327 3.78% 

A single individual per Identical Unique Multilocus Genotypes (MLG) 224 327 3.81% 
 
 
 
 
Table S6: Pairwise genetic distances, FST (below diagonal), with corresponding 95% confidence intervals 
(above diagonal) among five eelgrass meadows. Confidence intervals (95%) were generated using 
bootstrapping with 10,000 permutations. Significant values are in bold. 

 BC LI ST ST-ANN NP-ANN 

BC  (-0.001, 0.005) (0.008, 0.018) (0.100, 0.151) (0.112, 0.171) 

LI 0.002  (0.008, 0.018) (0.099, 0.150) (0.113, 0.171) 

ST 0.013 0.013  (0.064, 0.101) (0.078, 0.128) 

ST-ANN 0.126 0.124 0.082  (0.011, 0.022) 

NP-ANN 0.141 0.142 0.102 0.016  
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Table S7: Three-way ANOVA results of linear model testing gene expression in relation to three factors: Site was included only as a main effect, 
Life stage (Vegetative, Veg. vs Flowering, Flo.) and Tissue type (Leaf, Rhizome, Stem) were included as main effects and two-way interaction. 
Expression values were log10 transformed to fit assumptions of model.  

 
 
 
 
Table S8: Two-way ANOVA results of linear model testing gene expression in relation to two factors: Site and Leaf tissue type (Leaf Tip, Leaf 
Middle, and Leaf Base) were included as main effects. Expression values were log10 transformed to fit assumptions of model. 

    ZmaFT2 ZmaFT4 ZmaFT9 ZmaTFL1a 

  Df Mean Sq F value Pr(>F) Mean Sq F value Pr(>F) Mean Sq F value Pr(>F) Mean Sq F value Pr(>F) 

Site 2 0.16581393 1.28135145 0.28166476 0.62693743 2.25208832 0.10988044 7.74909151 18.0619056 
1.5614E-
07 1.85664635 3.29559782 0.04063748 

Leaf 
tissue 
type 2 0.80581079 6.22702086 0.00271987 4.33339856 15.5664597 1.07E-06 1.38558484 3.22957892 4.33E-02 6.9162808 12.2765867 1.50E-05 

Residuals 237 0.12940551     0.27838048     0.42902957     0.56337164     
 
 
 
 
 
 
 
 

    ZmaFT2 ZmaFT4 ZmaFT9 ZmaTFL1a 

  Df Mean Sq F value Pr(>F) Mean Sq F value Pr(>F) Mean Sq F value Pr(>F) Mean Sq F value Pr(>F) 

Site 2 
0.263286

58 
3.764135

07 
0.024585

75 
0.665847

05 
3.527745

66 
0.030923

01 
1.645570

38 
2.568100

85 
0.078813

67 
1.555948

31 
4.948529

01 
0.007844

1 
Developmen
tal Stage 
(Veg., Flo.) 1 

12.48294
4 

178.4651
84 1.02E-30 

16.02703
46 

84.91334
73 1.73E-17 

55.43204
61 86.50805 9.59E-18 

0.953316
58 

3.031922
54 

0.082938
84 

Tissue type 2 0.608279 
8.696395

92 
0.000226

65 
2.314439

09 
12.26220

42 8.56E-06 
57.81055

63 
90.21998

72 7.37E-30 
3.202492

86 
10.18518

98 5.71E-05 
Life stage x 
Tissue 2 

4.101143
2 

58.63290
56 2.05E-21 

3.761891
04 

19.93099
59 9.99E-09 

35.91948
15 

56.05646
05 1.16E-20 

5.432296
32 

17.27684
38 9.90E-08 

Residuals 
23

7 
0.069946

1     
0.188745

76     
0.640773

27     
0.314426

43     
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Table S9: Two-way ANOVA results gene expression in relation to time in time-series at Stackpole Annual 
(ST-ANN) and Nahcotta Port Annual (NP-ANN) sites. Leaf tissue expression and root tissue expression 
data were analyzed separately. Site was included as a fixed effect, and date was included as a main 
effect. Date was treated as a categorical factor to account for potential non-linear change. Expression 
values were log10 transformed to fit assumptions of analysis. 

ZmaFT2 

  Leaf Rhizome/Roots 

  Df Mean Sq F value Pr(>F) Df Mean Sq F value Pr(>F) 

Site 1 1.695826686 20.25837067 1.36674E-05 1 0.271766091 1.13629943 0.288244726 

Date 7 2.605744737 31.12826516 3.9622E-26 7 3.754810051 15.69948813 3.78125E-15 

Site x Date 7 0.339047039 4.050260936 4.35E-04 7 0.34131959 1.427114227 0.198876154 

Residuals 147 0.083709925     142 0.239167673 NA NA 

ZmaFT4 

  Leaf Rhizome/Roots 

  Df Mean Sq F value Pr(>F) Df Mean Sq F value Pr(>F) 

Site 1 0.054492413 0.261400521 0.609926689 1 0.266466368 0.465806179 0.496034738 

Date 7 4.161673425 19.96357907 1.19261E-18 7 12.71449224 22.22602831 4.25622E-20 

Site x Date 7 0.717665985 3.442649188 1.93E-03 7 1.58468478 2.770165581 0.009938725 

Residuals 147 0.208463293     142 0.572054173     

ZmaFT9 

  Leaf Rhizome/Roots 

  Df Mean Sq F value Pr(>F) Df Mean Sq F value Pr(>F) 

Site 1 1.668719912 3.741062939 0.055011616 1 0.010529664 0.014225919 0.905228078 

Date 7 17.94779202 40.23672222 3.62271E-31 7 6.370384477 8.606596338 8.88854E-09 

Site x Date 7 1.347263453 3.020397454 5.39E-03 7 1.806533119 2.440684919 0.021603424 

Residuals 147 0.446055022     142 0.740174655     

ZmaTFL1a 

  Leaf Rhizome/Roots 

  Df Mean Sq F value Pr(>F) Df Mean Sq F value Pr(>F) 

Site 1 5.685059062 16.58488043 7.57573E-05 1 0.787561165 1.191270967 0.276921784 

Date 7 6.898858101 20.12586597 9.00869E-19 7 7.702785696 11.65129183 1.17536E-11 

Site x Date 7 2.561012623 7.47117799 1.10E-07 7 1.065945672 1.612357475 0.13647906 

Residuals 147 0.342785653     142 0.661110013     
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Table S10: Statistically significant groupings of time-points at Stackpole Annual (ST-ANN) and Nahcotta 
Port Annual (NP-ANN) sites based on post-hoc Tukey tests in leaves (a, b, c, d, e, f) and roots (u, v, w, x, 
y, z). Expression values were log10 transformed to fit assumptions of ANOVA. 

Date 2023-04-08 2023-05-09 2023-05-18 2023-06-06 2023-06-19 2023-07-06 2023-07-17 2023-07-31 
ZmaFT2 

  Leaf 
ST-ANN abc bcde def def fg cdef efg g 
NP-ANN a ab def bcd def fg def fg 
  Rhizome/Root 
ST-ANN w wx wx wx wxy wxy xy z 
NP-ANN wx wx wxy wx xy wxyz wxy yz 

ZmaFT4 
  Leaf 

ST-ANN abcde ab bcdef cdefgh defgh bcdefg efgh gh 
NP-ANN a abc bcdefg abcd cdefgh fgh defgh h 
  Rhizome/Root 
ST-ANN uv uvw uvwx vwxy vwxy wxy xyz z 
NP-ANN u uvwx wxy uvw wxyz wxyz yz yz 

ZmaFT9 
  Leaf 

ST-ANN f f cdef cd cdef bc c a 
NP-ANN def f cde ef def cdef bc ab 
  Rhizome/Root 
ST-ANN z yz xy xy x xy xy yz 
NP-ANN yz xy yz xy xy xy xy yz 

ZmaTFL1a 
  Leaf 

ST-ANN ab bcd bcd de ef cde bcd f 
NP-ANN ab abc bcd a cde def de de 
  Rhizome/Root 
ST-ANN w wx wx wxy xyz wxy wxy z 
NP-ANN wx wx xyz wx wxy wxyz wx yz 
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Table S11: One-way ANOVA results gene expression in relation to time in time-series at Yaquina Bay 
Annual (YQ-ANN) site. Leaf tissue expression and root tissue expression data were analyzed separately. 
Date was treated as a categorical factor to account for potential non-linear change. Expression values 
were log10 transformed to fit assumptions of analysis. 

ZmaFT2 

    Leaf   Rhizome/Roots 

  Df Mean Sq F value Pr(>F) Df Mean Sq F value Pr(>F) 
Date 2 0.266965246 3.444448843 0.05084795 2 0.078710562 1.177556369 0.331934457 
Residuals 21 0.07750594     17 0.066842288     

ZmaFT4 

    Leaf   Rhizome/Roots 
  Df Mean Sq F value Pr(>F) Df Mean Sq F value Pr(>F) 
Date 2 0.327162804 0.511083633 0.60711645 2 0.078710562 1.177556369 0.331934457 
Residuals 21 0.640135552     17 0.066842288     

ZmaFT9 

    Leaf   Rhizome/Roots 
  Df Mean Sq F value Pr(>F) Df Mean Sq F value Pr(>F) 
Date 2 0.032054783 0.020559571 0.97967003 2 0.592119052 0.544761873 0.589773426 

Residuals 21 1.559117319     17 1.086931888     
ZmaTFL1a 

    Leaf   Rhizome/Roots 
  Df Mean Sq F value Pr(>F) Df Mean Sq F value Pr(>F) 

Date 2 3.062983934 6.229422413 0.00751515 2 0.459257127 0.770505006 0.47827979 
Residuals 21 0.491696297   17 0.596046908     

 
 
Table S12: Statistically significant groupings of time-points at Yaquina Bay Annual (YQ-ANN) site based 
on post-hoc Tukey tests. Expression values were log10 transformed to fit assumptions of ANOVA.  

Date 2023-05-18 2023-07-17 2023-08-30 

ZmaFT2 

YQ-ANN Leaf a ab b 

YQ-ANN Rhizome/Root x x x 

ZmaFT4 

YQ-ANN Leaf a a a 

YQ-ANN Rhizome/Root x x x 

ZmaFT9 

YQ-ANN Leaf a a a 

YQ-ANN Rhizome/Root x x x 

ZmaTFL1a 

YQ-ANN Leaf a a b 

YQ-ANN Rhizome/Root x x x 
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Table S13: Differential gene expression of ZmaPEBP genes, calculated as logFold Change from RNA 
sequencing of Stackpole leaf tissue samples (ST Perennial Vegetative and Flowering, ST-ANN Annual 
Flowering). Values were calculated with DESeq2. 

Gene baseMean log2FoldChange lfcSE stat pvalue padj 

Perennial Flowering vs Perennial Vegetative 

ZmaFT1 0.061389945 -0.448949999 3.81692888 -0.11762074 0.906368171 NA 

ZmaFT2 19.73958222 0.263421259 0.719423546 0.366156015 0.714248661 NA 

ZmaFT3 0.515666284 -1.29437436 2.689914959 -0.481195272 0.630377721 NA 

ZmaFT4 5.234765514 0.010263584 0.83056456 0.012357358 0.990140506 NA 

ZmaFT5 8.820593864 -1.093190365 0.819184905 -1.334485484 0.182044801 NA 
ZmaFT6 10.9441375 0.1098815 0.631529661 0.17399262 0.861871262 NA 

ZmaFT7 2.094647648 -0.70529859 1.360968308 -0.518232927 0.604295764 NA 

ZmaFT8 0.153003328 0.989531482 3.81692888 0.25924808 0.795443837 NA 

ZmaFT9 29.04751187 -2.185243689 0.846422241 -2.581741811 0.00983031 0.27446143 

ZmaFT10 0.179857044 -0.447616944 3.811776797 -0.117429999 0.906519313 NA 

ZmaMFT1 174.4123975 0.409125884 0.464236195 0.881288207 0.378161848 0.988070789 

ZmaTFL1a 0.365056341 -1.109576069 3.812415502 -0.291042796 0.771018589 NA 

ZmaTFL1b 0.146977557 0 3.81692888 0 1 NA 
Annual Flowering vs. Perennial Vegetative 

ZmaFT1 0.061389945 0.375894457 3.81698449 0.09847943 9.22E-01 NA 

ZmaFT2 19.73958222 0.767264721 0.723956937 1.059820938 0.289226069 0.485469256 

ZmaFT3 0.515666284 -1.916398994 2.701388487 -0.709412586 0.478068479 NA 

ZmaFT4 5.234765514 2.210147014 0.757153091 2.919022639 0.003511307 0.018244183 

ZmaFT5 8.820593864 -0.491841325 0.826517149 -0.595076975 0.551792018 0.719935137 

ZmaFT6 10.9441375 0.106304617 0.654716283 0.162367456 0.871016497 0.929447658 

ZmaFT7 2.094647648 1.12913765 1.28129849 0.881244815 0.378185328 NA 
ZmaFT8 0.153003328 1.822766396 3.81698449 0.477540949 0.632976969 NA 

ZmaFT9 29.04751187 -4.517435398 0.977372429 -4.622020497 3.8002E-06 5.79438E-05 

ZmaFT10 0.179857044 -0.333238372 3.811832332 -0.087422096 0.930336007 NA 

ZmaMFT1 174.4123975 -0.294798558 0.468591986 -0.629115663 0.529273337 0.702916014 

ZmaTFL1a 0.365056341 1.355953009 3.785415875 0.358204502 0.720190278 NA 

ZmaTFL1b 0.146977557 1.818578988 3.81698449 0.476443903 0.633758163 NA 

Perennial Flowering vs Annual Flowering 

ZmaFT1 0.061389945 0 3.81692888 0 1 NA 
ZmaFT2 19.73958222 -0.503843462 0.723362923 -0.696529289 0.486097422 0.675849678 

ZmaFT3 0.515666284 0.622024633 2.813963695 0.221049274 0.825054066 NA 

ZmaFT4 5.234765514 -2.199883431 0.772003905 -2.84957552 0.004377761 0.023152472 

ZmaFT5 8.820593864 -0.60134904 0.855617261 -0.702824811 0.482164933 0.673104477 

ZmaFT6 10.9441375 0.003576883 0.656963028 0.005444573 0.99565588 0.998035036 

ZmaFT7 2.094647648 -1.83443624 1.353783198 -1.355044325 0.175403435 NA 

ZmaFT8 0.153003328 -0.833234914 3.81692888 -0.218299827 0.827195509 NA 

ZmaFT9 29.04751187 2.332191709 0.98966866 2.356537903 0.018446185 0.070674899 
ZmaFT10 0.179857044 -0.114378572 3.81692888 -0.029966126 0.976094069 NA 

ZmaMFT1 174.4123975 0.703924442 0.468195972 1.503482482 0.132714671 0.295299904 

ZmaTFL1a 0.365056341 -2.465529078 3.789906321 -0.650551457 0.515336075 NA 

ZmaTFL1b 0.146977557 -1.546186721 3.81692888 -0.405086594 0.68541386 NA 
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Abstract:  

1. Flowering is an important trait for the resilience of marine angiosperms (seagrasses) as they 

face rising seawater temperatures, more frequent extreme weather events, and anthropogenic 

disturbances. 

2. Using the seagrass Zostera marina, we applied a common garden approach to experimentally 

test how flowering and its underlying molecular mechanisms responded to elevated water 

temperature (+3°C). We focused on developmental and reproductive traits paired with 

florigen gene expression to gain insight to the molecular mechanism underpinning 

differences in flowering responses. 

3. We compared annual shoots from two source populations (Willapa Bay along the coast, and 

Padilla Bay in the Salish Sea, Washington, USA) to understand natural variation not only in 

morphological and reproductive traits, but also the gene-environment interactions governing 

flowering onset. 

4. At the individual and population levels, annual seedlings in the +3°C heated treatment 

produced more spathes and accelerated development of inflorescences so seeds dispersed 

sooner. Seedlings from Padilla Bay flowered at greater rates and earlier than Willapa Bay, 

and these differences were exaggerated by the +3°C heated treatment. 

5. For two predicted floral activators, ZmaFT2 and ZmaFT4, expression increased throughout 

the summer regardless of population and showed no response to the temperature treatment. A 

predicted repressor of flowering onset, ZmaFT9, was expressed at lower levels in the shoots 

grown in the +3°C heated treatment, and even more so in the Padilla Bay population, which 

flowered earlier than the Willapa Bay population. ZmaTFL1a, a gene predicted to be 

involved with downstream flowering processes, showed no significant response to the 

temperature treatment. 

6. Together, these results support a key role for antiflorigen (ZmaFT9) in the molecular control 

of flowering in Z. marina, and ZmaFT9 expression contributes to the temperature-based 

response of timing of flowering onset. Other differences on flowering traits not affected by 

treatment were attributed to natural variation between populations. Elevated seawater 

temperature impacted flowering timing and spathe production, with potential consequences 

for seed yield and meadow resilience.  
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Introduction 

 

Seagrasses are marine angiosperms that serve as foundation species in coastal 

ecosystems. They provide key ecosystem services such as sediment stabilization, nutrient 

cycling, and habitat and feeding grounds for fish, invertebrates, and waterfowl (Orth et al., 

2006). Flowering and seed production play a critical role in contributing genetic diversity and 

resilience and persistence within seagrass populations (Kendrick et al., 2012), and are important 

processes for persistence, recovery following disturbance, and population resiliency (O’Brien et 

al., 2018; Orth et al., 2006). Environmental factors, such as nutrient availability, tidal variation, 

light, salinity, and temperature have been observationally associated with flowering 

(Lekammudiyanse et al., 2024). Thus, elucidating the effect of environmental variation on the 

mechanism of flowering is important for understanding ecological resilience of seagrasses in a 

changing environment.  

The onset of flowering processes in angiosperms is largely regulated and dictated by the 

phosphatidylethanolamine-binding protein (PEBP) gene family, which includes known florigen 

genes such as FLOWERING LOCUS T (FT) and TWIN SISTER OF FT (TSF). Within this gene 

family, FT is the primary activator of flowering and its expression is cued in response to 

environmental inputs and the plant’s circadian clock, known as the external coincidence model 

(de Montaigu et al., 2010). Members of the PEBP gene family also include flowering repressors; 

for example, TERMINAL FLOWER 1 (TFL1) is the main repressor in Arabidopsis. The FT 

pathway and the PEBP gene family are highly conserved across flowering plants (Bennett & 

Dixon, 2021; Pin & Nilsson, 2012; Wickland & Hanzawa, 2015), and recent studies have begun 

characterizing FT function and the floral pathway in aquatic and marine plants (Nolan et al., 

2024; Yoshida et al., 2021). Nolan et al. identified 4 PEBP genes within the Z. marina genome 

that are correlated to vegetative development and reproductive stages, three of which are FT-like 

genes and cluster within the FT clade (Nolan et al., 2024). In this study, two genes, ZmaFT4 and 

ZmaFT2, are likely activators. The third FT gene characterized, ZmaFT9, is likely a repressor 



79 
 

and the major determinant of flowering in eelgrass. The study also describes one TFL1 homolog, 

ZmaTFL1a, whose function is suspected to be related to shoot determinacy and architecture and 

not to flowering onset. Their results ultimately suggest that FT expression is affected by 

environmental factors such as temperature and photoperiod, in keeping with typical cues to 

flower across multiple angiosperm species. 

FT expression is upregulated and more easily trafficked as a signal in increased 

temperatures in Arabidopsis and results in earlier flowering (Balasubramanian et al., 2006; 

Blázquez et al., 2003; Kinmonth-Schultz et al., 2016; Susila et al., 2021). Previous literature in 

eelgrass flowering indicates that warmer temperatures over a latitudinal gradient largely result in 

earlier flowering onset in eelgrass (Blok et al., 2018). However, the linkage from FT/TFL1 

expression patterns to environmental temperature variation and flowering traits in seagrasses 

broadly is lacking or conflicting. In the seagrass Posidonia, heat stress led to activation of 

regulatory genes for flowering and stress tolerance (Marín-Guirao et al., 2019). Furthermore, 

there is very little known about how FT-driven precocious flowering affects yield or fitness. 

Earlier flowering time associated with warmer temperatures can lead to lower seed yields 

(Craufurd & Wheeler, 2009).  

Temperature has been frequently identified as an important driver of flowering in 

seagrass (Lekammudiyanse et al., 2024). However, the response of seagrasses to elevated 

temperatures has varied by flowering trait, species, geographic location, and temperature regime, 

suggesting a mechanistic understanding of flowering is needed. Seasonal elevated temperatures 

have been observed to both increase and decrease flowering production (De Cock, 1980; Diaz-

Almela et al., 2007; Qin et al., 2020; Thom et al., 2003) and advance flowering timing and 

maturation of seeds (Blok et al., 2018; Sawall et al., 2021). Understanding the mechanism of 

seagrass flowering onset from the level of florigen (FT/TFL1) gene expression to the functional 

level has the potential to explain the variation observed in ecological responses to elevated 

temperature. 

Eelgrass (Zostera marina L.) is one of the most wide-ranging seagrasses, occupying 

latitudes of 30-70°N in both Atlantic and Pacific basins. Flowering frequency, timing of 

flowering onset, and flowering duration vary in eelgrass on both spatial and annual scales (Qin et 

al., 2020; Thom et al., 2003). Z. marina exhibits multiple ecotypes in the northeast Pacific that 

vary in allocation to clonal versus sexual reproduction (Backman, 1991; Ruesink et al., 2022). Z. 
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marina also uses both annual and perennial life histories (Gagnon et al., 1980; J. H. Kim et al., 

2017; Muñiz-Salazar et al., 2005). Annual and perennial ecotypes of eelgrass undergo sexual 

reproduction and flowering at different rates, with perennial meadows primarily persisting 

through clonal rhizomal branching, and annual populations through flowering (Ruesink et al., 

2022). Variation in sensitivity and response to temperature stress may also be due to local 

adaptation (DuBois et al., 2022). Thus, variation in flowering response to temperature may be 

derived from any level of biological organization and requires an experimental set-up to 

disentangle effects of temperature and genotype on flowering traits and florigen expression in 

eelgrass. 

In this study, we use a common garden approach to experimentally test the effect of +3°C 

elevated seawater temperature on Z. marina PEBP gene (ZmaPEBP) expression and individual 

and population-level flowering traits. We predicted that: 

1) Flowering onset would occur earlier in the +3°C treatment and could influence the timing 

and amount of seed production; 

2) Treatments with earlier or more frequent flowering would have lower expression of the 

antiflorigen repressor of flowering (ZmaFT9) and higher expression of activators 

(ZmaFT2 and ZmaFT4); 

3) Natural variation in populations resulting from local adaptation likely play a role in the 

response of flowering to environmental cues broadly.  

These traits are directly linked to plant fitness and population resilience of these aquatic 

foundation species.  

 

 

Materials and Methods 

 

Study Species: Eelgrass, Zostera marina L., is a seagrass species that is widely 

distributed across the northern hemisphere in nearshore soft-sediment habitats. In eelgrass, 

flowering traits are complex and include prevalence and intensity of flowering, timing of 

transition from vegetative growth to flowering, speed of spathe (inflorescence) development, 

spathe and seed production, seed yield, and timing of seed dispersal. Primarily a perennial, Z. 

marina also reproduces sexually. More rarely, Z. marina can also exhibit an annual life history, 
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in which seeds germinate, grow as seedlings, then flower, disperse seed, and senesce each year. 

This annual ecotype of Z. marina has been associated with environments characterized by high 

stress, such as seasonal low light or extreme temperatures (Jarvis & Moore, 2015; Keddy & 

Patriquin, 1978; S. H. Kim et al., 2014; Meling-López & Ibarra-Obando, 1999; Morita et al., 

2010; Nelson & Sullivan, 2018; Phillips et al., 1983; van Katwijk & van Tussenbroek, 2023; van 

Lent & Verschuure, 1994). We use this annual life history ecotype as a model system for 

investigating flowering timing in this study since plant individuals will predictably flower within 

a growing season.  

 

Field Sites and Collection: To investigate potential variation in flowering mechanisms, we 

collected Z. marina seedlings from two locations in Washington state (USA) where annuals are 

known to be found, Padilla and Willapa Bays (Figure 1, Table S1). Willapa Bay (WB) is located 

on the coast of Washington state and is estuarine, whereas Padilla Bay (PB) is in the central 

Salish Sea and has a highly modified shoreline and orphaned from riverine influences. This 

difference in geographic location leads to differences in temperature and tidal regimes at the two 

embayments (Figure 2a).  

Z. marina seedlings were collected April 26, 2024, from intertidal locations where annual 

life history has previously been found in the two embayments, co-occurring with perennial Z. 

marina (Table S1). Thus, seedlings could not be identified as annual or perennial until they 

flowered during the duration of this experiment. Seedlings were carefully extracted from the 

sediment to preserve roots and were soaked for 2-4 hours in <10 ppt seawater to reduce transfer 

of Labyrinthula sp. and other hitch-hikers. Seedlings were planted into separate tubs of masonry 

sand in flow-through seawater mesocosms within 8-24 hours. 

 

Experimental Design: Z. marina seedlings from each bay were planted into replicate tubs of 

masonry sand conditioned for one week (32 seedlings per tub, 51 cm L x 38 cm W x 10 cm 

sediment depth). One tub per source population was placed in each of eight flow-through 

seawater mesocosms at the Shannon Point Marine Center (SPMC; Table S1). Seawater was 

piped into these mesocosms from an offshore source with a flow rate of 10 L/min.  Four of the 

mesocosms held custom-built heat exchangers (Breiter et al., 2024) to achieve a +3°C 

temperature increase (+2.73 ± 0.02°C (mean ± s.e.), Figure 2a). We chose a +3°C temperature 
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increase based on predicted global warming trends (Intergovernmental Panel on Climate Change 

(IPCC), 2023) and predicted warming trends of the Salish Sea (Khangaonkar et al., 2019; Mote 

& Salathé, 2010). Seedlings were reared continuously in the heated and ambient mesocosm 

conditions for approximately 3.6 months (108 days) to observe effects of increased seawater 

temperature on phenology, quantity, and morphology of seedlings as they developed into 

flowering shoots. See Replication table (Table 1). 

 

Population & Morphological Traits: Every week, seedlings were counted in each tub as non-

flowering or flowering, and every other week, morphological measurements were recorded: 

shoot length, number of leaves, and leaf width for 3 haphazardly selected non-flowering 

seedlings (if present); and flowering shoot length, number of spathes, and developmental stage of 

each spathe (de Cock 1980) for 3 flowering seedlings (if present). Seedlings were considered 

‘flowering’ as soon as they began to bolt. At the end of the experiment, all flowering shoots were 

scored for developmental stage. Below-ground parameters were obtained from biweekly 

destructive sampling, described below.  

 

ZmaPEBP Gene Expression & Individual Traits: Two plants from each population and replicate 

tub were destructively sampled for gene expression analysis on a weekly basis from 2024-05-06 

until 2024-06-05, and on a biweekly basis between 2024-06-05 and 2024-07-29. Plants (with 

roots and rhizome intact) were collected between ZT3-5 (Zeitgeber time: hours from sunrise) 

(Song et al., 2018). All collected plant tissue was stored in RNAlater stabilization solution 

(ThermoFisher, Waltham MA). Samples were stored at -20°C until processing, at which point 

individual morphological measurements were taken for shoot length, number of leaves or 

spathes, leaf width, number of branches, rhizome length, number of rhizome internodes, and root 

length, as well as developmental state (vegetative, bolting, and flowering). Number of internodes 

at the beginning of the experiment was used as a proxy for age at time of collection. Frozen 

tissue was frozen at -80°C for long term storage.  

Gene expression analysis was conducted in the manner as described in Nolan et al., 

(Nolan et al., 2024). Total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen, Hilden 

Germany) with an on-column DNA digestion incubation. Complementary DNA (cDNA) was 

made with iScript cDNA synthesis kit (Bio-Rad, Hercules CA). Locus specific primers to detect 
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expression of ZmaFT2, ZmaFT4, ZmaFT9, and ZmaTFL1a are described in Nolan et al. (Table 

S2) (Nolan et al., 2024). For reference genes, locus specific primers to detect expression of 

CYCLOPHILIN 2 (CYP2), EUKARYOTIC INITIATION FACTOR4A (ELF4A), and RIBOSOME 

STRUCTURAL PROTEIN L28 (RPL28) are described in Ransbotyn and Reusch (Ransbotyn & 

Reusch, 2006). For all qPCR (quantitative PCR) runs, we set a baseline threshold of relative 

fluorescence units (RFU) for consistency across primers and to ensure that plates were 

comparable. Samples with no detectable expression were given a cycle threshold (CT) value of 

40 (CT = 40). CT values were analyzed using the ΔCT method, and average CT values for the 

three reference genes were used for calculation. 

 

Replication Statement 

Table 1.      Replication Statement  
Scale of inference Scale at which factor of 

interest is applied 
Number of replicates at the appropriate scale 

Individual (gene 
expression, morphology, 
or life stage related to 
temperature)  

Tank 
 

4 tank replicates of each temperature-source 
combination  

  

Statistical Analyses: Although seedlings were collected where annuals were present the previous 

summer, seedlings could not be identified as annual or perennial when they were collected. 

Therefore, population-level flowering could be reduced by annuals that did not flower or by 

perennial plants. Perennial seedlings were not expected to flower within the first growing season 

and instead produce clonal branches.  

We aimed to quantify differences in the morphological traits between the two populations 

(WB and PB) and the two treatments (Ambient and +3°C heated) to capture effects of increased 

temperature on growth, reproductive timing, and variability of response by population.  

To estimate differences in flowering timing, proportion flowering was fit to a 3-

parameter log-logistic model using the drm function in R (Ritz et al., 2015). Proportion 

flowering was calculated per tub from the number of flowering shoots divided by the total 

number of remaining shoots at each time point. The location parameter e (the time to reach 50% 

of total flowering) was used to estimate relative differences in flowering time between 

populations and temperature treatments. The parameter d was used to assess fraction of seedlings 

that were annual and flowered (versus pre-flowering annuals or perennials that would not be 
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expected to flower during the experiment). The parameter b was used to represent synchronicity 

of the flowering event. The compParm function was used to compare model coefficients 

amongst treatment-population combinations. 

To test the effect of population and temperature treatment on morphological traits, 3-way 

mixed effects ANOVAs were conducted using the aov function in R (R Core Team., 2021) with 

the following model construction: response ~ treatment * population * census date as fixed 

effects and tank as a random effect to account for repeated measures of each mesocosm replicate. 

Date was assumed categorical. Morphological traits of the non-flowering or flowering seedlings 

were averaged by population and mesocosm replicate prior to analysis. For final spathe 

developmental stage and initial and final rhizome internode counts, individual data was analyzed 

with a 2-way ANOVA using population * treatment as fixed effects. Post-hoc pairwise 

comparisons were conducted using the emmeans_test function (Searle et al., 1980) with 

Bonferroni correction to account for multiple testing.  

We used a generalized additive mixed effect model (GAMM) to analyze the expression 

of ZmaPEBP genes across time. GAMMs are able account for the non-unidirectional response of 

gene expression over time. We used gene expression values as response variable and temperature 

treatment (Ambient or +3°C Heated) and population (Willapa Bay, WB, and Padilla Bay, PB) as 

main effects. Date (continuous) was included as a global thin-plate regression spline smooth 

term. As an additional smooth term, the interaction between date and treatment was included to 

account for possible changes in the timing of expression. Tank number also was included as a 

random effect smooth term, since two individuals were sampled per mesocosm on each date. 

Expression values were log10 transformed to fit assumptions of model. Statistical models were 

built in R (R Core Team, 2024) using gam function from the package mgcv (Wood, 2011). 

 

 

Results 

 

Population & Morphological Traits:  

Flowering timing: A higher proportion of seedlings from Padilla Bay flowered under 

+3°C heated conditions, but temperature treatment did not have an effect on the proportion of 

flowering seedlings from Willapa Bay over the duration of the experiment. Annual seedlings 
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from Padilla Bay flowered approximately 9 days earlier in the heated treatment compared to 

ambient, and 50% of the seedlings in the heated treatment from Padilla Bay flowered 

approximately 30 days before that of seedlings from Willapa Bay (Figure 2b, Table S3 parameter 

e). Nearly all seedlings from Padilla Bay flowered in heated tanks compared to 90% of seedlings 

in ambient tanks, which was greater than Willapa Bay seedlings (40-60%), which were not 

affected by temperature treatment (Figure 2b, Table S3 parameter d). Willapa Bay’s maximum 

flowering was probably reduced by contamination from perennial seedlings. Synchronicity of 

flowering (parameter b) did not differ amongst temperature treatments or populations. 

Morphological traits: Non-flowering seedling length and width increased over time prior 

to flowering but did not differ between treatments or populations (Figure 3a-b, Table S4). Width 

of leaves on non-flowering seedlings increased over time due to treatment (becoming wider in 

heated treatment after day 94) (Figure 3c, Table S4). Non-flowering seedlings were primarily 

limited to the Willapa population by the end of the experiment since the majority of Padilla 

seedlings flowered by day 80 (Figure 3c).  

Flowering seedling length and spathe developmental stage increased over time but did 

not differ by temperature treatment. Number of spathes also increased over time and differed 

between populations and temperature treatment. Flowering seedlings in the heated treatment 

produced 0.8 more spathes than those in the ambient treatment. Flowering seedlings from Padilla 

Bay showed longer leaf length regardless of temperature treatment and produced 1.2 more 

spathes than those from Willapa Bay (Figure 3d-f, Table S4).  

Rhizome and root length of the seedlings also increased over time (flowering and non-

flowering seedlings combined) but did not differ by treatment or population (Figure 3g-h, Table 

S4). The number of rhizome internodes exhibited a significant site effect, with post-hoc pairwise 

comparisons demonstrating Willapa seedlings having more internodes than Padilla seedlings at 

the end of the experiment (Figure 3i, Table S4). The number of internodes did not differ between 

populations or treatments at the beginning of the experiment. By the last destructive sampling 

(day 94), Willapa Bay plants had 2.6 more internodes than Padilla Bay plants (Figure 3i, Table 

S4). Thus, temperature treatment did not have an effect on rhizome length or rate of internode 

production, but internode production rate was different between populations. 

Flower development: At the end of the experiment (day 108), spathe developmental stage 

was 0.9 stages further along in the heated treatment for both populations compared to ambient, 
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and Padilla Bay spathes were 0.4 developmental stages ahead of Willapa Bay spathes (Figure 3f, 

Table S4). Peak pollination also occurred approximately 2 weeks earlier in heated tanks (Figure 

S1).  

 

Gene Expression & Individual Traits: To gain insight into how sustained increased temperature 

affects the genes involved in eelgrass flowering, we characterized expression of ZmaFT2, 

ZmaFT4, ZmaFT9, and ZmaTFL1a at various time points during the annual shoot’s lifespan in 

both populations. We focused our sampling to the timeframe we expected would correspond to 

prior to and during the onset of flowering in these populations, thereby aiming to capture the 

window in which flowering is induced. ZmaFT2 and ZmaFT4 showed increased expression over 

time in both Padilla Bay and Willapa populations (Figure 4a-d, Figure S2a-d, Table S5). 

ZmaFT2 expression peaked in early July (2024-07-01), and ZmaFT4 expression peaked two 

weeks after at the following collection (2024-07-15). Gene expression patterns in both genes did 

not differ between temperature treatments or between source populations. Expression of ZmaFT9 

was statistically lower in the +3°C treatment and was lower in shoots from Padilla Bay (Figure 

4e-f, Figure S2e-f), which flowered earlier compared to Willapa Bay (Figure 2b). In Padilla Bay 

samples, ZmaFT9 showed higher levels in expression in earlier stages in vegetative development, 

and an overall decrease before and after flowering onset. ZmaFT9 expression decreased 

approximately 7 days earlier in the +3°C heated treatment compared to the ambient treatment 

(2024-05-20 and 2024-05-27, respectively) (Figure 2b), which may contribute to the significant 

interaction effect between temperature treatment and date in the GAMM results (Table S5). 

ZmaTFL1a expression, in both populations, showed no temporal trend or change due to 

temperature treatment (Figure 4g-h). 

 

 

Discussion 

 

In this study, we characterized the effects of elevated temperature on Z. marina flowering 

from ZmaPEBP gene expression (ZmaFT and ZmaTFL1a) to functional ecological traits. We 

observed earlier flowering and an acceleration of flowering shoot growth and spathe 

development in shoots from Padilla Bay in the +3°C treatment. Our results suggest that among 
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the four ZmaPEBP genes we analyzed, only the antiflorigen gene, ZmaFT9 is regulated by 

temperature inputs and that expression of ZmaFT2, ZmaFT4, and ZmaTFL1a are all unaffected 

by an increase in temperature. Combined with our results that flowering occurred earlier in the 

heated treatment (9 days in Padilla Bay shoots), we expect that ZmaFT9 may be an upstream 

regulator of flowering relative to ZmaFT2, ZmaFT4, and ZmaTFL1a, and ultimately may be a 

major determinant of when flowering onset occurs in eelgrass.  

 

Elevated temperatures result in earlier flowering in eelgrass annuals: 

 Previous studies have shown that warmer temperatures, both artificially manipulated in 

mesocosms and naturally over a latitudinal gradient, drive flowering processes in Z. marina 

populations broadly (Blok et al., 2018; Sawall et al., 2021). In our study focused on annual 

populations, our results similarly showed that a temperature increase of +3°C resulted in earlier 

flowering and flowering-related developmental changes. We observed an overall increase in 

flowering proportion, specifically in the Padilla Bay population, which was composed 

predominantly of annuals. However, the lack of difference in flowering proportion between 

heated and ambient for Willapa seedlings could have been due to the low number of annual 

seedlings represented from this population due to contamination by perennial seedlings (Figure 

3, Table S4). The presence of perennials was confirmed by the end of the experiment, with 

Willapa Bay shoots having more internodes and longer rhizomes, despite starting with the same 

number of internodes initially, which is more characteristic of perennial shoots (Figure 3i). 

Additionally, increased leaf width and rate of leaf production of the Willapa seedlings late in the 

experiment is also consistent with the response of perennial Z. marina to elevated temperature in 

Breiter et al.’s study (Breiter et al., 2024).  

In the annual shoots that did flower, this acceleration in flowering was not only observed 

in the timing of the emergence of flowering shoots, but in the earlier development and 

production of spathes and seeds (Figure S1). Spathes on shoots in the +3°C treatment had more 

time to develop, compared to their ambient counterparts, and thus developed earlier (De Cock, 

1980). Thus, with warming, annual seedlings produced earlier and potentially higher seed yields, 

though number of seeds per spathe remains to be enumerated. 
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ZmaFT9 expression is decreased in elevated temperature and may be determinant of earlier 

flowering in warmer conditions  

PEBP genes are largely regulated by temperature, among other stimuli, so temperature 

thereby regulates flowering time. In Arabidopsis, FT gene expression is activated by increased 

temperature (Balasubramanian et al., 2006; Blázquez et al., 2003; Kinmonth-Schultz et al., 2016; 

Susila et al., 2021). In rice, Ghd7 regulates flowering via repression of rice FT-homolog, Hd3a, 

in a temperature-dependent manner in short day conditions (Nagalla et al., 2021). Given that 

eelgrass flowering occurs earlier under warmer conditions (Blok et al., 2018; Sawall et al., 

2021), we would expect that ZmaFT homologs are similarly regulated by temperature and that 

activators of flowering would experience an increase in expression in heated conditions. 

However, in the four eelgrass PEBP genes that we tested, only ZmaFT9 expression, the 

antiflorigen gene with apparent repressive function, is affected by the +3°C treatment. ZmaFT9 

was previously described to be a repressor of flowering and speculated to be the main 

determinant of flowering in eelgrass due to a decrease in expression occurring prior to flowering 

onset (Nolan et al., 2024). Shoots grown in the heated treatment showed lower expression of 

ZmaFT9 throughout the entire season in both populations. The decrease in expression over time 

which is expected to precede the onset of flowering seems to occur earlier in the Padilla Bay 

population in the +3°C treatment compared to the ambient, by approximately 7 day, though we 

were unable to resolve this difference statistically given the variation within our datasets. 

Nonetheless, temperature is a key factor in the regulation of ZmaFT9 expression. 

 

ZmaFT2 and ZmaFT4 expression is unaffected by temperature increase 

 ZmaFT2 and ZmaFT4, two of the four ZmaPEBP genes examined, are described as 

activators of flowering and expression generally increases over time (Nolan et al., 2024). While 

our findings confirm that expression of ZmaFT2 and ZmaFT4 increase over time as the plant 

reaches maturity and flowers, we observed no significant difference in expression between 

treatments, contradicting our original hypothesis. Our finding that ZmaFT2 and ZmaFT4 are 

seemingly unregulated by temperature is an unexpected finding given effects of increased 

temperature on florigen in other angiosperms (Balasubramanian et al., 2006; Blázquez et al., 

2003; Kinmonth-Schultz et al., 2016). However, it is not entirely novel for flowering-related 

gene expression to be regulated independently of temperature. For example, the Cape Verde 
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Islands accession of Arabidopsis is temperature insensitive due to a hyperactive gain-of-function 

allele of in CRYPTOCHROME2 (CRY2) (Sanchez-Bermejo et al., 2015), which activates FT 

expression via interaction with CIB1, a blue-light mediated basic-helix-loop-helix (bHLH) 

transcription factor (Liu et al., 2013). Also, most studies into temperature-dependent regulation 

of FT are conducted in constant temperature conditions, rather than elevated temperatures 

relative to the ambient environment, which may introduce differences in diurnal regulation of FT 

genes, which already have been shown to be affected by standard light regimens within artificial 

conditions (Song et al., 2018). Given our results, we cannot determine how expression of 

ZmaFT2 and ZmaFT4 was unaffected by increased temperature. Nonetheless, we can conclude 

that Z. marina flowering includes another mechanism for incorporating temperature signals 

involving ZmaFT9 regulation. We speculate that this may be the result of Zostera’s adaptation to 

an intertidal or subtidal environment, because intertidal Z. marina populations, such as those 

occupying the Northwestern coasts of the United States, must account for a highly variable 

thermal regime which includes both water and air temperatures, such as those described for the 

Willapa Bay population in Nolan et al. (Nolan et al., 2024). It is possible that having a repressor 

present at stages of vegetative growth, when flowering is not advantageous, more effectively 

prevents precocious flowering as a result from a temperature-sensitive flowering activator. 

 

Natural variation in populations affects flowering response and related morphology 

 Beyond the difference in flowering morphology, development, and gene expression 

because of the +3°C treatment, we also observed differences on flowering traits that were 

attributed to natural variation between populations. Flowering shoot length was longer across 

both treatments in Padilla Bay shoots, and these produced overall more spathes than compared to 

Willapa (Figure 3d-e, Table S4). Lateral roots were longer in the Padilla Bay shoots as well 

(Figure 3h, Table S4). Also, Padilla Bay shoots showed overall lower expression of ZmaFT9 

compared to Willapa Bay (Figure 4e-f, Table S5). In fact, ZmaFT9 expression in Willapa shoots 

is approximately double that of Padilla Bay. This variation is, in part, likely due to the presence 

of vegetative perennial seedlings in the Willapa Bay population, but also may indicate that the 

expected decrease in ZmaFT9 was not captured in the Willapa Bay samples, since annual 

seedlings in early vegetative stages described in Nolan et al. (Nolan et al., 2024) had ZmaFT9 

expression at even higher levels than what was captured in our study. We attribute these different 
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overall amounts of expression to genetic differences between the populations, which could also 

account for the morphological phenotype differences we observed. Briones Ortiz et al. described 

genetic differences and population structure between Salish Sea and coastal populations in 

Washington (Briones Ortiz et al., 2025). These two population sites experience different thermal 

conditions, with overall higher and more variation in temperature experienced at Willapa Bay 

(Figure 2a), and local adaptation can contribute to differential responses to environmental stimuli 

(Lasky et al., 2014).  

 

Plants in our study remained submerged throughout the experiment, and therefore we 

were unable to account for effects of tide or exposure to air and aerial temperatures. 

Temperatures in the mesocosms were lower than typically experienced by these intertidal 

populations in the field (Figure 2), limiting the conclusions that can be drawn about still higher 

temperatures, which might impair sexual reproduction. Further, it is possible that seedlings could 

have been compromised by transplant shock, so differences between treatments should be 

considered relative. Nonetheless, it is clear that temperature affects development and accelerates 

reproduction through genetic mechanisms, likely including ZmaFT9 expression and function. 

Further study will be needed to evaluate the effects of heat on flowering abundance, since this 

was not testable in our annual system which have obligate flowering within one year, but we 

expect that flowering frequency of perennials could also increase with warming over this range, 

given that ZmaFT9 expression was overall lower in the heated treatment. 

Our findings present insight into how eelgrass populations may respond to warming 

temperatures predicted to occur in Washington state over the next 100 years (Khangaonkar et al., 

2019; Mote & Salathé, 2010). The acceleration of sexual reproductive processes in eelgrass 

highlights potential ecological consequences, especially in areas where annual and perennials life 

history types coexist, and timing of reproductive events may begin to overlap. There is evidence 

of a mixed-annual life history type present at a well-studied perennial site at the southern limit of 

Atlantic Z. marina, possibly as a result of continued environmental stress (Jarvis et al., 2012). 

Ecological consequences may also arise from the increased frequency in marine heatwaves 

(Hobday et al., 2018), now accompanying the general increasing trends in both air and water 

temperatures. Collectively, this work highlights the need for continued investigation into 
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changing environmental conditions and their effects on reproduction and, ultimately, resiliency 

and persistence in eelgrass populations. 

 

 

Implications 

Globally, seagrasses are experiencing annual decline rates of greater than 7%, which 

threaten the persistence of coastal ecosystems and can have major ecological ramifications (Orth 

et al., 2006; Waycott et al., 2009) Seed dispersal and recruitment contributes to persistence and 

resiliency in seagrass populations (Kendrick et al., 2012), and understanding ecological 

consequences of warming trends for flowering and seed production are key knowledge gaps that, 

if addressed, would provide insight into how seagrass, like eelgrass, will survive and persist 

under a changing climate. 

Seeds have shown promise as a tool for restoration of eelgrass populations (Jarvis et al., 

2014; Kendrick et al., 2012; Marion & Orth, 2010; Orth et al., 2012, 2020; van Katwijk et al., 

2016). However not all populations flower and produce seeds at equal rates, and flowering rates 

can be especially low in perennial populations (Ruesink et al., 2022). Our findings imply that 

warmer temperatures may ultimately increase seed production in populations, and that annuals 

may experience greater seed yield if inflorescences are pollinated earlier, and ultimately have a 

longer period of time to develop, produce and disperse seeds. Interestingly, this contrasts with 

the response of many terrestrial annual crops to warming, where earlier flowering led to lower 

seed yield (Bassu et al., 2021; Ullah et al., 2022). The warmed conditions in this experiment are 

evidently below the damaging levels for these Z. marina populations. We expect that further 

study on the viability of resulting seeds from shoots experiencing warmer temperatures will 

ultimately answer the question of whether increased temperature increases seed yield in eelgrass 

as well as implications of elevated temperature on seed-based restoration. 
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Figure 1: Map of source populations used in study (Willapa Bay, square, and Padilla Bay, 
circle). Mesocosm facility also shown (Shannon Point Marine Center, circle).  
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Figure 2: Temperature regimes and flowering proportion in mesocosm set-up. a) Mean daily 
temperatures (mean ± s.e.) at each field collection site in 2023 and in the experimental tanks over 
the duration of the common garden experiment in 2024. Field sites are intertidal, so temperatures 
are a combination of water and air temperatures. b) Proportion of seedlings flowering over the 
duration of the experiment. Dashed lines show log-logistic model fit for each combination of 
population (Willapa or Padilla Bay) and temperature treatment (+3°C or ambient).  
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Figure 3: Mean above-ground seedling morphology prior to flowering (a-c): non-flowering 
seedling length, number of leaves, leaf width; and for shoots with flowers (d-f): flowering shoot 
length, mean number of spathes per flowering shoot, mean developmental stage of spathes per 
flowering shoot. Mean below-ground seedling morphology (g-i): rhizome length, root length, 
and number of rhizome internodes. For below-ground measurements, flowering and non-
flowering seedlings are combined. All seedlings were planted on 2024-04-26. Symbology: 
Padilla Bay (circle); WB = Willapa Bay (square); H = heated (open, red); A = ambient (filled, 
blue). 
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Figure 4: Relative expression of ZmaFT2 (a, b), ZmaFT4 (c, d), ZmaFT9 (e, f), and ZmaTFL1a 
(g, h) genes in leaf tissue during annual growing season (May-July, shown as days since 
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planting, which took place 2024-04-26) from both populations (Willapa, square, left; Padilla, 
circle right) within the mesocosm, plotted with predicted expression trends based on general 
additive mixed effect model (GAMM). Blue lines represent ambient treated samples, and red 
lines indicate +3°C treated samples, and the respective ribbons indicate confidence interval. 
Point shape represents the development state at the time of collection; vegetative (V), bolted (B), 
flowering (F). Data points above respective axis limits not shown to better visualize model fit, 
but included in model analysis (ZmaFT2, 1.25; ZmaFT4, 0.35; ZmaFT9, 0.2 for WB and 0.065 
for PB; and ZmaTFL1a, 0.5). All expression values are relative to 3 reference genes (CYP2, 
ELF4A, and RPL28).  
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Supplemental Information 
 
 
Table S1: GPS coordinates and tidal elevation of study sites 
Table S2: qPCR primers used in this study for gene expression analysis 
Table S3: Log-logistic model parameter estimates for time to reach 50% (a) and pairwise comparisons (b) 
Table S4: Results from mixed-effects ANOVA tests for morphological measurements 
Table S5: Generalized additive model (GAM) results with gene expression values as response variable 
and temperature treatment (Ambient or +3°C Heated) and population (Willapa Bay, WB, and Padilla Bay, 
PB) as main effects. 
 
Figure S1: Developmental stage of spathes in each temperature treatment and population over the 
duration of the experiment 
Figure S2: Relative expression of ZmaFT2, ZmaFT4, ZmaFT9, and ZmaTFL1a genes in leaf tissue 
during annual growing season   
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Table S1: GPS coordinates and tidal elevation of study sites. 
Site Abbreviation Position (°N, °W) Tidal Elevation (m MLLW) 

Stackpole Annual, Willapa Bay WA USA WB 46.613, 124.034 1.1 ± 0.1 

Joe Leary Annual, Padilla Bay WA USA PB 48.520, 122.495  0.3 

Shannon Point Marine Center, Anacortes 
WA USA (mesocosm facility) SPMC 48.508, 122.683 NA 

 
 
 
Table S2: qPCR primers used in this study for gene expression analysis (Nolan et al., 2024; Ransbotyn & 
Reusch, 2006) 

Name Accession No. Forward 5’-3’ Reverse 5’-3’ Reference 

ZmaFT2 Zosma01g14870 ACACAATGCTCATGGTAGATCCT AGCACAAACACGAAACGGTG Nolan et al.  

ZmaFT4 Zosma04g08400 TGCACTGGTTGGTGGTGAA AGCCGACTAGGTTGACGGAA Nolan et al. 

ZmaFT9 Zosma01g13540 TTCCTACACACTGGTTATGGTCG GATGGATGGTTGTGGGCTCT Nolan et al. 

ZmaTFL1a Zosma04g17290 TGTTCACTGGATTGTGACAGA CCAGTGCAAATCGACGTGTG Nolan et al.  

ZmaCyp2 Zosma05g32090 CACTCCACTACAAGGGATCGAAA GGACCTGTATGCTTCTTAACGAAGT Ransbotyn 
and Reusch 

Zmaelf4a  Zosma03g02900 TCTTTCTGCGATGCGAACAG TGGATGTATCGGCAGAAACG Ransbotyn 
and Reusch 

ZmaRPL28  Zosma04g25970 TTCCGCACCTAGGGTTTCG ATATTGGCGCAGCGATTTTG Ransbotyn 
and Reusch 
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Table S3: a) Log-logistic model parameter estimates for time to reach 50% flowering (parameter e), 
fraction of seedlings that flowered (parameter d), and flowering synchronicity (parameter b), by each 
population in heated versus ambient conditions. b) Pairwise comparisons of parameter estimates for each 
treatment-population combination. 
 
a) 

Parameter Site Treatment Estimate Std. Error t-value p-value 
b PB ambient -5.402 0.864 -6.251 0.00 
b PB heated -6.027 0.854 -7.055 0.00 
b WB ambient -3.742 2.569 -1.457 0.15 
b WB heated -6.378 3.113 -2.049 0.04 
d PB ambient 0.903 0.036 25.417 0.00 
d PB heated 1.010 0.025 40.305 0.00 
d WB ambient 0.552 0.651 0.848 0.40 
d WB heated 0.371 0.071 5.238 0.00 
e PB ambient 48.861 1.603 30.480 0.00 
e PB heated 40.365 1.069 37.754 0.00 
e WB ambient 98.948 63.099 1.568 0.12 
e WB heated 72.207 6.182 11.680 0.00 

 
b)  
 
 
  

Comparison for parameter d 
Ratio Estimate Std. Error t-value p-value 

PB ambient/PB heated 0.89 0.04 -2.56 0.01 
WB ambient/WB heated 1.49 1.78 0.27 0.78 
PB ambient/WB ambient 1.64 1.93 0.33 0.74 
PB heated/WB heated 2.72 0.52 3.29 0.00 
PB ambient/WB heated 2.43 0.47 3.02 <0.01 
WB ambient/PB heated 0.55 0.64 -0.70 0.48 

Comparison for parameter e 
Ratio Estimate Std. Error t-value p-value 

PB ambient/PB heated 1.21 0.05 4.12 <0.01 
WB ambient/WB heated 1.37 0.88 0.42 0.67 
PB ambient/WB ambient 0.49 0.32 -1.61 0.11 
PB heated/WB heated 0.56 0.05 -8.80 <0.01 
PB ambient/WB heated 0.68 0.06 -5.21 <0.01 
WB ambient/PB heated 2.45 1.56 0.93 0.35 

Comparison for parameter b 
Ratio Estimate Std. Error t-value p-value 

PB ambient/PB heated 0.90 0.19 -0.54 0.59 
WB ambient/WB heated 0.59 0.49 -0.84 0.40 
PB ambient/WB ambient 1.44 1.02 0.44 0.66 
PB heated/WB heated 0.94 0.48 -0.11 0.91 
PB ambient/WB heated 0.85 0.44 -0.35 0.73 
WB ambient/PB heated 0.62 0.44 -0.87 0.39 
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Table S4: Results from mixed-effects ANOVA tests for morphological measurements, with temperature 
treatment (‘trt’), site, census date (‘days’), and their interactions as explanatory variables, and with tank 
replicate as a random effect (repeated measures). Relevant post-hoc pairwise comparisons are shown 
with p-values adjusted using the Bonferroni correction. 
 
Non-flowering seedling: Shoot Length (cm) 
Error: tank 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
trt 1 543.1 543.1 5.16 0.0528 
site 1 151.4 151.4 1.438 0.2647 
days 4 953.8 238.4 2.266 0.151 
trt:site 1 506.4 506.4 4.812 0.0596 
Residuals 8 841.9 105.2     

Error: Within 
  Df Sum Sq. Mean Sq. F value Pr(>F) 
days 5 884 176.79 5.809 0.00032 
trt:days 5 285.7 57.13 1.877 0.11722 
site:days 5 62.5 12.5 0.411 0.83871 
trt:site:days 3 121.8 40.61 1.334 0.27504 
Residuals 45 1369.4 30.43     

 
Non-flowering seedling: Number of leaves 
Error: tank 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
trt 1 0.485 0.4848 1.148 0.315 
site 1 0.13 0.1305 0.309 0.594 
days 4 7.769 1.9421 4.597 0.032 
trt:site 1 0.085 0.0847 0.2 0.666 
Residuals 8 3.38 0.4225     

Error: Within 
  Df Sum Sq. Mean Sq. F value Pr(>F) 
days 5 11.522 2.3043 6.178 0.000194 
trt:days 5 1.604 0.3207 0.86 0.515354 
site:days 5 3.631 0.7263 1.947 0.105171 
trt:site:days 3 0.705 0.2351 0.63 0.599202 
Residuals 45 16.784 0.373     

 
Non-flowering seedling: Leaf Width (mm) 
Error: tank 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
trt 1 3.246 3.246 5.071 0.0544 
site 1 1.005 1.005 1.57 0.2456 
days 4 4.522 1.131 1.766 0.2288 
trt:site 1 1.714 1.714 2.678 0.1404 
Residuals 8 5.122 0.64     

Error: Within 
  Df Sum Sq. Mean Sq. F value Pr(>F) 
days 5 1.169 0.2339 1.066 0.3915 
trt:days 5 3.22 0.644 2.937 0.0223 
site:days 5 1.7 0.3399 1.55 0.1937 
trt:site:days 3 0.73 0.2432 1.109 0.3554 
Residuals 45 9.869 0.2193     

Post-hoc test by treatment (A=ambient, H=heated) 
Days H-A df  statistic  p     p.adjusted 

31 -0.1 67 0.369 0.713 0.713 
52 0.08 67 -0.295 0.769 0.769 
66 0.5 67 -1.71 0.0915 0.0915 
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78 0.12 67 -0.341 0.734 0.734 
94 1.24 67 -3.52 0.000789 <0.001          

108 1.35 67 -3.7 0.00044 <0.001 
 
Flowering seedling: Flowering shoot length (cm) 
Error: tank 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
trt 1 148 148 1.009 0.34449 
site 1 3637 3637 24.871 0.00107 
days 2 145 73 0.497 0.6262 
trt:site 1 436 436 2.98 0.12258 
trt:days 1 59 59 0.402 0.54356 
site:days 1 8 8 0.058 0.81562 
Residuals 8 1170 146     

Error: Within 
  Df Sum Sq. Mean Sq. F value Pr(>F) 
days 5 1377.7 275.55 9.055 <<0.0001 
trt:days 5 209.8 41.96 1.379 0.247 
site:days 5 140.2 28.04 0.922 0.475 
trt:site:days 5 115.4 23.08 0.758 0.584 
Residuals 52 1582.4 30.43     

Post-hoc test by site (PB=Padilla, WB=Willapa) 
PB-WB df statistic  p     p.adjusted 

12.75 86 7.48 <<0.0001  <<0.0001  
 
Flowering seedling: Number of spathes 
Error: tank 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
trt 1 15.04 15.04 6.732 0.0357 
site 1 35.34 35.34 15.816 0.00535 
days 3 3.64 1.21 0.542 0.66851 
trt:site 1 3.07 3.07 1.373 0.27959 
trt:days 1 1.92 1.92 0.86 0.3846 
site:days 1 1.39 1.39 0.624 0.45544 
Residuals 7 15.64 2.23     

Error: Within 
  Df Sum Sq. Mean Sq. F value Pr(>F) 
days 5 50.91 10.183 14.42 <<0.0001 
trt:days 5 8.42 1.684 2.385 0.0509 
site:days 5 5.91 1.182 1.673 0.1579 
trt:site:days 5 2.76 0.551 0.781 0.5683 
Residuals 51 36.01 0.706     

Post-hoc test by site (PB=Padilla, WB=Willapa) 
PB-WB df statistic  p     p.adjusted 

1.2 85 4.33 <<0.0001 <<0.0001 
Post-hoc test by treatment (A=ambient, H=heated) 

H-A df  statistic  p     p.adjusted 
0.8 85 -2.78 0.00662 0.00662 

 
Flowering seedling: Mean developmental stage of spathes (final timepoint only) 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
trt 1 21.42 21.417 16.225 0.000108 
site 1 8.07 8.073 6.116 0.015031 
trt:site 1 0.06 0.063 0.048 0.827732 
Residuals 103 135.96 1.32     

Post-hoc test by treatment (A=ambient, H=heated) 
H-A df  statistic  p     p.adjusted 

0.9 105 -3.95 0.000142 0.000142 
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Post-hoc test by site (PB=Padilla, WB=Willapa) 
PB-WB df  statistic  p     p.adjusted 

0.4 105 1.56 0.121 0.121 
 
Seedling rhizome length (mm, includes both flowering and non-flowering) 
Error: tank 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
trt 1 21.1 21.12 0.513 0.487 
site 1 48.8 48.83 1.186 0.297 
trt:site 1 24.4 24.38 0.592 0.456 
Residuals 12 493.8 41.15     

Error: Within 
  Df Sum Sq. Mean Sq. F value Pr(>F) 
days 8 921.5 115.19 5.599 <<0.0001 
trt:days 8 150.7 18.83 0.916 0.507 
site:days 8 218.1 27.26 1.325 0.24 
trt:site:days 8 214 26.75 1.301 0.253 
Residuals 96 1974.9 20.57     

 
Seedling root length (cm, includes both flowering and non-flowering) 
 
Error: tank 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
trt 1 0.21 0.21 0.752 0.403 
site 1 42.79 42.79 153.099 <<0.001 
trt:site 1 0.04 0.04 0.155 0.7 
Residuals 12 3.35 0.28     

Error: Within 
  Df Sum Sq. Mean Sq. F value Pr(>F) 
days 8 80.09 10.012 16.512 <<0.001 
trt:days 8 11.09 1.386 2.286 0.02763 
site:days 8 16.44 2.055 3.389 0.00181 
trt:site:days 8 11 1.375 2.268 0.02879 
Residuals 96 58.21 0.606     

Post-hoc tests by trt:days: 
Trt Days WB-PB df Statistic p p.adj 
A 10 0.625 108 -1.17 0.24 0.24 
A 17 0.5 108 -0.94 0.35 0.35 
A 24 0.375 108 -0.70 0.48 0.48 
A 31 1.375 108 -2.58 0.01 0.01 
A 40 0.625 108 -1.17 0.24 0.24 
A 52 0.625 108 -1.17 0.24 0.24 
A 66 0.625 108 -1.17 0.24 0.24 
A 80 2.75 108 -5.15 0.00 <0.01 
A 94 2 108 -3.75 0.00 <0.01 
H 10 0.25 108 -0.47 0.64 0.64 
H 17 0 108 0.00 1.00 1.00 
H 24 0.875 108 -1.64 0.10 0.10 
H 31 1.25 108 -2.34 0.02 0.02 
H 40 0.75 108 -1.40 0.16 0.16 
H 52 1.625 108 -3.04 0.00 <0.01 
H 66 1.875 108 -3.51 0.00 <0.01 
H 80 0.25 108 -0.47 0.64 0.64 
H 94 3.25 108 -6.09 0.00 <0.01 

Post-hoc test by site:days: 
Site Days H-A df Statistic p p.adj 
PB 10 0 108 0.00 1.00 1.00 
PB 17 0.375 108 -0.70 0.48 0.48 
PB 24 -0.25 108 0.47 0.64 0.64 
PB 31 0 108 0.00 1.00 1.00 
PB 40 0.125 108 -0.23 0.82 0.82 
PB 52 0.125 108 -0.23 0.82 0.82 



 109 

PB 66 0 108 0.00 1.00 1.00 
PB 80 0 108 0.00 1.00 1.00 
PB 94 0 108 0.00 1.00 1.00 
WB 10 -0.375 108 0.70 0.48 0.48 
WB 17 -0.125 108 0.23 0.82 0.82 
WB 24 0.25 108 -0.47 0.64 0.64 
WB 31 -0.125 108 0.23 0.82 0.82 
WB 40 0.25 108 -0.47 0.64 0.64 
WB 52 1.125 108 -2.11 0.04 0.04 
WB 66 1.25 108 -2.34 0.02 0.02 
WB 80 -2.5 108 4.68 0.00 <0.01 
WB 94 1.25 108 -2.34 0.02 0.02 

 
Initial number of internodes (Day 10) 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
site 1 0.7656 0.7656 3.128 0.102 
trt 1 0.1406 0.1406 0.574 0.463 
site:trt 1 0.1406 0.1406 0.574 0.463 
Residuals 12 2.9375 0.2448     

 
Final number of internodes (Day 94) 

  Df Sum Sq. Mean Sq. F value Pr(>F) 
site 1 27.563 27.563 21.69 0.000554 
trt 1 1.562 1.562 1.23 0.289231 
site:trt 1 1.562 1.562 1.23 0.289231 
Residuals 12 15.25 1.271     

Post-hoc test by site (PB=Padilla, WB=Willapa) 
PB-WB df  statistic  p     p.adjusted 

-2.6 14 -4.58 0.000426 0.000426 
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Table S5: Generalized additive model (GAM) results with gene expression values as response variable 
and temperature treatment (Ambient or +3°C Heated) and population (Willapa Bay, WB, and Padilla Bay, 
PB) as main effects. Estimate is shown for main effects with standard error in parentheses. Date was 
included as a global thin-plate regression spline (TP) smooth term. The interaction between date and 
treatment was included as a random factor smooth interactions term (FS). Tank number was included as 
a random effect smooth term (RE). Expression values were log10 transformed to fit assumptions of 
model. 

 ZmaFT2 ZmaFT4 ZmaFT9 ZmaTFL1a 

Intercept 
-1.830 (0.090) 
t = -16.758 
p = <2e-16  

-3.180 (0.110) 
t = -28.922 
p = <2e-16 

-3.909 (0.196) 
t = -19.937 
p = <2e-16 

-5.755 (0.223) 
t = -28.838 
p = <2e-16 

Temperature 
(Ambient:Heated) 

0.028 (0.136) 
t = 0.204 
p = 0.838 

0.169 (0.137) 
t = 1.230 
p = 0.220 

-0.484 (0.227) 
t = -2.134 
p = 0.0337 

0.0967 (0.283) 
t = 0.342 
p =0.733 

Population (WB:PB) 
0.052 (0.105) 
t = 0.502 
p = 0.616 

0.056 (0.104) 
t = 0.536 
p = 0.592 

-1.691 (0.227) 
t = -7.445 
p =1.32e-12 

0.252 (0.197) 
t = 1.279 
p = 0.202 

Date (TP smoother 
term) 

edf = 5.158 
F = 11.624 
p = <2e-16 

edf = 5.158 
F = 13.833 
p =<2e-16 

edf = 5.158 
F = 4.090 
p = 6.18e-04 

edf = 5.158 
F = 7.703 
p = 2.48e-07 

Date:Ambient (FS 
smooth term) 

edf = 0.0002 
F = 0.001 
p = 1.0 

edf = 1.000 
F = 0.005 
p = 0.944 

edf = 3.767e-05 
F = 0 
p = 0.5 

edf = 5.017e-05 
F = 0.008 
p = 0.999 

Date:Heat (FS smooth 
term) 

edf = 1.0002 
F = 2.076 
p =0.151 

edf = 0.000 
F = 0.011 
p = 0.999 

edf = 1.000 
F = 7.435 
p = 0.0068 

edf = 1.001 
F = 0.425 
p = 0.5152 

Tank (RE smooth term) 
edf = 2.556 
F = 0.747 
p = 0.108 

edf = 2.581 
F = 0.763 
p = 0.103 

edf = 3.273e-04 
F = 0 
p = 0.914 

edf = 3.111 
F = 1.071 
p = 0.0564 
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Figure S1:  Developmental stage of spathes in each temperature treatment and population over the 
duration of the experiment (a-d). Abbreviations: PB = Padilla Bay; WB = Willapa Bay). Sample size shows 
the number of flowering shoots that were averaged for each census date (mm-dd). Developmental stages 
are based on De Cock (1980). 
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Figure S2: Relative expression of ZmaFT2 (a, b), ZmaFT4 (c, d), ZmaFT9 (e, f), and ZmaTFL1a (g, h) 
genes in leaf tissue during annual growing season (May-July, shown as days since planting, which took 
place 2024-04-26) from both populations (Willapa, square, left; Padilla, circle right) within the mesocosm. 
Plot point represents mean, and error bars are standard error. Blue lines represent ambient treated 
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samples, and red lines indicate +3°C treated samples. All expression values are relative to 3 reference 
genes (CYP2, ELF4A, and RPL28). Plot point represents mean, and error bars are standard error. 
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