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Abstract
The phytohormone auxin regulates nearly every aspect of plant development. Transcriptional responses to auxin are driven by
the activities of the AUXIN RESPONSE FACTOR family of transcription factors. ARF19 (AT1G19220) is critical in the
auxin signaling pathway and has previously been shown to undergo protein condensation to tune auxin responses in the root.
However, ARF19 condensation dynamics in other organs has not yet been described. In the Arabidopsis stomatal lineage, we
found that ARF19 cytoplasmic condensates are enriched in guard cells and pavement cells, terminally differentiated cells in
the leaf epidermis. This result is consistent with previous studies showing ARF19 condensation in mature root tissues. Our
data reveal that the sequestration of ARF19 into cytoplasmic condensation in differentiated leaf epidermal cells is similar to
root-specific condensation patterns.

Figure 1. ARF19 condensation differs in distinct cell types in the Arabidopsis cotyledon epidermis.:

(A) Representative confocal image of ARF19-YFP in the cotyledon epidermis of Arabidopsis seedlings 3 days post
germination (dpg). The four measured cell types, pavement cell (PC), meristemoid cell (MC), stomatal lineage ground cell
(SLGC) and guard cell (GC), are outlined in white. The image was merged from the bright field channel and the maximum
intensity projection of z stacks in the YFP channel. (B) The graph depicts ARF19 condensate numbers in different cotyledon
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epidermal cell types 3dpg. Letters represent statistical groupings based on pairwise comparisons using Wilcoxon rank sum test
with continuity correction with a p-value of 0.05. At least 200 cells from 3 individuals were assayed. (C) and (D) show violin
plots comparing condensate number in PC and GC at 3 and 10 dpg. The * indicates significant difference at P < 0.05 between
cell types at 3 and 10 dpg (C) and within cell types at 3 and 10 dpg (D) by Wilcoxon rank sum test. At least 80 cells of each
cell types from 3 individuals were counted. (E) Model of ARF19 condensation in the cotyledon epidermis. In dividing,
undifferentiated cell types ARF19 is found primarily in the nucleus (outlined cellular compartment) and not in condensates
(yellow spots). Following differentiation into GC and PC, ARF19 condensate abundance increases and is depleted in the
nucleus.

Description
How plants control developmental processes is an enduring question for plant biologists. For the past century, researchers have
studied how phytohormones and other signaling molecules affect developmental responses. One of these phytohormones,
auxin, plays a crucial role in plant morphogenesis and growth by responding to intrinsic and external cues (Zhao 2010). A
family of plant-specific transcription factors called AUXIN RESPONSE FACTORS (ARFs) modulate auxin signal
transduction (Korasick et al. 2014). AUXIN RESPONSE FACTOR 19 (ARF19) is a transcriptional activator that regulates
auxin-mediated transcription and developmental responses in Arabidopsis thaliana (Okushima et al. 2005). Recent work has
shown that ARF19 is found in the nucleus of actively dividing cells in the root meristematic zone and localized to
biomolecular condensates that reside in the cytoplasm of mature cells (Powers et al. 2019, Jing et al. 2022). Biomolecular
condensates are membraneless and nonstoichiometric compartments consisting of one or more biological molecules. Because
condensation is dependent on many environmental parameters and can regulate cellular processes, it plays important roles in
plant development (Emenecker et al. 2021). In Arabidopsis roots, meristematic and dividing cells show nuclear ARF19
localization and have increased expression of the auxin signaling reporter, DR5 (reviewed in Jedličková et al. 2022), whereas
mature cells have cytoplasmic ARF19 condensates and lack DR5 expression, suggesting attenuated auxin responses in these
tissues (Powers et al. 2019). When ARF19 variants that prevent condensation are expressed in Arabidopsis, DR5 expression is
restored in all root tissues, suggesting that ARF19 condensation contributes to the attenuation of auxin responses (Powers et

al. 2019, reviewed in Morffy and Strader 2022). It is unknown whether the nucleo-cytoplasmic partitioning of ARF19 occurs
only in the Arabidopsis root or if it is a regulatory mechanism in other organs.

Because the leaf epidermis is a well-studied and auxin-dependent cell development system, it is an ideal target to observe
ARF19 condensation behavior. There are four primary cell types in the leaf epidermis: (1) Pavement cell (PC), a puzzle-
shaped cell for forming a protective layer of the leaf. (2) Meristemoid cell (MC), a triangular stomatal precursor cell with self-
renewing ability. (3) Stomatal Lineage Ground Cell (SLGC), a larger sister cell of MC with mixed cell type potential. (4)
Guard cells (GC), mature cells with a pore controlling gas exchange. MC and SLGC form after asymmetric cell division
(ACD) from leaf protodermal cell. MC, the small daughter cell that forms after the ACD, gains the stomatal fate and becomes
the precursor of stoma. Then, stoma forms through the symmetric cell division of MC into two GCs. SLGC, the large daughter
cell that forms after the ACD, is a biopotent cell that can turn into a pavement cell or undergo another round of ACD and
differentiate into guard cells (Lee and Bergmann 2019). The distribution of auxin signaling in the epidermis affects the
epidermal patterning, and auxin depletion is required for gaining the stomatal fate (Le et al. 2014).

We hypothesized that ARF19 cytoplasmic condensate number would be higher in terminally differentiated cells in the leaf
epidermis, where auxin signaling is reduced (Le et al. 2014, Grones et al. 2020), consistent with their localization pattern in
root tissues. We observed the cotyledons of transgenic Arabidopsis seedlings expressing YFP-tagged ARF19 under the UBQ10

promoter three days post germination (dpg) using confocal microscopy and quantified ARF19 condensates in PC, MC, SLGC,
and GC cell types (Fig. 1A). The dividing cell types, MC and SLGC, had fewer ARF19 condensates than the differentiated cell
types, GC and PC, consistent with ARF19 condensation patterns in the root (Fig. 1B) (Powers et al. 2019).

To test whether condensate number is related to developmental stage, we compared ARF19 condensate numbers in PC and GC
between 3 dpg and 10 dpg. ARF19 condensate numbers were similar in both cell types at both time points (Fig. 1C). However,
when we compared condensate numbers within the same cell type between timepoints, we found that the number of
condensates increased at 10 dpg (Fig. 1D). These results suggest that differentiated cells accumulate ARF19 condensates as
they mature.

Together, these data provide the evidence for a leaf model where ARF19 is in the nucleus of dividing cells such as MC and
SLGC, but are sequestered in cytoplasmic condensates in differentiated cells, like PC and GC (Fig. 1E). This pattern of
ARF19 cytoplasmic condensation in PC and GC correlates with the absence of DR5 expression in these cell types (Le et al.

2014, Grones et al. 2020), suggesting ARF19 cytoplasmic condensation and nucleo-cytoplasmic partitioning in the cotyledon
epidermis results in attenuated auxin signaling, consistent with its localization patterns in root tissues. The distinct regulation
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of ARF19 condensation may provide a mechanism to tune auxin responses during leaf epidermis development, in addition to
other mechanisms such as PIN localization and auxin efflux (Le et al. 2014, Grones et al. 2020). However, we cannot rule out
additional factors that may affect ARF19 condensation in the leaf epidermis. First, because we used the UBQ10 promoter,
ARF19 transcriptional dynamics may not be identical to the native expression patterns. Although Powers et al. (2019)
suggested the tissue-specific differences of ARF19 condensation in root were not related to gene expression levels in the root,
it remains to be seen if this is also true in the leaf epidermis. Second, the experiments were conducted using cotyledon
epidermis, an embryonically developed organ. True leaves that develop post embryonically may have different ARF19
condensation and nucleo-ctyoplasmic partitioning patterns. Thus, further study of ARF19 condensation in true leaves is
necessary to determine the universality of condensation-mediated attenuation of auxin response.

Methods
Plant lines and growth conditions

ARF19 condensates were quantified from Arabidopsis thaliana Col-0 carrying UBQ10p::YFP-ARF19 (Power et al. 2019).
Seeds were surface sterilized with 20% (v/v) bleach and 0.01% (v/v) Triton X-100. After rising 4 times with sterilized water,
the sterilized seeds were suspended in 0.1% agar and stratified for 2 days at 4°C. Stratified seeds were plated in plant nutrient
(PN) media (Haughn and Somerville 1986) with 0.6% agar and supplemented with 0.5% (W/V) sucrose at 22°C under
continuous white light (GE fluorescent lamp (F17T8/SP41/ECO) at 120 µmol m-2 s-1).

Confocal imaging

To quantify ARF19 condensates, 3 dpg and 10 dpg cotyledons were cut and mounted in water under coverslip. All images
were collected from Leica SP8 confocal microscope with HC PL APO CS2 40X/1.0 water immersion objective, 1024X1024
pixels format, and 700 Hz speed. The images were acquired by unidirectional scanning with a voxel size of 0.221μm X
0.221μm X 1 μm. YFP were excited at 514-nm and detected at 519-547 nm with HyD detector. The Z stack covers all the
epidermal cells. We collected at least 40 cells for each cells types from at least 3 individual seedlings.

Image processing and statistical analysis

Using FIJI (Schindelin et al. 2012), we performed maximum intensity projection of z stacks of the YFP channel. Guard cells,
meristemoids, stomatal lineage ground cells, and pavement cells were categorized based on their morphology. Guard cells are
kidney-shaped cells. Meristemoids are smaller daughter cells after asymmetric division with triangular shapes. Stomatal
lineage ground cells are bigger daughter cells after asymmetric division. Pavement cells are jigsaw- shaped cells. Condensate
numbers were quantified based on the projection results. Kruskal-Wallis H test and pairwise comparison with Wilcoxon rank
sum test for Fig. 1B, was done in R 4.0.4, (R Core Team 2021), Wilcoxon signed-rank test for Fig . 1C and Fig. 1D and all the
violin plots were generated by the ggpubr (v0.4.0, Wickham) package in R 4.0.4.

Acknowledgements: We are grateful to members of Strader lab for critical comments on this project and manuscript.

References
Chen J, Wang F, Zheng S, Xu T, Yang Z. 2015. Pavement cells: a model system for non-transcriptional auxin signalling and
crosstalks. J Exp Bot 66: 4957-70. PubMed ID: 26047974

Emenecker RJ, Holehouse AS, Strader LC. 2021. Biological Phase Separation and Biomolecular Condensates in Plants. Annu
Rev Plant Biol 72: 17-46. PubMed ID: 33684296

Grones P, Majda M, Doyle SM, Van Damme D, Robert S. 2020. Fluctuating auxin response gradients determine pavement
cell-shape acquisition. Proc Natl Acad Sci U S A 117: 16027-16034. PubMed ID: 32571946

Haughn, G.W., Somerville, C. Sulfonylurea-resistant mutants of Arabidopsis thaliana . Molec Gen Genet 204, 430–434
(1986). https://doi.org/10.1007/BF00331020 DOI: https://doi.org/10.1007/BF00331020

Jedličková V, Ebrahimi Naghani S, Robert HS. 2022. On the trail of auxin: Reporters and sensors. Plant Cell 34: 3200-3213.
PubMed ID: 35708654

Jing H, Korasick DA, Emenecker RJ, Morffy N, Wilkinson EG, Powers SK, Strader LC. 2022. Regulation of AUXIN
RESPONSE FACTOR condensation and nucleo-cytoplasmic partitioning. Nat Commun 13: 4015. PubMed ID: 35817767

Korasick DA, Westfall CS, Lee SG, Nanao MH, Dumas R, Hagen G, et al., Strader LC. 2014. Molecular basis for AUXIN
RESPONSE FACTOR protein interaction and the control of auxin response repression. Proc Natl Acad Sci U S A 111: 5427-
32. PubMed ID: 24706860

 

2/4/2023 - Open Access

http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19220
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19220
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT4G05320
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19220
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19220
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19220
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19220
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19220
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT4G05320
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19220
http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G19220
https://www.ncbi.nlm.nih.gov/pubmed/26047974
https://www.ncbi.nlm.nih.gov/pubmed/33684296
https://www.ncbi.nlm.nih.gov/pubmed/32571946
https://doi.org/https://doi.org/10.1007/BF00331020
https://www.ncbi.nlm.nih.gov/pubmed/35708654
https://www.ncbi.nlm.nih.gov/pubmed/35817767
https://www.ncbi.nlm.nih.gov/pubmed/24706860


 

Le J, Liu XG, Yang KZ, Chen XL, Zou JJ, Wang HZ, et al., Sack F. 2014. Auxin transport and activity regulate stomatal
patterning and development. Nat Commun 5: 3090. PubMed ID: 24463772

Lee LR, Bergmann DC. 2019. The plant stomatal lineage at a glance. J Cell Sci 132: . PubMed ID: 31028153

Morffy N, Strader LC. 2022. Structural Aspects of Auxin Signaling. Cold Spring Harb Perspect Biol 14: . PubMed ID:
34001533

Okushima Y, Overvoorde PJ, Arima K, Alonso JM, Chan A, Chang C, et al., Theologis A. 2005. Functional genomic analysis
of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of
ARF7 and ARF19. Plant Cell 17: 444-63. PubMed ID: 15659631

Powers SK, Holehouse AS, Korasick DA, Schreiber KH, Clark NM, Jing H, et al., Strader LC. 2019. Nucleo-cytoplasmic
Partitioning of ARF Proteins Controls Auxin Responses in Arabidopsis thaliana. Mol Cell 76: 177-190.e5. PubMed ID:
31421981

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al., Cardona A. 2012. Fiji: an open-source
platform for biological-image analysis. Nat Methods 9: 676-82. PubMed ID: 22743772

Zhao Y. 2010. Auxin biosynthesis and its role in plant development. Annu Rev Plant Biol 61: 49-64. PubMed ID: 20192736

Funding: This research was supported by a National Science Foundation Plant Genome Postdoctoral Research Fellowship in
Biology (IOS-1907098 to N.M.) and the National Institutes of Health (R35 GM136338 to L.C.S.)

Author Contributions: Chi Kuan: investigation, methodology, writing - original draft, writing - review editing, data curation.
Lucia C. Strader: conceptualization, writing - review editing. Nicholas Morffy: conceptualization, writing - review editing,
supervision.

Reviewed By: Anonymous

History: Received December 9, 2022 Revision Received January 24, 2023 Accepted February 2, 2023 Published Online
February 4, 2023

Copyright: © 2023 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Kuan, C; Strader, LC; Morffy, N (2023). ARF19 Condensation in the Arabidopsis Stomatal Lineage.
microPublication Biology. 10.17912/micropub.biology.000708

 

2/4/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/24463772
https://www.ncbi.nlm.nih.gov/pubmed/31028153
https://www.ncbi.nlm.nih.gov/pubmed/34001533
https://www.ncbi.nlm.nih.gov/pubmed/15659631
https://www.ncbi.nlm.nih.gov/pubmed/31421981
https://www.ncbi.nlm.nih.gov/pubmed/22743772
https://www.ncbi.nlm.nih.gov/pubmed/20192736
https://doi.org/10.17912/micropub.biology.000708

