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Abstract

Phosphate is essential for plant growth and development. Root architecture alternations induced by phosphate starvation (-Pi),
including primary root and lateral root growth, are mediated by iron (Fe). However, whether and how Fe participates in the
-Pi-induced root hair growth (RHG) remains unclear. Here, with morphological, proteomic, and pharmacological analysis, we
investigate the impacts of Fe on RHG under -Pi and the underlying mechanisms. We found that -Pi-induced RHG was affected
by the local Fe availability. Reduced sensitivity to Fe was found in aux1-7, arfl0arfl6, and phrl under -Pi, indicating auxin
and phosphate starvation-induced responses were required for the Fe-triggered RHG under -Pi. Fe availability was then found
to affect the auxin distribution and expression of phosphate starvation-responsive (PSR) genes. Proteomic analysis indicated
vesicle trafficking was affected by Fe under -Pi. With the application of brefeldin A, we found the vesicle trafficking was affected
by Fe, and root hairs displayed reduced sensitivity to Fe, indicating the vesicle trafficking is critical for Fe-triggered RHG under
-Pi. Our data suggested that Fe is involved in RHG under -Pi by integrating the vesicle trafficking, auxin distribution, and
PSR. It further enriches the understanding of the interplay between phosphate and iron on RHG.

Introduction

As an essential component of biomacromolecules, phosphate (Pi) is extensively involved in plants’ devel-
opment and growth, including photosynthesis, energy generation, signaling transduction, and carbohydrate
metabolisms (Niu et al. 2013). Phosphate deficiency (-Pi) is a major constrain for agricultural production
due to the poor mobility and low bio-availability of phosphate in soil (Mittler 2006).

To overcome the limitation of Pi, robust root architecture remodeling, including altered primary root growth,
lateral root formation, crown root angle, and root hairs, would be adopted by plants to enhance the contact
with topsoil and facilitate Pi absorption (Huang & Zhang 2020). The proliferated root hair growth is an
early response toward -Pi, compared to the primary roots and lateral roots (Ma et al. 2001). The enhanced
root hair growth under -Pi distinctly could significantly facilitate the Pi uptake agricultural system (Bates &
Lynch 2000). Thus, further understanding of -Pi-induced root hair growth is urgent for breeding P1i efficient
Crops.

Root hairs are single tubular cells derived from specialized epidermal cells (Shibata & Sugimoto 2019).
Root hair growth is a highly coordinated system, including polarized targeting of vesicles, production and
accumulation of reactive oxygen species (ROS), proper calcium (Ca2?") gradient, and cytoskeleton dynamics
(Ovecka et al. 2005; Mendrinna & Persson 2015; Zeb et al.2020; Zhou et al. 2020). Phosphate deprivation-
induced root hair growth has been extensively focused (Shibata & Sugimoto 2019; Huang & Zhang 2020).
ROOT HAIR DEFECTIVE 6-LIKE 4 (RSL4) is an essential potentiator of root hair growth under -Pi,
which is directly regulated by the ROOT HAIR DEFECTIVE 6 (RHD6) (Datta et al. 2015; Yiet al. 2010).



The PHOSPHATE STARVATION RESPONSE 1 (PHR1), the critical regulator of phosphate starvation
responses, is positively involved in root hair growth under phosphate deficiency (Shibata & Sugimoto 2019;
Bustos et al. 2010). Phytohormones, including auxin, ethylene, and jasmonic acid, are essential players in
root hair growth (Vissenberg et al. 2020; Parry 2018). Under -Pi, auxin production would be promoted
at the root tip, which would be mobilized to the root hair zone by AUXIN RESISTANT 1 (AUX1) and
subsequently facilitate the root hair growth (Bhosale et al. 2018; Parry 2018).

Recently, the interconnections between multiple mineral elements have been focused. The phenotypic re-
sponses toward -Pi are supposed to be outcomes of the complex interaction between Pi and other nutrients,
especially iron (Fe) (Rouached et al. 2010; Briat et al.2015; Miiller et al. 2015; Dong et al. 2017). Fe has
been noted as a central player in -Pi induced primary root inhibition, mediated by the PHOSPHATE DE-
FICIENCY RESPONSE2 (PDR2) and LOW PHOSPHATE ROOT 1 (LPR1), as well as the ALUMINUM
SENSITIVE 3-3 (ALS3) and SENSITIVE TO AL RHIZOTOXICITY1 (STAR1) (Miiller et al. 2015; Donget
al. 2017). Fe is also integrated into the -Pi-induced lateral root development in an auxin-dependent way (Rai
et al. 2015). The induction of RSL/ , a key regulator of root hair growth under -Pi, is dependent on LPR1
and LPR2 (Crombez et al. 2019; Yi et al. 2010), indicating the potential roles of Fe in root hair growth
under Pi deprivation. While whether and how Fe is involved in the -Pi induced root hair growth remains
unclear.

To decipher the potential role of Fe in -Pi-induced root hair growth, root hairs of Arabidopsis wild type (Col-
0 ) seedlings were observed treated with different Fe gradients under Pi sufficient and deficient conditions.
We found that although the root hair growth is tightly correlated with the local concentration of Fe at both
Pi levels. And different mechanisms might be employed in the Fe-triggered root hair growth at two Pi levels,
indicated by genetic analysis. Auxin was supposed to be required for the Fe-triggered root hair growth under
-Pi, for reduced sensitivity of root hair growth to Fe, had been observed in both auxin-related mutants, aux1-
7, and arflOarfl6 , as well as the altered distribution of auxin observed by DR5:GFP. The Fe-triggered
root hair growth under -Pi was also dependent onPHRI , and the phosphate starvation responsive (PSR)
genes were affected by Fe availability. Proteomic analysis indicated that the proteins involved in vesicle
trafficking and auxin transport and metabolism were altered by Fe, especially under Pi deprivation. The
essential role of vesicle trafficking in Fe-dependent root hair growth under -Pi was further indicated by the
altered exocytosis affected by Fe and the reduced sensibility of root hair growth to Fe induced by vesicle
trafficking antagonist. In all, our work further illustrated the roles of Fe in the -Pi-induced root hair growth,
and proved that Fe availability could affect -Pi-induced root hair growth via modulating vesicle trafficking,
auxin distribution and phosphate starvation responses. We supposed that Fe is integrated into the -Pi induced
root hair growth via altering vesicle trafficking, which might lead to the altered auxin distribution and PSR
genes, and consequently regulating the root hair growth.

Materials and methods
Plant Growth Conditions and Treatments

The ecotype Columbia-0 of Arabidopsis thaliana was used as the wild type (WT) in this study. After being
surface sterilized and vernalized at 4°C for 2 d, seeds were germinated on the Petri plates in a growth chamber
with a 16-h-light /8-h-dark photoperiod at 22 °C, 70 % humidity. Different treatments were performed based
on the modified ES media (Estelle and Somerville, 1987). The Pi sufficient (+Pi) media was prepared as
described (Huang et al., 2017), and -Pi medium was prepared by replacing KHoPO4 with KCL. Fe(III)-EDTA,
sterilized by filtration, was added into the +Pi/-Pi media after sterilization.

Observation and Measurement of Root Hair

Seedlings were grown on ES media for 5 d and were transferred for 9 d treatment. Root hairs of the 14-d-old
seedlings were observed with a Stemi-305 microscope (Zeiss). For each treatment, at least three biological
repeats were performed. Root hairs within the scope of 4-6 mm from the apex were measured and calculated.
Root hair length was measured by Image J (1.4.3.67), and data were analyzed by Sigma Plot (12.5). For
brefeldin A (BFA) treatment, seedlings grown on ES media for 5 d and were transferred to treatment media



applied BFA. 500 nM BFA and 15 uM BFA were used, and root hairs of seedlings treated for 3 d, 5 d, and
7 d were observed.

Split-Root experiment

Split-Root experiment has been performed as described with slight modification (Saiz-Ferndndez et al.,
2021). Partial de-rooting had been performed on the main roots of 4-day-old seedlings grown on +Pi media
to induced secondary roots. And after three days, seedlings were transferred for treatments, with two induced
secondary roots treated with different Fe gradients. Root hairs of each root were observed after 7 d treatment.

RNA Extraction and Quantitative Real-time PCR ( qRT-PCR)

TRIzol reagent (Invitrogen) was used for total RNA extraction, and the reverse transcription was conducted
with 1ug total RNA with reverse transcription kit (TaKaRa, with gDNA Eraser, Cat#RP047A). Quantitative
real-time PCR was performed with TB Green Perfect mix (TaKaRa, Cat# RR420A) by PIKOREAL 96 Real-
Time PCR System (Thermo). TUAS3(tubulin alpha-3, At5919770 ) was used as the internal reference gene,
and primers used were listed in the supplementary Table S1.

Observation of Reactive Oxygen Species (ROS) Activity and Fluorescent Proteins

The fluorescent dye, 2’,7-dichlorodihydrofluorescein diacetate (HoDCF-DA), was used to observe ROS ac-
tivity with slight modification (Mangano et al., 2017). Roots of 10-d-old seedlings (grown on +Pi media
for 5 d and transferred for 5-d-treatment) were incubated with 50 uM H,DCF-DA for 10 min and washed
with washing buffer (0.1 mM KCIl and 0.1 mM CaCls, pH 6.0) subsequently. Images were taken by the
Zeiss (LSM 710) confocal microscope, the ROS levels of roots were quantified by Image J (version 1.4.3.67).
The fluorescent signal of the DR5:GFP was observed by the Zeiss (LSM 710) confocal microscope. The
fluorescent signal was estimated by Image J (version 1.4.3.67) and the signal range scanning was performed
by ZEN 2.6 (blue edition).

Vesicle Trafficking Staining Assay

The lipophilic styryl dye, FM4-64, was used for tracing the vesicle trafficking as described (Deng et al.
2015) with mild modification. Roots of 10-d-old seedlings were stained with FM-4-64 (5 pug/ml) for 10 min
and were washed for treatment of BFA (50 uM) for 15 h. The effects of BFA on vesicle trafficking were
observed after treating with BFA for 15 h and after removing the BFA for another 15 h. The Zeiss (LSM
710) confocal microscope was used for observation, and the average sizes of the BFA bodies were measured
by Image J (version 1.4.3.67),

Proteomic preparation and label-free nanoLC-MS/MA analysis

Protein extraction, digestion, and desalination were performed as previously described in our previous work
(Lan et al. 2012; Yanet al. 2020).{Lan, 2012 #178;Yan, 2020 #179} Roots of 13-d-old seedlings (10-d-old
seedlings transferred for 3 d treatment) were collected. And three biological repeats of each treatment were
performed. For label-free nanoLC-MS/MA analysis, the mass spectrometry method was slightly modified.
The separation of peptides was performed at a flow rate of 0.3 uL/min. The total mass scan lasted 90 min
by adjusting the gradient of buffer B (0.1% (v/v) formic acid, 99.9% ACN (v/v)). During the first 85 min,
3% buffer B was used. Buffer B was increased to 7% within 15 min and increased to 35% within 60 min
subsequently. Finally, buffer B was increased from 35% to 80% within 1 min and maintained at 80% buffer
B for 5 min. At 76 min, the buffer B was decreased from 80% to 3% within 30 s and kept with 3% buffer B
for 135 min. Two technique repeats were performed for each biological replicate.

Database Search and Statistical Analysis

The identification and quantification of proteins were carried out by the Proteome Discoverer software
(version 2.2, Thermo Scientific). Searches were conducted against the protein database (Arabidopsis thaliana
(TAIR TaxID=3072)) and the decoy database. The decoy database, containing the randomized sequences
of the original database, was acquired with the algorithm SEQUEST, which is integrated into the software.



Trypsin digestion was selected, and two missed cleavages were allowed 10 ppm and 0.02 Da were set as the
peptide tolerance and the fragment mass tolerance, respectively. Proteins with peptide confidence higher
than 95% (p<0.05) were defined as “Master protein.” The Protein FDR, Confidence was assigned as “High”
Proteins, found in at least one treatment and the Exp g-value was less than 0.01, were assigned as the “High”
confidential proteins. Proteins with the Exp g-value between 0.05 and 0.01 were assigned as “Medium”
confidential proteins.

Bioinformatic analysis

Proteins with Exp g-value <0.05 were selected for further analysis. Proteins with fold change >=1.5, and
the adj.P-Value <0.05 were considered as the ‘Differentially Accumulated Proteins’ (DAPs). Gene Ontology
(GO) annotation and GO enrichment analysis were performed with ClueGo (version 2.5.7) and CluePe-
dia (version 1.5.7 ) embedded in Cytoscape (version 3.7.2). KEGG analysis was performed by Metascape
(https://metascapeorg) (Zhouet al. , 2019), with mini overlap=3, min richment=1.5, and p-Value <0.05.
Heat maps of DAPs were drawn by TBtools (version 1.046).

Results
Root hair growth is dependent on the Fe availability under Pi sufficient and deficient condition

To decipher whether Fe participates in the -Pi-induced root hair growth, we observed the root hair growth
of the seedlings treated with various Fe gradients (-Pi+0/10/20/40/100 (uM) Fe) under -Pi. Results showed
that, under -Pi, the root hair growth was tightly correlated with the Fe availability. The root hair length
was positively correlated with the Fe concentration within the range of 0-20 uM. While the root hair growth
started to be inhibited by Fe as the Fe concentration within was higher than 20 uM. At 20 uM Fe, the longest
root hair was observed. Root hair length under 20 yM Fe was around 2-fold longer than that under 0 uM
Fe and about 3-fold longer than that under 100 uM Fe (Fig. 1B, C). The root hair density also displayed
apparent dependence on Fe under -Pi (Fig. 1D). Within the range of 0-20 uM Fe, root hair density was
positively correlated with Fe concentration. The root hair density started to decrease as higher Fe (III)
concentration was applied (20-100 uM) (Fig. 1D).

To confirm whether the Fe-triggered root hair growth is limited to -Pi, root hair growth under different
Fe gradients (+Pi4+0/40/150/350/500 (uM) Fe) was also observed under sufficient Pi. Fe-dependent root
hair growth had also been found under +Pi. Under Pi sufficient condition, root hair length was positively
affected by Fe within the range of 0-350 uM. While, as the increase of Fe concentration, root hair length was
negatively affected by Fe (350-500 uM). The longest root hair was observed at 350 uM Fe, that the root hair
length was around 2-fold longer than that under either 0 uM or 500 pM Fe (Fig. 1A, C). Unlike -Pi, the root
hair density was positively correlated with the Fe concentration under +Pi (Fig. 1D). These results showed
that the Fe availability is integrated with the root hair growth under Pi deficient and Pi sufficient conditions.
And so far, the Fe-triggered root hair growth seems to be independent of Pi levels. For further analysis, we
selected three Fe gradients at each Pi levels, respectively, including 0 uM, 350 uM, 500 uM under +Pi and
0 uM, 20 uM, 100 uM under -Pi.

Fe-triggered root hair growth is induced by local Fe availability at both Pi levels

To distinguish whether it is the systematic or the local Fe signals that trigger the root hair growth at both
Pi levels, we perform the split-root analysis (Fig. 2A). For each Pi level, three Fe gradients were randomly
paired. Results showed that different root hairs were observed in two separated roots of the same plants
treated with different Fe gradients (Fig. 2B). Under +Pi, root hairs at 350 uM Fe were denser and longer
than 0 uM Fe (Fig. 2C). Root hairs between 0 and 500 uM Fe showed no significant differences in root hair
length, but denser root hairs were observed at 500 uM Fe (Fig 2B). Root hairs at 350 uM Fe were longer
than 0 uM Fe (Fig. 2D). Under -P1i, seedlings at 20 uM Fe showed denser and longer root hairs than 0 and
100 uM Fe (Fig. 2F, H). At 0 uM Fe, seedlings showed denser and longer root hairs than 100 uM Fe (Fig.
2G). The differences of root hair length and root hair density between each Fe gradients observed in the split
root system were consistent with that in the complete roots of seedlings treated with different Fe gradients.



These results indicated that it is the local Fe availability that triggers the root hair growth at both Pi levels.
Fe-dependent root hair growth requires RHD6/RSL1 and RSL4/RSL2 at both Pi levels

In Arabidopsis , RHDG and its homolog RHDG6-Like 1(RSL1 ) are critical regulators of root hair development
(Fenget al. 2017). They directly enhance the transcription of RSL/ and RSL2 , which are essential for root
hair growth (Shibata & Sugimoto 2019; Yi et al. 2010). To confirm the dominance of these key root hair
regulators in Fe-dependent root hair growth. We assessed the root hair growth of rhd6rsl! andrslfrsi2
treated with different Fe gradients at both Pi levels. Both rhd6rsli and rsljrsl2 are noted to be hairless
under normal conditions (Feng et al. 2017). And we found bothrhd6rsil and rslfrsl2 remained hairless
despite the Fe concentration under either Pi sufficient or Pi deficient condition (Fig. 2A, B, C). These
results indicated that the Fe-triggered root hair growth is mediated by RHD6/RSL1 and RSL4/RSL2 , and
Fe might act upstream of these two regulators.

RSL4 is supposed to be at the bottom of the regulatory network of root hair growth regulating the transcrip-
tion of series root hair-related genes (Vijayakumar et al. 2016; Mangano et al. 2017; Shibata & Sugimoto
2019). As the Fe-dependent root hair growth is supposed to be mediated by the RHD6/RSL1 -RSL4/RSL2
pathway, how the Fe availability affects the downstream of this pathway raised our attention. To answer
this, we detected the expressions of several root hair-related genes, including RSLj and other six genes
(MRH6 (At2g03720),RHS15 (At4g02270), RHS19 (At5g67400), RNS1(At2g02990), EXPA7 (At1g12560),
and EXP8 (At2g40610), acting at downstream of RSL/ (Vijayakumar et al. 2016; Yiet al. 2010). Under Pi
sufficient condition, transcription of few genes, including EXPA7 and EXPS8 | were slightly enhanced at 350
uM compared to the 0 and 500 uM Fe. The expressions of RSLjand MRHG6 were higher than that at 0 uM
Fe (Fig. 2H). More robust effects of Fe on the expressions of these genes were observed under -Pi. Under -Pi,
the expression of RSL/ was significantly enhanced with the application of Fe, and other root hair-related
genes showed the strongest induction at 20 uM Fe (Fig. 2H). These results implied that RHD6/RSL1 and
RSL//RSL2 are necessary for Fe-triggered root hair growth. And robust effects of Fe availability on the
transcription of RSL/ and its downstream genes under -Pi hinted that different processes might be integrated
into the Fe-dependent root hair growth under different Pi levels.

Fe-triggered root hair growth at two Pi levels is differentially altered in hormone-related mutants

To uncover the roles of auxin and ethylene in the Fe-dependent root hair growth under phosphate deficient and
sufficient conditions, we performed morphological analysis on auxin/ethylene-related Arabidopsismutants.
Two auxin-related mutants, auzl-7 , an auxin influx mutant (Maher & Martindale 1980; Rahman et al.
2002), andarfl0arfl6 , a double mutant of auxin response factors (Wanget al. 2005), were used. For
ethylene, eil3eill , a double-mutant of two essential ethylene response regulators (Dolgikhet al. 2019) was
selected. Under Pi sufficient condition, responses of root hair length in auzi-7 , arfiOarf16 , andein3eill
to Fe displayed no significant differences compared to the WT (Fig. 3; Table 1), indicating the auxin and
ethylene are not necessary for the Fe-triggered root hair growth under +Pi. Under Pi deprivation, the
ein3eill showed no notable significance compared to the WT (Fig. 3A, B, G, H; Table 1). In comparison,
root hair growth of two auxin-related mutants showed reduced sensitivity toward Fe availability. The relative
root hair length of auzI-7 between 20 and 100 uM Fe was about 30% less than that of the WT (Fig. 3A, B,
C, D; Table 1). Root hairs of arf10arf16 showed the most weakened responses to Fe under -Pi. The relative
root hair length ofarfl0arf16 between 20 and 0 uM Fe was 70% less than that of WT and was 44% less than
that of the WT between 20 and 100 yM Fe (Fig. 3A, B, E, F; Table 1). According to the results, auxin
and ethylene are probably not necessary for the Fe-mediated root hairs growth under Pi sufficient condition.
In contrast, the auxin is essential for the Fe-mediated root hair growth under Pi deprivation. These results
indicated a unique process might be employed in Fe-triggered root hair growth under -Pi, although similar
root hair responses to Fe availability had been observed at different Pi levels.

PHRI is essential for the Fe-triggered root hair growth under Pi deprivation

The above results suggested the potential unique mechanisms underlying the Fe-triggered root hair growth
under -Pi. We then set to uncover how the Fe availability is integrated into the -Pi-induced root hair



growth.PHR1 , an essential regulator of Pi starvation responses, is positively involved in root hair growth
under -Pi (Shibata & Sugimoto 2019) and is extensively involved in the interplay of multiple nutrients (Briat
et al. 2015). Here, we observed the root hair ofphr! treated with different Fe gradients under both Pi levels.
Results showed that, under +Pi, both the root hair length of phrishowed similar responses to Fe compared
to the WT (Fig. 4A, B, C, D; Table 1). While under -P4i, the root hair length of phr! showed distinct reduced
sensitivity to Fe compared to the WT. The relative root hair length of which was around 50% less than that
of the WT between 20 and 0 pM Fe, as well as 20 and 100 pM Fe (Table 1). The reduced sensitivity of rot
hair growth to Fe under -Pi in phr! indicated that the Fe affects -Pi-induced root hair growth probably via

PHR1.

PHR1 is an essential regulator of Pi starvation responses. Thus, we wondered whether the availability
of Fe affects the Pi starvation responses regulated by PHR1 . We then detected the relative expression
of PHR! and several phosphate starvation-induced (PSI) genes regulated by PHRI , including miR399
(At2g34208),RNS1 (At2g02990), SPX3 (At2g45130), PHT1;/(At2g38940), IPS1 (At3g09922) and ACP5
(At3g17790). Results showed that all selected genes, except PHR1 , were significantly induced by -Pi. Under
+Pi, the relative expressions of PSI genes and PHR1 showed no noticeable differences among different Fe
gradients (Fig. 4E). Under -Pi, PHR! and most PSI genes displayed higher expressions at 20 yM Fe than
0 and 100 uM Fe (Fig. 3E). These indicated that the Fe availability could affect the phosphate starvation
responses, and PHR1 is involved in the Fe-triggered root hair growth under -Pi.

ROS activity is differentially affected by Fe availability

The iron (Fe) homeostasis is integrated with the production of ROS (Reytet al. 2014), which is a crucial
player that determines the cell shape of root hairs (Carol & Dolan 2006). To answer whether the Fe-triggered
root hair growth is correlated with the ROS activity, we used the HoDCF-DA to observe the ROS activity
(Fig. 6 A, B). When Pi is sufficient, the ROS activity is positively correlated with the Fe concentration, which
is partially consistent with root hair growth (Fig. 6C). Under -Pi, ROS activity was significantly increased
compared to +Pi. The highest ROS activity was found at 20 yM Fe, and the ROS activity dramatically
decreased at 100 pM Fe (Fig. 6D), which was consistent with the root hair growth. These results showed
that Fe availability regulates the root hair growth via affecting the ROS activity.

Proteins involved in vesicle trafficking are differentially accumulated in different Fe treatments, notably under
Pi deficiency

To investigated the underlying mechanisms of Fe-triggered root hair growth, we performed proteomic re-
search following the procedure (Fig. S1). In total, 3403 proteins were identified, among which 3087 pro-
teins were high confidential proteins, with the Exp g-value less than 0.01, and 316 proteins were medium
confidential proteins, with the Exp g-value between 0.05 and 0.01 (Table S3). DAPs of seven groups,
+Pi+0Vs.350, +Pi+350Vs.500, +Pi+500Vs.0, -Pi+0Vs.20, -Pi4+20Vs.100, -Pi+100Vs.0, and +Pi+0Vs.-
Pi40, were screened with the threshold of fold change >= 1.5, and the adjusted P-Value < 0.05. The
proteins detected in each treatment and DAPs were listed in supplementary figures (Fig. S2; Fig. S3; Table
S4).

To dissect the functional proteins involved in the Fe-triggered root hair growth, DAPs of four groups,
including +Pi+350Vs.0, -Pi+20Vs.0, +Pi+350Vs.500, -Pi+20Vs.100, were selected for further analysis. GO
enrichment analysis were performed with the DAPs, and the enriched GO terms were further clustered into
different groups. Among which, Go terms with the lowest P-Value of each group were listed out (Fig. 7).
Under +Pi, processes including protein transport and Golgi vesicle transport were enriched by DAPs of
350Vs.0 and 350Vs.500. Process of response to hydrogen peroxide was specifically enriched by DAPs of
350Vs.0, and processes of root epidermal cell differentiation and polysaccharide biosynthetic process were
specifically enriched by DAPs of 350Vs.500 (Fig. 7A). Under -Pi, processes including Golgi vesicle transport
and root epidermal cell differentiation were enriched by DAPs of 20Vs.0 and 20Vs.100. Processes of protein
transport, auxin metabolic processes were specifically enriched by DAPs of 20Vs.0. Processes of auxin
transport and exocytosis were specifically enriched by DAPs of 20Vs.100 (Fig. 7B). Abundances of the



DAPs involved in these processes were analyzed. Results showed that processes of Golgi vesicle transport,
auxin transport and metabolism, and root epidermal cell differentiation showed stronger disturbance induced
by Fe under -Pi. Most proteins displayed the strongest induction at 20 yM Fe compared to the other two
gradients (Fig. 7C, E, F, G). Process of polysaccharide biosynthetic displayed stronger response to Fe under
P1i sufficient condition. Most proteins were robust induced at 350 uM Fe and were repressed at 500 uM Fe
under +Pi (Fig. 7B).

KEGG enrichment analysis was also performed. Enriched KEGG pathways filtered with P-Value < 0.05
were listed (Fig. S4). Processes including RNA transport, SNARE interaction in vesicular transport, and
spliceosome were enriched in all groups (Fig. S4). Soluble NSF attachment protein receptors (SNARES),
located on the vesicles and target membranes, are essential for cell expansion and root hair growth (Ichikawa
et al. , 2014; Larson et al. , 2014; Sogawaet al. , 2019). The KEGG enrichment results indicated that
the SNARE interaction in vesicular transport was strongly affected by Fe. To further understanding the
effects of Fe on this pathway, abundances of the enriched proteins had been marked through the process
(Fig. 6). Results showed that, under Pi sufficient condition, more proteins showed the highest abundances
at 350 uM compared to the 0 and 500 uM Fe (Fig. 8). Under -Pi, more proteins were affected compared
to the Pi sufficient condition. That 10/15 proteins showed the highest abundances at the 20 uM Fe. ARF3
and VAMP711 were sensitive to 100 uM Fe, that the abundances of which were notably decreased. HAP13,
VAMP713, EHD1, and VTI1, were positively correlated with the Fe(III) application, that the abundances of
which were increased as the Fe (III) supplied under -Pi (Fig. 8). In conclusion, the process of polysaccharide
biosynthetic process displayed a stronger response to Fe under +Pi. Processes of vesicle trafficking, auxin
transport, and auxin metabolism were preferentially affected by Fe under -Pi.

Vesicle trafficking and auxin distribution is affected by Fe under Pi deficiency

Based on the proteomic analysis, we further confirmed the influence of Fe on vesicle trafficking and auxin
transport. For observation of vesicle trafficking, the vesicle trafficking inhibitor, brefeldin A (BFA), and
the lipophilic styryl dye, FM4-64, were used (Fig. 9). FM4-64 is used for dying of the bio-membrane, and
with BFA treatment, the vesicle trafficking would be inhibited, and visible BFA bodies would be formed
(Deng et al. 2015; Fig. 9a, b, f). Results showed that, after 1.5 h BFA treatment, the BFA bodies were
formed, indicating the inhibition of vesicle trafficking (Fig. 9A, F). And the BFA bodies became smaller
after removing the BFA for another 1.5 h, implying the recovery of the inhibition on vesicle trafficking (Fig.
9C, G). Under +P4i, no significant differences had been observed among different Fe gradients after either 1.5
h BFA treatment or removing BFA for 1.5 h (Fig. 9D, E). In contrast, under -Pi, seedlings treated with 20
uM Fe showed significant insensitivity to the BFA treatment. BFA bodies formed after 1.5 h BFA treatment
or removing BFA for 1.5 h, in seedlings treated with 20 uM Fe, were notably smaller than that of the other
two gradients (0 and 100 uM) (Fig. 9H, I). These indicated that the vesicle trafficking was strongly affected
by Fe under -Pi. Thus we suggested that Fe availability affects -Pi-induced root hair growth probably via
modulating vesicle trafficking.

The genetic analysis of auxin-related mutants and proteomic research showed that auxin is required for the
Fe-triggered root hair growth under -Pi, probably due to the altered transport of auxin. Thus, we used the
transgenic material carrying DR5:GFP, to observe the distribution of auxin (Fig. 10). The linear fluorescence
scanning was performed, and we found that, under Pi sufficient condition, the fluorescence length displayed
no significant differences across different Fe gradients (Fig. 10 A, B). Under -Pi, the longest fluorescence
length was observed at 20 uM Fe, which was notably longer than that at 0 uM Fe and was slightly longer
than that at 100 uM Fe (Fig. 10 A, C), which was consistent with the root hair growth. These results
showed that the auxin distribution could be altered by Fe, and which might account for the Fe-dependent
root hair growth under -Pi.

Reduced sensitivity of -Pi-induced root hair growth to Fe availability, induced by the application of BFA

To validate the correlation between altered vesicle trafficking and root hair growth induced by Fe availability
under -Pi, we then observed the root hair growth treated with different Fe gradients under -Pi with the



application of BFA. Different gradients of BFA and time-course root hair observation were performed. Results
showed that the application of 500 nM BFA notably inhibited root hair growth. And stronger repression was
found as the application of 1500 nM BFA (Fig. 11; Fig. S5). Under +Pi, despite the application of BFA, the
root hair growth remained sensitive to Fe (Fig. S5D). Under -Pi, when 500 nM was applied, the sensitivity
of root hair growth was significantly reduced at 3 d treatment, which was recovered as the extension of
treatment. With the application of 1500 nM BFA, the sensitivity of root hair growth was notably reduced
throughout the observation (Fig. 11D). These results further indicated that the Fe-triggered root hair growth
under -Pi is induced by the altered vesicle trafficking affected by Fe availability.

Discussion

Under sufficient and deficient Pi, root hair growth is affected by the local Fe availability via separated
processes

Understanding mechanisms of -Pi-induced root hair growth is urgent for improving the phosphate efficiency
in agricultural systems. Recently, interactions between Pi and Fe on -Pi-induced root architecture remodeling
have attracted increasing attention (Ward et al. 2008; Bouain et al. 2016; Gutiérrez-Alanis et al. 2017). To
decipher the roles of Fe in root hair growth, especially under -Pi. We set different Fe gradients under +Pi/-Pi
for root hair observation. Here, we found the root hair growth was notably dependent on the Fe availability
at both Pi levels (Fig. 1), and this process was induced by the local availability of Fe (Fig. 2). Previously,
the increased root hair density has been noted as the most common morphological response to Fe deficiency
(Schmidt et al. 2000; Schmidt & Schikora 2001; Miiller & Schmidt 2004; Li & Schmidt 2010). In this work,
we suggested the dosage effects of Fe on root hair growth instead of being limited to the root hair density
and Fe deficient condition. Meanwhile, with the morphological analysis of various mutants (Fig. 4; Fig. 5),
which are discussed in the following parts, we found different processes are integrated into the Fe-triggered
root hair growth under Pi sufficient and Pi deficient conditions. These results suggested the unique roles of
Fe in -Pi-induced root hair growth, indicating the interplay between Fe and Pi in root hair growth.

ROS activity and cell wall-related process are probably involved in the Fe-mediated root hair growth under
sufficient Pi

Roles of each hormone in Fe-deficiency-induced morphological responses of root hairs have been discussed
(Schmidt et al. 2000; Schmidt & Schikora 2001; Miiller & Schmidt 2004). However, under +Pi,eindeill |
auzl-7 , and arfl0arf16 showed no distinct differences in sensitivity of root hair growth to Fe (Fig. 4; Table
1), implying that auxin and ethylene might not be required for the Fe-triggered root hair growth under +Pi.
In this work, ROS activity was positively correlated with the concentration of Fe (III) within the range of
0-350 uM and remained unchanged as the concentration increasing under +Pi (Fig. 6), which is partially
consistent with root hair growth. In proteomic analysis, proteins involved in the polysaccharide biosynthetic
process were strongly affected by Fe under +Pi. Abundances of proteins involved in the biosynthesis of
cell wall components, including At3g62830 (UXS2) (Egelund et al. 2004), GAUTY (Qinet al. 2013), SFR6
(Sorek et al. 2015), XEG113 (Gilleet al. 2009), UGE1 (Rosti et al. 2007), and MUR3 (Tedman-Jones et
al. 2008) were significantly affected by Fe under +Pi (Fig. 7D). Among which, XEG113 (Gille et al. 2013,
Velasquez et al. 2011), UGEL (Seifert et al. 2004), and MUR3 (Xu et al. 2017) are essential for root hair
growth or cell elongation. The decreased abundances of these proteins under 500 uM Fe indicated that the
high concentration of Fe (III) might inhibit the root hair growth via regulating the cell wall synthesis process.
Above all, we suggested that under +Pi, the root hair growth would be facilitated probably by enhancing
the ROS activity and cell wall synthesis within 0-350 uM Fe, which would inhibit via repressing the synthesis
cell wall as increasing of Fe (350-500 pM).

Fe availability triggers -Pi-induced root hair growth via altering vesicle trafficking

The proteomic analysis showed that proteins involved in vesicle trafficking were affected by Fe, especially
under -Pi (Fig. 7; Fig. 8). Proteins including GN (Fischer et al. 2006), ARF3 (Fischeret al. 2006) involved
in budding; SEC12, SEC22, SEC3A, SEC23E, and SEC24 involved in tethering (Wen et al. 2005; Assaad
2008; Liet al. 2013), STX5, VAMP713, VAMP711, VTI1, and KEU (Assaadet al. 2001; Ichikawa et al.



2014; Larson et al.2014) involved in membrane fusion were affected by Fe availability under -Pi (Fig. 7C;
Fig. 8). The deduction supposed by proteomic analysis was confirmed by the application of BFA Under -Pi,
the vesicle trafficking process of seedlings treated with 20 uM Fe displayed distinct resistance to the BFA
treatment (Fig. 9). The reduced sensitivity of root hair growth to Fe availability under -Pi induced by BFA
directly proved that the Fe affects -Pi-induced root hair growth by altering vesicle trafficking. Although
the correlation between vesicle trafficking and root hair growth has been extensively discussed (Emons &
Ketelaar 2009; Zarsky et al. 2009; Larson et al. 2014; Wangenheimet al. 2016), the involvement of vesicle
trafficking in nutrient-induced root hairs growth is unclear. In our work, we found the Fe availability could
affect vesicle trafficking under -Pi and subsequently regulating the root hair growth, indicating the potential
role of vesicle trafficking in nutrient-induced root hair growth.

Fe availability modulates -Pi-induced root hair growth probably via altering auxin distribution

In this work, reduced sensitivity of root hair growth to Fe was observed in auxI-7 and arf10arf16 , specifically
under -Pi (Fig. 4), indicating auxin might be implicated in the Fe-mediated root hair growth under -Pi. In
proteomic analysis, processes including auxin metabolism and auxin transport were enriched (Fig. 7) Proteins
including GN, the GDP/GTP exchange factor for small G-proteins of the ADP ribosylation factor (RAF)
class (Li et al. , 2017) and is involved in the PIN1 asymmetric localization (Geldner et al. 2003); AXR4,
which is required for the localization of AUX1 (Dharmasiri et al. 2006; Hobbie 2006); ASA1, a rate-limiting
enzyme in tryptophan biosynthesis (Sun et al. 2009; Mao et al. 2016); AMI1, an enzyme involved in the
biosynthesis of TAA (Nemoto et al. 2009; Sdnchez-Parra et al. 2014; Pérez-Alonso et al. 2021), and ABCBs
(ABCBS5 and ABCBL11), which are essential for auxin transport and iron homeostasis (Xu et al. 2014), were
notably affected by the of Fe availability (Fig. 7E, F). These indicated the transport and metabolism of auxin
might be affected by Fe under -Pi. The observation of fluorescence signals of DR5:GFP further confirmed
the altered distribution of auxin signals (Fig. 10). These results suggested that auxin is required for the Fe-
triggered root hair growth under -Pi and probably due to the altered distribution affected by Fe availability.
In addition, the polarized auxin transport is tightly correlated with the vesicle trafficking (Geldner et al.
2001; Whitewoods 2020), this prompt us to suppose that the Fe availability could affect vesicle trafficking,
which in turn alters the auxin distribution, and subsequently regulating the root hair growth.

Fe availability alters phosphate starvation-induced responses and affects -Pi induced root hair growth via
PHR1

In this work, reduced sensitivity of root hairs to Fe (III) was observed in phr! under -Pi, indicating that
PHR]1 is required in the Fe-triggered root hair growth under -Pi (Fig. 5A, B; Table 1). With the detection
of the relative expressions of PHRI and its downstream PSR genes, we found the expressions of these genes
were notably affected by Fe availability (Fig. 5E). PHR1 is not only the central regulator of phosphate
starvation responses but also extensively integrated into the interplay between multiple nutrients (Briat et
al. 2015).PHR1 could adjust the Fe homeostasis under -Pi via regulatingFER1 , which possessing PIBS
cis-elements in its promoter (Briat et al. 2010; Bournier et al. 2013). Our results further revealed that
besides induced by -Pi and subsequently modulating Fe homeostasis, the PHR1 could also respond to the
Fe availability and trigger the root hair growth under -Pi (Rai et al. 2015; Fig. 5). The cross-talk between
PHR1 and auxin, mediated by ARF7 and ARF19 , has been uncovered (Huanget al. 2018). In our work,
the auxin signaling was altered by Fe under -Pi. Thus, we hypothesized that the enhanced auxin signaling
regulated by the availability of Fe (III) could promote the expression of PHRI , which subsequently works
jointly with auxin on root hair growth. While whether the PHR1 is directly affected by Fe availability or by
altered auxin signaling requires further investigation.

Model of the Fe-triggered root hair growth under Pi deprivation

The above results allowed us to draw a regulation model of the Fe-triggered root hair growth under -Pi
(Fig. 12). The model listed in (Fig. 12) clearly illustrates how the root hair growth is enhanced at 20 uM
Fe under -Pi compared to the other two gradients of Fe. At 20 uM Fe under -Pi, the process of vesicle
trafficking would be enhanced and subsequently facilitate root hair growth (Assaad 2008). The transport of



auxin is also enhanced probably caused by the altered vesicle trafficking (Whitewoods 2020). The enhanced
expression of PHR1and its downstream PSR genes might be affected by two possible ways, the enhanced
auxin signaling pathway (Huang et al. 2018) or directly by the Fe availability. The auxin signaling works
jointly withPHR1 (Bustos et al. 2010) on facilitating root hair growth by inducing the expression of RSL/
(Mangano et al. 2017) and its downstream root hair-related genes. And subsequently, the root hair growth
would be notably enhanced at 20 uM Fe under -Pi.

In this work, we found the dosage effects of Fe on root hair growth, and different processes are employed
to regulate root hair growth at different Pi levels. We also uncovered the effects of Fe availability on
vesicle trafficking, auxin distribution, and phosphate starvation responses under -Pi.We supposed that the
availability of Fe could affect vesicle trafficking, which might subsequently alter the auxin distribution and
PSR genes, and ultimately trigger the root hair growth under -Pi. Taken together, our work enriches the
gaps of the role of iron in root hair growth under -Pi and enriches the understanding of the interplay between
Fe and Pi .
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1523.
Tables
Table 1 Effects of Fe availability on root hair length of wild type and mutants.

Material Pi Sufficient (+Pi) Pi Sufficient (+Pi) Pi Sufficient (+Pi) Pi Sufficient (4Pi)

0 uM &e 350 uM Pe 500 uM Pe [?](350-0)
WT 0074002 01554003 0094002 0079+003
ein3eill 0066003 01234004 0054£002 00654002
aux1-7 0055+003 01274003 00814003 0066+003
arfl0 arfl6 00734004 01614002 0096+003 0086+003
phrl 0086002 0155002 0086002 0084003
rsl4 rsl2 - - - -
rhd6 rsll - - - -

Pi Sufficien
[?](350-500)
0064+001
00731004
004840002
0064+002
0068+002

Values represent root hair length (mm) (mean+SD) were data from one biological repeat, and totally at
least three biological repeated were performed. Values of ‘average [?]’ (mm) (mean+-SD), the relative root
hair length, were data averaged by all biological repeats. Significant differences between mutants and the
WT under the same treatment were analyzed by t-test (*, P-Value<0.05, **, P-Value<0.01). -: represents
no root hairs were observed.

Figure Legends

Fig. 1 Fe-triggered root hair growth under Pi sufficient and Pi deficient conditions. (A) and (B) Represen-
tative images of root hairs treated with different Fe gradients under Pi sufficient and Pi deficient conditions.
Scare bar=500 um. (C) and (D) Estimation of root hair length and root hair density of each treatment.
Data are means£SD of three biological repeats. Statistical analysis was performed by two-way ANOVA, and
different letters indicate significant differences with P-Value < 0.05.

Fig. 2 Local Fe availability triggers root hair growth. (A) Images of the split-root experiment of each pair
of Fe gradients. Scale bar=1 cm. (B) Images of the root hairs of each pair of Fe gradients in the split-root
experiment. Scare bar=500 um. Estimation of root hair length (left) and root hair density (right) of each
pair of Fe gradients. (C) +Pi+0 Vs. +Pi+350 (uM Fe); (D) +Pi+0 Vs. +Pi+500 (uM Fe); (E) +Pi+350
Vs. +Pi4+500 (uM Fe); (F) -Pi+0 Vs. -Pi4+20 (uM Fe); (G) -Pi+0 Vs. -Pi+100 (uM Fe); (H) -Pi+20 Vs.
-Pi4+100 (uM Fe); Data are means£SD. Three biological repeats are performed and data of one is displayed.
Statistical analysis was performed by Student’s test, ‘*’ indicated significant differences with P-value < 0.05,
“ indicated significant differences with P-value < 0.01.

Fig. 3 Effects of Fe availability on the root hair growth ofrsl{rsl2 and rhd6rsll. Representative images of
root hairs of (A) WT, (B) rsl4rsi2 , and (C) rhd6rsi! treated with different Fe gradients under Pi sufficient
and Pi deficient conditions. Scare bar=500 ym. (D) Heatmap representing the relative expression of RSL4
and its downstream genes. Three biological repeats are performed and data of one is displayed.

Fig. 4 Effects of Fe availability on the root hair growth of hormone-related mutants. Representative images
of root hairs of (A) WT, (C) auzi-7 , (E) arfl0arf16 , and (G) ein3eill , treated with different Fe gradients
under Pi sufficient and Pi deficient conditions. Scare bar=500 pm. Root hair length of each mutant (B) WT,
(D) auzt-7 , (F) arfl0arf16 , (H) ein3eill . Data are means+SD. For each mutant at least three biological
repeats are performed and data of one is displayed. Statistical analysis was performed by two-way ANOVA,
and different letters indicate significant differences with P-Value < 0.05.

Fig. 5 Effects of Fe availability on the root hair growth ofphr! . Representative images of root hairs of (A)
WT and (B)phr! , treated with different Fe gradients under Pi sufficient and Pi deficient conditions. Scare
bar=>500 ym. Estimation of root hair length of each mutant, (C) WT and (D) phr! . Data are means+SD.
For each mutant at least three biological repeats are performed and data of one is displayed. Statistical
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analysis was performed by two-way ANOVA, and different letters indicate significant differences with P-
Value < 0.05. (E) Heatmap representing the relative expression of PHR1 and its downstream genes. Three
biological repeats are performed and data of one is displayed.

Fig. 6 Effects of Fe availability on the ROS activity. ROS activity of roots treated with Fe gradients under
Pi sufficient and Pi deficient conditions stained by H2DCF-DA, (A images in white light; (B) images of
fluorescence in dark. Estimation of the integrate optical density representing ROS activity of each treatment,
under (C) sufficient Pi and (D) deficient Pi. Scare bar=100 pm. Data are means £ SD of three biological
repeats. Statistical analysis was performed by one-way ANOVA, and different letters indicate significant
differences with P-Value < 0.05.

Fig. 7 GO enrichment analysis of DAPs between different Fe gradients at each Pi level. (A) Bubble chart
of representative GO terms enriched by DAPs of 350Vs.0 (uM Fe) and 350Vs.500 (uM Fe) under +Pi. GO
terms enriched by DAPs of 350Vs.0 (uM Fe) were red circles and GO terms enriched by DAPs of 350Vs.500
(uM Fe) were blue squares. (B) Bubble chart of representative GO terms enriched by DAPs of 20Vs.0 (uM
Fe) and 20Vs.100 (uM Fe) under -Pi. GO terms enriched by DAPs of 20Vs.0 (uM Fe) were red circles and
GO terms enriched by DAPs of 20Vs.100 (uM Fe) were blue squares. Size of the bubbles represented the
numbers enriched in each GO terms. Heatmaps of proteins enriched in processes including (C) Golgi vesicle
transport, (D) polysaccharide biosynthetic process, (E) auxin transport, (F) auxin metabolism, and (G) root
epidermal cell differentiation.

Fig. 8 The sketch map of the SNARE interaction in vesicular transport marked with enriched DAPs.
Abundances of proteins enriched in the KEGG pathway: SNARE interaction in vesicular transport were
displayed. Yellow boxes represented enriched DAPs. Heatmaps represented the abundances of each protein
under each treatment and DAPs enriched at different Pi levels were represented with different colors.

Fig. 9 The observation of vesicle trafficking in seedlings treated with different Fe gradients under Pi sufficient
and Pi deficient conditions. (A) Images of cells stained by FM-4-64 for 10 min. Scare bar=20 ym. Effects
of BFA on vesicle trafficking of seedlings treated with different Fe gradients, after treating with BFA for 1.5
h, under (B) +Pi and (F) -Pi. Effects of BFA on vesicle trafficking of seedlings treated with different Fe
gradients, after removing BFA for 1.5 h, under (C) +Pi and (G) -Pi. Red spots were BFA bodies. Scare
bar=20 ym. Estimation of the average sizes of the BFA bodies of seedlings treated with different Fe gradients,
after treating with BFA for 1.5 h, under (D) +Pi and (H) -Pi. Estimation of the average sizes of the BFA
bodies of seedlings treated with different Fe gradients, after removing BFA for 1.5 h, under (E) +Pi and (I)
-Pi. Data are means+SD, at least three biological repeats have been performed and data of one is displayed.
Statistical analysis was performed by one-way ANOVA. Different letters indicate significant differences with
P-Value < 0.05.

Fig. 10 The observation of auxin distribution in seedlings treated with different Fe gradients. Effects of Fe
availability on auxin distribution under Pi sufficient and P deficient conditions. (A) Images of fluorescence
of DR5:GFP. From top to button are images under white light, images under dark light, and merged images.
Scare bar=20 pm. Estimation of the fluorescence signal ranges of each treatment under (B) +Pi and (C) -Pi.
Data are means+SD, two biological repeats have been performed and data of one is displayed. Statistical
analysis was performed by Student’s test. ‘*’ indicated significant differences with P-value < 0.05, “**
indicated significant differences with P-value < 0.01.

Fig. 11 The effects of BFA on Fe-triggered root hair growth under Pi deficient condition. Time-course
observation of root hairs grown under different Fe gradients treated with (A) 0 nM BFA, (B) 500 nM BFA,
and (C) 1500 nM BFA. Scale bar= 500 ym. (D) Root hair length of each treatment at each time point.
Data are the means + SD of two biological repeats. Statistical analysis was performed by Student’s test.
“* indicated significant differences with P-value < 0.05, “*** indicated significant differences with P-value <
0.01.

Fig. 12 The model of the regulatory network that explains the Fe-triggered root hair growth under Pi
deprivation. Under Pi deprivation, the vesicle trafficking, auxin distribution, and the expression of PHR1
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would be affected by the Fe availability. The vesicle trafficking would be notably enhanced at 20 pM Fe
and subsequently facilitate root hair growth. The enhanced vesicle trafficking might facilitate the auxin
transport, which induces the expression of PHRI afterward. The enhanced auxin signaling, as well as the
PHR1 , would work jointly on facilitating root hair growth under -Pi. For more details, see “Discussion”.
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