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Abstract

The plant hormone auxin regulates numerous growth and developmental processes

throughout the plant life cycle. One major function of auxin in plant growth and development

is the regulation of cell expansion. Our previous studies have shown that SMALL AUXIN UP

RNA (SAUR) proteins promote auxin-induced cell expansion via an acid growth mechanism.

These proteins inhibit the PP2C.D family phosphatases to activate plasma membrane (PM)

H+-ATPases and thereby promote cell expansion. However, the functions of individual

PP2C.D phosphatases are poorly understood. Here, we investigated PP2C.D-mediated

control of cell expansion and other aspects of plant growth and development. The nine

PP2C.D family members exhibit distinct subcellular localization patterns. Our genetic find-

ings demonstrate that the three plasma membrane-localized members, PP2C.D2, PP2C.

D5, and PP2C.D6, are the major regulators of cell expansion. These phosphatases physi-

cally interact with SAUR19 and PM H+-ATPases, and inhibit cell expansion by dephosphory-

lating the penultimate threonine of PM H+-ATPases. PP2C.D genes are broadly expressed

and are crucial for diverse plant growth and developmental processes, including apical hook

development, phototropism, and organ growth. GFP-SAUR19 overexpression suppresses

the growth defects conferred by PP2C.D5 overexpression, indicating that SAUR proteins

antagonize the growth inhibition conferred by the plasma membrane-localized PP2C.D

phosphatases. Auxin and high temperature upregulate the expression of some PP2C.D

family members, which may provide an additional layer of regulation to prevent plant over-

growth. Our findings provide novel insights into auxin-induced cell expansion, and provide

crucial loss-of-function genetic support for SAUR-PP2C.D regulatory modules controlling

key aspects of plant growth.

Author summary

The plant hormone auxin is a major regulator of cell expansion, which is a fundamental

cellular process essential for plant growth and development. The acid growth theory was

proposed in the 1970s to explain auxin-induced cell expansion. However, the mechanistic
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basis of auxin-induced cell expansion via acid growth is poorly understood. Here, we

investigated the functions of the D-clade PP2C (PP2C.D) family phosphatases in auxin-

induced cell expansion as well as plant growth and development. The PP2C.D protein

family is composed of nine members. Our findings demonstrate that the plasma mem-

brane-localized PP2C.D2, PP2C.D5, and PP2C.D6 family members are the major regula-

tors in auxin-induced cell expansion. These proteins physically associate with SAUR

proteins and plasma membrane H+-ATPases to negatively regulate cell expansion. PP2C.

D genes are broadly expressed and are crucial for a variety of plant growth and develop-

mental processes, particularly elongation growth, such as hypocotyl and stamen filament

growth. The results of our studies provide novel insights into auxin-induced cell expan-

sion via an acid growth mechanism.

Introduction

The plant hormone auxin regulates nearly all aspects of growth and development, including

embryogenesis [1], root development [2], gravitropism [3], leaf development [4], vascular

development [5], phototropism [6], shade avoidance [6], shoot apical meristem development

[7], flower primordium formation [5], stamen development [8], and gynoecium development

[9]. At the cellular level, auxin regulates these processes through the control of cell division,

expansion, and differentiation [10, 11]. Auxin is perceived by a co-receptor complex that is

composed of TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX PRO-

TEINS (TIR1/AFBs) and AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) transcriptional

repressors in the nucleus. Auxin binding of the TIR1/AFB and AUX/IAA complex leads to the

degradation of AUX/IAA proteins by the 26S proteasome [12]. AUX/IAA degradation then

relieves the repression of AUXIN RESPONSE FACTOR (ARF) transcription factors to activate

the expression of auxin-responsive genes [13]. These auxin-responsive genes, including

SMALL AUXIN UP RNAs (SAURs) [14], then regulate auxin-mediated cellular, physiological,

and developmental processes.

A major function of auxin in plant growth and development is the regulation of cell expan-

sion. Auxin-induced cell expansion was hypothesized to occur via an acid growth mechanism,

which was first proposed in the 1970s [15, 16]. According to this theory, auxin activates plasma

membrane (PM) H+-ATPases (known as AHAs/ARABIDOPSIS H+-ATPases in Arabidopsis),

which pump protons across the plasma membrane, thus acidifying the apoplast and elevating

membrane potential. The more acidic apoplastic pH activates expansins and other cell wall

remodeling enzymes, resulting in increased cell wall extensibility. Additionally, plasma mem-

brane hyperpolarization promotes increased solute and water uptake, providing elevated tur-

gor to drive cell expansion. In recent years, several studies have provided molecular support

for auxin-mediated PM H+-ATPase activation during hypocotyl growth in Arabidopsis. Auxin

induces the phosphorylation of the penultimate threonine (Thr947 in AHA2), a key regulatory

site of PM H+-ATPases without altering AHA protein abundance [17]. This increase in AHA

Thr947 phosphorylation is likely the result of auxin-induced SAUR expression, as GFP-SAUR19
overexpression promotes AHA-Thr947 phosphorylation, hypocotyl elongation, and cell wall

extensibility [18, 19]. Furthermore, consistent with the hypothesis that acid growth requires

auxin-mediated gene expression, the canonical TIR1/AFB-AUX/IAA nuclear signaling path-

way was recently shown to be required for auxin-induced hypocotyl elongation and cell wall

acidification [20, 21]. Together, these findings provide strong genetic and biochemical evi-

dence in support of the acid growth theory.
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SAUR proteins promote PM H+-ATPase activation and the resulting cell expansion by

inhibiting the activity of type 2C protein phosphatases belonging to the D subfamily (PP2C.D)

[18, 19]. PP2Cs are Mg2+/Mn2+-dependent enzymes that are evolutionarily conserved from

prokaryotes to eukaryotes [22, 23]. The Arabidopsis genome encodes eighty PP2Cs, nine of

which belong to the D-subclade [22]. Recent studies have implicated PP2C.D family members

in the regulation of apical hook development [18, 24], auxin-induced cell expansion [18], leaf

senescence [25], and immune response [26]. In our previous work [18], we found that plants

harboring an artificial microRNA (amiRNA) targeting five D-clade family members conferred

phenotypes similar to, albeit much weaker than, GFP-SAUR19 overexpression lines, including

increased hypocotyl length, hypersensitivity to LiCl, and increased medium acidification.

While this finding provided initial genetic support for an antagonistic role of SAUR and

PP2C.D proteins in regulating PM H+-ATPase activity and cell expansion, the identities and

functional relationships of the specific PP2C.D family members involved remained uncertain.

Furthermore, the amiRNA reverse genetic approach does not completely abolish gene function

and can be prone to off-targeting effects. Here, we extend our studies on the functions of these

phosphatases by conducting a genetic characterization of pp2c.d family loss-of function

mutants. We find that the PP2C.D family members exhibit distinct subcellular localization pat-

terns, and the plasma membrane-localized subset, PP2C.D2, D5, and D6 phosphatases, play a

major role in antagonizing SAUR-mediated regulation of PM H+-ATPase activity, cell expan-

sion, and plant growth and development.

Results

PP2C.D genes are broadly expressed

To investigate the roles of the PP2C.D family genes in plant growth and development, we

examined PP2C.D gene expression using the GUS (β-glucuronidase) reporter gene driven by

the native PP2C.D promoters. We generated Arabidopsis transgenic plants expressing PP2C.

D1pro:EGFP-GUS transcriptional or PP2C.D(2–9)pro:PP2C.D(2–9)-GUS translational reporter

constructs. All PP2C.D genes except PP2C.D7 were expressed in the cotyledons and hypocotyls

of light-grown seedlings (Fig 1A). In the roots of light-grown seedlings, all PP2C.D genes

except PP2C.D1 and PP2C.D7 were ubiquitously expressed (Fig 1B). PP2C.D1 was weakly

expressed specifically in the root elongation zone, while PP2C.D7 was weakly expressed

throughout the root except for the root tip region (Fig 1B). All PP2C.D genes were also

expressed in the cotyledons and hypocotyls of etiolated seedlings except for PP2C.D7, which

was only expressed in the hypocotyls (Fig 1C). Interestingly, PP2C.D1 exhibited stronger

expression on the inner side of the apical hook (Fig 1C and 1D), consistent with previous find-

ings implicating PP2C.D1 in apical hook formation [18, 24]. All PP2C.D genes except PP2C.D7
were expressed in the petioles and rosette leaves of 2-week-old plants, while PP2C.D7 was only

very weakly expressed in the petioles (S1A Fig). In flowers and siliques, all PP2C.D genes

except PP2C.D7 were expressed in multiple floral organs and siliques, while PP2C.D7 was only

weakly expressed in petals (S1B and S1C Fig). In particular, PP2C.D1, D2, D5, and D6 were

strongly expressed in stamen filaments. PP2C.D8 expression was highly enriched in pistils, and

PP2C.D4 and D6 exhibited strong expression in anthers. The absence or low level of PP2C.D7
expression in nearly all organs examined is consistent with the results of numerous transcrip-

tomic studies compiled in the Arabidopsis eFP Browser database (S2 Fig) [27].

Together, our GUS expression data demonstrate that all PP2C.D genes except PP2C.D7 are

broadly expressed in most organs and tissues during the life cycle of plants, especially in the

growing organs and tissues, including hypocotyls, young roots and leaves, and stamen
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filaments. These results indicate that the PP2C.D family genes may play an important role in a

variety of plant growth and developmental processes.

PP2C.D proteins exhibit distinct subcellular localization

The subcellular localization of the PP2C.D family phosphatases was previously examined

using green fluorescent protein (GFP) as a reporter in Arabidopsis transgenic plants harboring

reporter constructs driven by the cauliflower mosaic virus (CaMV) 35S promoter [28]. How-

ever, since overexpression driven by the 35S promoter may cause fluorescent fusion protein

mislocalization, we further examined the subcellular localization of the PP2C.D family phos-

phatases using the native PP2C.D promoters to express PP2C.D-GFP fusion proteins. We gen-

erated PP2C.D(1–9)pro:PP2C.D(1–9)-GFP Arabidopsis transgenic plants. Since our GUS

reporter analysis indicated that all PP2C.D family members except PP2C.D1 and D7 were

strongly expressed in root tips (Fig 1B), we initially examined PP2C.D-GFP localization in

cells of the root meristem and elongation zone.

Previous studies reported that PP2C.D1, also known as APD7 (Arabidopsis PP2C clade D

7) [28] or SSPP (SENESCENCE-SUPPRESSED PROTEIN PHOSPHATASE) [25], resided in

the nucleus and cytoplasm of root cells [28] or only in the cytoplasm of mesophyll protoplasts

[25]. Consistent with our PP2C.D1pro:EGFP-GUS reporter findings, PP2C.D1-GFP fluores-

cence in root tips was below our detection limit. However, since PP2C.D1 is auxin-inducible

Fig 1. Expression patterns of PP2C.D-GUS reporters. (A) Shoots of 5-day-old light-grown seedlings. (B) Roots of

5-day-old light-grown seedlings. (C) Shoots of 3-day-old etiolated seedlings. (D) Apical hook of a 2-day-old etiolated

seedling. GUS staining was performed at 37 oC for 24 (A-C) or 4 h (D). Scale bars = 1 mm (A-C) or 0.5 mm (D).

https://doi.org/10.1371/journal.pgen.1007455.g001
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[29], when PP2C.D1pro:PP2C.D1-GFP seedlings were treated with IAA, robust expression was

observed, with GFP fluorescence evident in both nuclei and the cytosol (Fig 2A). To better

examine PP2C.D1 localization without the complications of exogenous IAA, we examined api-

cal hooks of etiolated seedlings. Consistent with the GUS expression pattern (Fig 1C and 1D),

GFP fluorescence was specifically observed in the epidermal layer of the inner side of the hook

(Fig 2B). Similar to auxin-treated roots, PP2C.D1 appeared to localize to both nuclei and the

cytoplasm.

Consistent with previous findings using 35S-driven GFP reporters [28], PP2C.D2/APD2,

PP2C.D5/APD6, and PP2C.D6/APD3 localized exclusively to the cell periphery of root cells,

consistent with a plasma membrane localization (Fig 2A). PP2C.D3/PP2C38 was recently

reported to reside at the plasma membrane and in intracellular punctae of Arabidopsis leaf epi-

dermal cells overexpressing PP2C.D3-GFP driven by the 35S promoter [26]. In contrast to

these results, while we did detect some PP2C.D3-GFP signal near the cell periphery, consider-

able fluorescence was also observed in intracellular punctae and nuclei (Fig 2A). Likewise,

PP2C.D4/APD4 exhibited both nuclear and cytosolic localization (Fig 2A). PP2C.D7/APD9

Fig 2. Differential localization of PP2C.D-GFP fusion proteins. (A) Localization of PP2C.D-GFP fusion proteins in the root tips of 5-day-

old seedlings. PP2C.D1-GFP seedlings were treated with 10 μM IAA for 4 h to increase expression to detectable levels. (B) Localization of PP2C.

D1-GFP fusion protein in the apical hooks of 2-day-old etiolated seedlings counter-stained with 10 μg/ml propidium iodide (PI) for 30 min.

(C) Localization of PP2C.D8-GFP fusion protein in the root tips of 5-day-old seedlings. Seedlings were counter-stained with 0.5 μM

MitoTracker Red CMXRos (Invitrogen) for 20 min. (A—C) Root tips and apical hooks were observed under a Nikon A1 spectral confocal

microscope. Scale bars = 50 μm (A), 25 μm (B), or 10 μm (C).

https://doi.org/10.1371/journal.pgen.1007455.g002
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was reported to associate with the plasma membrane and endomembranes [28]. Although we

examined many independent PP2C.D7pro:PP2C.D7-GFP lines, we could not successfully

detect PP2C.D7-GFP protein expression in any organs examined, consistent with the low

expression observed with the GUS reporter (Fig 1B) and transcriptomic studies (S2 Fig). PP2C.

D8-GFP and MitoTracker signals colocalized in root cells (Fig 2C), supporting the previous

findings that PP2C.D8/APD5 is localized in the mitochondria [28]. Lastly, Tovar-Mendez

et al. (2014) reported that PP2C.D9/APD8 localized to the cytoplasm, but not in the nucleus

[28]. Our results support this conclusion, although similar to PP2C.D3, cytosolic fluorescence

was frequently punctate rather than uniform (Fig 2A). While we cannot be certain that all

PP2C.D-GFP proteins are functional and localize precisely like the endogenous protein, we

provide evidence below that the PP2C.D2-, D5-, and D6-GFP constructs encode functional

proteins (S5C Fig). Given the high degree of sequence similarity between PP2C.D family mem-

bers, it seems likely that the addition of a C-terminal GFP tag does not interfere with PP2C.D

function. Together, our results indicate that the PP2C.D family phosphatases exhibit distinct

subcellular localization, residing in various cellular compartments.

The plasma membrane-localized subset of PP2C.D proteins inhibit cell

expansion

The Arabidopsis hypocotyl is an excellent system to study elongation growth, since its size is

mainly controlled by cell expansion [30]. Our previous studies using an amiRNA to knock

down multiple members (PP2C.D2, D5, D7, D8, D9) of the PP2C.D family genes showed that

the PP2C.D family phosphatases may function redundantly to negatively regulate hypocotyl

growth [18]. The resulting growth phenotypes, however, were weak in comparison to

GFP-SAUR19 overexpression plants. To definitively determine the contribution of individual

PP2C.D phosphatases to cell expansion, we analyzed the hypocotyl growth phenotype of all

pp2c.d T-DNA insertion mutants (S3 Fig). Semiquantitative RT-PCR analysis confirmed that

the pp2c.d1, d2, d5, d6, d7, d8, and d9 insertion mutants were likely null alleles (S4 Fig). Like-

wise, the pp2c.d3 and d4 insertion mutants were previously reported to be null or severe

knockdown mutants [26]. pp2c.d5 was the only single mutant that exhibited slightly increased

hypocotyl growth (S5A Fig). The pp2c.d4 T-DNA insertion mutant was unavailable when we

started to generate various pp2c.d higher order mutants. The pp2c.d3/4 double mutant was

recently published [26], and the mutant seedlings did not exhibit an obvious hypocotyl growth

phenotype (S5B Fig).

The lack of strong single mutant phenotypes suggested functional redundancy within the

PP2C.D gene family. We therefore generated a variety of double, triple, and quadruple mutants

(S5A Fig). Given the plasma membrane localization of SAUR19 and PM H+-ATPases, we were

particularly interested in lines that lack the three plasma membrane-localized family members,

PP2C.D2, D5, and D6. Interestingly, mutations in PP2C.D2 or PP2C.D6 enhanced the hypo-

cotyl growth phenotype of pp2c.d5 (S5A Fig). Likewise, the pp2c.d2 pp2c.d6 double mutant

exhibited a long hypocotyl phenotype. Hypocotyl length was unaffected, however, in all of the

other double mutant combinations tested. Furthermore, the pp2c.d2/5/6 triple mutant seed-

lings displayed an even stronger hypocotyl growth phenotype, exhibiting hypocotyls nearly as

long as those of GFP-SAUR19 overexpression seedlings (Figs 3A, 3B and S5A). Like

GFP-SAUR19 seedlings, this increase in hypocotyl length was the result of increased cell expan-

sion (Fig 3C). In contrast, various combinations of triple mutants for pp2c.d1, d3, d8, and d9
did not exhibit any obvious hypocotyl growth phenotype (S5A Fig). We previously found that

PP2C.D1 overexpression under the control of the 35S promoter conferred a dramatic reduc-

tion in hypocotyl length and plant stature [18]. Loss-of-function analysis, however, indicates

PP2C.D phosphatases negatively regulate cell expansion
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Fig 3. The pp2c.d2/5/6 triple mutant exhibits increased cell expansion and plant growth. (A) Eight-day-old light-grown seedlings.

Scale bar = 2 mm. (B) Hypocotyl length of 8-day-old light-grown seedlings. Error bars = SD (n = 47). (C) Epidermal cell length of 8-day-

old light-grown seedling hypocotyls. The apical most 10 cells from 10 seedlings were measured. Error bars = SD. (D) LiCl root inhibition

assays. Five-day-old light-grown seedlings grown on ATS plates were transferred onto ATS or ATS + 10 mM LiCl plates for 3 days. New

root growth after transfer was measured. Error bars = SD (n = 25–38). (E) Medium acidification assays. Six-day-old light-grown

seedlings grown on ATS plates were transferred onto plates containing the pH indicator bromocresol purple (BCP, pH6.5), and the

medium color change was observed 6 days later. (F) Levels of Thr947-phosphorylated AHA proteins as monitored by GST-14-3-3

binding. Five micrograms of microsomal fractions prepared from 6-day-old light-grown seedlings were loaded. AHA and GST-14-3-

3-bound AHA proteins were detected by anti-AHA and anti-GST antibodies, respectively. (G) Shoots of 3-week-old plants. Scale bar = 1

cm. (H) Rosette leaf areas of 3-week-old plants. Total leaf areas of the plants were measured using Photoshop. Error bars = SEM (n = 23–

PP2C.D phosphatases negatively regulate cell expansion
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that endogenous PP2C.D1 plays little if any role in hypocotyl elongation under our growth

conditions, as the pp2c.d1 mutation failed to enhance the hypocotyl growth phenotype of the

pp2c.d2/5/6 triple mutant as well as lower order mutant combinations (S5A Fig).

To confirm that the pp2c.d2/5/6 long hypocotyl phenotype was in fact due to loss of the

three PM-localized phosphatases, we transformed the triple mutant with the PP2C.D(2,5,6)pro:

PP2C.D(2,5,6)-GFP reporter constructs used to assess localization (Fig 2). All three GFP fusion

constructs restored hypocotyl length to at least the corresponding double mutant (S5C Fig). In

the D2- and D5-GFP lines, over-complementation was observed, with hypocotyl lengths

returning wild-type length. Presumably, this is due to position effects that may result in modest

PP2C.D overexpression. Together, the above genetic findings indicate that the plasma mem-

brane-localized PP2C.D2, D5, and D6 proteins are the major PP2C.D phosphatases that nega-

tively regulate cell expansion during hypocotyl growth.

Since the pp2c.d2/5/6 triple mutant exhibited a long hypocotyl phenotype, we proceeded to

assess this mutant for other GFP-SAUR19 overexpression-related phenotypes. Like

GFP-SAUR19 seedlings, pp2c.d2/5/6 seedlings exhibited dramatic hypersensitivity to 10 mM

LiCl (Fig 3D) and increased medium acidification (Fig 3E), phenotypes suggestive of elevated

PM H+-ATPase activity [18, 31]. To test this possibility, we examined AHA-Thr947 phosphory-

lation status indirectly using a GST-14-3-3 far western blotting assay. Several prior studies

have demonstrated that this assay accurately reflects AHA-Thr947 phosphorylation status and

the corresponding changes in PM H+-ATPase activity [17, 18, 32, 33]. A striking increase in

AHA-Thr947 phosphorylation was observed in both GFP-SAUR19 and pp2c.d2/5/6 seedlings

(Fig 3F). In contrast, AHA-Thr947 phosphorylation levels in the pp2c.d1/3/8 triple mutant were

not noticeably different from wild-type (Fig 3F). The strong genetic interaction observed in

hypocotyl growth assays suggested that PP2C.D2, D5, and D6 act in a redundant fashion (S5A

Fig). Consistent with this notion, while the pp2c.d2/5/6 triple mutant exhibited increased

AHA-Thr947 phosphorylation levels, phosphorylation in the single mutants was comparable to

wild-type (Fig 3F). Together, our genetic and biochemical findings demonstrate that these

PM-localized PP2C.D family members function redundantly to regulate PM H+-ATPase activ-

ity to control cell expansion.

Although pp2c.d2/5/6plants exhibited no major developmental abnormalities, several

growth phenotypes were apparent in older plants. Three-week-old pp2c.d2/5/6plants exhibited

slightly larger rosette leaves than those of wild-type, but similar to the case for hypocotyl

growth, this phenotype was slightly more dramatic in GFP-SAUR19 plants (Fig 3G and 3H). In

flowers, pp2c.d2/5/6 flowers exhibited longer stamen filaments and pistils than those of wild-

type flowers (Fig 3I). While GFP-SAUR19 flowers did not exhibit long stamen filament and

pistil phenotypes (Fig 3I), increased stamen filament length has been reported for plants

expressing SAUR63-GFP or GUS fusion proteins [34]. Plant height and silique length of

mature pp2c.d2/5/6plants were also slightly larger than wild-type (S5D and S5E Fig). While

GFP-SAUR19 plants did not exhibit an obvious silique growth phenotype (S5E Fig), increased

silique growth was recently reported in transgenic Arabidopsis plants overexpressing SAUR8,

SAUR10, and SAUR16 [35].

PP2C.D1 is differentially expressed in the apical hook of etiolated seedlings (Figs 1D and

2B), and etiolated pp2c.d1 mutants, as well as GFP-SAUR19 seedlings, exhibit defective apical

28). (I) Flowers. Scale bars = 0.5 mm. (J) Apical hooks of 3-day-old etiolated seedlings. Scale bar = 0.5 mm. (K) Apical hook angles of

3-day-old etiolated seedlings. Error bars = SD (n = 29–35). (L) Reduced phototropic growth of pp2c.d2/5/6 seedlings. Four-day-old

etiolated seedlings were photo-stimulated with unilateral blue light for 2, 4, 6, and 8 h, and the angles of hypocotyl bending were

measured by ImageJ. Error bars = SEM (n = 14–16). (B, C, H, and K) Different letters above the bars indicate significant differences

(P< 0.05).

https://doi.org/10.1371/journal.pgen.1007455.g003
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hook development [18, 24]. While the pp2c.d2, d5, and d6 single mutants develop apical hooks

comparable to wild-type [18], given the functional redundancy we observed in other assays of

these family members, we examined the apical hook phenotype of the pp2c.d2/5/6 triple

mutant. Indeed, like etiolated GFP-SAUR19 seedlings, pp2c.d2/5/6 seedlings exhibited partially

opened apical hooks and expanded cotyledons (Fig 3J and 3K). In our previous work [36],

GFP-SAUR19 seedlings were shown to exhibit reduced phototropism, suggesting the involve-

ment of SAUR proteins in tropic growth responses. Consistent with this notion, SAUR tran-

scripts have been found to preferentially accumulate on the elongating side of bending organs

[37–39]. We therefore examined whether PP2C.D2, D5, and D6 may function in phototropic

response. When exposed to unilateral blue light, etiolated pp2c.d2/5/6 seedlings exhibited dra-

matically reduced phototropic curvature (Fig 3L), suggesting that SAUR-mediated inhibition

of PP2C.D2/5/6 activity on the light distal side of the hypocotyl may underlie phototropic

bending. Based on the increased growth phenotypes of pp2c.d2/5/6plants and their strong phe-

notypic similarity to SAUR gain-of-function plants, as well as similar effects on PM H+-ATPase

Thr947 phosphorylation, our results suggest that PP2C.D2, D5, and D6 phosphatases are the

primary effectors of plasma membrane-localized SAUR proteins that regulate plant growth.

PP2C.D phosphatases interact with SAUR19 and PM H+-ATPases

The above genetic studies revealed that PP2C.D2, D5, and D6 are the major D-clade phospha-

tases that negatively regulate SAUR-mediated cell expansion. Our previous work isolated

PP2C.D1, D5, and D6 as SAUR19 interacting proteins in a yeast two-hybrid library screen

[18]. We confirmed that PP2C.D2 also interacted with SAUR19 in this system (Fig 4A). We

also tested the remaining PP2C.D family members and found that PP2C.D3, D4, and D8 can

also interact with SAUR19 (S6A Fig). Positive interactions were not detected for PP2C.D7 or

PP2C.D9 (S6A Fig), however, PP2C.D7 did not appear to be expressed in yeast and PP2C.D9

expression was quite low in comparison to PP2C.D1 (S6B Fig).

To examine protein interactions in planta, we generated transgenic Arabidopsis plants co-

expressing PP2C.D2-HA, D5-HA, or D6-HA under the control of native PP2C.D promoters

and GFP-SAUR19 driven by the 35S promoter and examined their interactions by co-immu-

noprecipitation (co-IP) using solubilized microsomal fractions. PP2C.D5-HA and

GFP-SAUR19 co-immunoprecipitated, confirming their interaction in Arabidopsis (Fig 4B).

However, we could not successfully co-immunoprecipitate GFP-SAUR19 with PP2C.D2-HA

and PP2C.D6-HA. While this may be due to the technical limitations of this assay, we cannot

exclude the possibility that SAUR19 does not interact with these phosphatases in planta.

Rather, given the large number of SAUR proteins, it seems quite possible that PP2C.D2 and

D6 may preferentially interact with other plasma membrane-associated SAUR proteins.

The pronounced increase in AHA-Thr947 phosphorylation observed in the pp2c.d2/5/6 tri-

ple mutant (Fig 3F) identified this phosphosite as a putative substrate of PP2C.D2, D5, and D6

phosphatases. We therefore examined potential interactions between these proteins and PM

H+-ATPases by co-IP and bimolecular fluorescence complementation (BiFC) assays. PP2C.

D2-GFP, D5-GFP, and D6-HA all co-immunoprecipitated with AHA proteins (Fig 4C). In

contrast, no detectable interaction was observed between AHAs and PP2C.D8-GFP (Fig 4C),

suggesting at least some degree of substrate specificity among the PP2C.D family members.

Additionally, yellow fluorescent signals were observed at the plasma membrane of leaf epider-

mal cells when AHA2-YFPN was transiently co-expressed with PP2C.D2-YFPC, D5-YFPC, and

D6-YFPC in Nicotiana benthamiana leaves (S7 Fig). These results indicate that PP2C.D2, D5,

and D6 phosphatases physically associate with AHA proteins in planta. To further test the reg-

ulatory nature of these interactions, we co-expressed PP2C phosphatases with AHA2 in yeast

PP2C.D phosphatases negatively regulate cell expansion
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Fig 4. PP2C.D phosphatases interact with SAUR19 and plasma membrane H+-ATPases. (A) Yeast two-hybrid

assay demonstrating PP2C.D2 and SAUR19 protein interaction. Cells were plated onto appropriate selection media

and grown at room temperature for 3 to 6 days. (B) Co-IP assays detecting PP2C.D5-HA and GFP-SAUR19 protein

interaction. Microsomal proteins were prepared from 6-day-old etiolated seedlings. Pre-immune bleed serum (pre) or

anti-GFP antibody were used for the co-IP assays. PP2C.D5-HA and GFP-SAUR19 were detected by anti-HA and

anti-GFP antibodies, respectively. (C) Co-IP assays detecting PP2C.D and PM H+-ATPase protein interactions.

Microsomal proteins were prepared from 8-day-old light-grown seedlings. Pre-immune bleed serum (pre) or anti-

AHA antibody were used for the co-IP assays. PP2C.D2-GFP, PP2C.D5-GFP, PP2C.D8-GFP, and PP2C.D6-HA

proteins were detected by anti-GFP and anti-HA antibodies, respectively. (D) PP2C.D expression abolishes AHA2

complementation of PM H+-ATPase activity in yeast. Gal, galactose; Glu, glucose; Vec, empty vector. (E). In vitro
AHA2 dephosphorylation assays examining the dephosphorylation of AHA2-Thr947P expressed in yeast. (B and C)

300–400 μg and 10–20 μg of microsomal proteins were used for co-IP and western blots, respectively.

https://doi.org/10.1371/journal.pgen.1007455.g004
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strain RS-72 for complementation assays. In this strain, cells are only viable when grown on

galactose media, since the endogenous yeast PM H+-ATPase gene PMA1 is driven by the

GAL1 promoter. AHA2 expression complements GAL1pro:PMA1 to restore growth on glucose

media [33, 40]. When we co-expressed PP2C.D2, D5, or D6 with AHA2, yeast RS-72 cells were

unable to grow on glucose media (Fig 4D), indicating that these phosphatases inhibit AHA2

function. In fact, all PP2C.D family members with the exception of PP2C.D8 were capable of

antagonizing AHA2 function in yeast. In contrast, the non-D-clade Arabidopsis PP2C phos-

phatases PP2C.I1 (At2g25070, an I-clade PP2C) and PP2C.F9 (At1g43900, an F-clade PP2C)

[41] failed to inhibit AHA2 function in this system (Fig 4D), suggesting that the D-clade

PP2Cs may be unique in their ability to inhibit PM H+-ATPase activity. Presumably, PP2C.

D1, D3, D4, and D9, all of which displayed some degree of cytosolic localization in Arabidop-

sis, can access the cytosolic C-terminus of AHA2 when overexpressed in yeast. Our genetic (S5

Fig) and biochemical (Fig 3F) findings, however, suggest that these family members are not

the primary regulators of AHA activity in planta.

We previously developed an in vitro AHA2 dephosphorylation assay using plasma

membranes prepared from yeast RS-72 cells expressing AHA2 to examine SAUR regula-

tion of PP2C.D1-mediated dephosphorylation of AHA2-Thr947P [18]. This same assay was

used to assess the ability of PP2C.D2, D5, and D6 phosphatases to dephosphorylate

AHA2-Thr947P and the inhibition of any such activity by SAUR proteins. As previously

shown for PP2C.D1 [18], recombinant PP2C.D2 and PP2C.D5 catalyzed AHA2-Thr947

dephosphorylation and this activity was strongly inhibited by the addition of purified

SAUR9 protein (Fig 4E). We could not demonstrate phosphatase activity for recombinant

PP2C.D6 in this system or in assays employing the chemical substrate p-nitrophenyl phos-

phate (pNPP), suggesting that this phosphatase may require alternative reaction condi-

tions, co-factors, or post-translational modifications. That said, we cannot eliminate the

possibility that PP2C.D6 is not a functional phosphatase, and rather may play a distinct

role such as providing a scaffolding function for PP2C.D-substrate complexes. However,

given that PP2C.D6 contains a highly conserved catalytic domain, together with our inter-

action data and genetic findings demonstrating that D6 functions redundantly with D2

and D5, it seems likely that PP2C.D6 also dephosphorylates AHA2-Thr947P and this activ-

ity is inhibited by SAUR proteins.

PP2C.D5 overexpression confers reduced cell expansion and plant growth

To investigate the effects of PP2C.D gain-of-function on plant growth and development, we

tried to generate 35Spro:PP2C.D5-EYFP overexpression lines. While several primary Arabi-

dopsis transformants exhibited a dwarf phenotype, we could not obtain any stable homozy-

gous overexpression lines, suggesting that PP2C.D5 dosage may be critical. We therefore

generated transgenic Arabidopsis plants expressing PP2C.D5-HA driven by the PP2C.D5 pro-

moter in the pp2c.d5mutant background. PP2C.D5-HA protein expression rescued the slightly

increased hypocotyl growth phenotype of pp2c.d5 seedlings (S8A Fig), demonstrating that

PP2C.D5-HA is a functional protein. We noticed that some transgenic lines exhibited growth

defects, including reduced growth and fertility. The severity of growth defects was dependent

on the expression levels of PP2C.D5-HA protein. pp2c.d5 PP2C.D5-HA lines 6 and 7 that did

not exhibit obvious growth defects expressed lower levels of PP2C.D5-HA protein, while lines

1 and 4 that exhibited severe growth defects expressed higher levels of PP2C.D5-HA protein

(S8B Fig). We therefore selected pp2c.d5 PP2C.D5-HA lines 1 and 4 (hereafter referred to as

D5-HA-OX for Over-eXpression) for further phenotypic analyses to assess the effects of PP2C.

D5 gain-of-function on plant growth and development.
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Compared with wild-type and pp2c.d5 seedlings, light-grown D5-HA-OX seedlings exhib-

ited reduced hypocotyl growth (Fig 5A and 5B), shorter hypocotyl epidermal cells (Fig 5C),

and reduced root growth (Fig 5D). Etiolated D5-HA-OX seedlings also exhibited severely

reduced hypocotyl growth (Fig 5E and 5F). D5-HA-OX plants exhibited smaller rosette leaves

(Fig 5G), delayed leaf senescence (Fig 5H), and smaller flowers with shorter stamen filaments

(Fig 5J). Shortly after bolting, D5-HA-OX plants exhibited fertility defects (Fig 5I). However,

hand-pollination of D5-HA-OX pistils with D5-HA-OX pollen grains resulted in full seed

set (Fig 5K), indicating that the fertility defects are caused by reduced stamen filament elonga-

tion rather than defective pollen or fertilization. Curiously, with continued growth, older

D5-HA-OX plants recovered from the early male fertility defects and could set seeds success-

fully. The mature D5-HA-OX plants were smaller than those of wild-type and pp2c.d5 (Fig 5L)

and had shorter siliques (Fig 5M).

To assess whether PP2C.D5 overexpression confers reduced PM H+-ATPase activity, we

examined the phosphorylation status of AHA-Thr947 in D5-HA-OX seedlings. A clear decrease

in AHA-Thr947 phosphorylation was observed in etiolated D5-HA-OX seedlings (Fig 5N).

Consistent with a reduction in PM H+-ATPase activity and consequent membrane potential,

D5-HA-OX seedlings exhibited resistance to 10 mM LiCl (Fig 5O) and reduced medium acidi-

fication (Fig 5P). Together, our results suggest that PP2C.D5 overexpression confers reduced

cell expansion and plant growth, which are caused at least in part by reduced PM H+-ATPase

Thr947 phosphorylation and the corresponding reduction in enzyme activity.

GFP-SAUR19 overexpression suppresses the growth defects of PP2C.D5
overexpression plants

The Arabidopsis genome contains 79 SAUR genes. Due to extensive functional redundancy, it

is challenging to study the functions of SAUR proteins in plant growth and development using

a loss-of-function approach [14]. Our prior biochemical studies have demonstrated that SAUR

proteins inhibit PP2C.D phosphatase activity (Fig 4E) [18]. To test this hypothesis genetically,

we generated Arabidopsis plants co-expressing GFP-SAUR19 and PP2C.D5-HA proteins by

crossing the 35Spro:GFP-SAUR19 transgene into D5-HA-OX line 1, and examined the effects

of GFP-SAUR19 overexpression on the growth defects of PP2C.D5-HA overexpression plants.

Western blot analysis confirmed that the double transgenic plants expressed both fusion pro-

teins at levels comparable to that seen in the parental lines (Fig 6A). Strikingly, GFP-SAUR19
overexpression suppressed virtually all aspects of the D5-HA-OX phenotypes, including the

hypocotyl, root, and rosette leaf growth defects (Fig 6B–6E). In addition, the male sterility of

D5-HA-OX plants caused by defective stamen filament elongation growth was also suppressed

by GFP-SAUR19 overexpression (Fig 6F and 6G), as were the D5-HA-OX defects in plant

height and silique length (Fig 6H and 6I). Together, these results provide strong genetic sup-

port for the hypothesis that SAUR proteins and plasma membrane-localized PP2C.D phospha-

tases function antagonistically to regulate plant growth.

Auxin induces the expression of a subset of PP2C.D genes and high

temperature upregulates PP2C.D2 protein levels

Previous hypocotyl transcriptomic analyses of auxin-responsive genes revealed that PP2C.D1
and PP2C.D7 may be auxin-induced genes, as their expression was upregulated by a 120 min

treatment with the synthetic auxin picloram [42]. Additionally, using our PP2C.D1-GFP

reporter, we demonstrated auxin-inducible expression of PP2C.D1 in root tips (Fig 2A). To

examine potential auxin-mediated regulation of PP2C.D family genes, we examined PP2C.

D-GUS expression in 5-day-old light-grown PP2C.D1pro:EGFP-GUS and PP2C.D(2–9)pro:
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Fig 5. PP2C.D5 overexpression confers reduced cell expansion and plant growth. (A) Shoots of 7-day-old light-grown seedlings. Scale bar = 2

mm. (B) Hypocotyl length of 7-day-old light-grown seedlings. Error bars = SD (n = 33–43). (C) Epidermal cell length of 8-day-old light-grown

seedling hypocotyls. The apical most 10 cells from 10 seedlings were measured. Error bars = SD. (D) Primary root length of 7-day-old light-grown

seedlings. Error bars = SD (n = 37–51). (E) Shoots of 7-day-old etiolated seedlings. Scale bar = 5 mm. (F) Hypocotyl length of 7-day-old etiolated

seedlings. Error bars = SD (n = 40–49). (G) 24-day-old plants. Scale bar = 1 cm. (H) 44-day-old plants. Primary bolts were removed to better
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PP2C.D(2–9)-GUS seedlings treated with 10 μM IAA. Consistent with previous findings [42],

auxin induced PP2C.D7-GUS expression in the hypocotyls (Fig 7A). Under our conditions,

auxin induction of PP2C.D1pro:EGFP-GUS expression was not apparent in the hypocotyls.

However, auxin strongly induced PP2C.D1pro:EGFP-GUS expression in the root elongation

zone (Fig 7B). We did not observe obvious auxin-induced expression of the PP2C.D2-, D3-,

D4-, D5-, D6-, D8-, or D9-GUS reporters.

To more precisely study the kinetics of auxin-induction of SAUR and PP2C.D gene expres-

sion, we examined the transcript levels of SAUR9, 19, 23, and PP2C.D1-9 genes in 3-day-old

light-grown wild-type seedlings treated with 5 μM NAA over a 2 h time-course by qRT-PCR.

Auxin-induction of SAUR gene expression was observed within 10 minutes, and the induction

peaked at 20–30 minutes (Fig 7C). While auxin also induced PP2C.D1 and PP2C.D7 gene

expression, the kinetics were noticeably delayed in comparison to the SAUR genes examined.

PP2C.D1 was slightly up-regulated at 30 minutes and expression continued to increase through-

out the 2 h time course, while PP2C.D7 expression was not elevated until 2 hours of auxin treat-

ment (Fig 7C). These results indicate that compared with the SAUR genes, PP2C.D1 and PP2C.

D7 exhibit a delayed transcriptional response to auxin treatments.

High temperature induces the expression of the SAUR19 family genes to promote hypocotyl

growth [43]. We were curious whether high temperature might also affect PP2C.D gene

expression. PP2C.D1pro:EGFP-GUS and PP2C.D(2–9)pro:PP2C.D(2–9)-GUS seedlings were

shifted from 20 oC to 28 oC for 24 hours or 5 days and then stained alongside control seedlings

maintained at 20 oC. Only PP2C.D2pro:PP2C.D2-GUS seedlings exhibited increased GUS

staining in the hypocotyls (Figs 7D and S9). We therefore conducted a time-course to more

carefully examine PP2C.D2 expression in PP2C.D2pro:PP2C.D2-GUS seedlings shifted from

20 oC to 28 oC. While no difference was observed at early time points (6 h), strong GUS stain-

ing in the hypocotyls and petioles of seedlings shifted to 28 oC was seen at the later time points

(Fig 7D). To gain additional evidence to support that high temperature upregulates PP2C.D2

protein levels, we examined PP2C.D2-GFP protein levels in PP2C.D2pro:PP2C.D2-GFP seed-

lings shifted from 20 oC to 28 oC. Increased PP2C.D2-GFP protein levels were detected in the

shoots of seedlings shifted to 28 oC for 5 days (Fig 7E). Together, these results indicate that

high temperature upregulates PP2C.D2 protein levels. Since both the GUS and GFP reporters

are translational fusions, this temperature-dependent increase could be the result of transcrip-

tional or post-transcriptional regulation. To determine if this effect was the result of increased

transcription, we examined PP2C.D2 transcript levels in light-grown wild-type seedlings

shifted to 28 oC over a 120 h time-course by qRT-PCR. As previously reported [43], high tem-

perature induced the expression of SAUR19 and SAUR22 within 3 hours, and transcript levels

remained elevated throughout the time-course (Fig 7F). However, high temperature did not

result in elevated PP2C.D2 transcript levels, suggesting that the observed temperature-depen-

dent increases in PP2C.D2-GUS and PP2C.D2-GFP protein levels must occur post-transcrip-

tionally. These results suggest that unlike the SAUR19 family genes, which display a rapid

observe rosette leaves. Scale bar = 1 cm. (I) Shoots of 44 or 51-day-old plants. Scale bar = 4 cm (top) or 1 cm (bottom). (J) Flowers. Sepals and petals

were removed to better observe stamen filaments. Scale bar = 1 mm. (K) Siliques. The pistils of D5-HA-OX lines 1 and 4 flowers were hand-

pollinated with their own pollen grains. Scale bars = 2 mm. (L) 73-day-old plants. Scale bar = 4 cm. (M) Siliques. Scale bar = 4 mm. (N) Levels of

Thr947-phosphorylated AHA proteins as monitored by GST-14-3-3 binding. Five micrograms of microsomal fractions prepared from 6-day-old

etiolated seedlings were loaded. AHA and GST-14-3-3-bound AHA-Thr947P proteins were detected by anti-AHA and anti-GST antibodies,

respectively. (O) LiCl root inhibition assay. Six-day-old light-grown seedlings grown on ATS plates were transferred onto ATS or ATS + 10 mM

LiCl plates for 3 days. New root growth after transfer was measured. Error bars = SD (n = 49–73). (P) Medium acidification assays. Eight-day-old

light-grown seedlings grown on ATS plates were transferred to plates containing the pH indicator bromocresol purple (BCP, pH 6.5), and the

medium color change was observed 9 (D5-HA-OX 1) or 12 (D5-HA-OX 4) days later. (B, C, D, and F) Different letters above the bars indicate

significant differences (P< 0.05).

https://doi.org/10.1371/journal.pgen.1007455.g005
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transcriptional response to high temperature, PP2C.D2 exhibits a delayed, post-transcriptional

increase in protein abundance.

Antagonistic regulation of cell expansion by SAUR proteins and the PP2C.D2 phosphatase

led us to hypothesize that high temperature upregulation of PP2C.D2 protein abundance may

represent an additional layer of control to prevent cell overexpansion conferred by increased

Fig 6. GFP-SAUR19 overexpression suppresses the growth defects of PP2C.D5 overexpression plants. (A) Western blot analyses of

GFP-SAUR19 and PP2C.D5-HA protein expression. Twenty micrograms of microsomal proteins from 8-day-old light-grown plants were

loaded. GFP-SAUR19, PP2C.D5-HA, and the SEC12 loading control were detected by anti-GFP, anti-HA, and anti-SEC12 antibodies,

respectively. (B) Hypocotyl length of 8-day-old light-grown seedlings. Error bars = SD (n = 33–53). (C) Primary root length of 8-day-old light-

grown seedlings. Error bars = SD (n = 41–51). (D) Hypocotyl length of 7-day-old etiolated seedlings. Error bars = SD (n = 68–78). (E) 30-day-

old plants. Primary bolts were removed to better observe rosette leaves. Scale bar = 1 cm. (F) Apex of 53-day-old plants. Scale bar = 1 cm. (G)

Flowers. Scale bars = 2 mm. Sepals and petals were removed to better observe stamen filaments. (H) 66-day-old plants. Scale bar = 4 cm. (I)

Siliques. Scale bar = 2 mm. (B-D) Different letters above the bars indicate significant differences (P< 0.05).

https://doi.org/10.1371/journal.pgen.1007455.g006
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Fig 7. Auxin induces PP2C.D gene expression, and high temperature upregulates PP2C.D2 protein levels. (A) GUS-stained shoots of

5-day-old light-grown seedlings treated with 10 μM IAA for 4 h. Scale bars = 1 mm. (B) GUS-stained roots of 5-day-old light-grown

seedlings treated with 10 μM IAA for 4 h. Scale bars = 1 mm. (C) qRT-PCR analyses of SAUR and PP2C.D gene expression. RNA was

prepared from 3-day-old light-grown seedlings treated with 5 μM NAA or solvent control for various times. Relative expression

represents expression value of NAA/expression value of mock. qRT-PCR results were based on three biological replicates. S19, SAUR19;

S23, SAUR23; S9, SAUR9. Error bars = SD. (D) GUS-stained shoots of light-grown seedlings. Two or four-day-old PP2C.D2-GUS
seedlings grown at 20 oC were shifted to 28 oC for 6 h, 24 h, or 5 d. GUS staining was performed at 37 oC for 2 h (6 h, 24 h) or 1 h (5 d).

(E) Western blot analysis of PP2C.D2-GFP protein expression. Two-day-old PP2C.D2-GFP seedlings grown at 20 oC were shifted to 28
oC for 5 days. 25 micrograms of total proteins from shoots were loaded for western blot analyses using anti-GFP and anti-SEC12

antibodies. (F) qRT-PCR analyses of SAUR and PP2C.D gene expression. RNA was prepared from light-grown seedlings that were grown

at 20 oC and shifted to 28 oC for various times. Relative expression represents expression value of 28 oC/expression value of 20 oC.

qRT-PCR results were based on three biological replicates. Error bars = SD. (G) Relative hypocotyl length of 7-day-old light-grown

seedlings. Relative hypocotyl length represents length value of 28 oC/length value of 20 oC. Error bars = SEM (n� 22).

https://doi.org/10.1371/journal.pgen.1007455.g007
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SAUR gene expression, which may cause plant overgrowth. To test this hypothesis, we exam-

ined the hypocotyl growth responses of pp2c.d2-1 and pp2c.d2-2 loss-of-function mutants to

high temperature. Two-day-old wild-type seedlings grown at 20 oC were shifted to 28 oC for 5

days, and hypocotyl growth was assessed. Indeed, both pp2c.d2 mutant lines exhibited an

enhanced response to high temperature compared to wild-type controls (Fig 7G). In contrast,

the pp2c.d5 and pp2c.d6 single mutants exhibited temperature-dependent increases in hypo-

cotyl length that were comparable to wild-type. Furthermore, while the pp2c.d2/5/6 triple

mutant also exhibited enhanced elongation at high temperature, this increase was no more

severe than that observed with the pp2c.d2 single mutants. These findings suggest that high

temperature specifically upregulates PP2C.D2 protein abundance to prevent hypocotyl

overgrowth.

Discussion

Cell expansion is a fundamental cellular process that is essential for plant growth and develop-

ment. Our prior work suggested that plasma membrane-localized SAUR proteins inhibit

PP2C.D phosphatase activity to activate PM H+-ATPases, thereby promoting cell expansion

[18]. Using the Arabidopsis hypocotyl system as a model, we demonstrate that the exclusively

plasma membrane-localized PP2C.D2, D5, and D6 phosphatases negatively regulate hypocotyl

growth (Figs 2A and S5A). These proteins physically associate with PM H+-ATPases and nega-

tively control cell expansion by dephosphorylating the penultimate threonine residue of PM

H+-ATPases (Fig 4). Furthermore, we demonstrate that all three phosphatases can interact

with SAUR19 in yeast 2-hybrid assays, that D5 co-immunoprecipitates with SAUR19 from

plant extracts, and that the enzymatic activities of PP2C.D2 and D5 are inhibited by SAUR

binding. While the pp2c.d2/5/6 triple mutant largely phenocopies GFP-SAUR19 overexpression

plants, it is noteworthy that the hypocotyls of light-grown pp2c.d2/5/6 seedlings were still

slightly shorter than those of GFP-SAUR19 seedlings (Fig 3A and 3B). This suggests that in

addition to the PP2C.D2, D5, and D6 phosphatases, additional PP2C.D family members may

make minor contributions to the control of hypocotyl length. Consistent with this possibility,

all family members except PP2C.D7 were strongly expressed in hypocotyls (Fig 1A), and we

found that all except PP2C.D8 could antagonize AHA2 function in the heterologous yeast

expression system (Fig 4D). Alternatively, it is also possible that SAUR19 has regulatory targets

in addition to the PP2C.D phosphatases that may contribute to SAUR19-mediated cell expan-

sion. Other than PP2C.D2, D5, and D6, the remaining PP2C.D family members did not appear

to influence cell expansion in hypocotyl growth (S5A Fig). However, these proteins may regu-

late cell expansion to control the growth of other specific organs or developmental processes.

Supporting this hypothesis, PP2C.D1 was found to regulate the differential growth at the apical

hook in etiolated seedlings [18, 24]. Our findings elucidate the contributions of individual

PP2C.D phosphatases to cell expansion and provide insights into auxin-induced cell expansion

via an acid growth mechanism.

Prior computational analysis of PP2C.D proteins identified putative bipartite nuclear locali-

zation signals in all 9 family members and potential transmembrane spanning regions in

PP2C.D1, D3, D4, D6, D7, and D9 [41]. Our analysis of PP2C.D(1–9)pro:PP2C.D(1–9)-GFP
reporters, as well as a prior study employing 35Spro:PP2C.D-GFP reporters [28], correlate rela-

tively poorly with these predictions. While PP2C.D2, D5, and D6 localized exclusively to the

plasma membrane, the remaining PP2C.D family members localized to various cellular com-

partments, with D8 exhibiting mitochondrial localization, and D1, D3, and D4 exhibiting both

nuclear and cytosolic localization (Fig 2). In the case of PP2C.D2, D5, and D6, two of which

lack a predicted transmembrane span, it is unclear how they associate with the plasma
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membrane. However, since all three physically interact with PM H+-ATPases (Figs 4C and

S7), an attractive hypothesis is that they are recruited to the plasma membrane via their inter-

action with these H+ pumps. In regard to the non-plasma membrane family members, it is

interesting to note that some SAUR proteins have also been shown to reside in the nucleus

(SAUR32 [44] and SAUR36 [45]) and cytosol (SAUR32 [44], SAUR40 [46], SAUR41 [47],

SAUR55 [45], and SAUR71 [46]). However, the functions of SAUR proteins in these cellular

compartments remain to be elucidated. We hypothesize that these SAUR proteins may regu-

late similarly localized PP2C.D proteins to control the phosphorylation status of their respec-

tive substrates. Identifying non-plasma membrane localized SAUR-PP2C.D regulatory

modules and their substrates is an exciting area for future studies.

Our loss- and gain-of-function studies demonstrate that the PP2C.D2, D5, and D6 phos-

phatases function as negative regulators to control diverse plant growth processes, including

root, hypocotyl, leaf, flower, and silique growth. These proteins play a crucial role in elongation

growth, such as hypocotyl and stamen filament growth (Figs 3 and 5). Stamen filament elonga-

tion growth during the late stages of stamen development is crucial for mature pollen to reach

the stigma for a successful pollination. The yuc1/2/6, tir1 afb1/2/3, and arf6 arf8 mutants

exhibit short stamen filaments [48–50], indicating an essential function of auxin in stamen fila-

ment elongation growth. The auxin-induced SAUR63 family genes (SAUR61-68 and SAUR75),

the likely downstream targets of auxin response factors ARF6 and ARF8 [50], have been

shown to positively regulate stamen filament elongation growth [34], suggesting that these

SAUR proteins may contribute to auxin-mediated stamen filament elongation growth. The

PP2C.D2, D5, and D6 genes were all highly expressed in stamen filaments (S1B Fig), and pp2c.
d2/5/6 and PP2C.D5 overexpression flowers exhibited longer and shorter stamen filaments,

respectively, than those of wild-type flowers (Figs 3I and 5J). These results convincingly show

that the PP2C.D2, D5, and D6 phosphatases negatively regulate stamen filament elongation

growth and may therefore be important for the reproductive success of plants. It would be

interesting to determine whether these three phosphatases physically interact with the

SAUR63 family proteins to regulate stamen filament elongation growth. Our detailed pheno-

typic analyses of pp2c.d2/5/6 and GFP-SAUR19 plants indicate that pp2c.d2/5/6plants pheno-

copy nearly all known phenotypes of GFP-SAUR19 overexpression plants, including increased

cell expansion, hypocotyl and leaf growth, defective apical hook development and phototropic

response, and elevated PM H+-ATPase phosphorylation and activity (Fig 3). These findings

suggest that PP2C.D2, D5, and D6 phosphatases are the primary effectors of plasma mem-

brane-localized SAUR proteins that regulate cell expansion.

Differential growth is crucial for plant development and growth responses to environmen-

tal stimuli, such as light and gravity. Our studies implicate PP2C.D2, D5, and D6 as important

regulators of differential growth, as the triple mutant exhibits defects in both phototropic

bending and apical hook development. We previously reported that while the pp2c.d1 mutant

exhibits defects in apical hook development, the pp2c.d2, d5, and d6 single mutants displayed

apical hooks comparable to wild-type controls [18]. However, consistent with our hypothesis

that these phosphatases function redundantly, etiolated pp2c.d2/5/6 seedlings exhibited clear

defects in apical hook formation (Fig 3J and 3K). Interestingly, while PP2C.D1 is specifically

expressed on the inner side of apical hooks (Figs 1C, 1D and 2B), PP2C.D2, D5, and D6 expres-

sion appears uniform across the hook (Fig 1C). Together with the observed differences in sub-

cellular localization (Fig 2), these findings suggest that PP2C.D1 and the three PM-localized

phosphatases likely play distinct roles in modulating apical hook development. Furthermore,

unlike PP2C.D1, the uniform expression of the PM-localized family members across the apical

hook suggests that regulatory proteins must be differentially expressed in order to achieve

PP2C.D2/D5/D6-mediated differential growth. As auxin plays a prominent role in hook
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development, and auxin response is known to vary across the apical hook [51], it seems likely

that auxin-regulated SAUR proteins fulfill this function. Support for this contention can be

found from prior gene expression studies of tropically-stimulated organs, which have revealed

that multiple SAUR genes are differentially expressed in tropically-stimulated stems and hypo-

cotyls, with expression being higher on the elongating side of the organ [37–39, 52–55]. Since

SAUR proteins inhibit PP2C.D activity, this differential pattern of SAUR expression would be

expected to result in differential PP2C.D (and consequently PM H+-ATPase) activities across

the organ, thus resulting in tropic bending. Indeed, differential apoplastic acidification was

recently reported in gravistimulated Arabidopsis hypocotyls [20]. In the pp2c.d2/5/6mutant,

however, the primary effectors of SAUR function are missing, and consequently, defects in

apical hook development and tropic bending result.

While SAUR genes are rapidly upregulated in response to auxin, we did not observe auxin-

mediated regulation of the majority of PP2C.D family members in either qRT-PCR or GUS

reporter assays (Fig 7C). PP2C.D1 and PP2C.D7 were notable exceptions, however, as both

genes were auxin-inducible, albeit with delayed kinetics compared to SAUR genes (Fig 7C).

Although neither PP2C.D1 nor PP2C.D7 appear to play an important role in hypocotyl elon-

gation under standard growth conditions, it is possible that delayed, auxin-induced expression

could potentially function to attenuate SAUR-mediated growth regulation of other organs or

processes, such as apical hook development.

A more compelling case for increased PP2C.D expression functioning to attenuate SAUR-

mediated growth was observed in our studies of high temperature-induced hypocotyl elonga-

tion. Arabidopsis seedlings grown under high temperature conditions exhibit elongated

hypocotyls [56, 57]. Our previous studies demonstrated that high temperature induces the

expression of SAUR19 family genes to promote hypocotyl growth [43]. In this study, we found

that high temperature also specifically upregulates PP2C.D2 protein levels (Figs 7D, 7E and

S9). This increase appears to occur post-transcriptionally, as temperature did not affect PP2C.

D2 mRNA levels. Compared with high temperature-induction of SAUR genes, the increase in

PP2C.D2 protein abundance exhibited a delayed response to high temperature (Fig 7D and

7F). We demonstrate that this increase in PP2C.D2 expression is biologically meaningful, as

two independent pp2c.d2 mutant seedlings exhibited enhanced hypocotyl growth under high

temperature conditions (Fig 7G). These results provide strong support for the hypothesis that

high temperature upregulation of PP2C.D2 protein abundance attenuates the hypocotyl

growth conferred by SAUR proteins, preventing hypocotyl overgrowth. Our findings suggest a

novel layer of regulation in high temperature-induced elongation growth. Determining the

underlying mechanism(s) by which temperature affects PP2C.D2 protein abundance, such as

enhanced translation or increased protein stability, is an exciting topic for future research that

will further elucidate our understanding of high temperature-induced growth regulation.

Materials and methods

Plant materials and growth conditions

Arabidopsis Genome Initiative locus identifiers for the genes employed in this study are as fol-

lows: SAUR19 (At5g18010), SAUR9 (At4g36110), SAUR22 (At5g18050), SAUR23 (At5g1806

0), PP2C.D1 (At5g02760), PP2C.D2 (At3g17090), PP2C.D3 (At3g12620), PP2C.D4 (At3g550

50), PP2C.D5 (At4g38520), PP2C.D6 (At3g51370), PP2C.D7 (At5g66080), PP2C.D8 (At4g339

20), PP2C.D9 (At5g06750), PP2C.I1 (At2g25070), PP2C.F9 (At1g43900), AHA2 (4g31090), and

AUX1 (At2g38120).

Arabidopsis thaliana plants were grown under long-day conditions (16 h light/8 h dark)

under ~ 80 μEm-2s-1 fluorescent lighting at 20–22 oC unless stated otherwise in figure legends.
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All transgenic lines and mutants were in the Columbia (Col) ecotype. Seeds were surface steril-

ized in a solution containing 30% bleach and 0.04% triton X-100 and washed in sterile water.

Seeds were cold treated for 2 to 3 days at 4 oC to synchronize germination. Seedlings were

grown on ATS plates containing 1% sucrose and 0.5% Agargel (Sigma-Aldrich). The ATS

nutrient solution contained 5 mM KNO3, 2.5 mM KPO4, 2 mM MgSO4, 2 mM Ca(NO3)2,

50 μM Fe-EDTA, 70 μM H3BO3,14 μM MnCI2, 0.5 μM CuSO4, 1 μM ZnSO4, 0.2 μM

Na2MoO4,10 μM NaCI, and 0.01 μM CoCI2. For medium acidification assays, 6–8 day-old

light-grown seedlings were transferred from ATS medium to plates containing 0.04 mg/ml

bromocresol purple (BCP, Sigma) and 0.5% Agargel with the pH adjusted to 6.5 with KOH,

and incubated under long-day lighting as detailed above. Once color changes to the medium

were visible, plates were imaged on a bed scanner.

Statistical analyses

All statistical analyses were performed by analysis of variance (ANOVA) with the JMP Pro

13.1 software suite (SAS Institute). Results of Tukey’s HSD (honestly significant difference)

test were grouped by letters, with different letters indicating significant differences (P< 0.05).

Phototropism analyses

Sterilized seeds were cold treated for 3 days at 4˚C in the dark, exposed to white light for 2

hours at 20 oC to induce seed germination, and then incubated for 4 days at 20 oC in the dark.

Etiolated seedlings were photo-stimulated with unilateral blue light for various times, and the

angles of hypocotyl bending were measured by ImageJ. Blue light (470 nm) was provided by a

SNAP LITE light system (Quantum Devices).

Transgenic plant lines

PP2C.D1-D9 genomic DNAs containing the promoters and coding sequences without the stop

codons were amplified by PCR (S1 Table) and cloned into pENTR/D-TOPO using the pENTR

directional TOPO cloning kit (Invitrogen). In most cases, the entire intergenic region between

the PP2C.D start codon and the previous gene was included. The length of upstream promoter

sequence for each gene is listed in S1 Table. These PP2C.D inserts were recombined into

pGWB203 (GUS) [58], pGWB204 (GFP) [58], and pEarleyGate 301 (HA) [59] using the Gate-

way LR clonase II enzyme mix (Invitrogen) to make PP2C.D(2–9)pro:PP2C.D(2–9)-GUS,

PP2C.D(1–9)pro:PP2C.D(1–9)-GFP, and PP2C.D(2,5,6)pro:PP2C.D(2,5,6)-HA constructs,

respectively. Similarly, 4426 bp of PP2C.D1 promoter sequence was cloned into pBGWFS7

(EGFP-GUS) [60] to make a PP2C.D1pro:EGFP-GUS construct. All binary vectors were intro-

duced into Agrobacterium tumefaciens strain GV3101 (helper plasmid pMP90) by electropora-

tion. The floral dip method was used to transform Arabidopsis [61]. Transgenic plants were

selected on ATS plates containing 0.01% herbicide Basta (Bayer CropScience) or hygromycin

(25 μg/ml).

GUS assays

GUS staining of plant tissues was performed at 37 oC in a solution containing 100 mM sodium

phosphate (pH 7.0), 10 mM EDTA, 0.5 mM K4Fe[CN]6, 0.5 mM K3Fe[CN]6, 0.1% triton X-

100, and 1 mM X-Gluc (5-Bromo-4-chloro-3-indoxyl-beta-D-glucuronide cyclohexylammo-

nium salt, Gold Biotechnology). After removing chlorophyll with 70% ethanol, GUS-stained

tissues were cleared in a solution containing 20% lactic acid and 20% glycerol. GUS expression
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patterns were imaged with an Olympus SZX12 dissecting microscope using the SPOT

Advanced imaging software.

Co-immunoprecipitation (co-IP) and western/far-western blots

Plant microsomal proteins were prepared as previously described [62]. Co-IP and western blot

assays were performed as previously described with the exception that the tris-buffered saline

buffer (TBST, 0.05% tween 20, pH7.6) was used for western blots [18]. Far-western blot assays

were performed as previously described [32]. GST-14-3-3 fusion proteins were detected by an

HRP-conjugated anti-GST antibody (GE Healthcare Life Sciences). Proteins were detected

using the SuperSignal West Pico or West Femto Maximum Sensitivity Substrates (Thermo

Scientific).

Yeast two-hybrid and complementation assays

The lexA-based yeast two-hybrid system using the bait plasmid pBTM116 and the prey plas-

mid pACT2 [63] was used to examine SAUR19 and PP2C.D phosphatase interactions.

pBTM116-SAUR19 and pACT2-PP2C.D plasmids were co-transformed into yeast strain

L40ccU3 [MATa, his3-200, trp1-901, leu2-3, 112ade2 LYS2::(lexAop)4-HIS3, URA::(lexAop)
8-lacZ, GAL4, gal80] [63], plated onto appropriate selection media, and grown at room tem-

perature for 3 to 6 days.

Saccharomyces cerevisiae strain RS-72 (MATa, ade1-100, his4-519, leu2-3, 312, GAL1pro:

PMA1) and the PMA1pro:AHA2 construct in the expression plasmid pMP1745 were previ-

ously described [40]. PP2C.D1-9, PP2C.I1, and PP2C.F9 full-length cDNAs were cloned into

the NotI site of the expression vector pMP1612 [40]. All plasmids were introduced into yeast

strain RS-72 by lithium acetate transformation. PMA1 complementation tests were performed

as previously described [18].

In vitroAHA2 dephosphorylation assays

The 6xHis-SAUR9 and 6xHis-PP2C.D1 constructs in the expression vector pET32 were previ-

ously described [18]. The full-length cDNAs of PP2C.D2 and PP2C.D5 in pENTR/D-TOPO

were recombined into pET32-GW using the Gateway LR clonase II enzyme mix to make the

6xHis-PP2C.D2 and 6xHis-PP2C.D5 bacterial expression constructs. Expression and purifica-

tion of His-tagged recombinant proteins and AHA2 dephosphorylation assays were carried

out as previously described [18].

Quantitative RT-PCR

RNAs were prepared from seedlings using the RNeasy Plant Mini (Qiagen) or Nucleospin

RNA Plant (Macherey-Nagel) kit, and an on-column DNase treatment was included to remove

contaminating DNA. Two micrograms of RNA were used to synthesize cDNA using Moloney

murine leukemia virus (M-MLV) reverse transcriptase (Promega). qRT-PCR reactions were

performed on the LightCycler System (Roche Applied Sciences) using the SYBR Green Jump-

Start Taq Ready Mix (Sigma-Aldrich) or StepOnePlus Real-Time PCR System (Applied Bio-

systems) using the Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent Genomics).

Primers for qRT-PCR were previously described [18, 36], and results were based on three bio-

logical replicates.
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Bimolecular fluorescence complementation (BiFC) assays

The full-length cDNA sequences lacking stop codons of PP2C.D2, D5, and D6 were cloned

into pENTR/D-TOPO. These inserts were subsequently recombined into the pSPYNE and

pSPYCE destination vectors [64] using Gateway LR Clonase II Enzyme Mix to generate BiFC

expression constructs. AHA2 and AUX1 BiFC expression constructs were previously described

[18]. All binary vectors were introduced into Agrobacterium strain GV3101 (with the pMP90

helper plasmid) by electroporation. BiFC assays were performed in an Nicotiana benthamiana
transient expression system as previously described [65]. Leaves of ~ 5-week-old Nicotiana
benthamiana plants were used for infiltration. The infiltration solution contained 10 mM

MgCl2, 10 mM MES-KOH (pH 5.6), and 150 μM acetosyringone. Fluorescent signals in leaf

epidermal cells were observed three days after infiltration. Confocal microscopy was per-

formed with a Nikon A1 spectral confocal microscope.

Supporting information

S1 Fig. Expression patterns of PP2C.D-GUS reporters. β-glucuronidase staining patterns of

(A) 2-week-old light-grown plants, (B) flowers, and (C) siliques. GUS staining was performed

at 37 oC for 24 h. Scale bars = 2 mm (A and C) or 1 mm (B).

(PDF)

S2 Fig. Expression patterns of PP2C.D7. This figure was obtained from the Arabidopsis eFP

Browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi).

(PDF)

S3 Fig. pp2c.d T-DNA insertion mutants. (A) T-DNA insertion locations in PP2C.D genes.

Lines represent introns, and gray boxes represent exons. White boxes represent 5’ or 3’ UTRs

(untranslated regions). Triangles represent T-DNA inserts. (B) The catalytic domains of PP2C.

D phosphatases were predicted by SMART (http://smart.embl-heidelberg.de). All T-DNA

insertions are before or within the predicted catalytic domains.

(PDF)

S4 Fig. RT-PCR analyses of PP2C.D transcripts in pp2c.d mutants. (A) RNAs were prepared

from 7-day-old light-grown seedlings. Following reverse transcription, cDNAs were amplified

by PCR (29 cycles) using primers spanning the T-DNA insertion site (S1 Table). (B) RT-PCR

of the pp2c.d2-2 allele (SALK_203806) was conducted as described above. All pp2c.d mutants

appear to be null or severe knock-down alleles.

(PDF)

S5 Fig. Shoot growth phenotypes of pp2c.d mutants. (A) and (B) Hypocotyl length of 8-day-

old light-grown seedlings. pp2c.d2-1 (WiscDsLox493G12) referred to as d2 was used for gener-

ating various higher order pp2c.d mutants. Error bars = SEM (n = 41–52) (A) or SD (n = 20–

26) (B). (C) Hypocotyl length of 7-day-old light-grown seedlings. Error bars = SD (n = 15).

Two independent native promoter::PP2C.D(2, 5 or 6)-GFP lines were assessed for comple-

mentation of the pp2c.d2/5/6 long hypocotyl phenotype. All three transgenes rescued the long

hypocotyl phenotype of the pp2c.d2/5/6mutant. (D) Fifty-one-day-old plants and measure-

ments of total plant height. Scale bar = 4 cm. Error bars = SD (n = 17–18). (E) Siliques and

measurements of silique length. Scale bar = 4 mm. Error bars = SD (n = 92–94). Different let-

ters above the bars indicate significant differences (P < 0.05).

(PDF)

S6 Fig. PP2C.D phosphatases interact with SAUR19 in yeast two-hybrid assays. (A) Yeast

two-hybrid assays examining PP2C.D and SAUR19 protein interactions. pACT2-PP2C.D and
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pBTM116-SAUR19 plasmids were co-transformed into yeast strain L40ccU3, plated onto

appropriate selection media, and grown at room temperature for 3 to 6 d. Interactions were

detected with all family members except PP2C.D7 and PP2C.D9. (B) Western blot analyses of

PP2C.D1-HA, PP2C.D7-HA, and PP2C.D9-HA protein expression in yeast detected by an

anti-HA antibody. Protein extracts were prepared from three independent yeast colonies.

(PDF)

S7 Fig. PP2C.D phosphatases interact with plasma membrane H+-ATPases in Nicotiana
benthamiana leaf epidermal cells. BiFC assays detecting PP2C.D and AHA2 protein interac-

tions in Nicotiana benthamiana leaves.

(PDF)

S8 Fig. Expression of PP2C.D5-HA protein complements the hypocotyl growth phenotype

of pp2c.d5 seedlings. (A) Hypocotyl length of 8-day-old seedlings grown under 30 μE m-2 s-1

light. Error bars = SEM (n = 33–58). Different letters above the bars indicate significant differ-

ences (P < 0.05). (B) Western blot analyses of PP2C.D5-HA protein expression. Twenty-five

micrograms of total proteins were loaded. PP2C.D5-HA and the SEC12 loading control were

detected by anti-HA and anti-SEC12 antibodies, respectively.

(PDF)

S9 Fig. Expression of PP2C.D-GUS reporters in seedlings shifted to high temperature. (A)

Four-day-old light-grown seedlings grown at 20 oC were shifted to 28 oC for 1 d and stained

for β-glucuronidase activity. (B) Two-day-old light-grown seedlings grown at 20 oC were

shifted to 28 oC for 5 d and stained for β-glucuronidase activity. Images on the left side of each

panel depict GUS staining patterns of seedlings maintained at 20 oC over the duration of the

experiment. GUS staining was performed at 37 oC overnight.

(PDF)

S1 Table. PCR primers used in this study.

(PDF)
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