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Abstract 

Metabolism, auxin signalling and ROS all contribute to plant growth and each is linked to plant 

mitochondria and the process of respiration. Knockdown of mitochondrial SUCCINATE 

DEHYDROGENASE ASSEMBLY FACTOR 2 (SDHAF2) in Arabidopsis thaliana, lowered 

succinate dehydrogenase activity and led to pH-inducible root inhibition when the growth medium 

pH was poised at different points between 7.0 and 5.0, but this phenomenon was not observed in 

WT. Roots of sdhaf2 mutants showed high accumulation of succinate, depletion of citrate and 

malate and up-regulation of ROS-related and stress-inducible genes at pH 5.5. A change of 

oxidative status in sdhaf2 roots at low pH was also evidenced by low ROS staining in root tips and 

altered root sensitivity to H2O2. sdhaf2 had low auxin activity in root tips via DR5-GUS staining, 

but displayed increased IAA (auxin) abundance and IAA hypersensitivity, which is most likely 

caused by the change in ROS levels. On this basis we conclude that knockdown of SDHAF2 

induces pH-related root elongation and auxin hyperaccumulation and hypersensitivity, mediated by 

altered ROS homeostasis. This observation extends the existing evidence of associations between 

mitochondrial function and auxin by establishing a cascade of cellular events that link them through 

ROS formation, metabolism and root growth at different pH values.  

 

Keywords: Mitochondrial Metabolism; Reactive Oxygen Species; Soil Acidification; Root 

Elongation; Auxin; Oxidative Stress. 
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Introduction 

Growth and nutrient uptake by plant roots requires energy via respiration. During respiration in 

mitochondria, the tricarboxylic acid (TCA) cycle drives reduction of the electron transport chain 

and ATP is synthesised by oxidative phosphorylation (Millar et al. 2011). Additionally, the 

mitochondrial electron transport chain can produce reactive oxygen species (ROS) at various rates 

which can impact on respiratory and cellular function and also initiate or perpetuate a variety of 

signalling processes in the cell (Huang et al. 2016). Dysfunction of a variety of mitochondrial 

components leads to inhibition of root growth. For examples, decreased mitochondrial activities of 

malate dehydrogenase and fumarase in tomato lead to altered root growth via diverse mechanisms 

(Van Der Merwe et al. 2009). Arabidopsis mutant lines with deficiency in mitochondrial complex I 

function display reduced growth both in shoots and roots (de Longevialle et al. 2007; Lee et al. 

2002; Meyer et al. 2009), mitochondrial glutaredoxin mutants have short roots (Ströher et al. 2016), 

and mitochondrial Lon-protease mutants were first identified and then studied as short-rooted plants 

(Li et al. 2017; Rigas et al. 2009; Solheim et al. 2012). The dysfunction of a mitochondrial pyruvate 

dehydrogenase subunit causes short root and a small shoot phenotype and affects polar auxin 

transport via metabolic abnormalities (Ohbayashi et al. 2019).  However, a mutant (sdhaf2) with a 

reduced level of the mitochondrial complex II assembly factor 2 displayed a short root phenotype 

but did not show any apparent effect on shoot growth (Huang et al. 2013), indicating a root-specific 

phenotype.  

Plant root elongation is known to be affected by low pH that occurs in acidic soil or culture solution 

(Haling et al. 2011; Koyama et al. 1995; Zhang et al. 2015). Increased root respiration of corn at 

pH 4.0 was observed but the root respiration rate dropped when pH dropped below the critical level 

of pH 3.5 (Yan et al. 1992), indicating changes in mitochondrial function at different levels of 

acidity. Root metabolic reprogramming has been considered a part of the adaptation mechanism for 

plants to different pH, particularly the levels of TCA cycle substrates such as malate and citrate 

(Terzano et al. 2015; Yan et al. 1992). The whole root transcriptional response of lowering pH from 

5.7 to 4.6 has been previously studied and principal component analysis (PCA) of gene ontology 

(GO) categories with another 12 publically available stress treatments indicated that each stress 

elicited distinct functional response in the root (Iyer-Pascuzzi et al. 2011). The GO category 

highlighted by that PC analysis in response to low pH treatment was annotated to a group of genes 

that are involved in oxidative stress response (Iyer-Pascuzzi et al. 2011). In rice roots, low 

pH treatment induced changes in the anti-oxidative system at the levels of both gene expression and 

enzymatic activity (Zhang et al. 2015). Therefore, root elongation at different pH is related to the 

cellular oxidative status in roots. Plant root elongation is also known to be regulated by hormones, 
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particularly auxin, for proliferation and elongation (Overvoorde et al. 2010; Petricka et al. 2012) 

and auxin also has long been linked with pH and root elongation through the acid-growth 

hypothesis (Barbez et al. 2017). It is likely that changes to auxin homeostasis and/or signalling 

underpin the low pH responses in roots described above in other studies. Auxin homeostasis and 

signalling are regulated by redox status, which is linked to ROS levels (Tognetti et al. 2012). 

A range of links between plant mitochondrial function and auxin biology have also been reported. 

Dysfunction of a mitochondria-localized AAA-protease (AtFtSH4) increased ROS levels and 

caused excessive axillary branches and a dwarf phenotype (Zhang et al. 2014). Elevated ROS 

production caused by mitochondrial complex I malfunction can mediate the interplay between 

abscisic acid and auxin signalling, which regulates the primary root growth in Arabidopsis (He et al. 

2012). Research on forward genetic screens using the mitochondrial stress response marker 

alternative oxidase 1a (AOX1a) revealed that mitochondrial stress signalling and auxin signalling 

are reciprocally regulated, balancing growth and stress responses (Ivanova et al. 2014). It has also 

been shown that acidic growth media can repress some auxin-responsive genes (Lager et al. 2010) 

and mitochondrial mutants with stress-induced short root phenotypes have been reported 

(Finkemeier et al. 2005). However, the evidence to support the notion that plant mitochondria play a 

role in root elongation not only via energy production but also through interaction with hormone 

signalling and ROS homeostasis, is fragmentary and a concerted effort to link the two more closely 

is required. 

In this study, we report that sdhaf2, a knockdown of SUCCINATE DEHYDROGENASE 

ASSEMBLY FACTOR 2 which was originally shown to have a short root phenotype (Huang et al. 

2013), actually has a notable pH-sensitivity in its root elongation, with a gradual decrease of root 

elongation in growth medium poised at different pH between 7.0 and 5.0. Furthermore, the root 

elongation of sdhaf2 is hypersensitivity to auxin at low pH. We investigated the root responses of 

WT and sdhaf2 to different pH values using SDH activity assays, metabolomics, global gene 

expression analysis and staining of ROS and auxin distribution and level analysis. We show that the 

pH-dependent root elongation inhibition in sdhaf2 is underpinned by the altered mitochondrial 

metabolism, changes to ROS metabolism and increased levels of and sensitivity towards auxin. 

Furthermore, since this mutant is an inducible auxin hyperaccumulator, it provides a valuable tool 

for investigating the effects of auxin without application. 
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Results 

Root elongation is decreased in the sdhaf2 mutant in response to pH 

There was no significant difference in root elongation rate of WT seedlings over 9 days when 

pH was poised a different levels between 7.0 and 5.5, and only a small reduction in elongation rate 

as acidity was finally increased to pH 5.0 (Fig. 1). However, we found that the short root phenotype 

of the knockdown sdhaf2 line was highly pH dependent. At pH 7.0 sdhaf2 had a similar root 

elongation to WT, but this rate rapidly dropped as the pH was lowered (Fig. 1). The pH shift from 

6.5 to 6.0 caused a major loss of root elongation, in line with the conditions in the original report of 

this mutant (Huang et al. 2013). At pH 5.5 the root length of sdhaf2 at day 9 was only a third of WT 

(Fig. 1). We previously showed that the short root phenotype of sdhaf2 at pH 5.8 was fully 

recovered in a complemented line constitutively expressing a cDNA of SDHAF2 (Huang et al., 

2013), Here we show that the complemented line did not respond to pH from 7.0 to 5.5 (Fig.1, 

Supplemental Fig. 1), indicating the pH-related root elongation inhibition in sdhaf2 is controlled by 

the deficiency in expression of this gene.  We then looked at the root tip after 6 days of growth at 

pH 5.5 or pH 7.0 and found that sdhaf2 plants at pH 5.5 had much shorter meristem regions 

compared to WT plants at pH 5.5 and sdhaf2 at pH 7.0 (Fig. 2). The shorter root meristem in sdhaf2 

was mainly due to fewer cells in this region (Fig. 2). For example, sdhaf2 grown at pH 5.5 had an 

average 18 epidermal cells in meristem region, while there were 23-25 epidermal cells in the 

meristem region in root tips of WT at pH 5.5 and pH 7.0 or sdhaf2 at pH 7.0 (Fig. 2).        

Root SDH activity response to pH disappeared and metabolite levels changes in sdhaf2  

To determine the impact of external pH on whole root SDH activity, we measured the SDH activity 

in root extracts using the DCPIP-PMS coupled method (Huang et al., 2010). At pH 5.5, SDH 

activity in WT root was much higher than that in sdhaf2 roots (Fig. 3A). At pH 7.0, there was no 

significant difference in root SDH activity between WT and sdhaf2 (Fig. 3A), mainly due to 

decreased enzymatic activity from pH 5.5 to 7.0 in WT (Fig. 3A). The significant decrease in SDH 

activity in WT roots from pH 7.0 to 5.5 suggested a greater requirement for SDH activity under 

acidic conditions. But in sdhaf2 this root SDH activity response to pH disappeared, indicating a 

reduced capability to adjust SDH to acidic condition requirements.  

To determine the impact of pH changes on metabolic profiles in roots at pH 7.0 and pH 5.5, we 

conducted metabolomic analysis using GC-MS. Previously, we reported 6-fold accumulation of 

succinate in roots of sdhaf2 plants grown at pH 5.8 (Huang et al. 2013). Consistently, higher 

accumulation of succinate in the roots of sdhaf2 was observed not only at pH 5.5 but also at pH 7.0 
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when compared with WT (Fig. 3B). The succinate abundance in roots at pH 7.0 was significantly 

lower than at pH 5.5 in both sdhaf2 and WT (Fig. 3). For fumarate, there was no difference in 

abundance between WT and sdhaf2 at pH 5.5, however sdhaf2 roots had a higher abundance than 

WT at pH 7.0 (Fig. 3B). For other TCA cycle-related metabolites, we found malate and citric acid 

abundance in both lines at pH 5.5 were lower when compared with their abundance at pH 7.0 (Fig. 

3B), indicating a recurring pattern in response to pH. Negatively charged amino acids such as 

glutamic acid, aspartic acid and pyroglutamic acid were also more abundant at pH 7.0 compared to 

pH 5.5 (Fig. 3C). Fructose was more abundant in both lines at pH 5.5 (Fig. 3C). Roots of sdhaf2 

had lower levels of the anti-oxidative metabolite ascorbate compared to WT at pH 5.5, but 

maintained similar levels to WT at pH 7.0 (Fig. 3C). Ratios of changes in abundance for all 

metabolites from the GC-MS analysis are presented in Supplemental Table 1. 

RNAseq analysis of the sdhaf2 and WT revealed 506 differentially-expressed genes 

To better understand the impact of pH on root elongation, we conducted RNAseq analysis on 5 mm 

root tips from seedlings grown on plates at pH 5.5 or pH 7 for 6 days. We identified 506 genes with 

significant changes of abundance (log 2-fold) in sdhaf2 compared with WT at pH 5.5 

(Supplemental Table 2).  In Table 1, we listed genes greater than 2 fold (log2 fold) in sdhaf2 at 

pH 5.5 compared with WT at the same pH. The fold changes of those genes in other treatments are 

presented alongside in Table 1.  

Three genes encoding mitochondrial proteins are among the top 10 induced genes in sdhaf2 at 

pH 5.5 when compared with WT, namely, At5g09570 (At12Cys-2), At2g20800 (NDB4) and 

At4g21490 (NDB3) (Table 1). Those three genes were also upregulated when compared with sdhaf2 

at pH 7.0, indicating the combined induction of these three genes by genotype (Table 1). The 

At12Cys-2 and NDB4 transcript has been shown to be induced in a variety of mutants with 

dysfunctional mitochondria (Wang et al., 2016). Deletion of both At12cys-1 and At12cys-2 genes 

enhanced plants’ antioxidant capacity (Wang et al., 2016). NDA1 (At1g07180) encoding alternative 

NAD(P)H dehydrogenase 1 was up-regulated by 2-fold and 1.8-fold when compared to sdhaf2 at 

pH 5.5 and WT at pH 7.0, respectively (Supplemental Table 2). Furthermore, three genes encoding 

mitochondrial proteins (AT1G63450, At1g73580, At1g06923) were observed to be down-regulated 

by 0.53, 0.80 and 1.0 -fold in root tips of sdhaf2 at pH 5.5, respectively (Supplemental Table 2). 

At1g63450 plays a role in the acidification of xyloglucan in root hair tips (Peña et al., 2012) and 

At1g73580 plays a role in ABA–activated signalling (Rodriguez et al., 2014). Root elongation is 

known to be regulated by interaction of ABA and auxin (He et al. 2012; Xu et al. 2013). 
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The gene encoding peroxisomal isocitrate lyase (ICL, At3g21720) was up-regulated in sdhaf2 at 

pH 5.5 when compared with WT at pH 5.5 or compared with sdhaf2 at pH 7.0 (Table 1). ICL 

catalyzes the cleavage of isocitrate to succinate and glyoxylate in peroxisomes (Eastmond and 

Graham 2001). Together with malate synthase (MLS), it bypasses the two decarboxylation steps of 

the TCA cycle(Eastmond and Graham 2001). Changes of abundance of succinate, malate and citric 

acid (Fig. 2B) provide evidence that reprogramming of metabolism in peroxisome and mitochondria 

was occurring in sdhaf2. High expression of ICL in root of sdhaf2 at pH 5.5 indicated the delay of 

the turning off of the peroxisomal glyoxylate cycle, because the ICL transcript is normally present 

only in very young seedlings (Eastmond et al. 2000; Rylott et al. 2001). Interestingly, At2g13360 

that encodes peroxisomal alanine:glyoxylate aminotransferase (Morgan et al. 2008), and At2g38400 

that encode mitochondrial AGAT and At1g72330 that encodes mitochondrial alanine 

aminotransferase 2 were all up-regulated in root tips of sdhaf2 at pH 5.5 (Supplemental Table 2). In 

addition, the gene encoding the mitochondrial dicarboxylate carrier 2 (DIC2, At4g24570) that is 

responsible for transport of a range of dicarboxylates (Palmieri et al. 2008) was upregulated.  

The highest induced gene (6.08-fold) in sdhaf2 at pH 5.5 was At2g36800 which encodes don-

glucosyltransferase 1 (DOGT1; Table 1). Compared with sdhaf2 at pH 7.0, its induction at pH 5.5 

reached 3.6 fold (Table 1). DOGT1 is involved in regulation of brassinosteroid (BR) activity and 

the over-expression of DOGT1 showed a typical BR-deficient phenotype (Poppenberger et al. 

2005). In Arabidopsis, BR interacts with auxin to promote lateral root formation with the decrease 

of primary root elongation (Bao et al. 2004). Indeed, the lateral roots emerged much earlier in 

sdhaf2 than in WT at low pH (Huang et al., 2013 and Fig. 1). Both protodermal factors (PDF) 1 and 

2 (At2g42840, At4g04890) increased by 3.0-fold in root of sdhaf2 at pH 5.5 when compared with 

WT at pH 5.5 (Table 1). When compared in sdhaf2 at pH 7.0, both genes were also up-regulated by 

1.7-fold and 3.0-fold. PDF1 and PDF2 encode homeodomain proteins which are expressed in the 

meristem layer I of the vegetative, floral and inflorescence meristems (Abe et al. 2003; Abe et al. 

2001). The high expression of PDF1 and PDF2 in the sdhaf2 mutant indicated the alteration of 

growth initiation at the meristems. 

Gene ontology enrichment analysis of sdhaf2 and WT revealed most upregulated genes were 

involved in ROS and H2O2 metabolism 

To more broadly analyse the 506 genes with significant changes in expression between sdhaf2 and 

WT at pH 5.5 (Supplemental Table 2) we used gene ontology enrichment analysis (http://cbl-

gorilla.cs.technion.ac.il/) (Eden et al., 2009) with detailed p-value information listed in 

Supplemental Table 3. The enriched genes with significant changes were involved in hydrogen 

peroxide (H2O2) metabolism, reactive oxygen species (ROS) metabolic process, response to stress, 
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stimulus, and oxidative stress (p-value < 10
-9

, Supplemental Fig. 2). Furthermore, the group of 

genes involved in rRNA modification, processing, and metabolic process (p-value < 10
-7

) were 

enriched (Supplemental Figure 2). Of these 506 genes, 241 had significant changes in expression in 

sdhaf2 between pH 7.0 and 5.5 and most of them are enriched in H2O2 and ROS metabolism groups 

(p-value < 10
-9

, Supplemental Fig. 2). The other 265 genes without significant difference in 

expression between pH 5.5 and 7.0 in sdhaf2 were enriched in rRNA metabolism (p-value < 10
-7

, 

Supplemental Fig. 2). Further analysis of the 241 genes with 179 up-regulated and 62 down-

regulated genes suggested that genes involved in H2O2 and ROS metabolism were highly enriched 

in the up-regulated group but not in down-regulated group (Supplemental Fig. 2). Therefore, 

reprogramming of H2O2 and ROS metabolism occurred in roots of sdhaf2 at pH 5.5 when compared 

with WT at pH 5.5 and sdhaf2 at pH 7.0. 

To compare with other available global gene expression database via Genevestigator 

(https://genevestigator.com), we used the 241 genes with common response of sdhaf2 at pH 5.5 

when compared with WT at pH 5.5 and sdhaf2 at pH 7.0 as a signature set. When compared with 

array dataset of 3282 perturbations, the top hit with high similarities to our signature set were 

differentially expressed genes in Arabidopsis root or root protoplast samples shift from pH 5.7 to 

pH 4.6 for 6 or 12 h (Iyer-Pascuzzi et al. 2011) (Supplemental Fig. 3). Interestingly, gene ontology 

enrichment of genes in response to shift from pH 5.7 to pH 4.6 was previously annotated to a group 

of genes that are involved in oxidative stress response (Iyer-Pascuzzi et al. 2011). Therefore, the 

signature analysis indicated that our 241 gene expression pattern was best matched with plant roots 

responding to low pH which involves an oxidative stress response.  

ROS staining at root tips and response of root growth to H2O2 

To confirm if H2O2 and ROS metabolism was changing in roots of sdhaf2 at pH 5.5 when compared 

with WT at pH 5.5 and sdhaf2 at pH 7.0, we monitored ROS levels in root tissue, using 

diaminobenzidine (DAB) staining to detect H2O2 and nitro blue tetrazolium (NBT) staining to 

detect superoxide. Significant H2O2 and superoxide production were observed in root tips as 

indicated by DAB and NBT staining (Fig. 4A, B). The majority of DAB and NBT staining was 

located at the meristem region as shown in Fig.2. At pH 5.5, root tips of sdhaf2 had about half of 

the amount of DAB and NBT staining that was observed in WT (Fig. 4C). At pH 7.0, there is no 

significant difference in DAB and NBT staining between sdhaf2 and WT. This indicated that sdhaf2 

root tips at pH 5.5 had low levels of H2O2 and superoxide but increased them to the WT level when 

grown at pH 7.0 (Fig. 4C).  This is also consistent with our recent evidence that sdhaf2 has less 

ROS production in isolated mitochondria when compared with WT (Belt et al. 2017).  H2-DCFDA 

staining intensity was variable among samples and had different tissue distribution compared to 
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NBT or DAB staining (Supplemental Fig. 4); however, root tips of sdhaf2 at pH 5.5 still displayed 

less staining activity  than  WT at pH 5.5 or pH 7.0 and sdhaf2 at pH 7.0 (Fig. 4D).  

To directly assess the influence of exogenous oxidative stress on root elongation of WT and sdhaf2, 

we treated plants with H2O2 at different concentrations on plates. At pH 7.0, there are no differences 

in root elongation between WT and sdhaf2 with treatments of 0.1 mM and 0.2 mM H2O2 and 

further increase of H2O2 to 1 mM significantly inhibited root elongation in both lines to the same 

degree (Fig. 5). However at pH 5.8, H2O2 at 0.1 or 0.2 mM inhibited root elongation of sdhaf2 by 

10% but WT root elongation was inhibited by 24% with 0.1 and 0.2 mM H2O2 (Fig. 4), indicating 

sdhaf2 is less sensitive to added H2O2. Further increase of H2O2 to 1 mM significantly inhibited root 

elongation in both lines to the same degree (Fig. 5). These data were analysed using two-way 

ANOVA, which showed significant treatment, genotype and combined treatment/genotype effects 

at pH 5.5 (p-values < 10
-8

) but at pH 7.0, only the treatment (p-value < 10
-15

) and combined (p-

value = 0.004) effects were significant. 

Root tip auxin activity is lower in sdhaf2 compared to WT but auxin levels are significantly higher 

in the mutant at pH 5.5 

Auxin plays a key role in root elongation (Overvoorde et al. 2010; Petricka et al. 2012). To 

understand if the short root phenotype in sdhaf2 was linked to auxin activity, we crossed sdhaf2 

with a synthetic auxin-inducible promoter DR5-GUS line that reflects the distribution of auxin 

activity within plant tissues (Ulmasov et al. 1997). To test auxin activity in response to pH, we grew 

plants at pH 7.0 and pH 5.5 and performed root tip DR5 GUS staining. At pH 5.5, lower GUS 

staining in root tips of sdhaf2 was observed when compared with WT (Fig. 6A), indicating less 

auxin activity in the root tips of sdhaf2. However, at pH 7.0, the intensity of DR5-GUS staining in 

sdhaf2 and WT were similar (Fig. 6A).  

We then examined the time course of GUS staining for DR5 activities in root tips of plants grown at 

pH 5.8 (Fig. 6B) to match it to the timing of root elongation inhibition (Fig. 1). From day 2, the 

DR5 activity was much lower in sdhaf2 than WT and such a pattern persisted from day 2 to day 6. 

At day 6, the staining of vascular cells in the elongation zone of root in WT but not in sdhaf2 was 

observed (Fig. 6B). Much of the GUS staining in the root tips of WT was located in cells of 

columella, columella initials, quiescent centre and vascular initials (Fig. 6B). Staining activity in the 

root tips of sdhaf2 was much weaker compared with WT in all these areas (Fig. 6B), indicating that 

insufficient auxin activity in those cells may be responsible for slow root elongation in sdhaf2.  

However, in contrast to the DR5-GUS staining result, we found that IAA levels in the sdhaf2 roots 

at pH 5.5 were significantly higher than in the WT at pH 5.5 (Fig. 6C), indicating that the decrease 
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in DR5-GUS staining was due to a decrease in transcription-based auxin activity, rather than auxin 

level.  IAA level in the complemented line were significantly reduced when compared not only with 

sdhaf2 but also with WT (Fig. 6C), indicating that further overexpression of SDHAF2 cause 

depletion of IAA. Within WT and the complemented line, IAA levels were similar at pH 5.5 and at 

pH 7.0 (Fig. 6C). A significant decrease in IAA level appeared in sdhaf2 at pH 7.0 compared with 

pH5.5 (Fig. 6C), further demonstrating the sensitivity of sdhaf2 to changes in pH. 

Root elongation is 1.6-fold more sensitive to exogenous IAA in sdhaf2 compared to WT at pH 5.5 

The high level of auxin but decrease in DR5 staining activity in sdhaf2 roots at pH 5.5 compared 

with roots of WT could be due to a differential response to auxin between sdhaf2 and WT. To test 

root elongation in response to auxin, we added IAA at different concentrations into growth media 

with pH 5.5 or pH 7.0 (Fig. 7). We found that IAA (0.1 µM) application reduced the root length of 

the mutant by 52 % at pH 5.5, but only reduced the length of roots of the WT by 33 % and the 

complemented line by 39% (Fig. 7). This indicates that the mutant is hypersensitive to IAA, which 

contributes to the short root phenotype and can be restored to wildtype sensitivity levels in the 

complemented line. In contrast, the concentration of IAA is required to inhibit root growth by ca. 

50 % was five times higher at pH 7.0 (treatment with 0.5 µM IAA resulted 52 % (sdhaf2),53 % 

(WT) and 55% (complemented line) reductions in root lengths (Fig. 6). Therefore, sensitivity to 

IAA was increased at pH 5.5 and sdhaf2 became IAA hypersensitive at low pH compared with the 

WT and the complemented line. It should be noted that, since IAA has a pKa of 4.66, the 

concentrations of undissociated IAAH at pH 5.5 were higher than those at pH7.0 (Fig. 6). The 

higher sensitivity of root elongation to IAA at pH 5.5 compared to at pH 7.0 can be explained by 

the hypothesis that IAAH would diffuse more readily across the plasma membrane than the 

dissociated form of IAA
-
 (Martin and Pilet 1987).  Although the differences between the mean root 

lengths between the three genotypes were greatly diminished at pH 7.0 compared to at pH 5.5, two-

way ANOVA revealed significant genotype, treatment and genotype/treatment interaction effects 

both at pH 7.0 and at pH 5.5 (p-values < 10
-4

 in all cases). 

Discussion 

Root elongation relies on mitochondria function for energy production for growth and nutrition 

uptake. Deficiency in mitochondrial function in mutant lines can result in constitutive inhibition of 

root elongation that has been previously explained as due to complicated mechanisms including 

oxidative stresses, imbalance of hormones and restricted energy production (Berkowitz et al. 2016; 

Ng et al. 2014; Xia et al. 2015). Previously we reported mitochondrial succinate dehydrogenase 

assembly factor 2 (SDHAF2) is needed for normal root elongation in Arabidopsis (Huang et al. 

2013). In this study, we report that the inhibition of root elongation in sdhaf2 is in fact highly pH-
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dependent and hypersensitive to IAA. Therefore we can use it to explore the functional link of this 

gene for a mitochondrial function with changes in pH and auxin response in root growth and 

provide evidence for a cascade of events that link them (Fig. 8). 

Low pH slows root growth in a mitochondrial function-dependent manner  

Inhibition of root elongation caused by soil acidification has been long observed (Haling et al. 

2011). In Arabidopsis, root elongation has been reported to be gradually inhibited by lowering 

pH from 5.5 to either 5.0, 4.8 or 4.5 in hydroponic systems (Koyama et al. 1995). Consistently, we 

found that pH 5.0 started to inhibit root elongation of WT on agar plates (Fig. 1). Although there 

was no difference in root elongation of WT seedlings between pH 7.0 and 5.5 (Fig. 1), significant 

differences in abundance of root metabolites linked to the TCA cycle and a variety of transcripts 

associated with stress response were observed between these treatments (Fig. 3 and Supplemental 

Table 2). For example, lower malate and citric acid levels and higher succinate levels in roots were 

observed at pH 5.5 when compared with pH 7.0 (Fig. 3). Root metabolic reprogramming is a part of 

the mechanism for plant adaptation to different pH, particularly changes in malate metabolism (Yan 

et al. 1992). Compared with roots at pH 7.0, roots at pH 5.5 had lower expression of At5g23990 

(ferric reduction oxidase, 3.2-fold) and At1g08090 (nitrate transporter, 3.3-fold), respectively 

(Supplemental Table 2), indicating changes in nutrient uptake at low pH. High induction of NDB4, 

NDB3 in the roots of WT at pH 5.5 compared with roots at pH 7.0 (Table 1) also indicate the 

adaptation of mitochondrial electron transport chain at low pH. NDBs are non-phosphorylating 

bypasses that enable the TCA cycle to operate in an anaplerotic mode with some independence 

from adenylate control and to deliver cytosolic reductant in the form of NADH directly to the 

electron transport chain (Millar et al. 2011). This notion of a change in TCA cycle operation was 

also supported by the observation of higher SDH activity at pH 5.5 than that at pH 7.0 (Fig. 3A). 

SDH, NDB4 and NDB3 share a common role of delivering electrons to the ubiquinone pool to fuel 

the respiratory chain, suggesting a need for all these pathways for a qualitative change in respiration 

to allow growth at low pH.  

Elongation of sdhaf2 roots was acutely sensitive to external pH with growth inhibition at pH 5.8 

(Huang et al. 2013). Root length of sdhaf2 gradually reduced from pH 7.0 to 5.5 (Fig. 1) and the 

slow root elongation of sdhaf2 at pH 5.5 mimicked the inhibition of root growth of WT when 

pH was poised below 5 (Koyama et al. 1995). This claim is supported by gene signature analysis 

which showed the 241 gene expression patterns that were significantly lower in sdhaf2 at pH 5.5 

compared to 7.0 (Supplemental Fig. 2) matched well with the WT plant root response to pH as low 

as 4.6 (Iyer-Pascuzzi et al. 2011). So low pH causes growth inhibition in even in WT, and sdaf2 is 

primarily just more sensitive to this effect (Fig. 8).  
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Changes in mitochondrial function impact their ROS production in plant cells. 

Previous work backs the link between mitochondrial dependency of growth and oxidative stress 

response. Dysfunction of mitochondrial complex I and II have different but often complementary 

impacts on plant growth and ROS production in plants. Mutant lines with deficiency in 

mitochondrial complex I commonly show reduced size of both shoots and roots (de Longevialle et 

al. 2007; He et al. 2012; Lee et al. 2002; Meyer et al. 2009). Constitutively high ROS accumulation 

is reported in both leaves and roots of complex I deficiency lines (de Longevialle et al. 2007; He et 

al. 2012; Lee et al. 2002; Meyer et al. 2009). In contrast, a SDH1-1/sdh1-1 line with reduced 

complex II activity increased plant biomass (Fuentes et al. 2011). In a SDH1-1 point mutation, there 

was no impact on plant growth under normal conditions (Gleason et al. 2011). In sdhaf2, 

dysfunction of complex II specifically reduces root elongation but had no detectable impact on 

shoot growth (Huang et al. 2013). It also appears that deficiency in complex I or complex II 

contributes to oxidative status differently. For example, we did not find significant up-regulation of 

any genes encoding AOX in sdhaf2, which is in stark contrast to the common induction of this 

pathway in complex I mutant lines (Wang et al., 2016). Recent studies indicate that mitochondrial 

complex II is another source for ROS production in roots in response to stresses (Jardim‐Messeder 

et al. 2015; Tamás and Zelinová 2017). We previously showed that sdhaf2 has decreased levels of 

ROS level at the root tips (Fig. 4) and less mitochondrial ROS production in isolated mitochondria 

(Belt et al. 2017). Therefore, the low ROS level produced by complex II and changes in metabolic 

processes of H2O2 and ROS at the gene expression level in sdhaf2 contribute to inhibition of root 

elongation at low pH (Fig. 8). 

Changes in cellular ROS production impact auxin levels, auxin signalling and root growth 

The significantly lower level of ascorbate in sdhaf2 than in WT at pH 5.5 (Fig. 3C) may also 

contribute to the efficiency of antioxidant defence at this particular pH. An increased cellular 

oxidation state associated with auxin maxima has been proposed to arrest the cell cycle in the 

quiescent centre (QC), which is important for the maintenance of the root meristem (Heyman et al. 

2013; Jiang et al. 2003). Increased consumption of ROS in sdhaf2 may also contribute to the low 

ROS abundance observed at pH 5.5. We detected increased expression of oxidative stress-related 

genes (i.e. genes coding for enzymes involved in the metabolism of ROS) and less root growth 

inhibition in response to exogenous H2O2 in sdhaf2 roots compared to WT roots. This may be 

because the sdhaf2 mutant metabolises H2O2 more rapidly due to the higher expression of ROS 

metabolism genes. 

Regulation of auxin homeostasis and signalling has also been linked directly to ROS levels 

(Tognetti et al. 2012) and an antagonistic relationship between auxin and mitochondrial retrograde 
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signalling that regulates mitochondrial Aox1a expression in Arabidopsis has been proposed 

(Ivanova et al. 2014). It was shown that the perturbed mitochondria negatively affected auxin 

signalling machinery (Kerchev et al. 2014). Elevated ROS production caused by mitochondrial 

complex I malfunction has also been reported to mediate the interplay between abscisic acid and 

auxin signalling, which regulates the primary root growth in Arabidopsis (He et al. 2012). In 

sdhaf2, however, inhibition of root elongation at low pH appears to be closely related to low ROS 

production, regulation of ROS metabolism and altered auxin activity and levels in the root tips 

(Figs. 4, 5 and 6, Supplemental Fig. 2). Columella cells are considered to be the most sensitive cell 

type to low pH (Iyer-Pascuzzi et al. 2011) and at low pH, transcription-based auxin activity was 

reduced in the mutant, as indicated by DR5-GUS staining (Fig. 6A and B). However, we showed 

that the sdhaf2 roots contain significantly higher IAA levels compared to the roots of WT and 

complemented line at pH 5.5 (Fig. 6C), even though IAA biosynthesis genes are not upregulated in 

the mutant at pH 5.5. This result offers further support for the existence of complex crosstalk 

between ROS and auxin levels and signalling (Tognetti et al. 2012). We hypothesise that the 

increased IAA levels in the mutant are due to increased production of IAA, since at least one family 

of auxin biosynthesis enzymes (the YUCs) could be expected to be sensitive to cellular ROS levels 

(Dai et al. 2013).  The differences in DR5-GUS staining and auxin abundance measurements is not 

without precedent as indicated in previous studies (see, for example, Li et al. 2013; Shi et al. 2015; 

Tivendale and Cohen 2015). Our observation that DOGT1 is the most upregulated gene in this 

mutant at pH 5.5 helps to explain these paradoxical results: the decreased GUS staining in sdhaf2 

may be due to decreased BR level, resulting from increased BR metabolism (BRs have been shown 

to enhance DR5-GUS response; Bao et al. 2004). Another plausible explanation is that the 

transcriptional or post-transcriptional responses of DR5-GUS are suppressed by the altered redox 

state of the mutant roots through an unknown mechanism. Alternatively, this observation may be 

due to disruption of auxin gradient formation along the root in the mutant, resulting in decreased 

levels in stem cell niche  (normally a site of maximum auxin level (Di Mambro et al. 2017)), but 

increased levels in the roots as a whole (Fig. 6C). 

Conclusion 

We demonstrate that disruption of mitochondrial complex II through knockdown of SDHAF2 

causes a cascade of events that result in a pH-dependent short root phenotype. When the pH of the 

media drops, sdhaf2 knockdown mutants have reduced SDH activity, decreased ROS production 

and increased ROS consumption through overexpression of oxidative stress-related genes, 

compared to WT. The decrease in ROS levels results in increased endogenous auxin levels and 

auxin hypersensitivity in the mutant, which is to be expected in light of the known auxin/ROS 
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crosstalk (Tognetti et al. 2012). Thus we have demonstrated that plant mitochondria play a role in 

pH-related root elongation not only via energy production, but also through interaction with auxin 

signalling and ROS homeostasis. Our data show that SDHAF2 is essential for acidification 

tolerance; SDHAF2 normally contributes to root acidification tolerance by producing ROS, which 

regulate auxin signalling, thus causing root elongation in acidic conditions. At neutral pH, this 

contribution of SDHAF2 is not necessary. The mutant described in this study could also serve as a 

valuable tool for those researchers who are interested in the studying effects of transient or longer 

term auxin hyperaccumulation without the need to supply auxin exogenously. 

Materials and Methods 

Plant lines and growth conditions 

Seeds of Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 (WT) and T-DNA insertion lines 

(sdhaf2, GABI_879B11) and the complemented line were used from our previous study (Huang et 

al., 2013).  For plate growth, seeds were sown on ½ MS Gamborg B5 plates containing 0.75% agar, 

1 % sucrose, 1.8 mM MES with pH at different pH as required (5.0, 5.5, 5.8, 6.0, 6.5, 7.0) adjusted 

by 0.1 M KOH. For chemical treatments on plate medium, H2O2 were added to the media with 

concentrations as described in text or figures. For auxin treatment, different concentrations were 

added to the medium as described in figures. After two days at 4 °C in the dark, plates were 

transferred to controlled long-day conditions follows: a temperature cycle of 22
o
C day/17 °C

 
night; 

a long-day photoperiod (16 h of light/8 h of dark), a light intensity of 200 µmol m
-2

 s
-1

, a relative 

humidity of 70%, and a temperature cycle of 22 °C day/17 °C night.  The plates were set in a 

vertical position to facilitate analysis of root length.  Root tips were examined using Olympus BX51 

microscopy.  Root lengths were quantified by photographing and subsequent analysis using ImageJ. 

Root SDH activity assay 

The SDH activity was determined based on the method described by (Huang et al., 2010). Nine day 

old root tissues with three biological replicates were grinded in 50 mM potassium phosphate buffer 

at pH 7.4. After 15,000 g centrifugation for 10 min at 4 °C, the supernatants were collected and 

protein concentrations were assayed (Bradford, 1976). The SDH activities in the supernatant were 

assayed spectrophotometrically by monitoring absorbance at 600 nm, at 25 °C, in 1 ml of a reaction 

medium (50 mM potassium phosphate pH 7.4, 10 mM sodium succinate, 0.1 mM EDTA, 0.1% 

(w/v) BSA, 10 mM potassium cyanide, 0.12 mM dichlorophenolindophenol (DCPIP), 1.6 mM 

phenazine methosulfate). An extinction coefficient of 21 mM
-1

 cm
-1

 at 600 nm for reduced DCPIP 

was used for calculations. 
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Metabolite extraction and GC-MS analysis 

For metabolite profile analysis, WT and sdhaf2 grew on agar plate at pH 5.5 or pH 7.0 for 9 days. 

Roots with four biological replicates were excised, weighted and stored at -80 °C. Metabolites were 

extracted according to the method described by (Shingaki-Wells et al., 2011) and derivatized 

metabolite samples were analysed on an Agilent GC/MSD system (Agilent Technologies). Raw 

GC-MS data pre-processing and statistical analysis were performed using METABOLOME-

EXPRESS software (version 1.0, http://www.metabolome-express.org). Detailed methods using this 

analysis approach have already been documented (Carroll et al., 2010). 

RNAseq analysis for root tips  

Plants grew on plate at pH 5.5 and pH 7.0 for 6 days. Root tissues from 5 mm of tips were excised 

and RNA was extracted using Sigma Spectrum Plant Total RNA kit 

(http://www.sigmaaldrich.com/.). RNA integrity and quality were checked using the NanoDrop 

1000 Spectrophotometer and an Aglient Bioanalyzer. All four biological samples displayed distinct 

banding when run on a 1 % agarose gel, implying the mRNA was intact. 

RNA-seq libraries were prepared using the TruSeq Stranded Total RNA with Ribo-Zero Plant kit 

according to the manufacturer’s instructions (Illumina) and sequenced on a HiSeq1500 system 

(Illumina) as 60bp reads with an average quality score (Q30) of above 95 %. Further quality control 

was performed using the FastQC software 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The TAIR10 genome assembly was 

used for read mapping by TopHat (v2.1.0). Calling of differentially expressed genes was performed 

using a Cufflinks pipeline (2.2.1) with a false discovery rate (FDR) <0.05 and a |log2|>1.  ). 

Predicted subcellular location of proteins encoded by 481 out of 506 genes was undertaken using 

the SUBA database (Tanz et al., 2013). 

Gene Ontology enrichment analysis and globe gene expression comparison 

Gene ontology enrichment analysis with significant changes in expression using online software 

Gene Ontology enRIhment anaLysis and visuLiAzation tool (GORILLA) (http://cbl-

gorilla.cs.technion.ac.il/) (Eden et al., 2009). The running mode of two unranked lists of genes 

(target and background lists) was used for analysis. The background lists come from whole 

Arabidopsis genes from TAIR (www.arabiodpsis.org). Similarity of gene expression pattern was 

analysed using Genevestogator’s signature tool to compare with other available global gene 

expression database via Genevestigator (https://.genevestigator.com) (Grennan 2006). We used the 

241 genes with common response of sdhaf2 at pH 5.5 when compared with WT at pH 5.5 and 
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sdhaf2 at pH 7.0 as a signature set. For comparison of microarray database, At_AFFY_ATH1-

0(10615) was selected.  

ROS staining with DAB and NBT 

WT and sdhaf2 were grown on agar plate containing MS medium at pH 5.5 for 6 days. The 

seedlings were stained as described in the following. For diaminobenzidine (DAB) staining to 

detect H2O2, the seedlings were incubated in 0.3 mg/mL DAB (Sigma-Aldrich) dissolved in 50 mM 

Tris-HCl (pH 5.0) for 8 h. For nitro blue tetrazolium (NBT) staining to detect superoxides, the 

seedlings were incubated in a reaction buffer containing 1 mM NBT, 20 mM K-phosphate, and 0.1 

M NaCl at pH 6.2 for 15 min. The seedlings stained by DAB or NBT were then washed three times 

with water. Then seedlings were incubated in 80 % ethanol for 10 mins and transfer to 25 % 

glycerol. The seedlings were then examined in 50 % glycerol with an Olympus SZX7 or Olympus 

BX51. AnalySIS getIT software was used for acquiring images. For H2-DCFDA staining, 6-day-old 

seedlings were stained with 5 µM H2DCFDA in hydroponic solution at pH 5.5 or pH 7.0 for 5 min.  

The fluorescence intensities were detected using fluorescence microscopy with excitation at 460-

500nm and emission at 510-560 nm.  ImageJ software (https://imagej.net) was used to quantify the 

staining intensity. 

DR5/sdhaf2 crossing and GUS staining 

The sdhaf2 line was crossed with a synthetic auxin-inducible promotor DR5-GUS line (Ulmasov et 

al. 1997). Homozygous lines were initially selected using short root phenotype for sdhaf2 and then 

confirmed by PCR. GUS staining was used for confirmation of the existence of DR5 in 

homozygous cross line. β-glucuronidase activity in DR5 line and sdhaf2/DR5 were visualised by 

staining for 6 hours at 37 °C in 0.5 mg/ml X-gluc (Biosynth AG) dissolved in n-dimethyl-

formamide, 0.1 % Triton X-100, 0.5 mM K4Fe(CN)6.H2O, 0.5 mM K3Fe(CN)6, and 50 mM sodium 

phosphate buffer, pH 7.2. Staining solution was removed and replaced with 70% ethanol until 

chlorophyll was removed. Rehydration was applied using 40 %, 20 % and 10 % ethanol for 10 min 

each and finally stored in 25 % glycerol solution. Seedlings and root tips were subjected to 

Olympus SZX7 or Olympus BX51 for observation. AnalySIS getIT software was used for acquiring 

images.  

IAA determination by UPLC-MS 

WT and sdhaf2 were grown on agar plates containing MS medium at pH 5.5 and 7.0 for six days 

before the roots were harvested and snap-frozen in liquid nitrogen. IAA was extracted from roots 

using a method adapted from Zandalinas et al. (2012). Root samples (fresh wight: 52-94 mg) were 

ground in a mixer mill using stainless steel beads (3 mm). The resulting powdered samples were 
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immersed in methanol/water (70 %v/v, 1000 µL) with O-anisic acid (2.1 ng/mL) and [
13

C6] IAA 

(6.2–47 ng/mL) as internal standards. The mixtures were sonicated at ambient temperature for 

10 min, heated to 80 °C for 15 min, cooled to ambient temperature and then centrifuged (1.0 x 

10
4
 g, 10 min, 4 °C) to pellet the plant material. The supernatants were transferred to clean tubes 

and the pellets washed with methanol/water (70 %v/v, 200 µL). The washes were combined with 

the bulk extracts and the solvent of each sample was evaporated under reduced pressure. The 

residues were re-dissolved in formic acid (0.1 %v/v) in acetonitrile/water (30 %v/v) and centrifuged 

(1.8 x10
4
 g, 45 min) before being analysed by UPLC-MS. 

The samples were analysed using an Agilent 6430 Triple Quadrupole LC/MS System. The LC 

solvents were 0.1 %v/v formic acid in H2O (A) and 0.1 %v/v formic acid in acetonitrile (B). The 

flow rate was 250 µL and the gradient was as follows: 30 % B at 0.00 min to 66 % B at 7.00 min, 

then to 100 % B at 7.10 min; the solvent composition remained at 100 % B until 9.10 min, after 

which it returned to 30 % B over 0.90 min and the system was allowed to re-equilibrate for 13 min. 

The MS was operated in positive ion mode with an ion source temperature of 125 °C, capillary 

voltage of 4.0 kV, a desolvation (N2) gas flow of 11 L/min and a nebulizer pressure of 15 psi. MRM 

was used to quantify all analytes. The two analytes were monitored in overlapping time windows 

(IAA/[
13

C6]IAA: 2.3–4.3 min O-anisic acid: 1.5–3.5 min). The following MRM transitions were 

monitored: IAA: m/z 176 to 130 (fragmentor: 110 V, CE: 12 V; quantifier) and m/z 176 to 103 

(fragmentor: 110 V, CE: 35 V; qualifier), [
13

C6]IAA: m/z 182 to 136 fragmentor: 110 V, CE: 12 V; 

quantifier) and m/z 182 to 109 (fragmentor: 110 V, CE: 35 V; qualifier) and O-anisic acid: m/z 153 

to 135 (fragmentor: 100 V, CE: 4 V; quantifier) and m/z 153 to 77 (fragmentor: 100 V, CE: 27 V; 

qualifier) . The cell accelerator voltage for each MRM transition was 7 V. Data was analysed using 

the Agilent MassHunter QQQ Quantitative Analysis software. 

Statistical analysis 

Two-way ANOVAs were performed using the ‘dplyr’ and ‘car’ packages in R (R Core Team 2019). 

The remaining analyses were performed using Microsoft Excel, which was also used to prepare the 

graphs. 

Data Availability   

The RNAseq data was deposited to NCBI Sequence Read Archive (SRA) 

(https://www.ncbi.nlm.nih.gov/sra) with Project ID of PRJNA726836. 

Disclosures:  There is no conflict of interest to declare. 
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Tables 

Table 1. List of genes with greater than 2-fold (log2) increase in abundance in root tips of sdhaf2 

(AF2) at pH 5.5 compared with WT (AF2 vs WT5.5). Significant fold change of the same genes in 

sdhaf2 at pH 5.5 vs pH 7.0 (AF2 5.5 vs 7.0), sdhaf2 vs WT at pH 7.0 (AF2 vs WT 7.0) and WT at 

pH 5.5 vs pH 7.0 (WT 5.5 vs 7.0) are shown side by side. Statistical significance of changes (FDR 

< 0.05) were analysed based on four biological replicates. FC: log2 fold change; n.s.: not significant. 

A full list of genes is given in supplemental Table 2. 

             

AGI No 

  

AF2 vs 

WT 5.5   

AF2 5.5 

vs 7.0   

AF2 vs 

WT 7.0   

WT 5.5 vs 

7.0 

Description FC   FC   FC   FC   

AT2G36800 don-glucosyltransferase 1 (DOGT1) 6.08   3.58   n.s.   n.s.   

AT5G09570 Twin CX9C (At12Cys-2) 5.18   1.81   n.s.   n.s.   

AT3G21720 isocitrate lyase (ICL) 4.20   3.15   1.34   n.s.   

AT2G30750 cytochrome P450 3.95   4.06   n.s.   n.s.   

AT4G12480 pEARLI 1 3.24   3.80   n.s.   n.s.   

AT2G20800 NAD(P)H dehydrogenase B4 (NDB4) 3.20   2.24   n.s.   n.s.   

AT5G01870 Bifunctional inhibitor/lipid-transfer 3.14   3.60   n.s.   n.s.   

AT4G21490 NAD(P)H dehydrogenase B3 (NDB3) 3.05   1.90   n.s.   n.s.   

AT4G04890 protodermal factor 2 (PDF2) 3.02   3.05   n.s.   n.s.   

AT2G42840 protodermal factor 1 (PDF1) 3.00   1.73   n.s.   n.s.   

AT5G19890 Peroxidase 2.98   2.08   n.s.   n.s.   

AT2G38530 lipid transfer protein 2 (LTP2) 2.54   3.58   n.s.   n.s.   

AT5G49630 amino acid permease 6 (AAP6) 2.50   n.s.   n.s.   n.s.   

AT2G07764 tRNA-As 2.48   n.s.   n.s.   -2.05   

AT2G14510 Leucine-rich repeat protein kinase 2.46   1.57   n.s.   n.s.   

AT5G25610 RESPONSIVE TO DESSICATION 22 2.39   n.s.   n.s.   n.s.   

AT4G08780 Peroxidase 2.32   2.32   n.s.   n.s.   

AT3G19710 branched-chain aminotransferase4  2.19   2.29   n.s.   n.s.   

AT1G78460 SOUL heme-binding protein 2.19   n.s.   1.35   n.s.   

AT4G01390 TRAF-like family protein;  2.18   n.s.   n.s.   n.s.   

AT5G45670 GDSL-like Lipaseactivity; 2.11   2.27   n.s.   n.s.   

AT5G51750 subtilase 1.3 (SBT1.3); 2.05   2.58   n.s.   n.s.   

AT1G53940 GDSL-motif lipase 2 (GLIP2) 2.01   n.s.   1.32   n.s.   

AT2G04040 TX1; MATE family transporter 2.01   1.54   n.s.   n.s.   

AT2G15090 3-ketoacyl-CoA synthase 8 (KCS8) 2.00   n.s.   n.s.   n.s.   
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Figure legends 

Figure 1. Root elongation of WT and sdhaf2 at different pH values. (A) Images of plants grown 

on plates poised at different pH for 9 days. (B) Time-course of primary root elongation on plates 

with different pH from day 3 to day 9 (n=11-15). (C) Primary root elongation of sdhaf2 and 

complemented line with different pH values at day 7 (n=9-13). 

Figure 1. Root elongation of WT and sdhaf2 at different pH values. (A) Images of 

plants grown on plates poised at different pH for 9 days. (B) Time-course of primary root 

elongation on plates with different pH from day 3 to day 9 (n=11-15). (C) Primary root 

elongation of sdhaf2 and complemented line with different pH values at day 7 (n=9-13).
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Figure 2:  Length of meristem in primary roots of WT and sdhaf2 after 6 days growth on 

medium at pH 5.5 or pH 7.0. (A): Six-day-old primary root tips on the agar plates at pH 5.5 or Ph 

7.0. The black bar scale correspond to 20 µm. The red lines indicate the length of meristem. (B) 

Meristem length, estimated based on three replicate measurements. (C) Epidermal cell number in 

the meristem region (n=3). 
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Figure 2:  Length of meristem in primary roots of WT and sdhaf2 after 6 days 

growth on medium at pH 5.5 or pH 7.0. (A): Six-day-old primary root tips on the agar 

plates at pH 5.5 or pH 7.0. The black bar scale correspond to 20 µm. The red lines 

indicate the length of meristem. (B) Meristem length, estimated based on three replicate 

measurements. (C) Epidermal cell number in the meristem region (n=3).

 

Figure 3. Changes in SDH activity and metabolite abundance in the roots of sdhaf2 and WT. 

The abundance of metabolite in WT at pH 5.5 was set as 1. (A) Root SDH activity in sdhaf2 and 

WT at different pH.  Plants were grown on the agar plates at pH 7.0 or pH 5.5 for 6 days and whole 

root were extracted for SDH activity assay (n=3). (B) Changes in abundance of metabolites 

involved in the TCA cycle (n=4). (C) Changes in metabolite abundance of amino acids, fructose 

and ascorbate (n=4). Multiple pairwise comparisons were conducted using Kruskal-Wallies one 

way analysis of variance. (p-value < 0.05). 
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Figure 3. Changes in SDH activity and metabolite abundance in the roots of sdhaf2

and WT. The abundance of metabolite in WT at pH 5.5 was set as 1. (A) Root SDH 

activity in sdhaf2 and WT at different pH. Plants were grown on the agar plates at pH 7.0 

or pH 5.5 for 6 days and whole root were extracted for SDH activity assay (n=3). (B) 

Changes in abundance of metabolites involved in the TCA cycle (n=4). (C) Changes in 

metabolite abundance of amino acids, fructose and ascorbate (n=4). Multiple pairwise 

comparisons were conducted using Kruskal-Wallies one way analysis of variance. (p-

value < 0.05).
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Figure 4. ROS staining with DAB, NBT and H2-DCFDA of roots in sdhaf2 and WT. (A) DAB 

and NBT staining of roots grown at pH5.5 for 6 days. (B) DAB and NBT staining of roots grown at 

pH7.0 for 6 days. (C) Quantitative analysis of relative ROS staining intensity at root tips of sdhaf2 

and WT (n=3;  ** p-value < 0.01). (D) Quantitative H2-DCFDA staining intensity at root tips of 
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sdhaf2 and WT (n=6).  The images of H2-DCFDA staining were provided in Supplemental Figure 

4. * p-value < 0.05. 
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Figure 4. ROS staining with DAB, NBT and H2-DCFDA of roots in sdhaf2

and WT. (A) DAB and NBT staining of roots grown at pH5.5 for 6 days. (B) DAB 

and NBT staining of roots grown at pH7.0 for 6 days. (C) Quantitative analysis of 

relative ROS staining intensity at root tips of sdhaf2 and WT (n=3;  ** p-value < 

0.01). (D) Quantitative H2-DCFDA staining intensity at root tips of sdhaf2 and 

WT (n=6).  The images of H2-DCFDA staining were provided in Supplemental 

Figure 4. * p-value < 0.05.
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Figure 5. The effect of H2O2 on root elongation of WT and sdhaf2 at pH 7.0 and pH 5.8. (A) 

Plants grown on plates with different pH for 5 days at different H2O2 concentrations. (B) Length of 

primary root after 5 days at different H2O2 concentrations. Two-way ANOVA showed significant 

treatment, genotype and combined treatment/genotype effects at pH 5.5 (p-values < 10
-8

) but at pH 

7.0, only the treatment (p-value < 10
-15

) and combined (p-value = 0.004) effects were significant. 

***T-test p-value < 0.001 (n=10-15).   
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Figure 5. The effect of H2O2 on root elongation of WT and sdhaf2 at pH 7.0 and pH 5.8. 

(A) Plants grown on plates with different pH for 5 days at different H2O2 concentrations. (B) 

Length of primary root after 5 days at different H2O2 concentrations. Two-way ANOVA showed 

significant treatment, genotype and combined treatment/genotype effects at pH 5.5 (p-values < 

10-8) but at pH 7.0, only the treatment (p-value < 10-15) and combined (p-value = 0.004) effects 

were significant. ***T-test p-value < 0.001 (n=10-15).  
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Figure 6.  DR5 GUS staining activity in the root tips and IAA concentrations in roots of WT, 

sdhaf2 and complemented line (Compl). (A) DR5-GUS staining activity in root tips grown on 

agar plates at pH 7.0 and pH 5.5 for 6 days (scale bars: 20 µm). (B) DR5-GUS staining activity in 

root tips grown on agar plate at pH 5.8 for 2, 3, 4 and 6 days. (scale bars: 50 µm)  (C) IAA 

concentration in primary roots grown on agar plates at pH 7.0 or pH 5.5 for 6 days.  The primary 

roots (5 mm length from tips) were harvested for IAA measurement using LC-MS (n=5-6;  ** 

p<0.01; *p<0.05). 
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Figure 6.  DR5 GUS staining activity in the root tips and IAA concentrations in roots 

of WT, sdhaf2 and complemented line (Compl). (A) DR5-GUS staining activity in root tips 

grown on agar plates at pH 7.0 and pH 5.5 for 6 days (scale bars: 20 µm). (B) DR5-GUS 

staining activity in root tips grown on agar plate at pH 5.8 for 2, 3, 4 and 6 days. (scale bars: 

50 µm)  (C) IAA concentration in primary roots grown on agar plates at pH 7.0 or pH 5.5 for 

6 days.  The primary roots (5 mm length from tips) were harvested for IAA measurement 

using LC-MS (n=5-6;  ** p<0.01; *p<0.05).
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Figure 7. Root elongation of WT, sdhaf2 and complemented line at the different pH in 

response to external IAA. Plants grown on agar plates at pH 5.5 (A) or pH 7.0 (B) for 6 days 

(n=15-40). Two-way ANOVA revealed significant genotype, treatment and genotype/treatment 

interaction effects both at pH 7.0 and at pH 5.5 (p-values<10
-4

 in all cases). IAA has a pKa of 4.66. 

At pH 5.5, 30.2 % of total IAA is in the undissociated (IAAH) form. At pH 7.0, 8.8% of total IAA 

is in the IAAH form. The calculation of IAAH concentration is based on the equation: 

pH = pKa + log10([IAA]/[IAAH]).  
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Figure 7. Root elongation of WT, sdhaf2 and complemented line at the different pH in 

response to external IAA. Plants grown on agar plates at pH 5.5 (A) or pH 7.0 (B) for 6 

days (n=15-40). Two-way ANOVA revealed significant genotype, treatment and 

genotype/treatment interaction effects both at pH 7.0 and at pH 5.5 (p-values<10-4 in all 

cases). IAA has a pKa of 4.66. At pH 5.5, 30.2 % of total IAA is in the undissociated (IAAH) 

form. At pH 7.0, 8.8% of total IAA is in the IAAH form. The calculation of IAAH 

concentration is based on the equation: pH = pKa + log10([IAA]/[IAAH]). 
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Figure 8. Diagram shows the cascade of events in pH-dependent root elongation in sdhaf2. 

Knockdown of succinate dehydrogenase assembly factor 2 (SDHAF2) with low SDH activity 

induces pH-related root elongation and auxin hyperaccumulation and hypersensitivity that are 

mediated by changes of ROS homeostasis. 
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Figure 8.  Diagram shows the cascade of events in pH-dependent root elongation in 

sdhaf2. Knockdown of succinate dehydrogenase assembly factor 2 (SDHAF2) with low 

SDH activity induces pH-related root elongation and auxin hyperaccumulation and 

hypersensitivity that are mediated by changes of ROS homeostasis.

 

Supplementary Data 

Supplemental Figure 1: Root elongation of sdhaf2 and complemented line at different pH after 8 

days of germination. 

Supplemental Figure 2: Gene ontology enrichment analysis of genes with significant changes in 

expression between sdhaf2 and WT at pH 5.5. 

Supplemental Figure 3: Similarity analysis of gene expression pattern using signature tool to 

compare with other available global gene expression database via Genevestigator. 

Supplemental Figure 4:  ROS staining with H2-DCFDA in root tips in sdhaf2 and WT.   

Supplemental Table 1: Ratios of metabolite abundance in root of sdhaf2 compared with WT at 

pH 5.5. 

Supplemental Table 2: Genes with significant change (log2 fold of change) in expression in root 

tips of sdhaf2 (AF2) compared with WT at pH 5.5. 

Supplemental Table 3: Gene ontology enrichment analysis of genes with significant changes in 

abundance between sdhaf2 and WT at pH 5.5 
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