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Significance

Cell walls are essential to cell 
morphogenesis, to protect plants 
against environmental stress, 
and for an array of products in 
our daily life. Understanding how 
plants produce cell wall polymers 
is therefore important. In this 
study, we outline how a family of 
unknown proteins function as a 
scaffold for key synthesis 
components of pectin, a central 
cell wall polymer. Our results 
thus define a robust pectin 
synthesis protein complex that is 
essential for the structure and 
function of Golgi and for plant 
tissue integrity. These results add 
critical information regarding 
pectin synthesis and cell wall 
metabolons.
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complex and maintains Golgi morphology and cell adhesion 
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Adjacent plant cells are connected by specialized cell wall regions, called middle lamellae, 
which influence critical agricultural characteristics, including fruit ripening and organ 
abscission. Middle lamellae are enriched in pectin polysaccharides, specifically homo-
galacturonan (HG). Here, we identify a plant- specific Arabidopsis DUF1068 protein, 
called NKS1/ELMO4, that is required for middle lamellae integrity and cell adhesion. 
NKS1 localizes to the Golgi apparatus and loss of NKS1 results in changes to Golgi struc-
ture and function. The nks1 mutants also display HG deficient phenotypes, including 
reduced seedling growth, changes to cell wall composition, and tissue integrity defects. 
These phenotypes are comparable to qua1 and qua2 mutants, which are defective in HG 
biosynthesis. Notably, genetic interactions indicate that NKS1 and the QUAs work in 
a common pathway. Protein interaction analyses and modeling corroborate that they 
work together in a stable protein complex with other pectin- related proteins. We pro-
pose that NKS1 is an integral part of a large pectin synthesis protein complex and that 
proper function of this complex is important to support Golgi structure and function.

Arabidopsis | cell walls | cell biology | pectin | Golgi apparatus

Growing plant cells are surrounded by a primary cell wall: a strong yet flexible extracellular 
matrix that is largely made of polysaccharides. Cell walls have the strength to resist turgor 
pressure and to direct cell morphology, but they are flexible enough to allow plant cells 
to expand. Cellulose microfibrils are the main load- bearing components of primary cell 
walls and are embedded in a hydrated matrix of pectins and hemicelluloses, with some 
proteins (1). Pectins are a heterogeneous class of acidic polysaccharides, including homo­
galacturonan (HG), rhamnogalaturonan (RG) I and RGII (2, 3). Pectins are particularly 
abundant in the primary cell walls of dicots, such as the model plant, Arabidopsis thaliana.

Pectins are made in the Golgi apparatus by the coordinated action of transporters and 
enzymes. Sugar interconversion enzymes, which are generally cytosolic, generate the nucle­
otide sugar building blocks for pectin synthesis (4); nucleotide sugar transporters facilitate 
their movement across Golgi membranes (5); glycosyltransferases (GTs) catalyze their 
incorporation into pectic polysaccharides (6); and methyltransferases and acetyltransferases 
further modify some pectins (7). In particular, HG is secreted in a highly methylesterified 
form (8). Once in the cell wall, HG may be modified by de- esterification, which can affect 
pectin cross- linking via Ca2+, and ultimately influence the mechanical properties of the 
cell wall (9, 10). Indeed, a feedback loop exists between mechanical forces and pectin 
synthesis (11), and pectins are implicated in plant cell morphogenesis (10, 12, 13). For 
example, during growth symmetry breaking in the Arabidopsis hypocotyl, changes to pectin 
structure precede other changes in the cell cortex and cell wall, including cortical micro­
tubule reorientation and realignment of cellulose deposition (10).

Adjacent plant cells are connected by specialized regions of the cell wall, called middle 
lamellae. Regulation and degradation of middle lamellae underly critical agricultural char­
acteristics, including fruit ripening (14) and organ abscission (15, 16), such as seed pod 
shattering (17). Middle lamellae are pectin- rich and particularly enriched in HG (18). 
Therefore, defects in HG synthesis can lead to loss of cell–cell adhesion and epidermal 
tissue integrity, with dramatic consequences for plant growth and development (6, 7). 
Such defects are evident in mutants that affect a member of the GT8 family of putative 
galacturonosyl transferases (GalATs) called QUASIMODO (QUA)1; qua1 mutants have 
reduced levels of HG and displayed decreased growth and epidermal cell separation (6). 
Similar phenotypes are observed in plants with mutations that affected a pectin methyl­
transferase, QUA2 (7, 19) and ELMO1 [At2g32580; (20)]. Both the qua2 and elmo1 
mutants have reduced HG content in their cell walls (21). However, despite the methyl­
transferase function of QUA2, qua2 mutants do not display any changes to pectin 
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methylesterification status (19), implying that the HG that is 
synthesized in qua2 mutants is efficiently methylesterified by other 
methyltransferases and that HG synthesis and methylesterification 
are tightly coupled.

While pectin synthesis occurs in the Golgi apparatus, there is 
contradictory data as to whether proteins required for HG syn­
thesis are distributed across different Golgi cisterna (8, 22), 
whether HG synthesis proteins are part of multiprotein complexes 
(3, 23, 24), or a combination of both models (25, 26). A better 
understanding of the pectin synthesis machinery and its interac­
tors is required to appreciate the synthesis of this class of polysac­
charides and to open the potential for pectin engineering for 
agricultural improvements. Here, we report that a plant- specific 
Golgi- localized protein of unknown function (DUF1068)/Na+ 
AND K+- SENSITIVE 1 (NKS1)/ELMO4 interacts with QUA1, 
QUA2 and GALACTURONOSYLTRANSFERASE 9 (GAUT9) 
to support HG synthesis, Golgi integrity and cell adhesion. We 
propose that NKS1 is part of a HG synthesis complex and that this 
complex is important to support Golgi structure and function.

Results

A DUF1068 Protein, Referred to as NKS1, Is Required for Cell 
Elongation. Coexpression is a powerful approach to identify function­
ally related genes (27). Using ATTED- II (28), we identified several 

genes from the Arabidopsis DUF1068 family as co- expressed with 
primary wall CELLULOSE SYNTHASE (CESA) genes and pectin 
biosynthesis- related genes, including GalATs GAUT9 and QUA1, 
the HG methyltransferase QUA3, and many S- adenosylmethionine 
family transporter genes, which might play important roles in 
HG- methyltransferase activity (29) (Datasets S1 and S2). We 
examined T- DNA lines that were annotated to target DUF1068 
genes from the coexpression list above. Of the ones we tested, two 
independent T- DNA lines targeting the DUF1068 gene At4g30996 
[NKS1/ELMO4; (20, 30)] displayed significant reduction in mean 
hypocotyl length of 6- d- old etiolated seedlings, compared to wild 
type (Fig. 1). Moreover, growth kinematics of etiolated seedlings 
were dramatically affected in the nks1 mutant hypocotyls compared 
to wild type (Fig. 1D). We refer to these two T- DNA lines as nks1- 2 
(SALK_151073) and nks1- 3 (GK- 228H05) as nks1- 1 is another 
T- DNA line used in ref. 30 (SI Appendix, Fig. S1A). While RT- 
PCR analysis indicated that the two lines were transcriptional null 
lines (SI Appendix, Fig. S1B), qPCR analyses revealed some residual 
NKS1 expression in nks1- 2 (Fig. 1A). Nevertheless, there was a 
substantial reduction in NKS1 expression in the two T- DNA lines 
and the growth phenotypes of nks1- 2 and nks1- 3 seedlings could 
be rescued by molecular complementation using fluorescent protein 
fusions to NKS1, either NKS1–GFP or GFP–NKS1 (Fig. 1E). 
Although NKS1 is ubiquitously expressed (SI Appendix, Fig. S1C), 
we primarily observed phenotypes in young seedlings.
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Fig. 1.   nks1 mutants are defective in cell elongation. (A) qRT- PCR of NKS1 transcript levels normalized to reference gene index (RGI) from Col- 0, nks1- 2, and nks1- 3; 
bars represent means of three biological replicates ±SD. (B) Representative images of 6- d- old etiolated seedlings of Col- 0, nks1- 2, and nks1- 3. (C) Quantification of 
hypocotyl lengths from 6- d- old etiolated seedlings of Col- 0, nks1- 2, and nks1- 3; data distribution is outlined by the shape, plot box limits indicate 25th and 75th 
percentiles, whiskers extend to 1.5 times the interquartile range, median is indicated by a horizontal line, mean by a red dot, individual data points are shown, 
and n (seedlings) is indicated in parentheses. (D) Etiolated hypocotyl growth kinematics of Col- 0, nks1- 2, and nks1- 3 seedlings (n = 15 seedlings); points indicate 
mean ± SD). (E) Representative images of pUB10- GFP- NKS1 and pUB10- NKS1- GFP expressed in the nks1- 3 background along with controls (Col- 0 and nks1- 3); 
four independent transformation lines are shown for each construct and two seedlings are shown for each genotype. Letters in (A) and (C) specify statistically 
significant differences among samples as determined by one way ANOVA followed by Tukey’s HSD test (P < 0.05). [Scale bars, 2 mm in (B) and 5 mm in (E).]D
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Functional Fluorescently Tagged NKS1 Fusions Localize to 
the Golgi Apparatus. To better understand NKS1 function, we 
undertook subcellular localization studies of the functional NKS1–
GFP and GFP–NKS1 fusion proteins (Fig. 1E). Both NKS1–GFP 
and GFP–NKS1 were localized to doughnut- shaped particles that 
were rapidly streaming in the cytoplasm of hypocotyl epidermal 
cells (Fig. 2A), which is typical of Golgi- localized proteins. We also 
generated an NKS1–mRFP fusion for colocalization purposes that 
displayed similar localization to both GFP fusions. Quantitative 
colocalization with markers for the ER [HDEL; (31)], the Golgi 
apparatus [WAVE18/Got1P homolog and WAVE22/SYP32; (32)], 
the trans- Golgi Network [TGN; VHAa1; (33)], and late endosomes 
[WAVE2/RabF2b and WAVE7/RabF2a; (32)] revealed that NKS1–
GFP colocalized with Golgi markers and displayed some overlap with 
TGN markers (Fig. 2B and SI Appendix, Fig. S2A). To distinguish 

between the Golgi and TGN, we treated seedlings with Brefeldin A 
(BFA) for 60 min, which in Arabidopsis root cells causes aggregation 
of TGN and other compartments into BFA bodies, while intact 
Golgi stacks surround the core of the BFA body (34–36). After BFA 
treatment, NKS1–GFP localized to discrete puncta around the core 
of the BFA body, and NKS1–GFP remained highly colocalized with 
the Golgi marker [XYLT; (37)] but was no longer colocalized with 
the TGN marker, VHAa1, which was in the core of the BFA bodies 
(33) (SI Appendix, Fig. S2B). These data are consistent with those of 
subcellular proteomics studies, which have detected NKS1 in Golgi 
fractions (22, 38, 39).

Different Golgi cisternae are associated with different biochem­
ical functions, i.e., the assembly or modification of certain cell 
wall components (25, 26). To investigate whether NKS1 is asso­
ciated with certain cisternae, we next crossed the NKS1–GFP or 
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Fig. 2.   Functional NKS1–GFP fusion is localized to the Golgi apparatus. (A) Representative images NKS1 localization to endomembrane compartments; N-  
and C- terminal GFP fusion construct localization in single focal plane images of hypocotyl epidermal cells of 3- d- old etiolated seedlings. (B) Quantification of 
colocalization between NKS1 and various endomembrane compartment- specific markers. (C–E) Representative images of colocalization between NKS1–GFP or 
NKS1–RFP and Golgi cisternae markers: NAG–GFP (cis- Golgi), XYLT- mRFP (medial- Golgi), and sialyltransferase (ST)- mRFP (trans- Golgi) in hypocotyl epidermal cells 
of 3- d- old etiolated seedlings. (F) Quantification of colocalization percentage between NKS1 and Golgi- cisternae specific markers. In bar charts, bars represent 
mean ± SD, n (cells, one cell imaged per seedling) is indicated in parentheses. [Scale bars, 5 µm in (A and C–E).]D
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NKS1–mRFP fluorescent lines with markers for the cis- Golgi 
[NAG; (35)], medial- Golgi [XYLT; (37)], or trans- Golgi [ST; (40)] 
to generate dual- labeled fluorescent lines. While NKS1 colocalized 
with all three markers, the highest degree of colocalization was 
observed with medial- Golgi markers (Fig. 2 C–F). Together, these 
results confirm that the functional NKS1–GFP fusion is prefer­
entially localized to medial- cisternae of the Golgi apparatus.

NKS1 Is a Plant- Specific Transmembrane Protein with Its 
DUF1068 Domain Inside the Golgi Lumen. NKS1 encodes a plant- 
specific protein of 172 amino acids with a predicted molecular 
mass of 19 KDa. Genes encoding DUF1068- containing proteins 
are found throughout land plants (Embryophyta), including 
Marchantia polymorpha and Physcomitrium patens, suggesting 
that DUF1068 function was acquired as plants colonized land 
(SI Appendix, Fig. S3A). NKS1 (ELMO4) is part of the ELMO 
protein family and is distantly related to the recently characterized 
ELMO1 [(21); SI  Appendix, Fig.  S3A]. NKS1 is predicted to 
contain one transmembrane domain [TM; TmHMM server; (41)] 
(SI Appendix, Fig. S3B). This prediction also suggested that the 
first 17 amino acids in the N terminus of NKS1 are cytoplasmic, 
which would imply that the amino acids after the TM domain 
would face the Golgi lumen. To test this prediction, we used a 
GO- PROMPTO assay (42). Here, we fused the N- terminal part 
of VENUS (Vn; the first 155 amino acids), or the C- terminal part 
of VENUS (Vc; the last 84 amino acids), in frame either before 
(cytosolic reporter) or after (Golgi luminal reporter) the first 52 
amino acids of the rat sialyltransferase (ST) protein, which consists 
of a transmembrane domain targeted to the Golgi apparatus 
(42). We observed clear fluorescence complementation only 
when coexpressing Vc- NKS1 with the cytosolic reporter, but not 
with the luminal reporter (SI Appendix, Fig. S3C). These results 
corroborate that the N terminus of NKS1 faces the cytoplasm, 
while the bulk of the protein, including the DUF1068 domain, 
is in the Golgi lumen (SI Appendix, Fig. S3D).

nks1 Mutants Are Defective in Golgi Structure and Function. 
The Golgi localization of NKS1 prompted us to examine the 
structure and function of the Golgi apparatus in nks1 mutants. 
We therefore generated double Golgi marker lines that carried both 
the cis- Golgi marker NAG- EGFP (35) and the trans- Golgi marker 
ST- mRFP (40). Simultaneous, dual color live- cell imaging and 
object- based colocalization between the two markers demonstrated 
that these two Golgi markers were significantly further apart in 
nks1- 3 mutants, relative to wild type (Fig. 3 A–C). This increased 
separation between cis- Golgi and trans- Golgi in nks1 mutants was 
not an artifact of faster Golgi stack movement within cells; in fact, 
measurements of Golgi marker dynamics indicated that Golgi 
stacks moved significantly slower in nks1- 3 mutants, relative to 
wild type (Fig. 3D and Movies S1 and S2). We therefore examined 
Golgi structure at high resolution using transmission electron 
microscopy (TEM) of high- pressure frozen, freeze- substituted 
hypocotyls and found that Golgi morphology was dramatically 
affected in nks1 mutants (Fig. 3E). We frequently observed curved 
Golgi stacks in both alleles of nks1, and the proportion of curved 
Golgi stacks was significantly higher in nks1 mutants than wild 
type (Fig.  3F). Loss of NKS1 resulted in fewer cisternae per 
Golgi stack (SI Appendix, Table S1), suggesting that the relative 
distribution of the fluorescent markers may also be shifted in nks1 
Golgi stacks. No other changes to Golgi morphometrics (cisternal 
length:width, proportion of Golgi stacks with an associated 
TGN, etc.) were observed (SI  Appendix, Table  S1). Dual- axis 
transmission electron tomograms of wild type and nks1- 3 Golgi 
stacks confirmed that Golgi curving was not an artifact of the plane 

of section and provided additional insight into the Golgi structure 
defects observed in nks1 mutants (Fig. 3G and Movies S3–S6).

To determine whether the structural changes to the Golgi appa­
ratus affected Golgi function in nks1 mutants, we assayed a rati­
ometric marker of soluble protein secretion, sec- GFP (43). 
Sec- GFP is GFP fused to a signal peptide, which directs the pro­
tein to the secretory pathway and ultimately to the apoplast, where 
the GFP fluorescence is quenched by the low pH; because of the 
stochastic expression of 35S- driven sec- GFP, especially in epider­
mal cells, an endomembrane- targeted RFP is produced in equal 
amounts to sec- GFP; therefore, the ratio of GFP:RFP can be 
compared across different plants (43). The ratio of GFP:RFP was 
significantly higher in nks1- 3 mutants compared to wild type 
(Fig. 3H and SI Appendix, Fig. S4A), indicating a secretion defect. 
This was not due to any changes in the ratiometric sec- GFP or 
RFP protein levels in the nks1- 3 mutant compared to wild type 
(SI Appendix, Fig. S4B). However, we note that we cannot rule 
out changes in the RFP reference fluorescence levels due to poten­
tial trafficking defects in the nks1 mutant.

Since secretion flows through both the Golgi apparatus and the 
TGN, we tested whether TGN structure or function was affected 
in nks1 mutants. Using simultaneous dual color live cell imaging 
and object- based colocalization, we found no significant difference 
in the distance between a Golgi marker [WAVE18, (32)] and TGN 
marker [VHAa1, (33)] between wild type and nsk1- 3 (Fig. 3C and 
SI Appendix, Fig. S5A). There were also no substantial differences 
in Golgi- TGN association or TGN morphology at the TEM level 
(SI Appendix, Fig. S5B and Table S1). To examine anterograde 
trafficking from the TGN, we tracked the localization of PIN2–
GFP (44) after BFA treatment and washout. Since BFA- treatment 
of Arabidopsis root epidermal cells induces aggregation of TGN 
and endosomes in the BFA body, but leaves Golgi stacks intact 
and clustered around the BFA body (34–36), signal recovery after 
BFA washout primarily involves protein secretion from the BFA 
body/TGN to the plasma membrane. We found no significant 
differences between the ratio of PIN2–GFP plasma membrane 
signal compared to intracellular signal or in the number of BFA 
bodies between wild type and nks1- 3 mutants at any stage of BFA 
treatment or washout (SI Appendix, Fig. S5C). Finally, since the 
plant TGN also functions as an early endosome (45), we assayed 
endocytosis by tracking uptake of the fluorescent endocytic marker, 
FM4- 64 (46). There were no significant differences in FM4- 64 
uptake between wild type and nks1- 3 (SI Appendix, Fig. S5D). 
Together, these results indicate that while TGN structure and func­
tion seem unaffected by loss of NKS1, Golgi apparatus structure 
and function are impaired in nks1 mutants.

nks1 Mutants Are Defective in Cell Adhesion and Cell Wall 
Pectins. In addition to the defects in cell elongation, nks1 mutant 
seedlings displayed defects in cell adhesion: in cryo- scanning 
electron microscopy (cryo- SEM), hypocotyl cells of nks1 mutants 
seemed to be peeling apart in both epidermal and cortical cell 
layers (Fig. 4 A and B). Consistent with a loss of tissue integrity, 
nks1 mutant hypocotyls were permeable to toluidine blue dye 
(SI Appendix, Fig. S6A).

The cell walls of adjacent plant cells are joined by the middle 
lamella, a pectin- rich region that is particularly enriched in HG 
(18); changes in cell wall HG can therefore lead to cell–cell adhe­
sion defects and loss of epidermal tissue integrity (6, 7). HG and 
other pectins are characterized by high levels of galacturonic acid 
(GalA) (24). Therefore, we quantified total cell wall monosaccha­
rides by HPAEC- PAD. These experiments revealed a significant 
reduction in GalA content in nks1- 3 compared to wild type, 
which was accompanied by a significant increase in arabinose D
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content compared to wild type (Fig. 4C and SI Appendix, 
Table S2). Sequential extraction of cell wall polymers confirmed 
that a significant decrease in GalA in both nks1 alleles was asso­
ciated with the CDTA- extracted fraction that mainly extracts 
calcium cross- linked pectins from the cell wall. nks1 mutants also 
displayed other pectin defective phenotypes, including reduced 

seed coat mucilage (47) (Fig. 4D). These phenotypic deviations 
from wild type were not due to a downregulation of QUA1 and 
QUA2 in the nks1 mutant background (SI Appendix, Fig. S6B). 
In fact, the expression of the QUAs was increased in the nks1 
mutants, perhaps signifying an attempt to compensate for the 
loss of NKS1.
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Fig. 3.   nsk1 mutants are defective in Golgi apparatus structure and function. (A) Representative images of simultaneous dual- wavelength localization of cis- 
Golgi (NAG) and trans- Golgi (ST) dual markers in Col- 0 and nks1- 3 hypocotyl epidermal cells of 3- d- old etiolated seedlings. (B) Linescan graph showing distance 
between cis- Golgi (NAG) and trans- Golgi (ST) dual markers in Col- 0 and nks1- 3 from single Golgi particle shown in A. (C) Quantification of the distance between 
cis- Golgi (NAG) and trans- Golgi (ST) dual markers or medial- Golgi (WAVE18) and TGN (VHAa1) dual markers in Col- 0 and nks1- 3 hypocotyl epidermal cells of 
3- d- old etiolated seedlings. (D) Quantification of Golgi (WAVE 18) speed in Col- 0 and nks1- 3 cells. (E) Representative transmission electron microscopy images of 
Golgi ultrastructure from Col- 0, nks1- 2, and nks1- 3 hypocotyl epidermal cells of 3- d- old etiolated seedlings. (F) Quantification of the frequency of Golgi curving in 
Col- 0 and nks1 alleles. Statistically significant numbers are shown in bold green color (P < 0.05, χ2 test, 1 d.f.). (G) Representative electron tomogram models of 
Col- 0 and nks1- 3 Golgi apparatus; the cis- most cisterna is labeled in yellow, the trans- most cisterna in purple, and cisternae between are labeled by a gradient of 
green through blue, the TGN is labeled in pink and free vesicles in gray. (H) Quantification of SecGFP secretion ratio in Col- 0 and nks1- 3 hypocotyl epidermal cells 
of 3- d- old etiolated seedlings. Asterisks in (C, D, and H) indicate statistically significant difference between Col- 0 and nks1 as determined by unequal variance, 
two- tailed Student’s t test, where ***P < 0.0005, **P < 0.005. In violin plots, data distribution is outlined by the shape, plot box limits indicate 25th and 75th 
percentiles, whiskers extend to 1.5 times the interquartile range, median is indicated by a horizontal line, mean by a red dot and individual data points are 
shown, and n is indicated in parentheses. [Scale bars, 10 µm in (A), and 200 nm in (E and G).]
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Despite NKS1 coexpression with primary wall CESA genes 
(Dataset S1), we did not observe any significant differences in cel­
lulose content between nks1- 3 and wild- type seedlings (SI Appendix, 
Fig. S6C). Similarly, there were no significant changes in fluores­
cently tagged CESA dynamics in the plasma membrane (48) in 
nks1- 3 mutant hypocotyl cells, compred to wild type (SI Appendix, 
Fig. S6D).

nks1 Mutants Phenocopy qua1 and qua2 Pectin Synthesis 
Mutants and NKS1 Forms a Stable Protein Complex with HG 
Synthesis Enzymes. The cell wall pectin and cell adhesion defects 
of nks1 mutants were reminiscent of qua1 (6) and qua2 mutants 
(7), and NKS1 was tightly coexpressed with QUA1 and QUA3 
(Dataset S1). QUA1 is similar to GT8 family GalATs and QUA2 
is methyltransferase; both have been implicated in HG synthesis 
(6, 7, 19). We therefore investigated whether nks1 mutants shared 
other physiological, molecular, and genetic phenotypes with qua1 
and qua2 mutants.

Cell adhesion mutants, including qua1 and qua2, display 
increased pectin- related cell wall integrity signaling (49), such as 
increased expression of FAD- LINKED OXIDOREDUCTASE 
(FADLox), a marker gene associated with pectin responses (50, 51). 
Similar to the qua mutants, nks1- 2 and nks1- 3 showed significant 

increases in FADLox expression compared to wild type (SI Appendix, 
Fig. S7A). The nks1 mutants also displayed increased accumulation 
of anthocyanins when grown on high sucrose–containing growth 
media (SI Appendix, Fig. S7B), which was observed in both the 
qua1 and qua2 mutants (6, 49, 52, 53).

Recently, Verger et al. (11) documented the importance of epi­
dermal continuity for mechano- perception. By modulating turgor 
(by changing the osmotic potential of the growth media) they could 
rescue cell- adhesion defects in qua1 and qua2 mutants, possibly 
through a tension- adhesion mechanism connected to cortical 
microtubules (11). To test whether we could also restore the cell 
adhesion defects in nks1 mutants, we grew seedlings on media with 
reduced osmotic potential, i.e., on “hard” media [2.5% agar; (11)] 
compared to control (0.8% agar). Interestingly, cell elongation and 
cell adhesion defects were significantly restored when nks1 seedlings 
were grown on the hard media (SI Appendix, Fig. S7C).

Mutations in ESMD1, which encodes a putative O- fucosyltransferase 
GT106 family protein, can suppress the qua1 and qua2 growth and 
cell adhesion phenotypes (49). Introducing esmd1- 1 into nks1- 3 also 
suppressed the hypocotyl elongation and cell adhesion phenotypes of 
nks1- 3 (Fig. 5 A and B), implying that loss of NKS1, QUA1, and 
QUA2 all affect the same cell wall sensing and/or response pathway. 
To directly test this hypothesis, we generated double mutants between 
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Fig. 4.   nks1 mutants are defective in cell adhesion 
and cell wall pectins. (A) Representative scanning 
electron microscopy images of 5- d- old etiolated 
seedlings of Col- 0, nks1- 2, and nks1- 3. (B) Higher 
magnification of the seedlings shown in (A) 
showing epidermal cell layer in Col- 0 and nks1 
alleles. (C) GalA levels in Col- 0, nks1- 2, and nks1- 3 in 
the CDTA- extracted cell wall fraction as measured 
by HPAEC- PAD. (D) Seed mucilage staining of 
Col- 0, nks1- 2, and nks1- 3 with Ruthenium Red 
solution. Asterisks in (C) indicate statistically 
significant difference between Col- 0 and nks1- 3 
as determined by unequal variance, two- tailed 
Student’s t test, where ***P < 0.0005, *P < 0.05. 
Data are shown in boxplot where plot box limits 
indicate 25th and 75th percentiles, whiskers 
extend to 1.5 times the interquartile range, 
median is indicated by a horizontal line, mean by 
a red dot and individual data points are shown, 
and n (distinct pools of homogenized seedlings) 
is indicated in parentheses. [Scale bars, 200 µm 
in (A), 50 µm in (B), 200 µm in (D).]
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Fig. 5.   NKS1 interacts with QUA1 and QUA2 and other pectin- synthesis- related proteins. (A) Representative z- projections (sum averages) of confocal stacks 
from propidium iodide- stained etiolated 5- d- old hypocotyl epidermal cell files from Col- 0, nks1- 3, esmd1- 1, and two independent lines of esmd1- 1 nks1- 3 double 
mutants. (B) Quantification of hypocotyl lengths of 6- d- old etiolated seedlings from Col- 0, nks1- 3, esmd1- 1, and esmd1- 1 nks1- 3 double mutants. (C) Representative 
z- projections (sum averages) of confocal stacks from propidium iodide- stained etiolated 5- d- old hypocotyl epidermal cell files from Col- 0, nks1- 3, qua2- 1, and 
two independent lines of qua2- 1 nks1- 3 double mutants. (D) Quantification of hypocotyl lengths of 6- d- old etiolated hypocotyls from Col- 0, nks1- 3, qua2- 1, and 
qua2- 1 nks1- 3 double mutants. (E) Volcano Plot showing significantly enriched or depleted (colored in red and dark blue, respectively) proteins from three 
independent NKS1–mRFP (light blue in plot) pulldown experiments in comparison to a WT control (N = three biological replicates per genotype). (F) Volcano Plot 
showing significantly enriched or depleted (colored in red and dark blue, respectively) proteins from three independent QUA1–GFP (yellow in plot) pulldown 
experiments in comparison to a WT control (N = three biological replicates per genotype. (G) Co- IP of mch- QUA1::GFP- NKS1, mch- QUA2::GFP- NKS1, and mch- 
ST::GFP- NKS1 transiently expressed in N. benthamiana leaves. Protein extracts were immunoprecipitated by anti- GFP beads, and interactions were detected 
by immunoblotting using anti- GFP and anti- RFP. mCh- QUA1 (97 kDa); mCh- QUA2 (110 kDa); GFP–NKS1 (53 kDa); mCh- NKS1 (52 kDa); mCh- ST (38 kDa); GFP- ST 
(40 kDa). (H) Representative images of bimolecular fluorescence complementation (BiFC) assay in Arabidopsis root cell culture protoplasts showing interaction 
between NKS1 (–cYFP) and QUA1 (GAUT8) (–nYFP). IAA1–cYFP and IAA1–nYFP was used as a positive control and NKS1 (–cYFP) and Got1P homolog (–nYFP) as 
negative control. Letters in (B) and (D) specify statistically significant differences among samples as determined by one- way ANOVA followed by Tukey’s HSD test  
(P < 0.05). In violin plots, data distribution is outlined by the shape, plot box limits indicate 25th and 75th percentiles, whiskers extend to 1.5 times the interquartile 
range, median is indicated by a horizontal line, mean by a red dot and individual data points are shown, and n (seedlings) is indicated in parentheses. [Scale 
bars, 5 µm in (A and C); 10 µm in (G).]D
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nks1- 3 and qua2- 1. Because the qua1- 1 is in the Ws- 4 background, 
we focused our efforts on the qua2- 1 which, like the nks1 alleles, is 
in Col- 0 background. We found that nsk1- 3 qua2- 1 double mutants 
resembled the single mutants, which is consistent with the hypothesis 
that NKS1 and QUA2 act in the same complex or pathway (Fig. 5 C 
and D).

As the bulk of the NKS1 resides inside the Golgi lumen 
(SI Appendix, Fig. S3D), but the DUF1068 sequence does not har­
bor any hallmarks of enzymatic activity, we wondered whether 
NKS1 might physically interact with QUA1 and QUA2, forming 
a pectin biosynthesis protein complex. To test this hypothesis, we 
performed immunoprecipitation (IP) of NKS1–mRFP followed by 
LC–MS/MS analysis. We identified 27 proteins that were signifi­
cantly enriched against the control with NKS1 being the top hit 
(Fig. 5E and Dataset S3). In addition, approximately 30 % of the 
27 proteins were related to pectin synthesis. Importantly, QUA1 
and QUA2 were identified among the top putative NKS1 interac­
tors together with the NKS1 homologs ELMO1 and ELMO2, the 
QUA1 homolog GAUT9 and the QUA2- like protein QUL2. IP 
experiments using the Golgi- localized ST- mRFP, revealed no over­
lap with the NKS1–mRFP IP top hits. In addition, we generated a 
stable QUA1–GFP Arabidopsis line and performed IP experiments 
similar to those for NKS1–mRFP. Here, we found NKS1, QUA2, 
and GAUT9 as top hits (Fig. 5F and Dataset S3), confirming that 
these proteins form a pectin synthesis protein complex.

To corroborate that NKS1 interacts with QUA1 and QUA2, 
we performed co- IP experiments using heterologously expressed 
GFP–NKS1. We found strong interactions between GFP–NKS1 
and mCherry- QUA1, but only weak interactions between GFP–
NKS1 and mCherry–QUA2 (Fig. 5G). These data indicate a 
stronger interaction between NKS1 and QUA1 than with QUA2. 
This is in agreement with protein–protein docking simulations 
(cluster 1 with significant HADDOCK score of <−140; SI Appendix, 
Fig. S8A), which indicates possible interactions between NKS1 and 
QUA1 and between QUA1 and QUA2 (SI Appendix, Fig. S8B). 
These data were further confirmed by BiFC assays using Arabidopsis 
root cell suspension culture protoplasts. Here, we detected clear 
positive interactions between NKS1 and QUA1, which localized 
to small intracellular puncta resembling the Golgi apparatus, but 
we did not observe any signs of interaction between NKS1 and 
another Golgi localized protein, Got1p (Fig. 5H).

Taken together, our data imply that NKS1, QUA1, and QUA2 
act together with several other pectin- related proteins to coordi­
nate pectin synthesis in the Golgi.

Discussion

Domain of Unknown Function proteins are classified by sequence 
similarity to each other but not to any protein of known function 
and make up almost 22% of all proteins in the Pfam database 
(54). NKS1 belongs to the DUF1068 family, members of which 
are only found in land plants (Embryophyta), and almost all 
annotated DUF1068 proteins consist entirely of only the 
DUF1068 domain, making it difficult to deduce their function 
from protein sequence. Previous studies had implicated NKS1 
in salt tolerance (30); we hypothesize that the high concentration 
of sucrose in the media used by Choi et al. (30) exacerbated the 
cell wall phenotype, since there are complex relationships between 
sugar availability and cell wall integrity responses (55, 56). NKS1 
is part of a protein family referred to as ELMO (20, 21). ELMO1, 
which is distantly related to NKS1/ELMO4 (SI Appendix, 
Fig. S3), can also interact with QUA1 and NKS1 in heterologous 
systems (21), further supporting our results for NKS1/ELMO4. 
Here, we show that NKS1 maintains Golgi apparatus structure 

and function and is an integral part of a larger pectin synthesis 
protein complex.

Changes in pectin synthesis have been correlated with changes 
to Golgi structure (57, 58). For example, in seed coat epidermal 
cells, which synthesize an extraordinary volume of pectic mucilage 
during their development, Golgi stacks showed swollen margins, 
many associated vesicles, and a complex trans- Golgi network, while 
these changes were not observed in mutants lacking a key pectin 
synthesis gene (57). Whether these structural changes to the Golgi 
reflect an active remodeling of the endomembrane system or are a 
passive consequence of polysaccharide flux through the Golgi 
remains to be determined (26). Notably, in mammalian (HeLa) 
cells, changes to Golgi protein interactions were correlated with 
loss of GT function and dramatic changes to Golgi structure (59), 
implying an important relationship between Golgi structure and 
function. These data are consistent with our characterization of 
nks1 mutants, in which both pectin synthesis and Golgi structure 
were defective. While the relationship between Golgi structure and 
function remains elusive, modeling has demonstrated that both 
changes to Golgi lipid composition and changes to curvature-  
generating proteins (i.e., vesicle trafficking machinery) can influ­
ence Golgi shape (60). According to this model, changes to pectin 
synthesis in nks1 Golgi stacks might passively reshape the Golgi 
apparatus, perhaps due to changes in vesicle trafficking.

The seedling phenotypes of nks1 mutants are strikingly similar 
to those of qua1 and qua2 mutants, including reduced cell elon­
gation, cell adhesion defects, and suppression of the phenotypes 
under hyperosmotic conditions or by loss of ESMD (49). QUA1 
is a predicted GalAT implicated in HG backbone synthesis (6), 
while QUA2 is an HG methyltransferase (7, 19). NKS1 lacks any 
sequence features that might suggest that it is directly involved in 
pectin synthesis. However, the interactions between NKS1 and 
QUA1 and QUA2 led us to hypothesize that NKS1 could play a 
role in organizing the pectin synthesis machinery in the Golgi 
apparatus by mediating close associations between QUA1 and 
QUA2. This scenario is in agreement with our protein–protein 
docking simulations of QUA1, QUA2, and NKS1. Notably, in 
this model, NKS1 is proposed to provide a supporting backbone 
structure for QUA1 that in turn may interact with QUA2 
(SI Appendix, Fig. S8). These data support our co- IP studies, in 
which NKS1 bound strongly to QUA1 but less strongly to QUA2. 
In addition, ref. 21 found that ELMO1 can interact with QUA1, 
but not with QUA2, in yeast- interaction assays. Our IP analyses 
further indicate that the NKS1 is potentially part of a larger pectin 
synthesis protein complex, containing several pectin- related GTs 
and NKS1/ELMO homologs (including ELMO1).

Studies of HG synthesis have documented interactions between 
GAUT1 and GAUT7 (3), indicative of coordination among pectin 
synthesis proteins. While enzymatic activity has only been docu­
mented for GAUT1 (61), GAUT7 is required for proper GAUT1 
localization to the Golgi (3), and GAUT7 can increase GAUT1 
activity in vitro (62). HG is secreted in a highly methylesterified 
form, presumably to prevent it from forming calcium bridge-  
mediated aggregations before its incorporation into the cell wall. 
Quantitative immunolabeling of HG in pectin- synthesizing Golgi 
stacks predicted that HG methylesterification is highly efficient 
and nearly simultaneous with HG backbone synthesis, suggesting 
that the enzymes for pectin backbone formation and methylester­
ification act in concert (8). Indeed, qua2 methyltransferase mutants 
do not display any changes to pectin methylesterification status 
but do show overall decreases in pectin synthesis (19). These results 
suggest that the HG that is synthesized in qua2 mutants is effi­
ciently methylesterified by other methyltransferases and that HG 
synthesis and methylesterification are tightly coupled. Therefore, D
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we propose a model in which NKS1/ELMO4, and other ELMO 
proteins, such as ELMO1 (21), mediate interactions between sev­
eral HG- producing proteins, including the GalATs and putative 
GalATs, QUA1, GAUT9, and the HG methyltransferases, QUA2 
and QUL2, thus providing a basis for these proteins to facilitate 
efficient and coordinated HG synthesis and methylesterification 
before pectin secretion.

Methods

For full methods, see SI Appendix.

Plant Material and Growth Conditions. A. thaliana ecotype Columbia (Col- 0) 
and various transgenic lines nks1- 2 (SALK_151073), nks1- 3 (GK- 228H05), qua2- 
1, esmd1- 1, and fluorescent marker lines (SI Appendix, Table S3) were grown on 
square petri plates of half Murashige and Skoog (MS) nutrient mix (Duchefa), 
0.5% sucrose and 0.8% (w/v) plant agar (Duchefa; pH 5.8). In some instances, 
seedlings were transferred to 6 cm and/or 10 cm- sized pots filled with soil.

The growth period of seedlings varied in different experiments as indi-
cated in figure legends. Plants were genotyped using the primers indicated in 
SI Appendix, Table S4.

Brightfield Microscopy and Histology. Three-  and six- day- old dark grown 
seedlings were scanned using an EPSON perfection V600 photo scanner and 
hypocotyl lengths and growth kinetics were measured (63). Seed mucilage was 
stained with 0.01% ruthenium red solution (11103- 72- 3, Sigma- Aldrich). The 
seeds were suspended in water and imaged using a compound microscope (64). 
Six- day- old etiolated seedlings were stained in an aqueous solution of 0.05 % 
(w/v) Toluidine blue and imaged using a compound microscope (65, 66).

In Silico Analyses.
NKS1 gene expression. NKS1 (At4g30996) gene expression patterns were 
accessed via ePlant [https://bar.utoronto.ca/eplant/; (67)].
Coexpression analyses. Genes coexpressed with NKS1 were identified using 
ATTED- II [https://atted.jp/; (28); Dataset S1].
Gene ontology (GO) analyses. GO analyses were conducted via the GO Resource 
interface (http://geneontology.org/; Dataset S2).
Protein domain structure prediction. Predicted protein domain architecture 
was accessed via InterPro [https://www.ebi.ac.uk/interpro/about/interpro/; (68)]. 
Transmembrane spanning helices were predicted using the TMHMM Server v.2.0 
[https://www.cbs.dtu.dk/services/TMHMM/; (41)] or the newer DeepTMHMM ver-
sion [https://dtu.biolib.com/DeepTMHMM; (69)].
Protein modeling and docking. Protein models were retrieved from the 
AlphaFold Protein Structure Database and trimmed for disordered regions and 
transmembrane domains. The HADDOCK 2.4 server was used for protein–protein 
docking with trimmed protein models and interface definitions as input (70, 71).
Phylogenetic analyses. NKS1 amino acid sequence was used to search homologs 
against publicly available database such as PLAZA (72), NCBI (https://www.ncbi.
nlm.nih.gov/), and Phytozome (73). The identified protein sequences were used 
to construct phylogenetic tree according to ref. 74.

Gene Expression Analyses by qRT- PCR and RT- PCR. Total RNA was isolated 
from 6- d- old etiolated seedlings using RNeasy Plant minikit (74904, QIAGEN). 
cDNA was synthesized using iScript cDNA synthesis kit (Bio- Rad). NKS1 transcript 
levels were analzsed by real time quantitative PCR (qRT- PCR). The relative expres-
sion values were calculated by the 2−ΔΔCq method using Reference Gene Index 
(RGI). The relative expression of FADLox, QUA1, and QUA2 was measured using 
CFX Touch Real- Time PCR detection system, Bio- Rad, and relative expression 
values were calculated by the 2−ΔΔCq method using UBI10 (At4g05320) as a 
reference gene (SI Appendix, Table S4).

Semiquantitative RT- PCR was performed by intron spanning primers for NKS1 
and the APT1 as control (SI Appendix, Table S4).

BiFC. NKS1, QUA1, QUA2, Got1P homolog (74), and IAA1 (75) were PCR amplified 
from Arabidopsis Col- 0 cDNA (SI Appendix, Table S4) and cloned into pDONR207 
using BP Clonase Enzyme II. Entry clones were then subcloned into BiFC- specific 
destination vectors (pDEST- gwVYCE and pDEST- gwVYNE) (76) The clones were 
confirmed by PCR and restriction digestions followed by sequencing.

Protoplasts were isolated from Arabidopsis root suspension culture cells in 
enzyme solution and centrifuged, and pellets were washed. Protoplasts were 
resuspended and incubated with plasmids in 25% PEG 6000 solution, followed by 
addition of 500 µL 0.275 M Ca(NO3)2, centrifuged, resuspended, and incubated 
in dark for 16 h. Transfected protoplasts were documented using a Zeiss LSM880 
confocal scanning microscope.

GO- PROMPTO Assay. GO- PROMTO assay (42) with VENUS as the fluorescent 
marker (77) was used to determine the topology of NKS1. The NKS1 CDS was 
amplified (SI Appendix, Table S4) and cloned into pSUR, and transformed into 
Agrobacterium tumefaciens. Transient expression in N. benthamiana leaves and 
imaging was carried out as previously described in ref. 78.

Generation of NKS1–GFP/mRFP and QUA1–GFP Translational Fusion 
Constructs. The coding sequences of NKS1 and QUA1 with or without stop codon 
were amplified by PCR (SI Appendix, Table S4) from cDNA. The fragments were 
introduced into pENTR- D- TOPO vectors and cloned into plant expression vectors 
(79) by Gateway LR clonase mix (11791- 019, Life Technologies). The resultant 
constructs were transformed into Arabidopsis by A. tumefaciens via floral dip (80).

Live- Cell Imaging and Analyses.
Low water potential treatment and imaging of cell–cell adhesion defect 
 phenotype. Water potential of ½ MS growth media was changed as described 
in ref. 11. The seedlings were stained with propidium iodide and imaged using 
Zeiss LSM 780 or 880 confocal laser scanning microscope and images were ana-
lyzed using Fiji software.
Spinning disk microscopy. All other live cell imaging was conducted using CSU- 
X1 or CSU- W1 Yokogawa spinning disk head fitted to a Nikon Ti- E inverted micro-
scope. For seedling imaging, 3- d- old etiolated hypocotyls or roots were mounted 
in water under an agarose pad. For BFA- treatments, seedlings were treated with 
BFA (50 μM) in ½ MS media with 1% sucrose. FM4- 64 straining was performed 
for 10 min with 2 µM FM4- 64.
Live cell image analyses. All image processing was performed using Fiji software. 
Colocalization between NKS1–GFP or NKS1–mRFP and compartment marker 
lines was analyzed as described by Gendre et al. (81), using the JaCOP plugin. 
Simultaneous dual- wavelength imaging was done by aligning two cameras rela-
tive to a calibration slide, then regions of interest were selected for colocalization 
analysis. Colocalization was quantified from z- stacks using the DiAna plugin for 
Fiji (82). CESA speed and density measurements were based on images with 10 s 
time intervals for 600 s and images were corrected for drift using StackReg. CESA 
speed and density were determined according to Sampathkumar et al. (83). Golgi 
movement was tracked using Fiji- TrackMate (84). The parameter “Mean Speed” 
was used to calculate the average Golgi motility rate. FM4- 64 internalization 
was estimated from maximum fluorescence intensities of BFA bodies and com-
pared to the plasma membrane intensities using Fiji (85). PIN2–GFP recycling 
was estimated in Fiji via the ratio of plasma membrane:intracellular signal. The 
number of BFA bodies was manually counted per unit area.

Cell Wall Analyses. Cell wall analyses were conducted on 6- d- old etiolated 
seedlings washed with 70% ethanol, dried, ground, and washed with 1:1 chloro-
form:methanol, then washed with acetone, and dried to obtain cell wall material 
(CWM). Then, 0.5 to 1 mg CWM was weighed in tubes and treated with trifluo-
roacetic acid. Samples were used for cellulose estimation by modified Seaman 
analysis by Anthrone assay (86, 87). Monosaccharides were analyzed from alcohol 
insoluble residue that was sequentially extracted into pectin and hemicellulose 
fractions using HPAEC as previously described (88).

Immunoprecipitation of NKS1–mRFP, QUA1–GFP, and Interactors. Leaves 
were homogenized, centrifuged, and mixed with 25 µL RFP- Trap Agarose or GFP- 
Trap Agarose (ChromoTek). Beads were spun down, washed, and stored at −80 
until mass spectrometry analysis. The washed beads were incubated for 30 min 
with elution buffer. Tryptic peptide mixtures were loaded on Evotips (Evosep) 
and peptides were separated and injected via a CaptiveSpray source and 10- μm 
emitter into a timsTOF pro mass spectrometer (Bruker) ran in PASEF mode (89).

Raw mass spectrometry data were analyzed with MaxQuant against the 
Arabidopsis Uniprot FASTA database. Statistical analyses of LFQ- derived protein 
expression data were performed using the automated analysis pipeline of the 
Clinical Knowledge Graph (90). Differentially expressed proteins in each group D
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comparison were identified by SAMR multiclass test with permutation- based 
FDR correction for multiple hypothesis, followed by post hoc pairwise compar-
ison unpaired t tests using the same parameters and permutation- based FDR 
correction (91). Significantly regulated proteins are colored in red and blue in 
the volcano plots for up and down- regulated proteins, respectively.

Western Blotting. Two- week- old seedlings were harvested, and total protein was 
quantified by the Bradford method. Proteins were separated by SDS- PAGE and detected 
by Western blot analysis (anti- GFP from rat [Chromotek, 3H9, 1:3,000], anti- RFP from 
Mouse [ChromoTek, 6G6, 1:2,000], anti- rat IgG produced in goat [Amersham, GE 
NA935, 1:10,000] and Anti- Mouse-  in rabbit [Agilent, P0260, 1:10,000]).

Co- IP of Proteins From Transient Infiltration of Tobacco Leaves. NKS1, 
QUA1, QUA2, and transmembrane domain of rat ST were cloned into pDONR221. 
Entry clones were then subcloned into pFRET- gc- 2in1- NN vectors (92) with fluo-
rescent tags facing cytosol. Plasmids were transiently expressed in N. benthamiana 
leaves and Co- IP was performed according to ref. 93. (Co) immunoprecipitated 
proteins were separated on SDS- PAGE and detected by western blot analysis.

TEM and Transmission Electron Tomography (ET). For both TEM and tomog-
raphy, etiolated 3- d- old seedlings were cryofixed using a Leica HPM- 100 high- 
pressure freezer (94). Freeze- substitution was performed a Leica AFS2 automatic 
freeze substitution unit. Samples were then infiltrated with Spurr’s Resin.
TEM. First, ~80- nm thick (silver) sections were cut and placed on mesh grids 
coated with 0.3% formvar. Grids were imaged with a Phillips CM120 BioTWIN 
TEM. Golgi features of genotype- blinded images were manually measured in Fiji.
ET. Five serial sections ~250 to 300 nm thick were cut were cut using a UC7 
Ultramicrotome, placed on Maxtaform grids coated with 0.8% formvar and then 
coated with colloidal gold (Ted Pella) as a fiducial marker. Samples were imaged with 
a FEI Tecnai F30 TEM. Dual- axis tomograms were collected in a tilt range of +65° to 
−65° with 2° tilt steps per image. Tomograms were aligned, reconstructed, and mod-
eled in Etomo and IMOD (95). Tomograms were manually segmented using IMOD.

Cryo- Scanning Electron Microscopy. Etiolated 3- d- old seedlings were pro-
cessed according to ref. 96. Seedlings were mounted in Tissue- Tek on a sample 
holder, plunge- frozen, transferred to a cryostage and samples were coated with 
60:40 gold–palladium alloy and then transferred into the FEI Quanta cryo scan-
ning electron microscope.

Data, Materials, and Software Availability. Proteomics data have been deposited 
in identification of potential interactors of NKS1 and QUA1 (PXD047727) (97, 98).
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