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306 as seen in Figure 8B, and the content of ionic bound pectin (ISP) was increased under N
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Figure 8. Changes of cell wall components in rapeseed roots in response to N deficiency. A, Cellulose and hemicellulose contents. B,
lonic bound pectin (ISP) and covalently bound pectin (CSP) contents. Rapeseed roots were collected at 14 days after high N (7500 uM N) and
low N (190 uM N) treatment. Data represent means + standard deviations (n=4). Asterisks indicate significant differences between the two N

treatments (Student /-test, *: P < 0.05).

307 deficiency conditions, while the covalently bound pectin (CSP) was also significantly
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affected by N supply, whose content was increased 29.2% in the N-deficient roots of
rapeseeds.

However, the lignin content in N-deficient roots was 11.2% less than that in
N-sufficient roots (Fig. 9A). Moreover, as shown in Figure 9B, the stele of the
N-sufficient rapeseed roots was pink after phloroglucinol staining, whereas the color was
relatively weak under N deficiency conditions, especially for the region 3 cm away from
the root tip. Root segments (the root region between 3 cm and 4 cm away from the root
tip as shown in Fig. 9B) were further stained with phloroglucinol after paraffin sectioning;
lignified vessel elements in the xylem of N-sufficient rapeseed roots showed deeper color
than those of N-deficient roots (Fig. 9C), suggesting that N deficiency might influence
lignin synthesis of rapeseed roots. Thus, it was consistent to the abundant changes of
DEPs involved in lignin synthesis and the morphological changes of N-deficient rapeseed

roots.

Functional analysis of two candidate DEPs in transgenic Arabidopsis

To further verify the functions of DEPs from proteomic analysis in root growth, two
putative root-related DEPs were selected, XTH31 and BFRUCT4, which had been
previously reported to be associated with cell wall organization (Zhu et al., 2012) and
glycan metabolism (Sergeeva et al., 2006) in Arabidopsis, respectively. Transgenic
Arabidopsis plants harboring the coding region of BnaXTH31 or BnaBFRUCT4 under the
control of the 35S promoter were generated and evaluated for changes in root growth
under both high N (60 mM) and low N (2 mM) conditions. The results showed that the
overexpression of BnaXTH31 promoted total root growth of Arabidopsis after 7 days,
especially under low N conditions (Fig. 10A, 10B); while overexpressing BnaBFRUCT4
increased main root growth only at the low N level (Fig. 10C, 10D). These results
indicated that these two root-related proteins contribute to stimulate plant root growth

under N deficiency stress.
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Figure 9. Changes of lignin content in rapeseed roots in response to N deficiency. A, Lignin content. Rapeseed roots were collected 14
days after the N treatments and analyzed by the acetyl bromide method for measuring lignin content. Data represent means + standard
deviations (n=4). Asterisk indicates significant differences between the two N treatments (Student #~test, *: 2<0.05). B, Lignin histochemistry
staining in rapeseed roots. Three days after the N treatments. roots (8 individual rapeseed scedlings for each treatment) were stained and
imaged using an optical microscope (Olympus BX53F, Japan). Lignin was visualized by pink color staining. The area within the black dotted
rectangle (root segments between 3 cm and 4 cm away from the root tip) was magnified as shown above and below. C, Lignin deposition in
the root xylem tissues. Three days after the N treatments, root segments (between 3 cm and 4 cm away from the root tip) that were visibly
different between the two N treatments based on staining were selected for longitudinal slicing, and then were observed with an optical
microscope (Nikon Eclipse Ci, Japan). High N: 7500 pM N; Low N: 190 pM N,

337  DISCUSSION
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Figure 10. Root growth performance of BnaXTH31 and BnaBFRUCT4 ectopically expressed in Arabidopsis thaliana. A, Phenotype of
wild-type (Col-0) and transgenic lines expressing BnaXTH31. B, Root length. C. Phenotype of wild-type (Col-0) and transgenic lines ex-
pressing BnaBFRUCT4. D, Root length. Arabidopsis plants were grown in high N (60 mM N) or low N (2 mM N) MS media for 7 days.
Scale bar = lem, XTH: Xyloglucan endo-transglycosylase/hydrolase, BFRUCT4: beta-fructofuranosidase. Data represent means + standard

deviations (n=12). Asterisk indicated significant differences between wild type and transgenic plant at the same N level (Student r-test,
*: P <0.05).

338 Nitrogen deficiency is a major constraint for rapeseed production. Yet, most published
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reports on N deficiency responses in rapeseed have focused on leaves, especially after
long-term N starvation with obvious N-deficient symptoms (Kim et al., 2009). Still, root
systems are important for acquiring nutrients from soils, and root system alterations in
response to N availability have been noted in many crops, including rice (Oryza sativa L.)
and wheat (Triticum sp.) (Wang et al., 2002; Rasmussen et al., 2015). In these studies,
root morphological traits, such as main root length and total root length, were determined
by using 2-D root observation systems (Wang et al., 2002; Rasmussen et al., 2015).
However, the spatial distribution of roots in soils is 3-dimensional. In recent years,
several research efforts have shown that root architecture can be significantly influenced
by nutrient availability (Walch-Liu et al., 2006; Giehl et al., 2014; Saengwilai et al.,
2014). In maize, root architectures with deeper roots were more effective at N acquisition
from low N soils (Saengwilai et al., 2014). In this study, a 3-D in Situ quantification
system was applied to investigate the root architectural responses of rapeseed to N
deficiency. Then, the mechanisms underlying rapeseed root responses to N deficiency
were investigated using TMT-based proteomic techniques.

As reported previously, low N stimulates the elongation of main and lateral roots, but
not the density of lateral roots in Arabidopsis (Gruber et al., 2013; Lopez-Bucio et al.,
2003). In the current study, we observed that N deficiency not only stimulated the
elongation of main and lateral roots of rapeseed, but also increased root tip count (Fig.
IB). It is well known that root morphogenesis is controlled by the regulation of cell
division and expansion (Strader et al., 2010). As expected, not only the cell number in the
meristematic zone of rapeseed roots was enhanced, but also the cell size in the elongation
zone was enlarged by N starvation (Fig. 2). It suggested that increased root growth of
N-deficient rapeseed seedlings might be caused by the stimulation of both cell division
and expansion.

Moreover, the cell wall influences cell size and shape, which determines the tissue
morphology of plants. A previous review summarized that cell wall architecture and cell
wall metabolism are often affected by various abiotic stresses, such as drought, flooding,
heat, cold, salt, heavy metals, light, and air pollutants (Le Gall et al., 2015). In our study,

root growth of rapeseed seedlings under N deficiency were accompanied by the increased
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expression of several cell wall-related proteins (e.g. XTH and expansins) (Table 1).
Several studies have reported that the abundance of XTH increased in osmotically
stressed plants resulting in striking cell wall remodeling, thus promoting cell growth and
strengthening of the cell wall (Tenhaken, 2015). For example, Arabidopsis XTH31
showed predominate xyloglucan endohydrolase activity in vitro, and XTH31 has been
found to be involved in cell wall modification and cell elongation through modulating
xyloglucan endotransglucosylase (XET) action under Al stress (Zhu et al., 2012). In the
current study, functional analysis of BnaXTH31 in transgenic Arabidopsis demonstrated
that this gene contributes to the enhanced root growth upon N deprivation stress (Fig.
10A, 10B). Expansins are a group of proteins involved in the irreversible extension of
cell walls and associated cell enlargement in plants (Cosgrove, 1996). They have also
been reported to be involved in root architectural modifications in soybean (Glycine max
L.) (Guo et al., 2011). In the current study, three expansin proteins were identified only in
long-term N-deficient roots displaying dramatic root morphological changes (Table 1).
And the enhanced expression of these cell wall related proteins was in line with the
increased content of hemicellulose in N-deficient rapeseed roots (Fig. 8A). Moreover,
several other proteins involved in cell wall formation were also identified in this study.
For instance, rapeseed homologs of the Arabidopsis proteins cellulose synthase, CESA1
and CEV1, which function in cellulose and primary cell wall formation (Pysh et al.,
2012), as well as chitinase family protein, POMI1, which participates in radical cell
expansion in Arabidopsis (Scheres et al., 2002), were all up-regulated in day 14
N-deficient rapeseed roots. Here, several cell wall related DEPs involved in cytoskeleton
organization were also identified with increased abundance in the 14 day N-deficient
rapeseed roots (Table 1), such as actin 11 (ACT 11), which is an essential component of
the cell cytoskeleton, and plays an important role in cell shape determination, cell
division, organelle movement and extension growth (Hussey et al., 2006). Microtubules
are major structural components of eukaryotic cells and play a key role in regulating cell
division, cell proliferation and cell morphology (Wasteneys and Yang, 2004b). In this
study, two tubulin proteins (beta-6 tubulin (TUB6) and beta-8 tubulin (TUBS)) were

identified in N-deficient rapeseed roots. Interestingly, ACT 11 and two TUB proteins
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were predicted to tightly interact with each other by STRING analysis (Fig. 6A).
Additionally, TUB6 and TUBS potentially interacted with several Rab GTPases (Fig. 6A
and Supplemental Table S1), which belong to a family of monomeric small GTPases of
the Ras superfamily. It has been reported that several Rab GTPases are crucial for
cytokinesis, and function in regulating cell division (Qi and Zheng, 2013; Gibieza and
Prekeris, 2017). Therefore, the response of root elongation in rapeseed to N deficiency
might be achieved through a coordination of these relevant proteins involved in both cell
division and cell expansion. This might ultimately trigger root morphological changes
under low N conditions.

According to 3-D in situ quantification, roots became wider but softer under N
deficiency conditions, and the solidity of roots significantly decreased within 3 days
under the low N treatment (Fig. 1B). Peroxidases are ubiquitous to all organisms, and are
encoded by large multigene families (Francoz et al., 2015). Several studies suggest that
peroxidases function in cell wall lignification, auxin catabolism, defensive responses and
salt tolerance (Hiraga et al., 2001; Shigeto and Tsutsumi, 2016). It is well known that cell
expansion is linked to processes controlling cell wall loosening and stiffening, and the
balance between these two processes can be regulated by reactive oxygen species (ROS)
homeostasis (Tsukagoshi et al., 2010), which is controlled by peroxidases, thus, the
balance between cell wall loosening and stiffening can be influenced by the activities of
Class III peroxidases (Tenhaken, 2015). In this study, a large number of peroxidases were
characterized as down-regulated DEPs in response to N deficiency (Table 2), which is
consistent with previous results in maize (Trevisan et al., 2015). In addition, POD
enzyme activity in rapeseed roots was significantly repressed by N deficiency in the
present work (Fig. 7A, 7B). According to a previous study, oxygen radicals and H,O, are
two major ROS, which are differentially distributed within the root tissues of Arabidopsis
(Dunand et al., 2007). In the present study, we speculated that the down-regulation of
peroxidases and the reduction of POD enzyme activity may facilitate root growth by the
decrease of apoplastic H>O,, and the production of oxygen radicals to cleave the cell wall
polymers, then promote cell wall loosing and root growth. Additionally, the STRING

analysis of protein-protein interaction networks predicts that down-regulated peroxidases
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interact with proteins in lignin synthesis (e.g. OMT1) and catalytic enzymes in the
biosynthesis of lignin precursors (e.g. 4CL1, 4CL2, 4CLS5, PAL1, PAL4 and CCoAMOT1)
(Fig. 6B). Although all the identified enzymes involved in the biosynthesis of lignin
precursors were up-regulated by N deficiency, most of the enzymes that participate in the
last step of lignin synthesis were suppressed by N deficiency, which might lead to the
decrease of the lignin content observed in N-deficient rapeseed roots in this study (Fig.
5B, 9). Furthermore, one of the down-regulated peroxidases is a homolog of AtPRX71,
which has been demonstrated to restrict cell expansion in Arabidopsis (Raggi et al., 2015).
Therefore, the down-regulation of peroxidases herein might promote root elongation in
concert with the stimulation of expansins and XTHs, while also decreasing root solidity
through inhibition of lignin biosynthesis under low N conditions. Our results suggest that
N deficiency may make plant roots softer, which might be attributable to down-regulation
of peroxidases.

In conclusion, these results provide a global view of architectural changes, as well as
the underlying molecular mechanisms involved in the adaption of rapeseed roots to N
deficiency. Changes in the abundance of cell wall related proteins and peroxidases quite
likely are altering the rigidity of the cell wall to promote root cell division and expansion,
leading to increased root elongation, which could contribute to the longer and thinner

rapeseed lateral roots induced by N deficiency.
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MATERIALS AND METHODS
Dynamic changes of root architecture in N-deficient rapeseed plants

For 3-dimensional (3-D) in situ quantification of N-deficient roots, a hydroponic
experiment was conducted using a Chinese grown rapeseed cultivar, Zhongshuang 11
(Brassica napus cv. ZS11). Seeds were sterilized and germinated in 1/4 strength modified
Hoagland’s nutrient solution for 3 days before transplanting into 1/2 strength nutrient
solution with different N treatments (High N: 7500 uM N, or Low N: 190 uM N; pH
value: 5.8, refreshed weekly). Plants were grown in a 24/20°C day/night temperature
regime with a 14 h/10 h light/dark photoperiod. Root images were acquired daily from
day 1 to day 7 after implementing the N treatments. The imaging system consisted of a
Nikon D80OE Digital SLR camera with a Nikon 105 mm {/2.8D AF ED-IF lens. Prior to
3-D reconstruction, each series of 100 2-D images was identically cropped, adjusted to a
resolution of 200 mm per pixel, and converted to grayscale using Adobe Photoshop. The
images were then threshholded and reconstructed. Finally, root traits such as total root
length, total root volume, maximum depth, maximum width, minimum width, solidity
and tip count were computed in RootReader3D (Clark et al., 2011; Pifieros et al., 2016),
and lateral root length was the total length of all roots minus the maximum depth (namely
main root length).
After three days of N treatment, cell number and cell size were investigated in 0.5 cm

root segments starting from the root tip. The root segments (8 individual rapeseed
seedlings for each treatment) were stained with 10 Pg/ml propidium iodide (PI) for 3

min as described by Bai et al. (2009) with a modification for staining time, and then were
observed under a confocal laser scanning microscope (Zeiss LSM 710, Germany). For
quantifying cell number in the meristematic zone, root samples (8 individual rapeseed
seedlings for each treatment) were fixed overnight in 50% (v/v) FAA, dehydrated in a
graded ethanol series, embedded in paraffin wax, and longitudinally sectioned (5 pm
thick) with a microtome (Leica RM2016, Germany). Sections were dried onto slides at
37°C and stained with fast green/safranin prior to acquiring images with an optical

microscope (Nikon Eclipse Ci, Japan). Then, pictures taken by the microscope were used
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to count the number of cortex cells in the meristematic zone of root tips at high- or low-N

levels.

Experimental design, protein preparation and TMT10-plex labeling

For proteomics analysis, a hydroponics experiment was conducted using the same
rapeseed cultivar and N treatments as mentioned above. Roots from three independent
biological replicates were separately harvested 3 (short-term) and 14 (long-term) days
after initiating the N treatments for subsequent TMT-based proteomic analysis.

An overview of the proteomics experimental design and workflow are shown in
Supplemental Figure S1. Specifically, samples were collected from rapeseed roots after 3
and 14 days of growth under N deficiencyand nutrient sufficient conditions. Three
biological replicates for each treatment led to nine samples being collected at each time
point. Proteins were extracted according to the previous method with some modifications
(Yang et al., 2007). Each sample was powdered in liquid N, followed by suspension in
extraction buffer (0.5 M Tris-HCI, pH 7.5) containing 50 mM EDTA, 0.1 M KCl, 0.7 M
sucrose, 10 mM DTT, 1 mM PMSF, and 1% (w/v) PVP. An equal volume of Tris-EDTA

saturated phenol (pH 8.0) was added followed by shaking for 30 minutes at 4°C. The

homogenate was centrifuged at 4000 rpm for 30 minutes at 4°C. The phenolic phase was
collected and the extraction was repeated. Five volumes of 0.1 M ammonium acetate in
methanol were added to the collected phenolic phase to precipitate proteins at -20°C
overnight. After centrifugation for 40 minutes, the supernatant was discarded and the
resulting pellet was washed once with chilled methanol and twice with chilled acetone.
The pellet was air dried and stored at -80°C.

Protein pellets were re-suspended in lysis buffer, then protein quantitation, digestion
and TMT labeling were performed as reported previously (Chen et al., 2013) except that
TMT10-plex (Thermo-Fisher Scientific, San Jose, CA) tagging was used in this work.
Specifically, 126-tag, 127N- tag, and 127C-tag were used for low N and 129C-tag,
130N-tag, and 130C-tag were used for N sufficient samples. The remaining 131-tag in

each set of TMT10-plex was used for a mixture of equal amounts of protein from each of
29

Downloaded from on November 25, 2018 - Published by www.plantphysiol.org
Copyright © 2018 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

the 12 samples to bridge the results collected between days 3 and 14. Then, the 10 labeled
samples were pooled, and evaporated to dryness before subjecting them to cation
exchange chromatography using a SCX cartridge (PolyLC Inc. Columbia, MD), and
desalted as described previously (Chen et al., 2013) for subsequent high pH reverse phase
(hpRP) chromatography.

HpRP fractionation, nano-scale reverse phase chromatography and tandem mass
spectrometry (nanoLC-MS/MS)

All hpRP chromatography was performed with a Dionex UltiMate 3000 HPLC system
(Sunnyvale, CA) as reported previously (Yang et al., 2011). The TMT10-plex tagged
tryptic peptides described above were reconstituted and loaded onto an XTerra MS C18
column from Waters (Milford, MA). Forty-eight fractions were collected at 1 minute
intervals and pooled into a total of 18 fractions based on the UV absorbance at 214 nm
and with the multiple fraction concatenation strategy as published (Wang et al., 2011). All
fractions were dried and reconstituted for nanoLC-MS/MS analysis.

The nanoLC-MS/MS analysis and Orbitrap Elite settings were the same as recently
published (Wang et al., 2014), with slight modifications incorporated specifically for
running TMT10-plex labeled peptides. The Orbitrap Elite was operated using an FT mass
analyzer for a one survey MS scan, followed by HCD-MS/MS scans on the top 15
precursor peptides with multiple charged ions above a threshold ion count of 8000 at a
normalized collision energy of 37.5%. MS survey scans were set at a resolving power of
60,000 (fwhm at m/z 400) for the mass range of m/z 375-1800 with AGC = 1e6 and Max
IT =100 ms. MS/MS scans were set at 30,000 resolution with 1.5 amu of isolation width
at AGC=1e5 and Max IT = 250 ms for the mass range, m/z 100-2000. Dynamic exclusion
parameters were set at repeat count 1 with a 30 s repeat duration, an exclusion list size of
500, and a 70 s exclusion duration with =10 ppm exclusion mass width. The activation
time was 0.1 ms for HCD analysis. All data were acquired using the Xcalibur 2.2

operation software (Thermo-Fisher Scientific).

Data processing and protein identification
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All MS and MS/MS raw spectra from each set of TMT10-plex experiments were
processed using Sequest HT software within Proteome Discoverer 1.4 (PD1.4). The

database of rapeseed peptide sequences (http://www.genoscope.cns.fr/brassicanapus/data/)

was used for searches. The default search settings were: two mis-cleavages for full
trypsin with fixed carbamidomethyl modification of cysteine, fixed TMT10-plex
modifications on lysine and N-terminal amines, variable modifications of methionine
oxidation, and deamidation of asparagine and glutamine residues. The peptide mass
tolerance and fragment mass tolerance values were 10 ppm and 50 mDa, respectively.
Only high confidence peptides defined by Sequest HT with a 1% FDR by Percolator were
considered for peptide identification. The TMT10-plex quantification method within PD
1.4 was used to calculate the reporter ratios with a mass tolerance +10 ppm without
applying isotopic correction factors. Only peptide spectra containing all reporter ions
were designated as “quantifiable spectra” and used for peptide/protein quantitation.
Values were expressed as the ratio in each sample relative to the value of the pooled
bridge sample. A protein ratio was expressed as the median value of the ratios for all
quantifiable spectra of unique peptides pertaining to that protein. A precursor co-isolation
filter of 50% was also applied for minimizing ratio compression caused by co-isolation of
precursor ions. For each relative ratio group, normalization on protein median was
applied. Matching of at least two peptides was required for each protein to continue
analysis. All statistical analyses were performed with R scripts and in Microsoft Excel
(Microsoft Corporation, Redmond, WA). Differential expression between low N and high
N was determined for each peptide using a combination of student t-tests and empirically
derived ratio thresholds to control false discovery rate based on previous reports (Chen et
al., 2013, Janvilisri et al., 2012). Briefly, proteins were considered differentially
expressed if (1) t-test p values were less than 0.05, and (2) the ratio of expression
between low N and high N was beyond the range of ratios observed for 95% of the ratios
observed between replicates within N treatments. For the day 3 treatment, proteins with a
fold-change larger than 1.60 and p value less than 0.05 were considered to be
significantly differentially expressed. For the day 14 treatment, the fold-change ratio

threshold for DEPs was 1.51.
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Functional annotation and bioinformatics analysis

To determine the functional properties of identified DEPs, all rapeseed peptides and
GO annotations were downloaded from the rapeseed genome database and BLAST
searched against the Swiss-Prot database release-2015 07 using BLASTP returning the
top 10 hits with an e value cut off of 10™°. The GO terms were categorized into third level
parent terms through “is a” relations within the molecular function and biological process
ontologies. All peptides were also used to query the KEGG database through
BlastKOALA (http://www.kegg.jp/blastkoala/). Representation analysis for GO and

KEGG was performed using hypergeometric tests with FDR corrected q values
(Benjamini and Hochberg, 1995). Categories were considered significantly
overrepresented if the g value was less than 0.05 and the proportion in the category was
greater in DEPs than in the set of all proteomics proteins. Protein-protein interaction

networks were constructed using the STRING program (http://string-db.org/) with the

Arabidopsis database and confidence scores greater than 0.7. Network files were

downloaded from STRING and network images were made in Cytoscape 3.3.0.

Peroxidases (POD) activity assays in N-deficient rapeseed roots

For quantitatively assaying POD activity, roots of day 3 and day 14 N-sufficient and
N-deficient rapeseed plants were homogenized in ice-cold PBS solution (50 mM, pH 7.0)
and centrifuged at 12,000 rpm for 30 minutes at 4°C. The supernatant was immediately
used to determine POD activity by monitoring absorbance at 470 nm using the guaiacol
method (Fang and Kao, 2000).

To measure POD activity in gel, proteins were extracted by grinding 100 mg of roots in
an equal volume of extraction buffer (25 mM Tris-HCI, pH 8.5, 5 mM EDTA, 85 mM
NaCl, 15 mM MgCl,, and protease inhibitor). The method for in gel assays of POD
activity was described previously (Den Herder et al., 2007). The protein concentration of
tissue extracts was determined according to the method of Bradford using BSA as a
protein standard. Protein samples were diluted with ultrapure H,O to achieve equal

protein concentrations. Proteins were equally loaded per lane, then separated on a native
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PAGE gel at 4°C before incubating in staining solution containing substrates (0.03% (v/v)
H,0, and 1 mM DAB). Four biological replicates for each treatment were used for

quantitative and in gel assays.

Measurement of root lignocellulosic components

The hemicellulose and cellulose contents were measured using a previously reported
method (Foster et al., 2010). Briefly, rapeseed roots were collected at 14 days after
initiating N treatments, then 0.50 g dry root samples were powdered and analyzed. Firstly,
the cell wall materials of the roots were isolated using 0.01% (w/v) sodium azide, and the
cell wall starch was digested. After that, the cell wall material was hydrolyzed by 2 M
trifluoroacetic acid, and after centrifugation the precipitate and the supernatant was
separately incubated and pretreated for the measurement of cellulose and hemicellulose,
the released glucose was measured by an anthrone assay at 625 nm.

The ionic bound pectin (ISP) and covalently bound pectin (CSP) contents of the
collected root samples were assayed according to the previous method (Szatanik-Kloc et
al., 2017). Cell wall materials were prepared as described above. The ISP and CSP pectin
fractions were extracted from dried cell wall samples with two different extractants. For
the ISP fraction, a 5 mg sample was added with 1 mL of 50 mM CDTA (pH 6.5). For the
CSP fraction, a 5 mg sample was added with 1 mL of 50 mM Na,COs (containing 2 mM
CDTA). The supernatants from different extractions were determined using the sulfuric
acid-carbazole colorimetry method (Szatanik-Kloc et al., 2017).

The lignin content of the root samples was determined by the acetyl bromide method
as previously described (Foster et al., 2010; Hatfield et al., 1999). A sample of 0.50 g dry
roots from the different N treatments was also powdered for lignin content measurement.
Firstly, the cell wall of the roots was isolated using 0.01% (w/v) sodium azide, and the
cell wall starch was digested. Then, lignin was quantified with the acetyl bromide method
with absorbance values at 280 nm. The histochemistry staining for lignin was slightly
modified from Chinwang et al. (2011). Briefly, roots (8 individual rapeseed seedlings for
each treatment) were stained in 1% (w/v) phloroglucinol in 95% (v/v) ethanol for 3 min,

the phloroglucinol was removed, and then immediately incubated with 6 mM HCI. The
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roots were mounted on microscope slides and imaged using an optical microscope
(Olympus BXS53F, Japan). Lignin was visualized by pink or red color staining. To further
examine lignin deposition, root segments were prepared and fixed with paraffin, then
longitudinally sectioned (5 um thick) with a microtome (Leica RM2016, Germany). After
removal of the paraffin, the root samples (6 individual rapeseed seedlings for each
treatment) were stained with 1% (w/v) phloroglucinol in 95% (v/v) ethanol for 3 min, the
phloroglucinol was removed, and incubated with 6 mM HCI. The root sections were

stained and then observed with an optical microscope (Nikon Eclipse Ci, Japan).

Vector Construction and Plant Transformation

In order to investigate the possible roles of the detected DEPs in root growth in
response to N deficiency, BnaXTH31-overexpression and BnaBFRUCT4-overexpression
constructs were generated, respectively. In detail, a 879 bp full-length coding sequence
(CDS) of BnaXTH31 was amplified from a cDNA of B. napus cv. ZS11 and inserted into
the Sacl/BamHI cloning sites of the pBI121S vector driven by the 35S promoter. And a
1977 bp full-length CDS of BnaBFRUCT4 was also amplified and inserted into the Xho

[ cloning sites of the pBI121S vector. The sequences of primers used for plasmid

constructions are listed in Supplemental Table S2. To generate transgenic Arabidopsis
plants overexpressing BnaXTH31 or BnaBFRUCT4, Agrobacterium tumefaciens strain
GV3101 harboring the plasmid pBI121S was used to transform Col-0 plants through
floral dip-mediated infiltration (Clough and Bent 1998). Independent T3 homozygous
transgenic lines were acquired through kanamycin-resistant screening and molecular

verification, and were used in the experiment of root growth analysis.

Root growth of the transgenic Arabidopsis plants

For root growth analysis in response to N deficiency stress, Arabidopsis wild type
Col-0 and transgenic plants were grown under high N (60 mM) and low N (2 mM)
conditions for one week. Seeds were surface sterilized and sown on MS medium

urashige an 00 containing 0.8% (w/v) agar an o (w/v) sucrose. The
Murashig d Skoog 1962 ining 0.8% (w/v) ag d 1% (w/ Th
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sown seeds were vernalized for 3 days in the dark at 4°C and then grown in a 24/20°C
day/night temperature regime with a 16 h/8 h light/dark photoperiod. Root images were
acquired after implementing N treatments for one week by an EPSON scanner (EPSON

V700 J221A), and the root length was calculated by image analysis software (Image J).

Statistical analyses

All means and standard errors of data in this study except proteomics were calculated in
Microsoft Excel 2010. All the comparisons between high N and low N treatments in the
present study were performed using the Student t-test in Microsoft Excel 2010 (Microsoft
Corporation, USA) with P values < 0.05 considered statistically significant, and the
comparison of root growth between wild type and transgenic lines at the same N level in

Arabidopsis were also analyzed as above.

Accession Numbers
Sequence data of the major proteins discussed in this work can be found in the Brassica

napus genome database (http://www.genoscope.cns.fr/brassicanapus/) with the protein ID

which listed in Table 1, and the sequence data of corresponding homologous proteins in
Arabidopsis can be found in the NCBI database with the accession number also listed in

Table 1.

SUPPLEMENTAL DATA
Supplemental Figure S1. Experimental design and workflow diagram for the

TMT10-plex labeling-based methods used in this study.

Supplemental Table S1. DEPs involved in signal transduction and transcription

identified in this study.
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Supplemental Table S2. The primer sequences used for the overexpression transgenic

Arabidopsis study.

Supplemental Table S3. The full name of DEPs showed in the protein-protein

interaction networks (Figure 6).
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FIGURE LEGENDS

Figure 1. Architectural and anatomical changes of rapeseed roots as affected by N
availability. A, Dynamic changes of rapeseed root system architecture in response to N
deficiency. Rapeseed plants were grown in the growth chamber under a 14/10 hour
light/dark photoperiod in hydroponic solution containing 7500 uM N (High N) or 190
uM N (Low N) at a pH of 5.8. 3-D reconstructions of root systems were generated from
daily imaging of roots over a 7-day period using the RootReader3D hardware and
software (Clark et al., 2011). The skeletonized root systems generated with the
RootReader3D software are shown in red below. B, Root architectural traits (3-D) of
rapeseed plants as affected by N availability. Total root length (total lengths of main and
lateral roots), total root volume, lateral root length, max depth, max width, min width,
solidity and tip count data were collected after 7 days of N treatments. In detail, max
depth: maximum vertical depth of whole root system, namely main root length. Max (or
Min Width): Maximum (or Minimum) horizontal width of whole root system. Plots show
mean + standard deviation (n=4). Asterisks indicate significant differences in root

architectural traits between the two N treatments (Student t-test, *: P < 0.05).
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Figure 2. Effects of N availability on cell number and cell size in the tips of rapeseed
main roots. A, Pictures of root tips stained with PI under a confocal laser scanning
microscope. B, Pictures of root tips stained with fast green/safranin under an optical
microscope. C, Cortex cell number in the meristematic zone. Root tip (0.5 cm root
segment starting from the root tip) samples from two N treatments. High N: 7500 uM N;
Low N: 190 uM N. The number of cortex cells in the meristematic zone was counted
with images from fast green/safranin paraffin staining. Data shown are mean + standard
deviation (n=8). Asterisk indicates significant differences between the two N treatments

(Student t-test, *: P <0.05).

Figure 3. Patterns of proteins and differentially expressed proteins (DEPs) identified
in rapeseed roots after implementing the 3 day and 14 day low N treatment. A, All
proteomics proteins. B, DEPs. Venn diagrams shows the number of total proteins
identified at 3 days (blue) and 14 days (yellow), with the proteins in common to both
sampling times in the overlapping sections. Proteins were identified by TMT-based
measurements from three biological replicates of rapeseed roots. DEPs were the proteins
expressed at different levels in low N compared to high N conditions on the same sample
day. Up and down arrows represent up-regulated and down-regulated proteins,

respectively.

Figure 4. Representation of GO categories present among BLAST hits of rapeseed
proteins identified 3 and 14 days after implementing the low N treatments. GO terms
were parsed from annotations of the top 10 hits and parent terms were parsed from the
biological process (A) and molecular function (B) ontologies. Over representation was
determined using FDR corrected hypergeometric tests at each time point, with
comparisons for each set of DEPs made against representation in all proteomics proteins.
The significance threshold in FDR corrected (Benjamini and Hochberg, 1995)
hypergeometric tests was q = 0.05. Significantly overrepresented categories are marked

by asterisks, *: g<0.05, **: 0<0.01, ***: g<0.001.
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Figure 5. KEGG enrichment analysis of day 14 DEPs in rapeseed roots and DEPs
enriched in the phenylpropanoid pathway. A, KEGG enrichment analysis of identified
DEPs in day 14 rapeseed roots (p < 0.05). The -logl0 values of Fisher's exact test p
values for significant pathways are shown on the X axis. The KEGG database was used to
identify enriched pathways by a two-tailed Fisher’s exact test in a comparison of DEPs
against all identified proteins. Pathways with a corrected p-value < 0.05 were considered
significant. B, DEPs identified in day 14 N-deficient roots that mapped to the
phenylpropanoid pathway. Up- and down-regulated protein expression patterns are boxed
in red and green, respectively, and yellow boxes indicate reactions mapped with both up-

and down-regulated proteins.

Figure 6. Predicted protein-protein interaction networks of DEPs in day 14
N-deficient rapeseed roots. A, Predicted protein-protein interaction networks of DEPs

(up-regulated proteins) involved in cell wall metabolism in day 14 N-deficient rapeseed

roots. Eight sub-clusters are grouped from I-1 to I-8 according to the pathways
connected with these proteins. [-1: cellulose synthesis; [-2: pectin metabolism; I-3: cutin,
suberine and wax biosynthesis; I-4: cytoskeleton organization; I-5: sterol composition;

[-6: membrane trafficking; I-7: vacuolar trafficking; I-8: signal transduction and

transcription. B, Predicted protein-protein interaction networks of all DEPs, except for
those involved in cell wall metabolism, in day 14 N-deficient roots. DEPs within dotted
circles share common metabolic pathways. The intensity of the color in circles indicate
the degree of up- (red) or down- (green) regulation of the DEPs. This interaction network
was constructed using the STRING protein-protein network analysis program
(http://string-db.org/) with the Arabidopsis database and confidence scores greater than
0.7. Network files were downloaded from STRING and network images were made in
Cytoscape 3.3.0. The full name for all the DEPs showed in the protein-protein interaction

networks were listed in Supplemental Table S3.
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Figure 7. Assay of peroxidase activity in N-deficient rapeseed roots. Peroxidase (POD)
activity assays in N-deficient rapeseed roots were determined by (A) a colorimetric
enzyme assay and (B) staining in gel. For the colorimetric enzyme assay, POD activities
were determined by monitoring absorbance at 470 nm using the guaiacol method. Data
represent means + standard deviations (n=4). Asterisks indicate significant differences
between N treatments at the same sampling day (Student t-test, *: P < 0.05). For POD
activity staining in gel, extracted proteins were equally loaded and separated on a native
PAGE gel at 4 °C, then incubated with staining substrates (0.03% (v/v) H,O; and 1 mM

DAB). Four biological replicates for each treatment were also used for in gel assays.

Figure 8. Changes of cell wall components in rapeseed roots in response to N
deficiency. A, Cellulose and hemicellulose contents. B, Ionic bound pectin (ISP) and
covalently bound pectin (CSP) contents. Rapeseed roots were collected at 14 days after
high N (7500 uM N) and low N (190 uM N) treatment. Data represent means + standard
deviations (n=4). Asterisks indicate significant differences between the two N treatments

(Student t-test, *: P <0.05).

Figure 9. Changes of lignin content in rapeseed roots in response to N deficiency. A,
Lignin content. Rapeseed roots were collected 14 days after the N treatments and
analyzed by the acetyl bromide method for measuring lignin content. Data represent
means + standard deviations (n=4). Asterisk indicates significant differences between the
two N treatments (Student t-test, *: P < 0.05). B, Lignin histochemistry staining in
rapeseed roots. Three days after the N treatments, roots (8 individual rapeseed seedlings
for each treatment) were stained and imaged using an optical microscope (Olympus
BXS3F, Japan). Lignin was visualized by pink color staining. The area within the black
dotted rectangle (root segments between 3 cm and 4 cm away from the root tip) was
magnified as shown above and below. C, Lignin deposition in the root xylem tissues.
Three days after the N treatments, root segments (between 3 cm and 4 cm away from the

root tip) that were visibly different between the two N treatments based on staining were
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selected for longitudinal slicing, and then were observed with an optical microscope

(Nikon Eclipse Ci, Japan). High N: 7500 uM N; Low N: 190 uM N.

Figure 10. Root growth performance of BnaXxTH31 and BnaBFRUCT4 ectopically
expressed in Arabidopsis. A, Phenotype of wild-type (Col-0) and transgenic lines
expressing BnaXTH31. B, Root length. C, Phenotype of wild-type (Col-0) and transgenic
lines expressing BnaBFRUCTA4. D, Root length. Arabidopsis plants were grown in high N
(60 mM N) or low N (2 mM N) MS media for 7 days. XTH: Xyloglucan
endo-transglycosylase/hydrolase, BFRUCT4: beta-fructofuranosidase. Data represent
means * standard deviations (n=12). Asterisks indicate significant differences between

wild type and transgenic plants at the same N level (Student t-test, *: P < 0.05).
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Table

Table 1 Up-regulated DEPs related to root growth of rapeseed plants after 3 and 14 days of high and low N treatment.

Protein ID Arabidopsis Ratio Ratio Abbreviation Proteins # Unique # #
homologs 3days 14days in Arabidopsis Peptides  Peptides PSMs

Cell wall organization or biogenesis
BnaAnng23050D NP_194756.1 1.750 XTH24 Xyloglucan:xyloglucosyl transferase 1 2 6
BnaCnng62600D NP_178708.1 1.659 1.816 XTH4 Xyloglucan endotransglucosylase/hydrolase 4 11 13 28
BnaC03g55190D NP_190085.1 2.227 XTH31 Xyloglucan:xyloglucosyl transferase 2 8 19
BnaA10g05530D NP _199783.1 2.765 GHO9A1 Endoglucanase 25 1 14 40
BnaA02g17370D NP_177697.1 1.943 GH9B7 Endoglucanase 10 4 11 42
BnaCnng23250D NP _192138.1 1.796 GHY9BI13 Endoglucanase 17 3 3 3
BnaA03g52020D NP_194967.1 1.813 CESA1 Cellulose synthase 1 9 19 43
BnaA03g55200D NP_196136.1 1.899 CEV1 CONSTITUTIVE EXPRESSION OF VSP 1 1 10 20
BnaC02g02440D NP_196136.1 1.811 CEV1 CONSTITUTIVE EXPRESSION OF VSP 1 1 10 19
BnaC08g35320D NP_179803.4 1.614 CSI1 Cellulose synthase-interactive protein 1 10 11 14
BnaC01g37020D NP_188048.1 1.942 PME3 Pectinesterase 3 2 4 13
BnaC01g37010D NP_188048.1 1.541 PME3 Pectinesterase 3 2 2 3
BnaUnng03540D NP_190491.1 1.983 AT3G49220  Pectinesterase 5 6 7
BnaC02g17500D NP_564906.1 1.513 AT1G67750  Putative pectate lyase 5 1 2 3
BnaA03g30660D NP _187552.3 1.649 AT3G09410  Putative pectinacetylesterase 1 10 40
BnaA04g24790D NP_181833.1 1.723 ATPMEPCRD  Putative pectinesterase/pectinerase inhibitor 16 1
BnaA04g24790D NP_181833.1 2.865 ATPMEPCRD  Putative pectinesterase/ pectinerase inhibitor 16 3
BnaC07g45050D NP _195174.6 1.617 AT4G34480  Glucan endo-1,3-beta-glucosidase 7 2
BnaC06g03450D NP _188616.1 1.905 DWF1 DWAREF 1 6 12 24
BnaC05g03990D NP_172076.1 1.523 POM1 Chitinase family protein 1 2 4
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BnaC06g13400D NP_851111.1 2.457 RWPI1 Reduced levels of wall-bound phenolics 1 1 4 4
BnaC07g15930D NP _569048.1 1.880 ARA12 Subtilisin-like protease 2 21 52
BnaC07g45310D NP_567972.1 1.935 MA4E13.40 Subtilisin-like serine protease 2 3 10 32
BnaC01g20780D NP 567803.1 3.628 EXPB3 Expansin B3 2 10 15
BnaA06g40800D NP 190183.1 1.786 EXLAL1 Expansin-like A1 2 5 11
BnaCnng23400D NP 190183.1 1.682 EXLAL1 Expansin-like A1 6 6 12
BnaA10g24090D NP _196304.1 2.183 PGIP1 Polygalacturonase inhibitor 1 3 3 5
BnaA03g29620D NP_850525.1 1.553 AT3G06770  Polygalacturonase-like protein 1 4 6
BnaA03g34310D NP _188308.1 1.917 AT3G16850  Glycoside hydrolase family 28 protein 10 10 15
BnaC09g45990D NP 196618.1 1.524 AT5G10560  Putative beta-D-xylosidase 6 7 16 44
BnaA07g06190D NP _189024.1 1.576 GAEG6 UDP-D-glucuronate 4-epimerase 6 3 4 5
BnaCnng29190D NP 186768.1 2.397 AT3G01190  Peroxidase 27 2 13 49
BnaC01g31810D NP 188814.1 2.204 AT3G21770  Peroxidase 30 3 4 11
BnaA02g02520D NP 197022.1 1.618 AT5G15180  Peroxidase 56 2 14 52
BnaA01g11800D NP 567641.1 2.584 PRXR1 Peroxidase 42 10 10 25
BnaC01g31810D NP 188814.1 1.830 AT3G21770  Peroxidase 30 6 12 24
BnaA09g08390D NP 850652.1 1.806 AT3G32980  Peroxidase 32 1 12 99
BnaC09g08690D NP 850652.1 1.791 AT3G32980  Peroxidase 32 2 14 112
BnaCnng07140D NP 188814.1 1.694 AT3G21770  Peroxidase 30 6 12 31
BnaC08g35130D NP 179828.1 1.607 AT2G22420  Peroxidase 2 10 18
Cell cytoskeleton organization

BnaA10g12850D NP _851227.1 1.659 ADF3 Actin depolymerizing factor 3 1 4 15
BnaC04g48100D NP _187818.1 1.521 ACT11 Actin-11 2 2 3
BnaA10g20420D NP_196786.1 1.726 TUB6 Beta-6 tubulin 1 17 30
BnaA06g26420D NP_568437.1 1.657 TUBS Tubulin beta 8 4 4 5
BnaC01g24230D NP _190146.1 1.727 TET3 Tetraspanin3 11 12 17
BnaA09g16950D NP_199226.1 1.644 FLA13 Fasciclin-like arabinogalactan protein 13protein 4 4 8

42


http://www.plantphysiol.org

(o]
=
~

0o
iy
0o

‘paniasal sybul |y "sisibojoig 1ue|d o A19190S uedllswy 8T0Z @ ybuAdoD
610" j01sAydiue|d-mmm Ag payslignd - 8T0Z ‘GZ 18qWBAON UO WOl papeojumod

BnaC05g02150D NP_563692.1 2.012 FLA9 Fasciclin-like arabinoogalactan 9 10 20
Auxin-related

BnaAnng17240D NP_566306.3 2.159 AIR12 Auxin-responsive-like protein 11 13
BnaC03g05800D NP_196834.3 1.651 SFC GTPase-activating protein 2 3
Other root growth related

BnaC06g32200D NP_565008.1 1.712 1.588 LPR2 Low Phosphate Root2 2
BnaA09g47290D NP _563901.1 1.697 BFRUCT4 Beta-fructofuranosidase 8
BnaA05g35560D NP _193087.1 1.951 3.896 AMTI;1 Ammonium transporter 1;1 3
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Protein ID Arabidopsis Ratio  Ratio = Abbreviation Proteins # Unique # # PSMs
homologs in Arabidopsis Peptides  Peptides

Cell wall organization or biogenesis
BnaA03g47620D NP _194312.1 0.440 XTH14 Xyloglucan endotransglucosylase/hydrolase 14 1 3
BnaA10g05530D NP _199783.1 0.615 GHO9AI Endoglucanase 25 2 6
BnaA05g05070D  NP_182099.1 0.580 AT2G45750  Putative methyltransferase PMT16 5 5 10
BnaA03g01580D NP _196115.1 0.605 AT5G04960 Putative pectinesterase/pectinesterase inhibitor 46 3 4 10
BnaC09g11880D NP _176598.1 0.560 DIRS Dirigent protein 5 4 5 21
BnaC08g46340D NP _563732.1 0.595 AT1G05240  Peroxidase 1/2 3 6 10
BnaAnng05140D NP _201541.1 0.538 RHS19 Peroxidase 73 2 7 29
BnaA03g47730D NP _567738.1 0.612 AT4G26010  Peroxidase 44 7 9 29
BnaA03g47720D NP_567738.1 0.606 AT4G26010  Peroxidase 44 6 15 55
BnaCnngl1080D NP 174372.1 0.571 AT1G30870  Peroxidase 7 1 3 3
BnaA06g23250D NP _201215.1 0.605 AT5G64100  Peroxidase 69 6 10 53
BnaA09g25570D NP _174372.1 0.336 AT1G30870  Peroxidase 7 1 3 4
BnaA03g06740D NP _197284.1 0.490 AT5G17820  Peroxidase 57 3 9 20
BnaC09g07300D NP _201541.1 0.428 RHS19 Peroxidase 73 10 16 45
BnaAnngl0890D NP _179488.1 0.589 AT2G18980  Peroxidase 16 2 13 59
BnaA09g07380D NP _201541.1 0.653 RHS19 Peroxidase 73 2 16 47
BnaA09g53760D NP _192617.1 0.646 Prx37 Peroxidase 37 1 16 61
BnaC08g46330D NP _563732.1 0.626 AT1G05240  Peroxidase 1/2 6 15 26
BnaA02g34060D NP _201215.1 0.293 AT5G64100  Peroxidase 69 1 12 52
BnaCnng51060D NP _201217.1 0.585 AT5G64120  Peroxidase 71 10 10 17
BnaA05g34020D NP_186768.1 0.611 AT3G01190  Peroxidase 27 5 16 49
BnaA06g23250D NP _201215.1 0.459 AT5G64100  Peroxidase 69 13 55
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BnaA10g03270D NP_563732.1 0.613 AT1G05240  Peroxidase 1/2 5 13
BnaA03g28350D NP _187017.1 0.457 AT3G03670  Peroxidase 5 8
BnaC09g25420D NP _192617.1 0.657 Prx37 Peroxidase 37 1 16 61
BnaC01g04790D NP 567919.1 0.626 AT4G33420  Peroxidase 5 5 7
BnaA03g17000D NP _181250.1 0.617  0.654 AT2G37130  Peroxidase 4 13 37
BnaC02g07500D NP _197284.1 0.565  0.634 AT5G17820  Peroxidase 57 4 14 56
Cell cytoskeleton organization

BnaCnng08860D NP _171680.1 0.407 ADFI11 Actin depolymerizing factor 11 2 4 9
Auxin-related

BnaC01g04630D NP _199960.1 0.454 AT5G51470  Auxin-responsive GH3 family protein 2 2 3
Root hair related

BnaA02g20520D NP _192136.1 0.294 RHS13 Root hair specific 13 3 3
BnaA06g39800D NP _178467.1 0.555 MRH6 Morphogenesis of root hair 6 1 2
BnaC06g18560D NP _175895.1 0.318 PRP1 Proline-rich protein 1 1 3
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