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Abstract  
41 

The co-operation of the mevalonate (MVA) and methylerythritol phosphate (MEP) pathways, 
42 

operating in parallel in plants to generate isoprenoid precursors, has been studied extensively. 
43 

Elucidation of the isoprenoid metabolic pathways is indispensable for rational design of plant 
44 

and microbial systems for production of industrially valuable terpenoids.  
45 

Here we describe a new method, based on numerical modeling of mass spectra of 
46 

metabolically labeled dolichols (Dols), designed to quantitatively follow the co-operation of 
47 

the MVA and MEP reprogrammed upon osmotic stress (sorbitol treatment). The contribution 
48 

of the MEP pathway increased significantly (reaching 100%) exclusively for the dominating 
49 

Dols while for long-chain Dols the relative input of the MEP and MVA pathways remained 
50 

unchanged suggesting divergent site of synthesis of dominating and long-chain Dols.  
51 

Analysis of numerically modeled dolichol mass spectra is a novel method to follow 
52 

modulation of the concomitant activity of isoprenoid generating pathways in plant cells, and 
53 

additionally, it suggests exchange of isoprenoid intermediates between plastids and 
54 

peroxisomes.  
55 

  56 
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Introduction 57 

Isopentenyl diphosphate (IPP), the building block of isoprenoids – the most numerous 58 

class of secondary metabolites - is derived in plants from two pathways operating in parallel – 59 

the cytoplasmic mevalonate (MVA) and the plastidic methylerythritol phosphate (MEP) one 60 

(Rohmer, 1999; Pulido et al., 2012). Analysis of over 130 isoprenoids has shown that in 61 

angiosperms under standard growth conditions carotenoids and chlorophyll phytyl chains on 62 

one hand and phytosterols on the other are made nearly exclusively via a single pathway 63 

(MEP and MVA, respectively), while numerous other isoprenoids, including dolichols 64 

(Skorupinska-Tudek et al., 2008), are of mixed origin (Hemmerlin et al., 2012).  65 

The co-operation of the two pathways (often called ‘cross-talk’) is considered essential for 66 

plant adaptive responses to biotic and abiotic stresses. Consequently, their relative 67 

contribution to the formation of IPP is modulated and expression of particular genes of the 68 

MVA and MEP pathways is frequently correlated with stress (pathogen attack, elicitation, 69 

wounding, etc.) (Hemmerlin et al., 2012) or plant development (Opitz et al., 2014). 70 

Interestingly, the effect of stress on the regulation of the MEP-MVA balance has so far been 71 

analyzed only qualitatively.  72 

Several methodologies have been employed to unravel the relative contribution of the MVA 73 

and MEP pathways to isoprenoids, e.g., metabolic labeling with isotopically labeled 74 

precursors (stable or radio-isotopes were used) followed by structural analysis of the product 75 

of interest or blockage either of the pathway (chemical – with pathway-specific inhibitors or 76 

genetic) followed by quantification of the isoprenoid intermediates and/or end-products. 77 

Advantages and limitations of these experimental approaches have been summarized recently 78 

(Lipko & Swiezewska, 2016).  79 

Polyisoprenoids are composed of a few up to more than 100 isoprene units with a 80 

saturated (dolichols, Dol) or unsaturated (polyprenols) α-terminal residue (Fig. 1). 81 
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Arabidopsis hairy roots contain a complex Dol mixture comprising three groups (‘families’) 82 

differing in chain (Jozwiak et al., 2013). Their biosynthesis is catalyzed by cis-83 

prenyltransferases (CPTs) and six out of nine putative CPT-encoding genes of Arabidopsis 84 

are expressed in roots (Surmacz and Swiezewska, 2011). Eukaryotic CPT performs sequential 85 

condensations of the isopentenyl diphosphate with an all-trans initiator to form a mixture of 86 

homologous polyprenyl diphosphates (PPP), which subsequently are converted to dolichols 87 

according to tissue-specific requirements (Cantagrel et al. 2010; Jozwiak et al., 2015). 88 

Structural analysis of polyisoprenoids of various species led to the conclusion that 89 

polyprenols of plant origin with a chain length within the range of 5–9 and more than 16 90 

isoprenoid residues as well as polyprenols isolated from bacteria belong to di-trans structures 91 

(trivial name ‘betulaprenols’) suggesting that farnesyl diphosphate (FPP) serves as their all-92 

trans initiator. The same type of structure, i.e. FPP-initiated biosynthesis, was found for 93 

dolichols. Polyprenols with a middle chain length (9–15 residues) represent tri-trans 94 

compounds (trivial name ‘ficaprenols’) indicating their origin from all-trans geranylgeranyl 95 

diphosphate (GGPP) (Swiezewska & Danikiewicz 2005).  96 

The importance of Dol in the cell comes from the indispensable role of dolichyl phosphate as 97 

an obligate cofactor for protein glycosylation, a ubiquitous posttranslational modification 98 

found in all domains of life (Schwarz & Aebi, 2011). Glycosylation of proteins is crucial for 99 

cell functioning, since it modulates protein folding and quality control, and is a prerequisite 100 

for diverse biological recognition events (Moremenetal et al., 2012). Furthermore, based on 101 

the considerably increased accumulation of polyisoprenoids in eukaryotic cells upon aging or 102 

pathological conditions their role in cell adaptation to such conditions has been postulated too 103 

(Bergamini, 2003; Bajda et al., 2009).  104 

Accumulation of diverse specialized metabolites, including isoprenoids, is often 105 

induced by abiotic or biotic stimuli (Sharma et al., 2013). In response to a changing 106 
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environment a specific gene expression program is activated and the plant metabolic network 107 

is reconfigured to maintain essential metabolism and to adjust to the new conditions. 108 

In this study the novel method to quantitatively analyze the co-operation of the MEP and 109 

MVA pathways was established using numerical models of the mass spectra of metabolically labeled 110 

Dols. It allowed to follow the reorganization of the isoprenoid metabolism upon osmotic stress and 111 

suggested significantly increased contribution of the MEP pathway to Dol biosynthesis, i.e. upon the 112 

stress practically all isoprene units of the dominating Dols (Dol-14 -16) originated from the MEP 113 

pathway in contrast to control conditions where only 11 or 12 units were of the MEP origin. 114 

Conversely, the relative contribution of the MEP and MVA pathways to long Dols (n>17) was 115 

unaltered upon osmotic stress (again, 11 or 12 units from MEP pathway) suggesting a different, 116 

possibly peroxisomal, site of their biosynthesis. In a broader perspective, methodology applied here 117 

can be used to analyze the effect of various stressors on the co-operation of the MEP and MVA 118 

pathways in plant cells.  119 

  120 
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Results  121 

Here, we describe the method to quantitatively analyze the contribution of the MEP and MVA 122 

pathways to the biosynthesis of selected isoprenoids in plant cells. Methodology employed here 123 

exemplifies the use of isotope tracing to define the metabolic pathway and, in general, such strategy is 124 

widely employed in the field of isoprenoids. It is based on metabolic labeling with isotope-labeled 125 

general (glucose) and pathway-specific (mevalonate or deoxyxylulose) precursors followed by the 126 

analysis of structure of the compound of interest. In this report meta-analysis of mass spectra of 127 

metabolically-labeled dolichols was performed - numerical simulation of the shape of their isotopic 128 

envelope. Such approach takes into account all the cationic forms of the Dol ions recorded in the 129 

spectrum (Fig. 2 and Fig. 3). Analysis of the MS spectra of Dols metabolically labeled with uniformly 130 

labeled [U-13C6] glucose led to quantitative estimation of the general cellular effects due to sorbitol 131 

treatment (Fig. 5 and Supplementary Fig. 3). However, to elucidate the contribution of the MEP and 132 

MVA pathways to Dol biosynthesis spectra obtained after metabolic labeling with [1-13C]glucose were 133 

analyzed (Fig. 7). Application of this metabolic precursor permits differentiation of the MEP- and 134 

MVA-derived isoprene units (two or three 13C atoms get incorporated, respectively, see Fig. 1B); 135 

consequently molecular ions of respective Dol are either ‘lighter’ or ‘heavier’ (MEP- or MVA-136 

derived, respectively). Modeling of MS spectra led to quantification of the contribution of the MEP 137 

and MVA pathway (Table 2).   138 

 139 

Dol metabolism upon osmotic stress – biochemical analysis 140 

To optimize the experimental conditions effect of various stressors on the level and 141 

spectrum of dolichols in Arabidopsis hairy root culture was analyzed. The content of Dol in 142 

roots treated with sorbitol (0.2 to 0.5 M) increased comparing to control (Fig. 1) and their 143 

composition was modified, namely the ratio of the dominating to long-chain Dols increased 144 

upon most of the treatments tested, e.g., 5-fold in 0.3 M sorbitol (Table 1) suggesting different 145 

roles of these two Dol subgroups in cell functioning. Furthermore, sorbitol caused diverse 146 

changes in the expression of CPT-encoding genes (Fig. 1), namely expression of CPT3, -6 147 
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and -7 was induced while that of CPT1, -2 and -9 was considerably reduced. Interestingly, a 148 

microarray analysis (eFP Browser, http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) has also 149 

revealed enhanced expression of CPT3 and -6 upon osmotic stress. The changing ratio of 150 

dolichol families and the contrasting responses of different CPT genes in response to osmotic 151 

stress suggested that at least three CPTs take part in Dol biosynthesis. Since CPT6 produces 152 

shorter prenyl alcohols (Kera et al., 2012; Surmacz et al., 2014) CPT-3 and/or -7 might 153 

possibly operate to synthesize dominating Dols. Moreover, out of six CPTs expressed in 154 

Arabidopsis roots CPT-3 seems the most similar to the yeast Rer2 - CPT synthesizing a 155 

family of Dols with Dol-16 dominating (Fig. 1). At the same time one of the stress-non-156 

responsive CPTs (CPT-1, -2 or -9) might be involved in the synthesis of long-chain Dols 157 

because their accumulation is not induced by stress in Arabidopsis hairy roots. These 158 

tempting suppositions, however, need experimental proofs. To analyze whether the effect of 159 

sorbitol on Dol accumulation is specific the effects of oxidative agents and heavy metal salt 160 

(CdCl2) was elucidated in parallel (Table 1) and it was found that apart from sorbitol also 161 

these abiotic stressors increased Dol accumulation. Conversely, expression pattern of CPTs 162 

was treatment-specific (Supplementary Fig. 1 and Supplementary Fig. 2) suggesting dedicated 163 

roles of individual CPTs in plant responses to different stresses and implying a role of ROS 164 

signaling in dolichol generation. Analysis of the content of polyprenols (Prens), α-unsaturated 165 

counterparts accompanying Dols in Arabidopsis hairy roots (Jozwiak et al., 2013), performed 166 

in parallel, revealed modest decrease of their total content with the concomitant increase of 167 

Dols upon sorbitol treatment (Fig. 1). Interestingly, similarly to Dols, modulation of the Pren 168 

composition was noted too, namely fraction of Pren-15 -17 was considerably increased upon 169 

these conditions (Table 1); since Pren-15 -17 serve as immediate substrates for polyprenol 170 

reductase (PPRD) to synthesize respective Dols this observation again point out to the 171 

important cellular role of dominating Dols. Accordingly, observed was mild increase of the 172 
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level of PPRD2 mRNA (Fig. 1F), the main PPRD isoform responsible for conversion of 173 

polyprenols to dolichol in Arabidopsis seedlings (Jozwiak et al., 2015).  174 

In contrast to the Dols, the total content of phytosterols did not change upon sorbitol treatment 175 

(Table 1).  176 

To test the effect of osmotic stress on the MEP and MVA pathways the roots were fed 177 

either [U-13C6]glucose or [1-13C]glucose in the absence or presence of 0.3 M sorbitol and 178 

isolated polyisoprenoids were subjected to HPLC/ESI-MS analysis (Fig. 2).  179 

The spectra obtained were then analyzed numerically, i.e. the ‘shape’ of the theoretical 180 

isotopic envelope of isotopomers of each Dol-n was fitted with the experimental one.  181 

 182 

Elucidation of Dol biosynthesis – application of mass spectrometry to analyzing 183 

[13C]Dolichols 184 

To address the possible modulatory effect of osmotic stress on the co-operation of the 185 

MVA and MEP pathways, Arabidopsis hairy roots were metabolically fed either with [U-186 

13C6]glucose or [1-13C]glucose in the absence or presence of 0.3 M sorbitol and isolated 187 

polyisoprenoids (Fig. 2A, inset) were subjected to HPLC/ESI-MS analysis. Careful inspection 188 

of the mass spectra of the [13C]Dols revealed a complex pattern of signals (Fig. 2 and Fig. 3). 189 

The complexity of these mass spectra reflects the dispersion of the probability of formation of 190 

differentially labeled [13C]Dol isotopomers/isotopologs (Skorupinska-Tudek et al., 2008). 191 

One should also note that upon MS analysis Dols form monovalent ions (z = 1), thus the 192 

recorded m/z corresponds to the mass of the ion (m) (Skorupinska-Tudek et al., 2003; Jozwiak 193 

et al., 2013). Moreover, the signal of each isotopomer (of a given m/z) in fact corresponds to 194 

various isotopologs (Dol ions containing the same number of 13C atoms differently localized 195 

along the polyisoprenoid chain). Since this phenomenon was not analyzed here, the discrete 196 

isotopological structure of the MS spectrum will not be discussed further. 197 
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The spectra of native and metabolically labeled Dols (Fig. 2 and Fig. 3) isolated from roots 198 

grown in the control and osmotic stress conditions clearly revealed that besides the [M+Na]+ 199 

adducts identified earlier (Skorupinska-Tudek et al., 2008) also signals corresponding to 200 

[M+NH4]+ were noticed, and in some runs [M+H]+ or [M+K]+ were also observed (Fig. 2 for 201 

Dol-15). Interestingly, among the two latter forms protonated ions were more abundant for 202 

short-chain Dols while potassiated ions – for long-chain ones (Fig. 3). Importantly, the 203 

isotopic profiles of all the types of adducts (i.e., their isotopic envelopes) reflected that 204 

observed for sodiated ions (Fig. 2 and Fig. 3). The observed complexity of the MS spectra 205 

recorded in this report most probably mirrored the technical conditions of the analysis – 206 

application of an instrument with particular parameters of the ion source and a high-207 

sensitivity detector.  208 

In the MS spectra of metabolically labeled dolichols native Dols, with natural 13C enrichment 209 

(~1%) were found in addition to the [13C]Dols formed due to utilization of [13C]glucose (Fig. 210 

2 and Fig. 3). They originated from the inoculum of the Arabidopsis hairy roots used to 211 

initiate the culture growth (Skorupinska-Tudek et al., 2008).  212 

The same ratio of signal intensities of sodiated [M+Na]+ vs. ammoniated [M+NH4]+ ions was 213 

found for a given Dol-n species across all n values (Fig. 4) suggesting the reproducibility of 214 

the experimental conditions at the biological and analytical level.  215 

Because of the co-occurrence of several types of Dol cationic adducts in the mass 216 

spectrum the analysis of the isotopic envelope (the m/z value corresponding to its maximum) 217 

used in our previous study (Skorupinska-Tudek et al., 2008) could not be applied. Therefore a 218 

new method based on numerical simulation of the shape of the isotopic envelope, taking into 219 

account all the cationic forms of the Dol ions, was used for further analysis. 220 

 221 

Labeling with [U-13C6]glucose  222 
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Mass spectra of [13C]Dols obtained from roots grown on [U-13C6]glucose as the sole 223 

carbon source comprised a complex set of signals (Fig. 3, for explanation refer to Fig. 2). As 224 

expected, signals corresponding to the maximal m/z predicted for uniformly labeled [U-225 

13C5n]Dol-n were identified, but numerous isotopic signals of “hypo-labeled” [13C]dolichol 226 

isotopomers were observed as well (Fig. 3). To investigate this phenomenon further 227 

theoretical spectra of [13C]Dols (i.e., theoretical isotopomer distributions) were calculated 228 

(Methods, equations 1 and 2).  229 

In control conditions (roots grown in the medium devoid of sorbitol) for each Dol-n 230 

the maximum of the isotopic envelope of the experimental spectrum for the [M+Na]+ and 231 

[M+NH4]+ ions was located at a m/z lower than that calculated for the 99% [13C] isotopic 232 

abundance of the precursor [U-13C6]glucose (Fig. 5A for Dol-15). We therefore re-calculated 233 

the spectra but with the assumption that the probability of 13C incorporation in any given 234 

position of Dol-n was identical but lower than the declared 99% value (see Methods) 235 

corresponding to the isotopic abundance of the precursor glucose. This assumption took into 236 

account possible dilution of the exogenous [13C]substrate with endogenous glucose (with 237 

natural isotopic 13C abundance ~1%). These theoretical spectra were optimized to achieve the 238 

best agreement with experimental ones (see Fig. 5B for Dol-15 and Supplementary Fig. 3 for 239 

Dol-n) and the best fit was obtained for the [13C] enrichment of 93.9 ± 1.0% for all Dol-n. 240 

This value of the effective [13C] abundance was used further. The maxima of the isotopic 241 

envelopes of the theoretical mass spectra of Dol-n were in good agreement with the 242 

experimental ones, but were slightly narrower than the latter as shown for Dol-15 in Fig. 5B 243 

(even more obvious for stress conditions, Fig. 5E). This discrepancy suggested that besides 244 

native glucose other native precursors, e.g. acetyl-CoA, trioses or IPP, were incorporated into 245 

Dol (see Fig. 5C).  246 
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In the presence of 0.3 M sorbitol a striking shift of the mass spectrum of [13C]Dol 247 

towards lower m/z values comparing to control conditions was observed (for Dol-15, compare 248 

Fig. 5D and 5A). This shift was similar for all analyzed Dol-n (Fig. 3) suggesting a further 249 

dilution of the [13C]substrate/intermediate pool with their unlabeled counterparts upon sorbitol 250 

treatment. Theoretical spectra (Fig. 5E for [13C]Dol-15 and Supplementary Fig. 3 for all Dol-251 

n) calculated as above to fit the experimental ones revealed the effective [13C] enrichment of 252 

80.7 ± 1.3%.  253 

The differences between the mass spectra of [13C]Dols from sorbitol-treated vs. 254 

control tissues (Fig. 3) were statistically significant for each Dol-n (α < 10-5) according to the 255 

Mann-Whitney test applied for pairs of corresponding cumulative distributions (Fig. 6). 256 

Importantly, similar values of the effective 13C isotopic abundance, 94.5 ± 1.3% and 79.0 ± 257 

1.2% for the control and sorbitol-treated roots, respectively, were found for phytosterols 258 

synthesized in the presence of [U-13C6]glucose, confirming the universal nature of the 259 

observed metabolic effects of sorbitol (Fig. 8).  260 

In summary, the [U-13C6]glucose experiments led to the conclusion that sorbitol 261 

treatment decreases the 13C enrichment of [13C]Dol from 93.9 ± 1.0% to 80.7 ± 1.3% most 262 

likely due to the mobilization of internal carbon sources, most probably through starch 263 

hydrolysis upon osmotic stress (Krasensky and Jonak, 2012). Sorbitol itself is unlikely to 264 

serve as a carbon source since its uptake from the medium is low and further decreased in the 265 

presence of glucose (Maurel et al., 2004). With the methodology applied here the Dol labeling 266 

derived from [U-13C6]glucose is biosynthetic route-insensitive (MEP vs. MVA), in contrast to 267 

NMR-based approach (Bacher et al., 2016), but enables quantitative analysis of the cellular 268 

effects of sorbitol. To elucidate the contribution of the MEP and MVA pathways to Dol 269 

biosynthesis [1-13C]glucose-labeling followed by MS analysis was employed. 270 

 271 
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Labeling with [1-13C]glucose 272 

13C atoms from [1-13C]glucose were incorporated into all analyzed Dols (Dol-13 to 273 

Dol-23, Fig. 3). Theoretical mass spectra of Dol-15 and Dol-20 synthesized from [1-274 

13C]glucose exclusively via either the MEP (‘lighter’ isoprene units with two carbon atoms 275 

labeled, Fig. 7A and 7A’, respectively) or the MVA (‘heavier’ units with three carbon atoms 276 

labeled, Fig. 7B and 7B’) pathway were calculated (Methods, equations 1 and 2) using the 277 

effective 13C abundances estimated (expected labeling pattern is shown in Fig. 1B). For 278 

dominating Dols (shown for Dol-15, Fig. 7A and B) upon control conditions the 279 

experimentally recorded spectrum was located between the two theoretical mass spectra 280 

calculated for Dol synthesized via either the MEP or MVA pathway (Fig. 7C) while upon 281 

stress experimental spectrum was matching exactly the theoretical one modelled for Dol 282 

synthesized exclusively via the MEP pathway (Fig. 7D). However, for longer Dols, upon both 283 

incubation conditions, control (shown for Dol-20, Fig. 7A’ and B’) and osmotic stress (Fig. 284 

7D’ and 7E’), the recorded spectra located between the two theoretical distributions (Fig. 7C’, 285 

7F’) and indicated, in accordance with our earlier results (Skorupinska-Tudek et al., 2008), a 286 

mixed biosynthetic origin of Dol. The same was observed for all other [13C]Dol-n (data not 287 

shown). Notably, in the presence of sorbitol the experimental mass spectra of [13C]Dol were 288 

shifted towards lower m/z than these of the control (medium devoid of sorbitol, Fig. 3), 289 

similarly to the results for labeling with [U-13C6]glucose. This effect cannot by attributed to 290 

sorbitol-induced isotopic dilution or loss of 13C atoms due to glucose catabolism via the 291 

oxidative pentose pathway since these effects were already been taken into account, by 292 

adjusting the effective 13C isotopic abundance to 80.7%. However, contribution of native IPP 293 

would result in an additional decrease of the 13C enrichment of Dol without, however, a 294 

broadening of the MS envelope that was observed for [U-13C6]glucose labeling.  295 

 296 
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Co-operation of the MEP and MVA pathways to synthesize Dol 297 

To quantitate the MEP and MVA input to Dol formation theoretical isotopomer 298 

distributions showing reasonable agreement with the experimental ones were calculated for 299 

all Dols following equation (3) in Methods (Fig. 7C and 7F for Dol-15; Fig. 7C’ and 7F’ for 300 

Dol-20; Supplementary Fig. 3 for all Dols).  301 

For control conditions the number of isoprene units derived from the MEP pathway 302 

giving the best fit to the experimental spectra, nMEP, is 11 or 12 for most of the Dol-n species. 303 

Consequently, the number of units derived from the MVA pathway, nMVA, increases with the 304 

length of dolichol from 3 (Dol-14) to 15 (Dol-23) (Table 2). This supports our put forward 305 

earlier (Skorupinska-Tudek et al., 2008) hypothesis, that regardless of the length of Dol, the 306 

MEP pathway mediates the synthesis of a common intermediate, while the number of MVA-307 

derived units is variable. It is therefore the cytoplasmic MVA-derived IPP and cytoplasmic 308 

cis-prenyltransferase(s) (CPTs) that are responsible for the observed breadth of the Dol family 309 

homologs. Interestingly, the contribution of the MEP pathway seems considerably higher for 310 

A. thaliana (11-12 i.u.) than that for C. geoides (6-8 i.u.) roots (Skorupinska-Tudek et al., 311 

2008), although overall the biosynthesis of Dol seems to be performed in a similar manner in 312 

this two plant species. The shortest species Dol-13, seems to an exception since it contained 313 

only ~9 MEP-derived units and this number was not increased upon stress (see further).  314 

In the presence of sorbitol the calculated nMEP was 13-15 for Dol-14 - 17 (the 315 

dominating dolichols) suggesting a substantially increased contribution of the MEP pathway 316 

to their biosynthesis. In contrast, no such increase was observed for the longer Dols, Dol-18 – 317 

23 (Table 2).  318 

In accordance with the glycolytic catabolism of glucose with a stochastic mixing of triose 319 

pools, the 13C enrichment of Dols synthesized from [1-13C]glucose was close to one half of 320 
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the calculated effective 13C abundance both in the control (47.1 ± 0.9% vs. 93.9 ± 1.0%) and 321 

stress (40.2 ± 0.8% vs. 80.7 ± 1.3%) conditions (Fig. 5C and 5F, respectively).  322 

Taken together these data indicate modulation of the relative activity of the 323 

isoprenoid-generating pathways in plant roots in response to osmotic stress resulting in an 324 

increased contribution of the MEP pathway to the biosynthesis of dominating Dol achieving 325 

virtually 100% for Dol-14 and -15. Strikingly, the metabolic origins of both short (Dol-13) 326 

and long-chain Dols (Dol-18 – 21) remain unaffected by sorbitol (Supplementary Fig. 4).  327 

Sorbitol treatment also increased the contribution of the MEP pathway to phytosterol 328 

biosynthesis, but in this case only qualitative analysis was possible (see further).  329 

 330 

Application of pathway-specific precursors  331 

In order to elucidate further the effect of osmotic stress on the contribution of the two 332 

pathways to Dol biosynthesis Arabidopsis roots were grown in medium supplemented with 333 

deuterated precursors specific to either the MEP (deoxyxylulose, [2H2]DX) or the MVA 334 

pathway (mevalonolactone, [2H]MVL) in the absence or presence of 0.3 M sorbitol. 335 

Deuterated dolichols were isolated and analyzed by MS. Consistently with the results of 336 

labeling with general precursor glucose the presence of various cationic derivatives (the NH4
+, 337 

Na+ and K+ as well as traces of H+ ones) resulted in a subtle structure of the spectra (Fig. 3). It 338 

should be kept in mind that the Dol molecules also contained 13C atoms due to the natural 339 

abundance of 13C (Fig. 2).  340 

 341 

Labeling with [2H2]DX: the presence of signals of a higher m/z in the mass spectra, 342 

additionally to those corresponding to native Dol molecules, clearly confirmed precursor 343 

incorporation (Fig. 3, two deuterium atoms per isoprene unit are expected). Efficient labeling 344 

both in control conditions and stress was observed for Dol-15 – 17 (Fig. 2 for Dol-15), since 345 
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only for those Dols signals corresponding to fully labeled molecules were observed at m/z = 346 

M + 2n, where M is the m/z of sodiated monoisotopic [12C]Dol-n, and the relative content of 347 

the fully labeled Dol-15 - 17 in the total Dol mixture was substantially increased in stress 348 

conditions (Fig. 3). Dol-18 was efficiently labeled only upon osmotic stress, while the longer 349 

Dols were not labeled from this precursor.  350 

The observed increased deuterium incorporation to Dol-15 – 17 upon osmotic stress 351 

supports the increased contribution of the MEP pathway to their biosynthesis, confirming the 352 

results obtained by [1-13C]glucose feeding. On the other hand, the divergent labeling of 353 

various Dol species again suggests that individual Dol families are synthesized by different 354 

CPTs, which are independently regulated and have different access to the DX precursor, 355 

possibly due to their sub-compartmentalization.  356 

 357 

Labeling with [2H]MVL: the labeling pattern was different from that observed for 358 

DX labeling (Fig. 2 and Fig. 3, one deuterium atom per isoprene unit is expected). Fully 359 

labeled Dol-15 – Dol-18 molecules (m/z = M + n) were synthesized both in the control and 360 

osmotic stress conditions, and [2H]Dol-14 was observed in the control conditions only. This 361 

observation suggested that under these feeding conditions (i.e., in the presence of the 362 

exogenous MVL) Dol-15 – Dol-18 originate mostly from the MVA pathway. Interestingly, 363 

Dols longer than Dol-18 were only partially labeled and both the extent of the labeling and the 364 

fraction of the labeled molecules decreased with increasing n (Fig. 3). Osmotic stress 365 

exacerbated this relation supporting the decreased contribution of the MVA pathway in Dol 366 

biosynthesis in these conditions. Moreover, similarly as observed above, osmotic stress 367 

induced the synthesis of the dominating Dols (Dol-15 -17) only.  368 

As shown above, signals corresponding to maximally deuterated Dol-15 – Dol-17 369 

molecules (in accordance with the labeling pattern expected for the applied precursor) were 370 
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recorded for both precursors in control conditions and stress. It should be noted, however, that 371 

feeding specific precursors can alter the regulation of the isoprenoid-generating pathways and 372 

in these conditions their relative contribution need not reflect the native situation (Lipko & 373 

Swiezewska, 2016). Consequently, quantitative elucidations aimed at estimation of the 374 

number of MEP- vs. MVA-derived isoprene units could not be performed using pathway-375 

specific precursors.   376 

 377 

Effect of sorbitol on the biosynthesis of phytosterols 378 

In order to elucidate whether sorbitol affected the global isoprenoid metabolism, its 379 

effect on the biosynthesis of phytoterols (β-sitosterol, stigmasterol and campesterol) was 380 

analyzed using GC/MS in addition to the study of Dols. It should be noted that the level of 381 

13C labeling of stigmasterol was substantially lower than that of the two remaining sterols.  382 

Sorbitol treatment shifted the isotopic envelopes for all analyzed [13C]phytosterols labeled 383 

with [U-13C6]glucose (Fig. 8A). Estimation of the 13C isotopic enrichment of phytosterols, 384 

reflecting the effective 13C isotopic abundance of their biosynthetic precursor was performed 385 

similarly as for Dols and revealed 94.5 ± 1.3% and 79.0 ± 1.2% for the control and sorbitol-386 

treated roots, respectively. Importantly, similar values of the effective 13C isotopic abundance 387 

of glucose 93.9±1.0% vs. 80.7 ± 1.3% were found based on the isotopic enrichment of 388 

[13C]Dol labeled with [U-13C6]glucose, confirming the universal nature of the observed 389 

metabolic effects of sorbitol.  390 

The values of the effective 13C abundance estimated above were further used to 391 

calculate the theoretical mass spectra of [13C]phytosterols synthesized from [1-13C]glucose as 392 

the precursor. Similarly as for Dol, the theoretical spectra were calculated for all three 393 

phytosterols assuming their exclusive origin from either the MVA or MEP pathway.  394 
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In control conditions the maximum of the experimental mass spectrum was located between 395 

the theoretical envelopes calculated for the MVA and MEP pathways for each phytosterol 396 

(Fig. 8A, second left column). This suggested that in fact IPP derived from the both pathways 397 

contributed to phytosterol biosynthesis in the applied experimental model.  398 

Upon sorbitol treatment the experimental isotopic envelope was shifted to lower m/z values 399 

for all phytosterols analyzed, suggesting an increased contribution of the MEP pathway to 400 

phytosterol biosynthesis under osmotic stress since, similarly to Dols, the observed shift 401 

cannot be explained solely by the apparent decrease of 13C abundance. 402 

A note of caution is due here that the quantitative modeling of the relative contribution 403 

of the MEP and MVA pathways to phytosterol biosynthesis using the methodology applied in 404 

this report to Dol is of poor reliability. The main reason for this is the fact that only 10 or 15 405 

carbon atoms per molecule of phytosterol can be labeled from [1-13C]glucose via the MEP or 406 

the MVA pathway, respectively. Assuming that the 13C enrichment follows binomial 407 

distribution with 10 (MEP) and 15 (MVA) tries with p=0.5, a difference of 2.5 Da is obtained 408 

between the maxima of the calculated spectra for the two pathways while the expected half-409 

width of the isotopic envelopes is 4 and 5 Da, respectively, for the MVA and MEP pathways 410 

(Fig. 8B).  411 

Consequently, such a small difference makes impossible a quantitative estimation of the 412 

relative contribution of the two pathways.  413 

To elucidate the effect of pathway-specific precursors on phytosterol biosynthesis 414 

GC/MS analysis of sterols isolated from roots fed [2H2]DX or [2H]MVL was performed (Fig. 415 

8A). Interestingly, the level of deuterium labeling of stigmasterol was lower than that of 416 

campesterol while the labeling of sitosterol was considerably higher. Sorbitol treatment 417 

resulted in a modest decrease of deuterium incorporation from [2H]MVL (approx. 85-90 % of 418 
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control for all sterols) while that from [2H2]DX was slightly enhanced (approx. 130% and 419 

115% of control for stigmasterol and β-sitosterol) (Fig. 8A).  420 

Moreover, while the total content of phytosterols was not affected by sorbitol (Table 1) the 421 

labeling rate (de novo biosynthesis) of sitosterol was considerably enhanced in contrast to 422 

decreased labeling of stigmasterol (Fig. 8A). In line with this the proportion among the 423 

phytosterols changed. In control conditions stigmasterol was the dominant species (43.1% of 424 

total phytosterol content) while in sorbitol-treated roots β-sitosterol dominated (49.5% of 425 

total).  426 

Taken together, analysis of metabolically labeled phytosterols suggests that in the 427 

biological system studied both the MVA and MEP pathways contribute to their biosynthesis. 428 

Although phytosterols are usually considered to be exclusively MVA-derived, an equal 429 

contribution of the MVA and MEP pathways to their biosynthesis has already been reported 430 

in Croton callus culture (De-Eknamkul and Potduang, 2003). While the relative contribution 431 

of the MEP and MVA pathways to phytosterol biosynthesis could not be quantitated it was 432 

clear that osmotic stress enhanced the MEP pathway input. 433 

 434 

Discussion  435 

In this report the co-operation of the MEP and MVA pathways was gauged using 436 

dolichol as a reporter molecule. The key finding is that increased contribution of the MEP 437 

pathway, at the expense of MVA, to Dol biosynthesis observed upon osmotic stress was 438 

estimated quantitatively. Moreover, since the biosynthesis of solely one family of Dols (Dol-439 

14 – 17) was affected without modulation of the biosynthetic route of either short- (Dol-13) or 440 

long-chain (n> 17) Dols it further validates the applied method.  441 

To allow the quantification of MEP- and MVA-derived isoprene units a novel method 442 

involving numerical modeling of mass spectra of [13C]Dols metabolically labeled with 443 
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[13C]glucose was established. Basing on the biochemistry of the isoprenoid biosynthesis and 444 

using simple statistics tools theoretical mass spectra (iterative models) of the labeled dolichols 445 

were calculated and fitted to the experimentally recorded ones. The two-step protocol 446 

involved application of [U-13C6]glucose to estimate the effective 13C abundance and then of 447 

[1-13C]glucose to analyze quantitatively the input of the two different routes of IPP synthesis. 448 

The first step was essential since sorbitol affected the cellular metabolism, most probably by 449 

increasing the release of glucose from native starch (Krasensky and Jonak, 2012; Valentovic 450 

et al., 2006) present in the root inoculum. Besides, sorbitol might also stimulate the activity of 451 

the other, apart from glycolysis, catabolic processes utilizing glucose, e.g. oxidative pentose 452 

pathway and this in turn will result in shuffling of carbon atoms in glucose molecules. Indeed, 453 

abiotic stress was shown to induce the expression of the oxidative pentose phosphate genes 454 

(Caretto et al., 2015). The resulting isotopic dilution of the labeled precursor would affect the 455 

subsequent calculations – had it not been corrected for. It should also be underlined that 456 

externally applied sorbitol does not serve as a carbon source for root metabolism since its 457 

uptake from the medium is low and is even further decreased in the presence of external 458 

glucose (Maurel et al., 2004).  459 

The results presented here suggest that a divergent biosynthetic machinery is engaged 460 

in the formation of Dol families of different lengths. Consequently, the MEP and MVA-461 

derived pools of IPP could be used by dedicated CPTs. The changing Dol composition and 462 

labeling profiles suggest an involvement of at least three such enzymes in Arabidopsis roots, 463 

similarly to the two yeast CPTs, Rer2 and Srt1, responsible for the formation of two Dol 464 

families in S. cerevisiae (Schenk et al., 2001). Furthermore, the observed specific changes of 465 

CPTs’ transcript levels in response to osmotic stress could underlie the adjustment of the Dol 466 

spectrum to current requirements. This is most probably achieved by CPT 467 

compartmentalization (Fig. 9), although several aspects of this model remain elusive (e,g., 468 
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peroxisomal CPT and PPRD, IPP and oligoprenylPP transporters). Besides plastids and ER, 469 

postulated earlier to harbor CPTs (Skorupinska-Tudek et al., 2008), also plant peroxisomes 470 

could possess their own CPT, as was observed in mammals and yeast (Ericsson et al., 1992; 471 

Skoneczny et al., 2006). Moreover, the existence of the peroxisomal pathway converting 472 

mevalonate to IPP in mammals and plants (Thompson et al., 1987; Simkin et al., 2011) 473 

further supports this concept. Still the type of the all-trans initiator involved in biosynthesis of 474 

Dols in Arabidopsis roots remains enigmatic.  475 

Deduced topological model of Dol biosynthesis (Fig. 9) presents a simplified scenario 476 

presuming that the homogenous polyisoprenoid chain built of IPPs of solely MEP-origin is 477 

formed in the plastid. Actually, one cannot exclude the possibility that, especially upon stress, 478 

longer polyisoprenoid chains, comprising 11-12 MEP-derived isoprene units together with a 479 

few isoprene units of the MVA origin are formed in this compartment.  480 

The multifamily composition of Dol mixture together with different sites of their 481 

biosynthesis could also implicate different cellular roles of Dols of various length. The 482 

dominating homologues, Dol-14 -17, most probably act as cofactors in protein glycosylation 483 

in the ER, as is observed in yeast (Schenk et al., 2001). N-glycans are crucial for plant growth 484 

under stress conditions (Strasser, 2016) and therefore reprogramming of the Dol-14 -17 485 

biosynthetic route could be indispensable for plant homeostasis. Long- and short-chain Dols 486 

are most possibly not involved in protein glycosylation (Schenk et al., 2001; Surmacz et al., 487 

2014) but instead could act as a shield against ROS or fulfill other as yet unknown functions.  488 

The concomitant modulation of the activity of MVA and MEP pathway is a subject of 489 

extensive studies - the rate of precursor exchange may reach 100% and 80% from the plastids 490 

to the cytoplasm and vice versa (Schuhr et al., 2003; Hemmerlin and Bach, 2000), although 491 

these values were observed upon inhibitor treatments. Various intermediates, e.g., IPP, 492 

DMAPP, GPP, FPP, oligoprenyl diphosphates (Hemmerlin et al., 2012; May et al., 2013) 493 
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were shown to be translocated between these compartments. Moreover, a complex 494 

bidirectional transfer of precursors has been postulated earlier (Skorupinska-Tudek et al., 495 

2008) as well as in the current model (Fig. 9). The observed increased contribution of the 496 

MEP pathway towards Dol biosynthesis upon sorbitol treatment corroborates earlier data 497 

suggesting transcriptional stimulation of the MEP pathway by osmotic stress (Wu et al., 2009; 498 

Yan et al., 2009) and heavy metals (Ge and Wu, 2005) leading to accumulation of tanshinone, 499 

a diterpenoid, in Salvia miltiorrhiza hairy roots. Likewise, osmotic stress, heavy metal salts 500 

and ABA treatment increased the accumulation of brachycerine, a monoterpene indole 501 

alkaloid, in the leaves of Psychotria brachyceras (do Nascimento et al., 2013). Similarly, 502 

increased expression of the MEP pathway and carotenoid biogenesis genes was noted in 503 

osmotically stressed Arabidopsis roots (Meier et al., 2011). In contrast, the literature data on 504 

the effect of osmotic stress on the MVA pathway seem contradictory. Thus, in line with the 505 

decreased contribution of the MVA pathway to the biosynthesis of the dominating Dols 506 

reported here, down-regulation of Brassica juncea 3-hydroxy-3-methylglutaryl coenzyme A 507 

synthase (the key regulator of the MVA pathway) was observed (Alex et al., 2000; 508 

Nagegowda et al., 2005). Conversely, water stress (mimicked by PEG treatment) induced 509 

both the MVA and the MEP pathway and led to an increased accumulation of tanshinone, 510 

although MEP seemed to be the main contributor (Yang et al., 2012).  511 

Various mechanisms could underlie the stimulation of the MEP pathway at the 512 

expense of MVA upon osmotic stress. First, it could be linked to the cellular ‘energy-saving’ 513 

program since an enhanced need for ATP is to be expected upon stress and formation of IPP 514 

via the MEP pathway requires less ATP than via the MVA pathway (2 vs. 3 moles per mole 515 

of IPP) (Gruchattka et al., 2013). Second, it could result from activation of a ‘sink-like’ rescue 516 

pathway involving enhanced synthesis of reduced compounds, such as isoprenoids, in order to 517 

consume NADPH+ overproduced upon stress (Selmar and Kleinwaechter, 2013). 518 
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Consumption of reducing equivalents by the MEP pathway is more efficient than by MVA (3 519 

vs. 2 moles of NADPH are used to produce one mole of IPP, respectively) (Gruchattka et al., 520 

2013). Finally, an enhanced demand for MEP-derived products such as the antioxidants 521 

tocopherols and carotenoids and/or phytohormone abscisic acid could also provide the driving 522 

force for the induction of this pathway (Abbasi et al., 2007).  523 

The signaling route(s) responsible for the regulation of the MEP/MVA balance 524 

remains elusive, albeit phytohormones should be considered as putative regulators. Abscisic 525 

acid (ABA, synthesized via the MEP pathway), has been found to induce the biosynthesis of 526 

MEP-derived metabolites, and both ABA-dependent and -independent signaling pathways 527 

appear to be involved in osmotic stress tolerance (Huang et al., 2012). Gibberellic acid has 528 

been reported to inhibit the biosynthesis of MEP-derived isoprenoids and to stimulate the 529 

MVA pathway (Mansouri et al., 2009). Additionally, ROS could also play a role of such 530 

regulators since their signaling network controls diverse stress responses (Lin and Aarts, 531 

2012). One is also tempted to speculate that methylerythritol cyclodiphosphate (MEcPP), a 532 

product of the MEP pathway so far recognized as a retrograde-signaling metabolite inducing 533 

expression of selected abiotic stress-responsive genes (Xiao et al., 2012), could be involved. 534 

Notably, MEcPP potentiates the unfolded protein response (Walley et al., 2015) induced upon 535 

osmotic stress in plants (Moreno and Orellana, 2011) and, interestingly, Dol attenuates this 536 

stress reaction (Jozwiak et al., 2015).  537 

In conclusion, Dol is the compound of choice to analyze quantitatively the co-538 

operation of the MEP and MVA pathways owing to its mixed MEP/MVA origin and the large 539 

number of carbon atoms per molecule allowing the use of reliable iterative models (e.g., for 540 

Dol-16 the number of carbon atoms labeled by [1-13C]glucose equals 32 or 48 for the MEP or 541 

the MVA pathway, respectively). Furthermore, the occurrence of a complex mixture of Dols 542 

in plant tissues (thirteen homologues in Arabidopsis roots) enables cross-validation of the 543 
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obtained models. Since dolichols are common component of plant roots application of the 544 

experimental approach described here, i.e., metabolic labeling followed by meta-analysis of 545 

Dol mass spectra, seems feasible for other plant species. It should be kept in mind, however, 546 

that modulation of the contribution of the MEP and MVA pathway, recorded for Dol 547 

biosynthesis, should be critically interpreted. Although Dol might be considered as an 548 

indicator sensing the reprograming of the isoprenoid generating systems in plants the input of 549 

the MEP-derived precursors, despite the overall increase, might differ quantitatively for 550 

particular subclasses of isoprenoids (in fact observed for different Dol ‘families’); this 551 

difference might result from divergent subcellular localization of these compounds.  552 

Moreover, methodology described in this report is based on the metabolic labelling with 553 

glucose. Such approach is clearly applicable to heterotrophically grown tissues/cells while 554 

feeding of intact plants or detached photosynthetic organs might be more complex due to 555 

several reasons. Firstly, the uptake of glucose by intact plant might be low since plants 556 

generate their biomass exclusively from CO2. However, metabolism of [13C]glucose observed 557 

in the leaves of aseptically grown intact tobacco plants fed [U-13C6]glucose via the root 558 

system provided a proof of concept for this labeling method (Ettenhuber et al., 2005), and 559 

applicability of this approach was confirmed later too (summarized in Bacher et al., 2016). 560 

Incorporation of [13C]glucose upon these circumstances might possibly be explained by 561 

different biosynthetic origin of the MEP pathway substrates - glyceraldehyde 3-phosphate 562 

(GAP) is derived mostly from photosynthesis while pyruvate originates from glycolysis 563 

(Pokhilko et al., 2015).  564 

Secondly, incorporation of [13C]glucose together with the concomitant influx of the unlabeled 565 

precursors derived from photosynthesis/glucogenesis would result in the substantially lower 566 

13C enrichment of Dols or Prens. Consequently, a small m/z difference between the maxima of 567 

the theoretical envelopes calculated for the MEP- and MVA-derived Dol molecule might be 568 
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expected (e.g., 1 Da for Dol-20 labeled from [1-13C]glucose of 10% isotopic 13C abundance, 569 

Supplementary Fig. 5, left panels). Therefore distinction of these pathways would not be 570 

reliable. Fortunately, this problem might be partially overcome by feeding with doubly 571 

labeled precursor (e.g., [1,6-13C2]glucose, Supplementary Fig. 5, right panels) – in such case 572 

the expected m/z difference is larger (e.g., 2-3 Da) and enables qualitative/semi-quantitative 573 

depiction of the biosynthetic origin of Dol. Additionally, such analysis would be much easier 574 

presuming that the spectrum comprises signals of a single cationic form of Dols (likely after 575 

technical modifications of the HPLC/MS analysis).  576 

Secondary metabolites, including polyisoprenoids, play important roles in the 577 

adaptation of plants to diverse environmental stimuli and in overcoming stress conditions. 578 

Numerous studies have been undertaken to dissect the plant metabolic responses to abiotic 579 

stresses, which involve intra- and extracellular signaling, and modification of the cell 580 

metabolism (Obata and Fernie, 2012), including the modulation of the activity of MEP and 581 

MVA pathways.  582 

This report describes a new approach to studying the co-operation of the MEP and MVA 583 

pathways and adds new players – dolichols – to the complex network of the plant response to 584 

osmotic stress.  585 

 586 

Methods 587 

Plant material and growth conditions 588 

In vitro culture of Arabidopsis thaliana hairy roots was propagated as described 589 

previously (Jozwiak et al., 2013). For metabolic labeling with a general precursor roots were 590 

grown in ½ Murashige-Skoog (MS) medium supplemented with either 2% [1-13C]glucose or 591 

2% [U-13C6]glucose used as a sole carbon source. For labeling with pathway-specific 592 

precursors ½ MS medium was supplemented with 2% glucose (natural 13C abundance) and 593 
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one of the precursors, either [5-2H]mevalonate (final concentration 1 mM) or [5,5-594 

2H2]deoxyxylulose (final concentration 0.5 mM). Labeling was performed for two weeks (at 595 

this time point glucose concentration was 1.7%) in parallel in the above-described media 596 

(control) or in the same media supplemented with 300 mM sorbitol. At this sorbitol 597 

concentration Dol accumulation was increased without unfavorable effects on the growth of 598 

the hairy root culture. 599 

To elucidate the effect of other stressor on Dol metabolism ½ MS medium containing 600 

2% glucose (natural 13C abundance) was supplemented for two weeks with various chemicals 601 

at indicated final concentrations: cadmium chloride (25 or 50 μM) or oxidative agents – 602 

hydrogen peroxide (1 mM), tert-butyl hydroperoxide (tBHP, 0.3 mM) or methyl viologen 603 

(MV, 1 μM). 604 

Chemicals 605 

All dolichol and polyprenol standards were from the Collection of Polyprenols 606 

(Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw). Standards 607 

of phytosterols were from Sigma-Aldrich. D-[1-13C] and D-[U-13C6]glucose were from 608 

Cambridge Isotope Laboratories (Retaveni, Warsaw, Poland). [5-2H]mevalonate and [5,5-609 

2H2]deoxyxylulose were synthesized using the protocols published earlier (Keller, 1986; 610 

Meyer et al., 2004) with modification: NaB[2H]4 instead of NaB[3H]4 was used as a substrate 611 

to prepare labeled mevalonate. TLC plates (silica gel and RP-18) and gels for column 612 

chromatography (silica gel 60 and Florisil) were from Merck (Warsaw, Poland), organic 613 

solvents (HPLC and p.a. grade) were from POCh (Gliwice, Poland). Murashige-Skoog Basal 614 

Salt Mixture and all other chemicals were purchased from Sigma-Aldrich (Poznan, Poland) 615 

and were of analytical grade. 616 

Isolation and purification of native and metabolically labeled dolichols and phytosterols 617 
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Roots were harvested, rinsed with water, dried with a paper towel, weighed and 618 

homogenized. Dolichols and phytosterols were isolated as described earlier (Jozwiak et al., 619 

2013) with modifications. Briefly, to isolate Dols unsaponifiable lipids were purified on a 620 

silica gel column eluted with hexane containing increasing concentrations of diethyl ether (0–621 

25%). Fractions containing dolichols (according to TLC on silica gel plate developed in 622 

toluene:ethyl acetate, 9/1, v/v and stained in iodine vapors) were combined, evaporated under 623 

a stream of nitrogen, dissolved in propan-2-ol and subjected to HPLC/UV purification. 624 

Internal standards (Prenol-19, 10 μg or cholestanol, 10 μg) were added prior to 625 

homogenization only when the content of Dol or phytosterols was to be estimated. Polyprenol 626 

(Pren-9, 11-23, 25) and dolichol (Dol-15 to Dol-24) mixtures were used as external standards.  627 

HPLC/ESI-MS analysis of [13C]- and [2H]dolichols  628 

LC/MS analysis of polyisoprenoids was performed on an Ultra-Performance Liquid 629 

Chromatograph ACQUITY UPLC I-Class (Waters Inc.) coupled with a MALDISynapt G2-S 630 

HDMS (Waters Inc.) mass spectrometer equipped with an electrospray ion source (ESI) and 631 

q-TOF type mass analyzer. The separation of polyisoprenoid alcohols was carried out using a 632 

100 mm x 2.1 mm BEH C18 column (Waters Inc.). Solvent A was a methanol and water 633 

mixture (9/1, v/v) and solvent B – methanol/isopropanol/hexane (2/1/1, v/v/v) combined as 634 

follows: from 0% B to 75% B in 10 min, from 75% B to 90% B in 5 min, from 90% B to 635 

100% B in 1 min and 100% B maintained for 4 min, then from 100% B to 0% B in 1 min. The 636 

polyisoprenoids were injected in a mixture of methanol/chloroform (1/1, v/v). The LC/MS 637 

analysis was carried out at a flow rate of 0.4 ml/min. 638 

Mass spectra of polyisoprenoid alcohols were recorded in the positive ion mode. The 639 

desolvation and cone gas was nitrogen. The measurements were performed at the desolvation 640 

gas flow of 448 L/h, the cone gas of 76 L/h and the nebuliser gas pressure of 4.6 bar. The 641 

capillary voltage was set to 3800 V and the sampling cone at 87 V.  642 
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The instrument was controlled and recorded data were processed using the MassLynx V4.1 643 

software package (Waters Inc.).  644 

GS-FID/MS analysis of [13C]- and [2H]phytosterols 645 

The GC-MS analysis was carried out on an Agilent 7890A gas chromatograph coupled 646 

to an Agilent 5975C MS detector under electron impact ionization (70 eV). The MS scan 647 

range was 33-500 atomic mass units. The chromatographic column was a HP-5MS UI 648 

capillary column (30 m, 0.25 mm, 0.25 µm). The carrier gas was helium at a flow rate of 1.0 649 

ml/min. FID gases flow rate was maintained at 30 and 400 ml/min for hydrogen and air, 650 

respectively. Samples were analyzed with the column held at 265°C for 60 minutes. The 651 

injection was performed in the split mode (10:1) at 290°C. The inlet temperature was set at 652 

250° while that of the MS transfer line, quadrupole and ion source was 275, 150 and 230°C, 653 

respectively. The identification of the compounds was achieved by comparison of their mass 654 

spectra with the NIST 2008 Library (version 2010, Wiley 9th ed.) as well as by comparison of 655 

retention times with commercially available standards. 656 

GC-FID analysis of sugars in culture medium 657 

Aliquots of culture medium (25 μl) containing glucose and internal standard (25 μl of 658 

2% xylose) were placed in a glass vial. Water was evaporated under a stream of nitrogen and 659 

the vial was placed in desiccator at 30 mbar. After 48 h pyridine (462 μl), 660 

hexamethyldisilazane (92 μl) and chlorotrimethylsilane (46 μl) were added. Firmly closed vial 661 

was heated for 30 minutes at 60°C in a heating block. Products of derivatization were 662 

analyzed by GC-FID. 663 

The GC apparatus was as in phytosterol analysis. Nitrogen was used as the carrier gas at an 664 

average flow rate of 1.4 ml/min. Hydrogen and air flow-rate was maintained at 30 and 400 665 

ml/min, respectively. The inlet and detector temperature was 210 and 290°C, respectively, 666 

and the oven temperature was programmed at 150-210-275°C with a two-minute hold at 667 
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150°C, an increase rate of 6°C/min to 210°C and an increase rate of 40°C/min and a ten-668 

minute hold at 275°C.  669 

Analysis of MDA with thiobarbituric acid (TBA) 670 

Hairy roots (0.2 g fresh weight) were homogenized in 4 ml of 0.1% (w/v) 671 

trichloroacetic acid (TCA) on ice. The homogenate was centrifuged at 10,000 x g for 5 min 672 

and the supernatant was collected. One milliliter of 20% (w/v) TCA containing 0.5% (w/v) 673 

TBA was added to a 0.5-ml aliquot of the supernatant. The mixture was kept in a boiling 674 

water bath for 30 min and then quickly cooled on ice. After centrifugation at 10,000 x g for 10 675 

min, the absorbance of the supernatant was measured at 532 and 600 nm. The absorbance at 676 

600 nm was subtracted from the absorbance at 532 nm and the MDA concentration was 677 

calculated using its extinction coefficient (155 mM-1 cm-1) (Heath and Packer, 1968).  678 

Quantitative (qPCR) expression analysis of cis-prenyltransferases and polyprenol 679 

reductase 680 

Total RNA was isolated and purified using the RNeasy Plant Mini Kit (Qiagen) 681 

according to the manufacturer’s instructions. RNA concentration and purity were verified 682 

using a NanoDrop™ 1000 Spectrophotometer (Thermo Scientific, Waltham, MA). Before 683 

cDNA synthesis, RNA was treated with RNase-free DNase I (Thermo Scientific) according to 684 

the manufacturer’s instructions and then the first-strand cDNA synthesis was carried out with 685 

2 μg of RNA using the SuperScript™ III First-Strand Synthesis System for RT-PCR 686 

(Invitrogen) and oligo-dT primers according to the manufacturer’s procedure.  687 

CPTs or PPRD2 expression analysis was performed in a total volume of 20 µl of Luminaris 688 

Color HiGreen high ROX qPCR Master Mix (Thermo Scientific) using gene-specific primers 689 

(Jozwiak et al., 2013; Jozwiak et al., 2015) in a StepOnePlus Real-Time PCR System 690 

(Applied Biosystems) according to the manufacturer’s instructions. 691 
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The cycle threshold (Ct) was used to determine the relative expression level of a given gene 692 

using the 2-ΔΔCt method. The relative expression level of CPTs was analyzed after 693 

normalization with ACTIN-2 gene used as the internal reference. Statistical analysis of the 694 

qPCR data was performed using one-way ANOVA with Tukey’s post hoc test and GraphPad 695 

Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, www.graphpad.com). 696 

Numerical models 697 

The experimental mass spectrum of dolichol was modeled as the sum of theoretical 698 

isotopomer distributions of each particular Dol-n, native and/or labeled, and in all cases 699 

various cationic adducts (i.e., H+, NH4
+, Na+, K+) were considered.  700 

For native (unlabeled) Dol-n its isotopomer distribution, B(N,p,k), was modeled according to 701 

the binomial distribution with N trials and p≈1% (corresponding to natural 13C abundance) 702 

according to the equation (1):  703 ܤ(ܰ, ,݌ ݇) = ൫ே௞൯ ∙ ௞݌ ∙ (1 −  704 (1)       (ேି௞)(݌

where N=5*n represents the number of carbon atoms in a Dol-n molecule and k is the number 705 

of 13C atoms incorporated. 706 

Contribution of various cationic adducts was further taken into account as follows: 707 ܫ(ܰ, ,݌ ݅) = ுܫ ∙ ,ܰ)ܤ ,݌ ݅) + ேுସܫ ∙ ,ܰ)ܤ ,݌ ݅ − 17) + ே௔ܫ ∙ ,ܰ)ܤ ,݌ ݅ − 22) + ௄ܫ ,ܰ)ܤ 708∙ ,݌ ݅ − 38) (2) 709 

where Ix stands for the relative amount of each cationic adduct and i represents the relative 710 

increase of its mass in comparison to that of the protonated monoisotopic 12C ion (i=0), and 711 

B(N,p,k)=0 for k<0. 712 

For labeled dolichols extracted from roots grown on [U-13C6]glucose the theoretical 713 

isotopotomer distribution was obtained using the same model, but with p≈99% 714 

(corresponding to the 13C abundance of the precursor glucose declared by the producer). 715 

Slight discrepancies in the level of labeling of individual carbon atoms in the precursor [U-716 
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13C6]glucose could affect the final labeling probability but this was not taken into account in 717 

the model. 718 

For labeled dolichols extracted from roots grown on [1-13C]glucose two classes of models 719 

were considered to reflect the two possible routes of their generation: from IPP synthesized 720 

exclusively via a single pathway (MEP or MVA) or, alternatively, from a mixed pool of IPP 721 

derived through both these pathways. With [1-13C]glucose as a precursor pathway-specific 722 

labeling of IPP results in 2 or 3 13C atoms incorporated in a MEP- or MVA-derived isoprene 723 

unit, respectively, assuming glycolysis as the only source of the intermediates for IPP 724 

formation (Lipko and Swiezewska, 2016) (Fig. 1B).  725 

In the ‘pure’ models for a Dol composed of n isoprene units (Dol-n) the number of sites 726 

possibly enriched in 13C atoms upon [1-13C]glucose feeding (N) equals 2*n for the MEP 727 

pathway and 3*n for the MVA pathway. In both cases the labeling probability is ½, reflecting 728 

the metabolic equivalence of C-1 and C-6 atoms of glucose (Skorupinska-Tudek et al., 2008), 729 

and the theoretical isotopomer distribution follows equations (1) and (2).  730 

In the alternative model assuming a mixed origin of IPP forming a Dol-n molecule nMEP 731 

isoprene units originate from the MEP and nMVA units from the MVA pathway, and n= nMVA + 732 

nMEP. The theoretical isotopomer distribution can be thus expressed as a formal convolution of 733 

two distributions corresponding to the two pathways according to the equation: 734 ܥ(݊ொ௉ + ݊ெ௏஺, ,݌ ݇) = ∑ ሼ2)ܤ ∙ ݊ொ௉, ,݌ ݆) ∙ 3)ܤ ∙ ݊ெ௏஺, ,݌ ݇ − ݆)ሽ௞௝ୀ଴    (3) 735 

with contribution of various cationic adducts calculated according to equation (2), keeping 736 

B(N,p,i) = 0 for i<0. Please note, that for nMVA or nMEP equal 0, the equation (3) is equivalent 737 

to equation (1).  738 

Modeling procedure  739 

Appropriate models were fitted to the set of experimental mass spectra using 740 

Marquardt algorithm (Marquardt, 1963) implemented in the GnuPlot program [available at 741 
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http://gnuplot.info]. All Dol-n spectra were fitted simultaneously by optimization of Ix 742 

contributions (equation 2, independently for each dolichol) and the common value for the 13C 743 

enrichment (p in equation 1 or 3), separately for each experimental condition. In the 744 

convolution approach (equation 3), for each Dol-n all possible combinations of integer values 745 

of nMEP and nMVA were tested to obtain the best fit (in terms of chi-square). 746 
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 770 

Figure legends  771 

Figure 1 772 

Polyisoprenoid alcohols of Arabidopsis hairy roots. (A) Structure of prenols and dolichols 773 

composed of n isoprene units. (B) Isoprene unit –carbon atoms potentially labeled upon 774 

feeding [1-13C]glucose are marked – note different labeling pattern via the MEP and MVA 775 

pathways shown as vertical or horizontal striping, respectively. (C) Phylogenetic relationships 776 

among the Arabidopsis and S. cerevisiae cis-prenyltransferases (Rer2 and Srt1) were 777 

reconstructed using a multiple sequence alignment program, MAFFT (http://mafft.cbrc.jp/) 778 

with L-INS-i alignment method. CPTs from S. cerevisiae: Rer2 and Srt1 (P35196 and 779 

Q03175) and A. thaliana: AtCPT1, AtCPT2, AtCPT3, AtCPT6, AtCPT7 and AtCPT9 780 

(O80458, F4IMI8, Q8S2T1, Q8RX73, Q56Y11and Q570Q8). Effect of sorbitol on: (D) Dol 781 

accumulation, (E) relative expression of cis-prenyltransferases, CPTs (RT- qPCR) and (F) left 782 

panel, relative content of dolichols and polyprenols (bars with white and gray background, 783 

respectively) and right panel, relative expression of polyprenol reductase 2 PPRD2 in hairy 784 

roots under stress.  785 

Figure 2 786 

Mass spectra of Dol-15 metabolically labeled from various precursors applied in the 787 

absence (green trace - control) or presence of sorbitol (blue trace).  788 

A: native Dol-15, inset presents UV spectra of polyisoprenoid mixtures isolated from roots 789 

gown in the absence or presence of sorbitol (green or blue trace, respectively). Signals 790 
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corresponding to the analyzed Dol families (dominating Dols and long-chain Dols) are 791 

indicated.  792 

B: feeding [U-13C6]glucose  793 

C: feeding [1-13C]glucose  794 

D: feeding [2H2]deoxyxylulose 795 

E: feeding [2H]mevalonolactone 796 

M is the m/z of monoisotopic [12C75]Dol-15. Brackets above the spectra indicate signals of 797 

[13C]Dol-15 isotopomers synthesized from precursors with natural [13C] abundance.  798 

(B) and (C) - arrows indicate signals corresponding to monoisotopic [12C75]- and [13C75]Dol-799 

15 ions: protonated [M+H]+ or [M(13C75)+H]+, ammoniated [M+NH4]+ or [M(13C75)+NH4]+, 800 

sodiated [M+Na]+ or [M(13C75)+Na]+ and potassiated [M+K]+ or [M(13C75)+K]+. Brackets 801 

below the panels denote signals corresponding to [13C]-enriched Dols in indicated cationic 802 

forms.  803 

(D) and (E) – arrows indicate signals corresponding to monoisotopic [1H]- and expected 804 

precursor-specific maximally deuterium-labeled Dol-15 ions: protonated [M(2H30)+H]+ or 805 

[M(2H15)+H]+, ammoniated [M(2H30)+NH4]+ or [M(2H15)+NH4]+ and sodiated [M(2H30)+Na]+ 806 

or [M(2H15)+Na]+. Brackets below the panels denote signals corresponding to [2H] enriched 807 

Dols in indicated cationic forms. 808 

Figure 3 809 

Mass spectra of dolichols isolated from roots fed various metabolic precursors. [U-810 

13C6]glucose, [1-13C]glucose, [2H2]deoxyxylulose ([2H2]DX) or [2H]mevalonolactone 811 

([2H]MVL) were used in the absence or presence of sorbitol (green or blue traces, 812 

respectively). Dashed lines indicate the m/z of signals assigned to monoisotopic ions of 813 

ammoniated, sodiated and potassiated [12C5n]Dol-n.  814 
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Please note that the m/z axis is adjusted to the value of the molecular mass (M) of 815 

monoisotopic [12C5n]Dol-n for each Dol-n.  816 

Figure 4 817 

Correlation of signal intensities of cationic adducts, ammoniated [M+NH4]+ vs. sodiated 818 

[M+Na]+, for monoisotopic [12C5n]Dol-n ions of each Dol-n species (for explanation see Fig. 819 

2 for Dol-15). Shown are data obtained after labeling from [U-13C6]glucose. Please note that 820 

such analysis was not possible for 13C-enriched ammoniated and sodiated Dol-n isotopomers 821 

since these distributions strongly overlapped (see Fig. 2). 822 

Figure 5 823 

Comparison of theoretical and experimental mass spectra obtained for labeling of Dol-824 

15 from [U-13C6]glucose in control and osmotic stress conditions. Three variants of the 825 

theoretical envelopes were calculated for both control (A,B,C) and osmotic stress (D,E,F) 826 

conditions. It was assumed that the isotopic enrichment of [13C]Dol-15 was 99% (A,D), i.e., it 827 

was synthesized from [U-13C6]glucose (99% 13C isotopic abundance) as the sole source of 828 

carbon; 93.9 ± 1.0% (B) and 80.7 ± 1.3% (E) to account for some dilution with endogenous 829 

native glucose (~1% 13C isotopic abundance); alternatively, labeling from [U-13C6]glucose 830 

together with an additional involvement of native IPP was considered: 96.1% [U-13C6]glucose 831 

and 2.8% native IPP (final isotopic enrichment of Dol-15 was 93.9 ± 1.0%) (C) or 87.4% [U-832 

13C6]glucose and 8.5% native IPP (final isotopic enrichment of Dol-15 was 80.7 ± 1.3%) (F).  833 

Green and blue traces represent the experimental spectra recorded in control and osmotic 834 

stress conditions, respectively, while red – the theoretical ones.  835 

Vertical lines indicate the m/z of the cationic, ammoniated ([M+NH4]+ and [M(13C75)+NH4] +, 836 

and sodiated ([M+Na] + and ([M(13C75)+Na] + forms of the respective monoisotopic ions 837 

{[12C75]Dol-15 - solid and [13C75]- dotted}.  838 

Figure 6 839 
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13C enrichment profiles of Dol-14 -23 metabolically labeled from [U-13C6]glucose in the 840 

absence (dotted lines – control) or presence (solid lines) of sorbitol represented as 841 

cumulative isotopomer distributions (CDF) directly derived from mass spectra. Overlaid 842 

CDFs are presented for all analyzed Dol-n as well as for selected Dol-14, -17, -20 and -23.  843 

For each Dol-n the differences between sorbitol-treated vs. control roots are statistically 844 

significant (α < 10-5) according to the Mann-Whitney test applied for pairs of CDFs of 845 

respective Dol.  846 

Please note that the m/z axis is adjusted to the value of (M) for each respective Dol-n. 847 

Figure 7 848 

Comparison of theoretical and experimental mass spectra obtained for labeling of Dol-849 

15 and Dol-20 from [1-13C]glucose in control and the osmotic stress conditions. Three 850 

variants of the theoretical spectra were calculated for both control (A,B,C and A’,B’,C’ for 851 

Dol-15 and Dol-20, respectively) and osmotic stress (D,E,F and D’,E’,F’) conditions 852 

assuming that [13C]Dols were synthesized solely via the MEP (A,D and A’,D’) or the MVA 853 

(B,E and B’,E’) pathway, or with a contribution of the both pathways. 854 

Green and blue traces represent the experimental spectra recorded in control and osmotic 855 

stress conditions, respectively, while red – the theoretical ones.  856 

Vertical lines indicate the calculated m/z of cationic, ammoniated ([M+NH4]+, sodiated 857 

([M+Na] +) and potassiated ([M+K] +) forms of monoisotopic [12C75]Dol-15 and [12C100]Dol-858 

20 ions.  859 

Figure 8 860 

Figure 8A 861 

Mass spectra of phytosterols isolated from roots fed various metabolic precursors: [U-862 

13C6]glucose, [1-13C]glucose, [2H2]deoxyxylulose (DX) or [2H]mevalonolactone (MVL) in 863 

the absence or presence of sorbitol (green or blue bars, respectively). For labeling with [1-864 

 www.plantphysiol.org on April 9, 2017 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plantphysiol.org


 

37 
 

13C]glucose three theoretical isotopic envelopes of the mass spectra are presented for each 865 

phytosterol calculated with the assumption that the phytosterol originates exclusively from 866 

either the MEP or MVA pathway (dotted or dashed line, respectively), or from both (bold). 867 

Please note that the m/z axis is adjusted to the value of the molecular mass (M) of the 868 

respective monoisotopic [12C]phytosterol. For consistency only the fragments of the mass 869 

spectra containing signals corresponding to the molecular ions of [13C]phytosterol are 870 

presented for labeling with [U-13C6]glucose.  871 

Figure 8B 872 

Theoretical mass distributions (isotopic envelopes) estimated for phytosterols synthesized 873 

from [1-13C]glucose solely via the MEP or the MVA pathway (red and blue line, respectively) 874 

are represented by binomial distributions with 10 or 15 tries and p=0.5. 875 

Figure 9 876 

Osmotic stress modulates input of MEP and MVA pathways to dolichol synthesis. 877 

Biosynthetic origins of Dol-16 (and other dominating dolichols, Dol-14, -15 and -17) changes 878 

upon osmotic stress while that of Dol-21 (and other long-chain Dols, n>18 and also Dol-13) 879 

remains unaffected. This implies that upon osmotic stress the oligoprenyl precursors 880 

synthesized by plastidial cis-prenyltransferase (CPT) and translocated to the cytoplasm are 881 

longer than those synthesized in control conditions. In contrast, the synthesis of long-chain 882 

Dols proceeds most probably in a cellular compartment other than plastids/cytoplasm. Such 883 

activity is tentatively assigned to peroxisomal CPT which most probably utilizes an 884 

autonomous, MVA-dependent, pool of IPP in concert with MEP-derived IPP imported to 885 

peroxisomes through plastid-peroxisome contact sites (Shai et al., 2016). Modulation of the 886 

intensity of export of plastidial MEP-derived IPP and possibly oligoprenyl diphosphates upon 887 

stress is depicted by cyan and white arrows, respectively.  888 

 889 
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SUPPLEMENTAL DATA 890 

Supplementary Figure 1. Effect of cadmium chloride on expression level of CPTs in 891 

Arabidopsis hairy roots  892 

Supplementary Figure 2. Effect of oxidative stress on: (A) expression level of CPTs in 893 

Arabidopsis hairy roots; (B) level of MDA.  894 

Supplementary Figure 3. Experimental and theoretical spectra of [13C]Dol-n after feeding 895 

[U-13C6]glucose (two leftmost columns) or [1-13C]glucose (two rightmost columns). 896 

Supplementary Figure 4. Estimated number of MVA-derived isoprene units (i.u.) in various 897 

Dol-n synthesized in control (diamonds) or osmotic stress (triangles) conditions (related to 898 

Table 2).  899 

Supplementary Figure 5. Comparison of theoretical mass spectra of Dol-20 calculated for 900 

the MEP (orange) and MVA (magenta) pathways. 901 

 902 

 903 

Supplementary Figure 1 904 

Effect of cadmium chloride on expression level of CPTs in Arabidopsis hairy roots  905 

Supplementary Figure 2 906 

Effect of oxidative stress on: (A) expression level of CPTs in Arabidopsis hairy roots; (B) 907 

level of MDA.  908 

Supplementary Figure 3 909 

Experimental and theoretical spectra of [13C]Dol-n after feeding [U-13C6]glucose (two 910 

leftmost columns) or [1-13C]glucose (two rightmost columns). Theoretical spectra are shown 911 

in red, experimental in green (control) or blue (osmotic stress).  912 
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[U-13C6]glucose: comparison of the theoretical spectra with experimental ones allowed 913 

calculation of the effective 13C abundance of 93.9 ± 1.0% under control conditions and 80.7 ± 914 

1.3% under osmotic stress;  915 

[1-13C]glucose: comparison of the theoretical spectra with experimental ones allowed 916 

calculation of the contribution of the MEP and MVA pathways to Dol biosynthesis.  917 

Dotted lines indicate the m/z of ammoniated ([M+NH4]+), sodiated ([M+Na]+) and potassiated 918 

([M+K]+) ions of monoisotopic [12C5n]Dol-n.  919 

Please note that the m/z axis is adjusted to the value of (M) for each respective Dol-n.  920 

Supplementary Figure 4 921 

Estimated number of MVA-derived isoprene units (i.u.) in various Dol-n synthesized in 922 

control (diamonds) or osmotic stress (triangles) conditions (related to Table 2).  923 

Contribution of the MVA pathway to Dol-n biosynthesis is substantially decreased for Dol-14 924 

-17 in the stress conditions. The metabolic origin of longer-chain Dols (Dol-18 – 21) is 925 

unaffected by sorbitol. 926 

Supplementary Figure 5 927 

Comparison of theoretical mass spectra of Dol-20 calculated for the MEP (orange) and MVA 928 

(magenta) pathways obtained from labeling with either [1-13C]glucose or [1,6-13C2]glucose 929 

(left and right column, respectively) of various isotopic 13C abundance (95, 80, 25, 10%); 930 

shown are protonated [M+H]+ ions.  931 

  932 
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Table 1. Content of dolichols, polyprenols and phytosterols in Arabidopsis hairy roots 933 

exposed to various stress factors. Dol, Pren and phytosterol content was estimated using, 934 

respectively, HPLC/UV and GC/FID, n,=3, results significantly (p<0.05) different from the 935 

control are indicated.  936 

t-BHP and MV stand for tert-butyl hydroperoxide and methyl viologen, respectively. 937 

Stress  

Dolichol 

content 

[μg/g FW] 

Fraction of  

dominating 

Dolichols  

(D-14 - D-17)  

in total Dol 

mixture 

% ± SD  

Fraction of  

 

Polyprenols  

(P-14 - P-17)  

in total Pren 

mixture 

% ± SD 

Phytosterol 

content 

[mg/g FW] 

osmotic 

sorbitol 

[M] 

control 4.4 ± 0.6 67 ± 7  15 ± 1 2.1 ± 0.4 

0.2  4.9 ± 0.6 76 ± 9 22 ± 2 1.9 ± 0.3 

0.3  6.4* ± 0.6 91 ± 8  36 ± 3 1.9 ± 0.5 

0.4  6.9* ± 0.4 93 ± 9  35 ± 3 1.9 ± 0.7 

0.5  6.5* ± 0.1 88 ± 5 38 ± 4 1.9 ± 0.6 

oxidative 

control 4.4 ± 0.2 66 ± 3 14 ± 2 2.0 ± 0.6 

1 mM H2O2 5.3* ± 0.3 81 ± 4 23 ± 2 1.9 ± 0.2 

0.3 mM t-

BHP 
5.8* ± 0.6 

88 ± 5 26 ± 2 5.2* ± 0.4 

1 μM MV 4.0 ± 0.2 61 ± 7 12 ± 1 4.0* ± 0.6 

CdCl2 

[μM] 

control 4.4 ± 0.5 67 ± 7 15 ± 2 2.0 ± 0.3 

25  5.6* ± 0.3 86 ± 8 27 ± 2 2.3 ± 0.3 

50 6.6* ± 0.6 91 ± 4 28 ± 2 2.0 ± 0.3 
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* differs from the control at p<0.05  938 
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Table 2. Number of MEP- and MVA-derived isoprene units  in Dol-n molecule 939 

synthesized in control and stress conditions.  940 

Dols were isolated from Arabidopsis hairy roots fed [1-13C]glucose upon control and stress 941 

conditions. nMEP and nMVA stand for the number of MEP- and MVA-derived isoprene units, 942 

respectively, n=nMEP+nMVA.  943 

All nMEP values from the estimated ranges shown give almost equivalent models (according to 944 

chi-square test) for each Dol-n. 945 

Control  Sorbitol  

nMEP nMVA nMEP nMVA 

Dol-13 8-9 4-5 9 4 

Dol-14 11-12 2-3 14 0 

Dol-15 8-11 4-7 15 0 

Dol-16 9-10 6-7 14 2 

Dol-17 10-11 6-7 13-14 3-4 

Dol-18 9-11 7-9 9-11 7-9 

Dol-19 8-10 9-11 8-10 9-11 

Dol-20 9-10 10-11 10-11 9-10 

Dol-21 11-13 8-10 9-10 11-12 

Dol-22 10-11 11-12 9-11 11-13 

Dol-23 8-11 12-15 10-12 11-13 

 946 

  947 
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Figure 1 
Polyisoprenoid alcohols of Arabidopsis hairy roots. (A) Structure of prenols and dolichols 
composed of n isoprene units. (B) Isoprene unit –carbon atoms potentially labeled upon feeding 
[1-13C]glucose are marked – note different labeling pattern via the MEP and MVA pathways shown as 
vertical or horizontal striping, respectively. (C) Phylogenetic relationships among the Arabidopsis and  
S. cerevisiae cis-prenyltransferases (Rer2 and Srt1) were reconstructed using a multiple sequence 
alignment program, MAFFT (http://mafft.cbrc.jp/) with L-INS-i alignment method. CPTs from S. 
cerevisiae: Rer2 and Srt1 (P35196 and Q03175) and A. thaliana: AtCPT1, AtCPT2, AtCPT3, AtCPT6, 
AtCPT7 and AtCPT9 (O80458, F4IMI8, Q8S2T1, Q8RX73, Q56Y11and Q570Q8).  Effect of sorbitol on: 
(D) Dol accumulation, (E) relative expression of cis-prenyltransferases, CPTs (RT- qPCR) and (F) left 
panel, relative content of dolichols and polyprenols (bars with white and gray background, respectively) 
and right panel, relative expression of polyprenol reductase 2 PPRD2 in hairy roots under stress.  
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Figure 2 
Mass spectra of Dol-15 metabolically labeled 
from various precursors applied in the absence 
(green trace - control) or presence of sorbitol 
(blue trace).  
A: native Dol-15, inset presents UV spectra of 
polyisoprenoid mixtures isolated from roots gown in 
the absence or presence of sorbitol (green or blue 
trace, respectively). Signals corresponding to the 
analyzed Dol families (dominating Dols and long-
chain Dols) are indicated.  
B: feeding [U-13C6]glucose  
C: feeding [1-13C]glucose  
D: feeding [2H2]deoxyxylulose 
E: feeding [2H]mevalonolactone 
M is the m/z of monoisotopic [12C75]Dol-15. 
Brackets above the spectra indicate signals of 
[13C]Dol-15 isotopomers synthesized from 
precursors with natural [13C] abundance.  
(B) and (C) - arrows indicate signals corresponding 
to monoisotopic [12C75]- and [13C75]Dol-15 ions: 
protonated [M+H]+ or [M(13C75)+H]+, ammoniated 
[M+NH4]+ or [M(13C75)+NH4]+, sodiated [M+Na]+ or 
[M(13C75)+Na]+ and potassiated [M+K]+ or 
[M(13C75)+K]+. Brackets below the panels denote 
signals corresponding to [13C]-enriched Dols in 
indicated cationic forms.  
(D) and (E) – arrows indicate signals 
corresponding to monoisotopic [1H]- and expected 
precursor-specific maximally deuterium-labeled 
Dol-15 ions: protonated [M(2H30)+H]+ or 
[M(2H15)+H]+, ammoniated [M(2H30)+NH4]+ or 
[M(2H15)+NH4]+ and sodiated [M(2H30)+Na]+ or 
[M(2H15)+Na]+. Brackets below the panels denote 
signals corresponding to [2H] enriched Dols in 
indicated cationic forms. 
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Figure 3 
Mass spectra of dolichols isolated from roots fed various metabolic 
precursors. [U-13C6]glucose, [1-13C]glucose, [2H2]deoxyxylulose ([2H2]DX) or 
[2H]mevalonolactone ([2H]MVL) were used in the absence or presence of 
sorbitol (green or blue traces, respectively). Dashed lines indicate the m/z of 
signals assigned to monoisotopic ions of ammoniated, sodiated and 
potassiated [12C5n]Dol-n. Please note that the m/z axis is adjusted to the value 
of the molecular mass (M) of monoisotopic [12C5n]Dol-n for each Dol-n.  
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Figure 4 
Correlation of signal intensities of cationic adducts, ammoniated 
[M+NH4]+ vs. sodiated [M+Na]+, for monoisotopic [12C5n]Dol-n ions of 
each Dol-n species (for explanation see Fig. 2 for Dol-15). Shown are 
data obtained after labeling from [U-13C6]glucose. Please note that 
such analysis was not possible for 13C-enriched ammoniated and 
sodiated Dol-n isotopomers since these distributions strongly 
overlapped (see Fig. 2).  
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Figure 5 
Comparison of theoretical and experimental mass spectra obtained for labeling of 
Dol-15 from [U-13C6]glucose in control and osmotic stress conditions. Three variants of 
the theoretical envelopes were calculated for both control (A,B,C) and osmotic stress 
(D,E,F) conditions. It was assumed that the isotopic enrichment of [13C]Dol-15 was 99% 
(A,D), i.e., it was synthesized from [U-13C6]glucose (99% 13C isotopic abundance) as the 
sole source of carbon; 93.9 ± 1.0% (B) and 80.7 ± 1.3% (E) to account for some dilution with 
endogenous native glucose (~1% 13C isotopic abundance); alternatively, labeling from 
[U-13C6]glucose together with an additional involvement of native IPP was considered: 
96.1% [U-13C6]glucose and 2.8% native IPP (final isotopic enrichment of Dol-15 was 93.9 ± 
1.0%) (C) or 87.4% [U-13C6]glucose and 8.5% native IPP (final isotopic enrichment of Dol-15 
was 80.7 ± 1.3%) (F).  
Green and blue traces represent the experimental spectra recorded in control and osmotic 
stress conditions, respectively, while red – the theoretical ones.  
Vertical lines indicate the m/z of the cationic, ammoniated ([M+NH4]+ and [M(13C75)+NH4]+, 
and sodiated ([M+Na]+ and ([M(13C75)+Na]+ forms of the respective monoisotopic ions 
{[12C75]Dol-15 - solid and [13C75]- dotted}.  
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Figure 6 
13C enrichment profiles of Dol-14 -23 metabolically labeled from 
[U-13C6]glucose in the absence (dotted lines – control) or presence 
(solid lines) of sorbitol represented as cumulative isotopomer distributions 
(CDF) directly derived from mass spectra. Overlaid CDFs are presented for 
all analyzed Dol-n as well as for selected Dol-14, -17, -20 and -23.  
For each Dol-n the differences between sorbitol-treated vs. control roots are 
statistically significant (α < 10-5) according to the Mann-Whitney test applied 
for pairs of CDFs of respective Dol.  
Please note that the m/z axis is adjusted to the value of (M) for each 
respective Dol-n. 
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Figure 7 
Comparison of theoretical and experimental mass spectra obtained for labeling of 
Dol-15 and Dol-20 from [1-13C]glucose in control and the osmotic stress conditions. 
Three variants of the theoretical spectra were calculated for both control (A,B,C and 
A’,B’,C’ for Dol-15 and Dol-20, respectively) and osmotic stress (D,E,F and D’,E’,F’) 
conditions assuming that [13C]Dols were synthesized solely via the MEP (A,D and A’,D’) 
or the MVA (B,E and B’,E’) pathway, or with a contribution of the both pathways. 
Green and blue traces represent the experimental spectra recorded in control and 
osmotic stress conditions, respectively, while red – the theoretical ones.  
Vertical lines indicate the calculated m/z of cationic, ammoniated ([M+NH4]+, sodiated 
([M+Na]+) and potassiated ([M+K]+) forms of monoisotopic [12C75]Dol-15 and 
[12C100]Dol-20 ions.  
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Figure 8A 
Mass spectra of phytosterols isolated from roots fed various metabolic 
precursors: [U-13C6]glucose, [1-13C]glucose, [2H2]deoxyxylulose (DX) or 
[2H]mevalonolactone (MVL) in the absence or presence of sorbitol (green or 
blue bars, respectively). For labeling with [1-13C]glucose three theoretical 
isotopic envelopes of the mass spectra are presented for each phytosterol 
calculated with the assumption that the phytosterol originates exclusively from 
either the MEP or MVA pathway (dotted or dashed line, respectively), or from both 
(bold). Please note that the m/z axis is adjusted to the value of the molecular 
mass (M) of the respective monoisotopic [12C]phytosterol. For consistency only 
the fragments of the mass spectra containing signals corresponding to the 
molecular ions of [13C]phytosterol are presented for labeling with [U-13C6]glucose.  
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Figure 8B 
Theoretical mass distributions (isotopic envelopes) estimated for 
phytosterols synthesized from [1-13C]glucose solely via the MEP or the MVA 
pathway (red and blue line, respectively) are represented by binomial distributions 
with 10 or 15 tries and p=0.5. 
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Figure 9 
Osmotic stress modulates input of MEP and MVA pathways to dolichol 
synthesis. Biosynthetic origins of Dol-16 (and other dominating dolichols, Dol-14, 
-15 and -17) changes upon osmotic stress while that of Dol-21 (and other long-
chain Dols, n>18 and also Dol-13) remains unaffected. This implies that upon 
osmotic stress the oligoprenyl precursors synthesized by plastidial cis-
prenyltransferase (CPT) and translocated to the cytoplasm are longer than those 
synthesized in control conditions. In contrast, the synthesis of long-chain Dols 
proceeds most probably in a cellular compartment other than plastids/cytoplasm. 
Such activity is tentatively assigned to peroxisomal CPT which most probably 
utilizes an autonomous, MVA-dependent, pool of IPP in concert with MEP-derived 
IPP imported to peroxisomes through plastid-peroxisome contact sites (Shai et al., 
2016). Modulation of the intensity of export of plastidial MEP-derived IPP and 
possibly oligoprenyl diphosphates upon stress is depicted by cyan and white 
arrows, respectively.  
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