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Featured Application: We propose an alternative HILIC separation within a LC-hrMS/MS method for the
quantitation of nucleosides, nucleotides, and deoxynucleotides in plant tissue capable of separating and
analyse these metabolites within one run and in a high throughput manner.

Abstract: Resurrection plants are incredibly tolerant to drought. When dried out, they temporarily halt
photosynthesis and respiration while protecting cellular structures. Upon rehydration, they rapidly resume
normal function, allowing their cells and tissues to become re-energized. Nucleotides play a crucial role as
energy and information carriers in all living organisms. However, the dynamics and functioning of these vital
compounds in resurrection plants have not been extensively studied. Nucleotide, nucleoside, and nucleobase
extraction and analysis are technically challenging, so improved methods are of continued interest, especially
techniques that can distinguish the nucleotides’” degree of phosphorylation. Here, we describe an accurate
mass, high-resolution hydrophilic interaction chromatography (HILIC-LC-hrMS/MS)- based method for
quantitative profiling of nucleotides and their phosphate forms in the resurrection plant Haberlea rhodopensis
Friv. The proposed ion-pair free method, exploiting a gradient of both organic component and buffer salt
concentrations, was applied on tissue samples from leaves and roots of H. rhodopensis exposed to dehydration
and subsequent rehydration. In the proposed method, 20 analyses (nucleosides and nucleotides) were
separated by HILIC. This preliminary study identified remarkable features in nucleotide phosphate content
and dynamics during desiccation and subsequent rehydration suggesting alternative energy metabolism
pathways in drought tolerance of resurrection plants.

Keywords: Haberlea rhodopensis; resurrection plant; nucleotide metabolism; drought stress

1. Introduction

Haberlea rhodopensis Friv. is a plant native to the Balkans and is a relic species from the
Palaeolithic period. It belongs to the Gesneriaceae family [1]. This plant is known as a
homoiochlorophyllous resurrection plant because it can endure extreme dehydration in its vegetative
tissues while retaining most of its chlorophyll content [2]. When experiencing extreme dehydration
(up to 95% water loss), the cells and tissues of resurrection plants must withstand significant
challenges to their structure and metabolite content to minimize damage during the process [3]. Stress
places increased energy demands on organisms [4]. To survive, they must have enough energy to
maintain various stress responses, which are often energy-consuming, such as synthesising
osmoprotective metabolites and antioxidants, and enhanced DNA and protein repair functions [5].
How resurrection plants address this energy deficit remains unclear, although some aspects have
been elucidated in recent years [4-6]. Historically, we confirmed that resurrection plants such as H.
rhodopensis Friv. and Ramonda serbica Panc. can maintain their energy supply during severe
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dehydration, reaching a state of hibernation while keeping higher levels of total phosphorus and
nucleotide phosphates compounds. The process of respiration in these plants during desiccation is
closely linked to energy metabolism. It maintains the level of nucleotide triphosphates, primarily
synthesized during cellular respiration and photosynthesis by ATP synthase [7-9]. Furthermore, we
have shown the mitochondrial and chloroplast genomes of the H. rhodopensis Friv. play a vital role in
these processes [10,11].

Nucleobases, nucleosides, and nucleotides are essential metabolites in living organisms, playing
roles in various metabolic and biological processes [12]. Nucleotides are vital for growth and
development. They are involved in DNA and RNA synthesis, signal transduction pathways, act as
coenzymes in biosynthetic processes, and function as energy reservoirs in biological systems [13-17].
Nucleotide mono-, di- and triphosphates are strongly regulated and contribute to cellular signaling
[14]. In plants, purine nucleotides are precursors for synthesizing sucrose, polysaccharides,
phospholipids, and purine alkaloids [12]. Quantifying adenylate (ATP, ADP, AMP) levels, has wide-
ranging applications in physiological, metabolic, and energetic studies [13,14] and can be used to
assess oxidative stress [15]. Cells have sophisticated systems to regulate the balance of these
metabolites, including a negative feedback system of nucleotide biosynthesis [16] and the selective
production of deoxyribonucleotides by ribonucleotide reductase (RNR) [17].

Improved analysis methods for these compounds are continuously sought after, especially
techniques that can differentiate among the nucleotides based on their phosphorylation levels.
Various methods have been employed to measure ATP and its related compounds, such as nuclear
magnetic resonance spectroscopy (NMR) [18], capillary electrophoresis (CE) [19], radioimmunoassay
[20], thin-layer chromatography (TLC) [21], and enzymatic assays [22]. Several methods have been
reported for simultaneous quantifying endogenous deoxynucleoside triphosphates (dNTPs) using
liquid chromatography-tandem mass spectrometry (LC-MS/MS). For instance, Chen et al. [23]
developed a simultaneous quantification method for GTP, CTP, UTP, dATP, dCTP, and dTTP, but
this method could not separate ATP and dGTP. Methods for simultaneously quantifying eight NTPs,
including ATP and dGTP, have also been reported [24,25]. Still, the chromatography process is slow,
and difficulties are faced in resolving all analytes, or at least isobaric ones.

Here, we propose an amid Hydrophilic Interaction Liquid Chromatography Accurate Mass
(HILIC) LC-MS/MS method to perform quantitative profiling of nucleosides and nucleotide mono-,
di, and triphosphates in H. rhodopensis Friv, capable of separating also nucleobases upon need. The
method was applied to samples from leaves and roots exposed to dehydration and subsequent
rehydration. The results identified specific changes in macroergic nucleotides during severe drought
stress and subsequent rehydration of the model resurrection plant H. rhodopensis. This preliminary
study can aid in understanding the molecular mechanisms by which plants solve the problems of
stress-related energy deficit.

2. Materials and Methods

2.1. Chemicals and Reagents

Thermo Scientific™ dNTP Mix (10mM each) and individual NTPs (100mM each) from Thermo
Scientific™ were used for calibration. HPLC quality standards adenosine, guanosine, cytidine,
adenosine monophosphate (AMP), adenosine diphosphate (ADP), guanosine monophosphate
(GMP), guanosine diphosphate (GDP), cytidine monophosphate (CMP), cytidine diphosphate (CDP),
were purchased from Sigma-Aldrich, Ultra-pure 18MOhms water was prepared by a Elga PureLab
ultra high purity water system, Acetonitrile (CAN) and Methanol (MeOH) Optima LC-MS grade
were purchased from Thermo Fisher Schientific, Acetic acid, and Ammonium acetate were LC-MS
grade, purchased from Merck (Darmstadt, Germany). 0,22 um syringe filters were used for sample
filtration before run.

2.2. Plant Material and Water Stress
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In vitro plants of H. rhodopensis Friv. were grown at conditions described in [26]. 15 four-month-
old in vitro seedlings were transferred to acid soil in a growth chamber at 16 h of light and 8 h of
darkness, day/night temperature 22°C, and 60% RH for two months. The dry weight and Relative
Water Content (RWC) of leaf and root samples were determined at each sampling point. Samples
were collected from 5 individuals — the fresh (hydrated) plant group (90% RWC). The remaining
plants were subjected to dehydration by withholding water until they reached a fully desiccated state
(8% RWC), at which point five plants were sampled as the fully dehydrated plant group The
remaining 5 plants were rewatered, and tissue material was collected at 75% RWC (rehydration). The
samples were frozen in liquid nitrogen and stored at -80°C for further analysis. Six samples were
used for analysis - leaf samples from plants grown under regular watering (L1), dehydrated plants
(L2), and rehydrated plants (L3), and corresponding root samples (R1, R2, and R3).

2.3. Chromatographic Conditions for HILIC Separation and MS Detection

An Accela quaternary HPLC pump with Accela autosampler, and HRMS Q-Exative detector
(Thermo Fisher Scientific, Waltham, MA, USA) with H-ESI electrospray were used in the
experiments. Chromatographic separation was performed on a BEH XBridge AMID 150 x 2.1 mm
2.5 pm column (Waters Inc, UK).

0,45 micron filtered mobile phases were used consisting of A (90% ACN / 10%
Water/Ammonium Acetate 5mM) and B (40% ACN/60% Water / Ammonium Acetate 30mM) for
HILIC chromatography. 10 ul sample solution was injected, and the gradient elution program is
given in Table 1. Samples were kept at 4°C in a precooled autosampler tray, and the column was kept
at 50°C. Samples were introduced into the column in 90%ACN/Water solution.

Table 1. Optimized gradient program for HILIC separation.

Time [min] Mobile phase A% Mobile phase B% Flow rate [pl/min]

0,00 100 0 850
0,50 100 0 850
4,00 85 15 850
16,00 45 55 850
18,00 0 100 850
20,00 0 100 850

A 250°C H-ESI vaporizer temperature, spray voltage of 4kV in positive mode, ion transfer tube
temperature of 360°C, sheath gas pressure 55psi, auxiliary gas flow 15 (arbitrary units); top 5 “Full
MS/data dependent MS2” was performed for additional structural confirmation with the following
settings: 70000 FWHM resolution in Full MS from 220 to 550m/z, AGC target was set to 1e6, and the
Max IT value was 250msec for Full MS scans, as for fragment spectra scan MS/MS, 17500 FWHM
resolution with 1.6m/z quadrupole isolation window of precursor ion, 120ms maximal trap filling
time and 35 units (13eV) HCD stepped collision energy with 50% step (6-19 eV) were used for MS
detection of plant samples. A 0,2% underfill ratio and 10s dynamic exclusion were set. Quantitation
was done in tSIM mode for the lowest concentrations. Accurate mass calibration and tuning were
performed with the original calibration solution supplied by Thermo Fisher Scientific every 48 h of
operation, and theroom temperature was maintained within 22-26°C during operation.
Chromatographic peaks were extracted from the full scan chromatograms using Xcalibur 4.4 software
(Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Metabolite Extraction

Leaves and roots of six individual plants (biological replicates) in each time point (desiccation
state) were gently separated, washed under a shower of UHP water, and processed independently.
Plant tissues were immediately frozen in liquid nitrogen, ground in a mortar with liquid nitrogen,
and kept at -80°C until analysis. 100 mg pre-weighed sample tissue was extracted with 2.0 ml
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18Mohm UHP water boiling for 7 min with occasional vortexing. Samples were centrifuged,
evaporated in a vacuum centrifuge, and reconstituted to a final volume with 90% CAN in water
before injection. Equal portions from all samples within each sample type (fresh, dry, and rehydrated)
were pooled, and 1g of it was accurately weighed and dried in an oven at 110°C until constant weight
to obtain the ratio of fresh weight to dry weight of the plant material from each pool. The results for
the analyzed samples were then recalculated and expressed as mass concentration per dry weight of
plant material.

2.5. Method Validation

The proposed method was validated for linearity, limits of detection and quantification,
precision, and recovery. Supplementary Figure S1 shows the calibration graphs for the analytes, and
Table 1 gives the slopes for all analytes. Tables 2 and 3 represent reproducibility and recovery data.

Calibration - Stock solutions of 10 mmol/l were prepared for the analytes by either dissolving
the substance in water or diluting commercial standard mixes. Working solutions of 0,1 - 50 pmol/ml
of each substance were prepared by diluting the stock solution with the mobile phase. Five-point
calibration curves covering the working range of analytes in samples were built before analysis, and
an external standard calibration was exploited for quantitation.

Table 2. Ribonucleotide mono-, di- and tri-phosphates and nucleosides were detected in H.
rhodopensis, samples from control (grown under regular watering, L1), dehydrated (L2) and

rehydrated (L3) leaves.

Concentration (ug/g dry weight) Percentage ratios

Compound Rehydrated/
Control desiccated  rehydrated Desiccated/control

(L1) (L2) (L3) (L2/L1)*100 control
(L3/L1)*100
AMP 23,09+34  869+13 261239 37,6 % 1131 %
ADP 77,88+117 1159+17  59,08+89 14,9 % 759 %
ATP 247,99£372 1,703 144,79 £21,7 0.7 % 58,4%
GMP 1322+19 33505 21,0332 25,3 9% 159,1 %
GDP 1595+24  423:06 233335 26,5 % 146,3 %
GTP 4838+73  097+02 158524 20% 328%
CMP 218+03  02:003  124%02 9.2 % 56,9 %
CDP 696+10  055:08 10,6616 7.9% 153,2 %
CTP 3533+53 05801  1297+19 16% 36,7 %
UTP 1981+30  017+003  101%15 0.9 % 51.0%
TTP 99+1,5 005+0,01  2,08+03 05 % 21.0%
Adenosine 23255349 121,72+183 497,25 74,6 523% 213,8 %

Guanosine 21,13 + 3,2 2,84 + 0,4 47,2 + 7,1 13,4 % 223 4 %
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Cytidine 6,52 + 1,0 2,92 + 0,4 25,9 + 3,9 44 8 % 3972 %

Table 3. Ribonucleotide mono-, di- and tri-phosphates and nucleosides were detected in H.
rhodopensis, samples from control (grown under regular watering, R1), dehydrated (R2), and

rehydrated (R3) roots.
Concentration (ug/g dry weight) Percentage ratios
Compound
control (R1) des(ilc{cze;ted rehydrated (R3) (R2/R1)*100  (R3/R1)*100

AMP 7,82+1,2 1,96 £ 0,3 5,88+0,9 251 % 75,2 %
ADP 32,95+4,9 1,36+0,2 18,24 +2,7 41% 55,4 %
ATP 128,2+19,2 2,23+0,3 18,68 +2,8 1,7 % 14,6 %
GMP 17,71+2,7 0,58 +0,1 3,35+£0,5 33% 18,9 %
GDP 42+0,6 0,21 +0,03 4,22 +0,6 5,0 % 100,5 %
GTP 10,14+ 1,5 1,33+0,2 391+0,6 13,1 % 38,6 %
CMP 0,31+0,05 0,28 + 0,04 0,2+0,03 90,3 % 64,5 %
CDP 1,53 +0,2 0,18 £ 0,03 3,33£0,05 11,8 % 217,6 %
CTP 7,76 1,2 1,02+0,2 3,42+0,05 13,1 % 441%
UTP 845+1,3 0,2+£0,03 1,86 £ 0,3 24% 22,0 %
TTP 6,15+0,9 0,07+ 0,01 0,24 +0,04 1,1 % 3,9 %

Adenosine 98,23 + 14,7 5,65 +0,8 188,88 + 28,3 5,8 % 192.3 %

Guanosine 34,01 +5,1 0,1+0,02 6,42 +1,0 0,3 % 18,9 %

Cytidine 2,85+0,4 0,89 +0,1 11,9+1,8 31,2 % 417,5 %

Limit of detection (LOD) and limit of quantification (LOQ) - Abundances for all measured
compounds were determined by integrating the peak area from their extracted ion chromatograms
and ing thcomparem across samples. The LOD for each metabolite was determined based on serial
dilutions of an authentic standard until a signal-to-noise ratio of 3:1 compared to baseline noise was
reached. Limits of detection were determined with instrumental conditions described in Materials
and methods. Targeted single reaction monitoring (tSIM) was also used for LOQ and LOD
determination as the most sensitive mode of the instrument with a predefined window of + 1.6m/z
of the targeted molecular ion. tSIM limits are given in brackets in supplementary Table S1.

Precision - One pooled plant sample was extracted 5 times and analysed to determine the
method's precision. The same sample was analysed on the same day (intra-day) and on 4 consecutive
days for inter-day precision. An intra-day precision of less than 10% (average 7%) and inter-day of
less than 20% (average 17%) was achieved for the whole analytical procedure.
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The repeatability and reproducibility of the compounds were estimated by calculating the
respective relative standard deviation (RSD) values of the concentrations determined and given in
Supplementary Table S2.

Relative recovery of the extraction of the analytes was checked by spiking an actual sample with
a standard mix of the analytes AMP, ADP, ATP, GTP, CTP, UTP, and TTP before extraction. One
sample was analysed in triplicate before spiking and after spiking. Differences between NTPs
concentrations after and before the addition of the standard mix were used to calculate the recovery
of the procedure. Results are presented in Supplementary Table S3. A recovery of 69 to 90% was
achieved.

2.7. Quantification of Metabolites

The amount of metabolites in plant samples was calculated using external standard calibration.
The concentration of the analytes in the experimental solutions was then recalculated for the plant
material used, taking into account the average recovery for each analyte, dilution of plant extract,
and the dry weight of the sample. The results represent the analytes in mass concertation per dry
plant tissue.

2.8. Calculation of Metabolites’ Concentration

To determine the concentration of analytes per unit dry mass of the sample, we first determined
the mass concentration of the analyte in the sample solution/extract, which was analyzed using the
corresponding calibration curve. Then, we calculated the mass concentration per unit dry sample
weight using the expression:

C analyte [ug/g dry tissue] = (C solution [ug/ml] x Dilution Factor)/(aliquot of FW [g]) x (FW [g])
/(DW [g])x V extract [ml] ); where: C analyte is the concertation of the analyte in the plant sample
expressed as mass concentration per dry weight; C solution is the concertation measured in sample
solution using the calibration curve; The dilution factor is a coefficient to correct the dilution of the
sample extract solution after extraction; Aliquot of FW is the measured mass of plant tissue/sample
for extraction and analysis on the analytical balance; The ratio (FW [g])/(DW [g]) is a coefficient to
convert the measured weight of the sample to dry weight. It is obtained by clcmeasulating the whole
sample of fresh ground plant material (FW) after taking an aliquot for extraction and weighing the
same material (DW) after drying; V extract is the volume of the plant extract before dilution.

2.9. Statistical Analysis

All statistical calculations were done in MS Excel.
3. Results

3.1. HILIC-LC-hrMS/MS-Based Method for Quantitative Profiling of Nucleotides

A novel HILIC approach was used to separate nucleobases, nucleosides, nucleotides and deoxy-
nucleotides. Based on amid HILIC stationary phase, we developed a simple, ion-pair-free method
exploiting the gradient of both organic component and buffer salt concentrations. A HILIC-BEH
XBridge Amide column was used in our work for the good results of other researchers and our
preliminary experience. Here, we provide another alternative to MS-compatible HILIC separation of
nucleotides with vast application possibilities and simple sample preparation to complement the oh
opalternations for nucleotides' HILIC analysis. The method can analyse all nucleobases, nucleosides,
and nucleotides in one run, is MS compatible, and could be integrated into an LC-MS metabolomics
workflow after minor optimization.

3.1.1. Extraction of Nucleotides

The extraction of nucleotides is a key element of the analysis. A standard metabolomics
extraction procedure using Water and/or Methanol did not extract the nucleotide phosphates in our
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samples, which made this approach inappropriate. The extraction with high concentrations of strolid
acids like trichloroacetic did not fit our aim to exploit sample preparation and chromatographic
conditions that could be easily integrated into a metabolomics workflow, with minimal
manipulations to samples, mildest conditions and maximal analyte coverage as well as MS
compatibility. For this reason, we preferred to include in our procedure another approach of heating
the samples during extraction for 5-15 (7 minutes, 80°C) minutes [27], which turned out to be effective,
based on the obtained recoveries between 70 and 90 % for the different nucleotide phosphates (Table
S3).  The boiling step could be easily combined with the broad extraction procedures in
metabolomics, and the combined extract could be further mixed and analyzed in one run. The details
of the extraction procedure are described in Materials and Methods. Not least, this sample
preparation approach expands the range of possibilities for analyzing nucleotide phosphates in plant
samples.

3.1.2. Chromatography and Mass Spectral Detection

We aimed to develop a chromatographic method capable of separating all detectable
nucleosides and nucleotides in Haberlea plant samples. We started the optimization of the gradient
with Adenine, Adenosine, AMP, ADP, ATP, GTP, CTP, UTP, TTP and their corresponding deoxy
triphosphates. When we optimized the chromatographic conditions for satisfactory separation of
these analytes, we continued the work of screening pooled in Haberlea rhodopensis plant samples (in
ddMS2 mode). Based on the exceptional selectivity of the high-resolution MS detector using the exact
masses and MS/MS experiments, we located mono-, di- and triphosphates of Adenosine, Guanosine,
and Cytidine in our real plant samples. These compounds were further supplied as analytical
standards for quantitative analysis, and the chromatography gradient was optimized to resolve them.
Among deoxy ribonucleotide phosphates only dATP and dGTP were detected close to the limit of
detection of the method in fresh leaves and roots.

According to the previous analysis of Arabidopsis thaliana [28], ribonucleotide phosphates were
expected in concentrations above 10 nmol/g in fresh plant leaves, and deoxy nucleotide phosphates
were expected to be found in much lower concentrations than ribonucleotide phosphates (less than
0,1 nmol/l). Our detection limits were not low enough to cover this concentration range (LOQ for
plant tissue 1-4 nmol/g with tSIM mode) for quantitating deoxy nucleotides, but the fact that we still
detected dATP and dGTP is indicative that they might be elevated in Haberlea compared to other
plant species. Figure 1 shows the selected ion monitoring (tSIM) traces for the analytes injected as 10
uL of a standard solution containing all the analytes (in 90%CAN/10%H20). The separation of the
analytes was achieved in a total time of less than 16 min.

The elution of nucleotide phosphates demanded a higher concentration of ammonium acetate
as they were firmly retained on the column. At the same time, nucleosides and nucleobases were
better separated with lower buffer concentrations, for which we used a gradient of the ammonium
acetate to best resolve all the compounds. The detection of the analytes was done in targeted SIM
mode (the most sensitive mode of detection of the Q-Exactive detector) with MS/MS confirmation.
This detection mode is; however, less sensitive than last generation triple quadrupoles in MRM mode,
and some of the nucleotides were below the LOD. The use of a triple quadrupole as well as a pre-
concentration step [28] might permit the detection of more analytes (mainly deoxyribonucleotides)
within the same sample preparation and chromatography step. Retention times, exact masses, and
characteristic MS/MS ions for the detected analytes are shown in Supplementary Table 5S4 and
quantitative results in Tables 2 and 3. Supplementary Figure S1 presents calibration graphs for the
analytes measured. Supplementary Table S1 gives the limits of detection and quantification.
Supplementary Tables S2 and S3 present the method's reproducibility and recovery data.
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Figure 1. Representative chromatogram of nucleotides. Individual accurate mass traces are presented
for each analyte accordingto the corresponding molecular ion extracting mass +0,001m/z.
Deoxynucleotide phosphates are given with a dotted line. a) 1 — adenine; 2 — adenosine; 3 - cytidine;
4 - guanosine; 5 - adenosine monophosphate; 6 - cytidine monophosphate; 7 -guanosine
monophosphate; 8 - adenosine diphosphate; 9 - cytidine diphosphate; 10 - guanosine diphosphate; 11
- thymine triphosphate; 12 - adenosine triphosphate; 13 - cytidine triphosphate; 14 - uridine
triphosphate; 15 — guanosine triphosphate; Nucleotides and nucleobases: 3ug/ml; Nucleotide
phosphates: 10ug/ml; b) Isobaric pair adenosine monophosphate / deoxyguanosine monophosphate
with tSIM (up) and tMS2 (down) modes of detection; c¢) 16 - deoxythymidine triphosphate; 17 -
deoxyadenosine triphosphate; 18 - deoxycytidine triphosphate; 19 - deoxyuridine triphosphate; 20 -
deoxyguanosine triphosphate;.

3.2. Ribonucleotide Phosphate and Nucleoside Dynamics During Dehydration and Rehydration of the Model
Resurrection Plant H. rhodopensis

In this work, the levels of ribonucleotide and deoxyribonucleotide and their mono-, di-, and tri-
phosphate forms were determined in leaf and root extracts of Haberlea rhodopensis. The results suggest
intriguing prospects for further research and analysis (Tables 2 and 3, Figure 2).

To assess relative ribonucleotide phosphate levels, we calculated the proportions of Guanine,
Cytosine, and Uracil ribonucleotide phosphate pools (each pool is calculated as the sum
[NMPJ+[NDP]+[NTP]) and expressed them as a percentage of the Adenine pool. The results are
presented in Supplementary Table S5. The adenine nucleotide pool is critical for energy metabolism
and the energy state of all living cells. We examined three important ratios for evaluating the
bioenergetic characteristics of cells and tissues: the ATP/AMP ratio, the ATP/ADP ratio, and the
adenylate energy charge (AEC). Adenylate energy charge, originally defined by Atkinson [29,30] is
calculated as the ratio of ([ATP]+0,5[ADP])/ (|ATP]+[ADP]+[AMP]). The ratios for control, desiccated
and rehydrated samples are presented in Table 4.
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Figure 2. Levels of ribonucleotide mono-, di- and tri-phosphates and nucleosides detected in leaf and
root extracts of H. rhodopensis.

Table 4. Adenylate ratios for control, desiccated and rehydrated leave samples, and corresponding
root samples from Haberlea rhodopensis.

Sample Ratio

ATP/AMP  ATP/ADP AEC
Leaves, control (L1) 10,74 3,18 0,82
Leaves, desiccated (L2) 0,2 0,15 0,34
Leaves, rehydrated (L3) 5,54 2,45 0,76
Roots, control (R1) 16,39 3,89 0,86
Roots, desiccated (R2) 1,14 1,64 0,52
Roots, rehydrated (R3) 3,18 1,02 0,65

4. Discussion

4.1. Advantages and Disadvantages of the Method for Nucleotide Separation

As nucleotide phosphates and related metabolites are a crucial player in many biological
processes in living systems, several scientific articles increasingly discuss a variety of analytical
strategies for their analysis in recent years, combining different approaches for sample preparation
[31], capillary electrophoretic [19,32] or chromatographic separation [13-16, HH-HHH] modes and
detection. Methods exploiting reversed phase with ion pairing [33], ion exchange [34,35], and mixed
mode [36] to different HILIC variants [28,34] and porous graphite carbon [37] columns are available
in the literature, discussing different applications and specific analytical purposes. UV accomplishes
the detection of analytes [33], fluorescent [35], and other mass spectral detectors, including triple
quadrupole [28], Q-Trap [38], or Q-TOF [37]. Most of the chromatographic options, however, include
phosphate buffers as mobile phases or other MS, not compatible modifiers, which makes them
difficult to couple to the electrospray MS. Some of the papers exploiting mass spectrometry use direct
infusion [38], which provide helpful mass spectral parameters and spectral information but are
challenging to apply for samples with highly complex matrix as plant extracts and metabolomics
samples are.
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An optimized method for analysis of NTPs and dNTPs by Mateos-Vivas et al. [15] was published
recently, using ion pairing and providing possibly the best separation and analytical parameters for
these extremely hydrophilic and difficult-to-separate compounds on a HILIC stationary phase.
Although practical, ion-pairing reagents do not permit the incorporation of the method in a universal
LC-MS metabolomics workflow, bringing additional difficulties to the optimization process. On the
other hand, these metabolites are interesting to be monitored with other metabolites to understand
molecular mechanisms in living systems better. In our work, we aimed to use a universal MS-
compatible buffer only and manage separation through a gradient of the ionic strength of the mobile
phase. For this reason, ammonium acetate buffer ranged from 5 mM up to 30 mM concentration in
the mobile phase. With the XBridge Amide column and the most commonly used HILIC low buffer
concentration of 5-10 mM in the mobile phase, nucleotide phosphates (especially di- and tri) are
retained by the column and hardly elute from it. A gradient of both the organic component of the
mobile phase and the buffer salt resulted in a comparatively good separation of nucleotides.
Combined with high-resolution MS and/or MS/MS all analytes were resolved. The critical isobaric
ATP and dGTP were chromatographically resolved, as well as CTP, UTP, and TTP, which differ in
one mass unit, and their isotopic peaks may interfere when analysed with low-resolution MS
detection. Further improvement of the detection limits is possible with pre-concentration of samples
and/or triple quadrupole MRM detection with even faster chromatography.

4.2. Dynamics of Nucleotide Phosphates During Desiccation and Rehydration

Although resurrection plants' extreme drought stress tolerance is explained by various genetic,
epigenetic, and metabolic adaptations [5-9,39-43], their nucleotide phosphate metabolism during
biosis-anabiosis and back transitions remains poorly understood. The isolation and analysis of
ribonucleotide mono-, di-, and triphosphates and nucleosides using the novel separation method
described here yields new information that may point to previously unknown stress responses in the
resurrection species H. rhodopensis. Some of the most intriguing findings are described below.

4.2.1. High Adenosine Levels

High adenosine levels are most evident in our results (Tables 2, 3, Figure 2). Adenosine is the
most abundant nucleotide compound in most extracts; moreover, it exceeds the control levels 2 to 4
times in rehydrated samples. The explanation for this phenomenon is unclear, especially given the
scarce literature on plant adenosine levels. Oliver et al. report elevated levels of adenosine and other
related compounds in the resurrection plant Sporobolus stapfianus compared to its drought-sensitive
sister species S. pyramidalis but doesn’t propose an explanation or hypothesis [44]. One possibility is
that the excess of adenosine in our data for H. rhodopensis is related to the activation of RNA
degradation and nucleoside salvage pathways during the recovery after desiccation. Another more
intriguing possibility is that adenosine excess is related to a still unknown signaling process in
resurrection plants. Adenosine signaling and adenosine receptors are not known to exist in plants so
far, although in animals’ adenosine is an essential endogenous stress signal in the nervous and
immune systems [45,46]. These observations are intriguing and need further investigation.

4.2.2. Nucleotide Stability During Dehydration

During desiccation, Haberlea tissues lose most of their water content (5-8% RWC) Levels of
almost all NPs and nucleosides fall significantly in desiccated compared to control samples (Tables
2, 3). In general, purine (A and G) mono- and diphosphate levels in all leaf samples are more stable
than the corresponding triphosphate levels. ATP levels in dehydrated plant leaves drop to 1% of
those in fresh control leaves, while AMP drops only to 38% and ADP to 15% of control levels. The
corresponding variations in guanine nucleotide phosphates follow a similar trend (Figure 2, Table 3).
All pyrimidine pools in H. rhodopensis drop substantially during desiccation, with one notable
exception: CMP, is remarkably stable, retaining over 90% of its initial content in desiccated roots
(Table 3). The reason for this observation is still unclear.
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4.2.3. Nucleotide Recovery After Rehydration

Remarkably, all detected nucleosides in leaves, as well as adenosine and cytidine in roots, show
2 to 4-fold increase in rehydrated compared to control samples (Tables 2, 3). The reason for this
accumulation is unclear.

During the rehydration process, all nucleotide mono-, di- and triphosphate levels regenerate to
varying degrees. In leaf samples, ATP and GTP regenerate to 58% and 33% of their control levels,
respectively. In comparison, AMP regenerates at 113% and GMP at 159% of control levels, or these
molecules are even more abundant in rehydrated than in control leaves (Figure 2, Table 3). The
situation is similar with purine diphosphates.

Because ATP and GTP are the main energy-supplying molecules, their significant depletion in
leaves could be attributed to the energy demand for urgent structural modifications and adaptations
in the cellular and molecular structures of the resurrection plant to survive the severe drought (5-8%
RWC), and subsequent reversal of these events during rehydration when recovered plant tissues
engage in intensive biosynthetic processes. These biotic-anabiotic and back transitions demand a lot
of energy, which could be reflected in our results as less effective ATP and GTP regeneration or as
ATP and GTP depletion.

Another surprise comes again from the cytosine pool, where CDP level in rehydrated roots
increases twice representing nearly 218% of the CDP level in control plants. Below we speculate about
the reason for this observation.

4.2.4. Unusual Relative Pyrimidine Nucleotide Levels

According to the literature, in the majority of plants, the adenine nucleotide pool is the largest,
followed by the uracil nucleotide pool, the guanine nucleotide pool (which is typically 10-25 percent
of the adenylate nucleotide pool), and the cytosine nucleotide pool is the smallest [12, 28, 47, chapter
1]. In H. rhodopensis samples, we find that the adenine nucleotide pool is the largest (Supplementary
Table S5), consistent with literature data [12]. The guanine pool in our control and rehydrated
samples, is the second largest, confirmed in the literature [12,28]. However, relative amounts of
pyrimidine nucleotides differ significantly in H. rhodopensis compared to non-resurrection species. In
our data, cytosine levels exceed uracil in all samples and stages (Tables 2, 3, Figure 2). More precisely,
the cytosine levels in H. rhodopensis are close to the literature data, but uridine ones are significantly
decreased (Table S5). The reason for this is not apparent, but some speculations could be made.

CTP and CDP are particularly important for lipid metabolism and membrane integrity in stress
conditions. CDP-diacylglycerol is a critical precursor for the synthesis of essential components of
cellular membranes, and recent studies have highlighted its importance in maintaining lipid
homeostasis and membrane integrity in plant cells [48] The enzyme CTP synthase (CTPS) catalyzes
the conversion of UTP to CTP, a key regulatory step in maintaining the balance of nucleotide pools
within the cell, and some of CTPS isoforms are upregulated in stress conditions in other plants [49].
When cellular demands for CTP increase, as under stress conditions, CTPS can polymerise into
dynamic filamentous structures known as cytoophidia, which help to modulate the availability of
CTP, and play essential roles in cellular stress responses and metabolic regulation. [50]. The elevated
cytidine levels and reduced uridine levels in our data could be explained in part by the assumption
that CTPS in H. rhodopensis might be more active than in non-resurrection plant species which might
cause temporary depletion of its substrate UTP and the precursors UMP and UDP. This assumption
could be tested through CTPS activity assays and/or fluorescence microscopy visualisations of
cytoophidia growth and degradation during desiccation and rehydration of H. rhodopensis tissue
samples. This speculation is supported also by the observed increased stability during desiccation
and recovery after rehydration of cytozine, CMP, and CDP in Haberlea roots (see above).

4.2.5. The Energy Status of a Resurrection Plant’s Cells

Three important ratios used to evaluate the bioenergetic properties of cells and tissues are often
used to assess cells” energy status: ATP/AMP ratio, ATP/ADP ratio, and adenilate energy charge
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(AEC) [29,30]. We compared these ratios calculated from our research data for H.rhodopensis leaf
samples subjected to desiccation and rehydration (Table 4) to the same ratios from the literature for
leaf samples from other non-resurrection higher plants: cereal leaves [12], Arabidopsis thaliana,
Nicotiana tabacum, Lycopersicon esculentum and Camelia sinensis [47] (Supplementary Table S6). The
adenylate energy charge and adenylate ratios in H.rhodopensis control and rehydrated samples are
similar to those of other non-resurrection plant species, especially the tea plant, Camelia sinensis, with
remarkably high ATP/AMP and AEC values.

In the tea plant Camelia sinensis, up to 21 miRNA families, targeting mainly transcription factors,
have significantly altered expression during drought stress [51]. In H. rhodopensis, miRNAs also
participate in drought stress response. It was found recently by members of our research group that
spcifcertaic miRNAs from the miR399 family are down-regulated in the desiccated tissue of H.
rhodopensis Friv. and up-regulated upon re-hydration [52]. In other non-resurrection species, miR399
family members modulate drought, salinity and ABA stress responses in Arabidopsis [53], and
nutrient starvation stress in rise [54]. We propose that in H. rhodopensis under severe drought stress,
repression of miR399 may counteract phosphate uptake and phosphate allocation from root to leaf,
which helps to reduce photosynthesis and photo-oxidative damage in desiccated leaves. In turn, the
induction of miR399 during the rehydration could result in fast de-repression of phosphate uptake
and its allocation to leaves, stimulating photosynthesis and growth [52].

Some features of H. rhodopensis chloroplast genome indicate the accelerated evolution of several
protein subunits related to energy metabolism. The relaxed selection pressure on psal and psbl,
which encode integral thylakoid membrane proteins, could reflect recent adaptations of the
photosynthetic apparatus to recurrent desiccation and rehydration. Also, the relaxed selection for the
ATP synthase subunit atpE as well as the existence of positively selected sites in its sequence may be
associated to recent desiccation stress adaptations [10]. Possibly, these proposed evolutionary
adaptations could also affect the nucleotide metabolism, but the exact relationships need further
investigation and understanding.

5. Conclusions

Here we propose an alternative HILIC separation within a LC-hrMS(MS) method for
quantitation of nucleosides, nucleotides, and deoxynucleotides in plant tissue. This method enables
the separation and analysis of these metabolites within a single run in a high throughput manner.
The method was applied to track the dynamics of H. rhodopensis nucleotide metabolism during the
transition from biosis to anabiosis and back. The analysis revealed unusually high adenosine levels,
increased accumulation of certain nucleosides and nucleotides after rehydration, significant
variations in relative nucleotide phosphate levels compared to non-resurrection species, and the
relatively high energy status of H. rhodopensis tissues. These findings suggest that the nucleotide
metabolism of the resurrection plant H. rhodopensis might exhibit unique traits and adaptations that
will require further investigation.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1. Calibration graphs for Nucleotide mono- di- tri- phosphates; Table S1.
Analytical figures of merit. Limits of detection are presented for Full Scan mode, SIM mode (in brackets) and for
dMS2; Table S2. Inerday and Intra-day precision data expressed in relative standard deviation. One sample
analysed 5 times in the same daya and on 5 consecutive days; Table S3. Relative recovery of NPs; Table S4.
Chromatographic and mass spectral identification data for 17 detected compounds; Table S5. The sum of the
concentrations in pg/g dry weight of ribonucleotide mono-, di-, and triphosphate pools ((NTP]+[NDP]+[NMP])
in H. rhodopensis. The gray columns represent the G, C, and U percentage ratios relative to the A pool; Table S6.
Important adenylate ratios.
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