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A B S T R A C T

Drought is a dangerous abiotic stress, worsened by climate change, that threatens agriculture by reducing yields, 
degrading soil, and hindering plant growth. Since the soil microbial community has great potential to mitigate 
the negative effects of drought, research into how these bacterial communities adapt to drought and interact with 
plants is increasingly important for sustainable agriculture. In this study, 27-day old white cabbage (Brassica 
oleracea var. capitata f. alba) plants were exposed to a 13-day drought conditions. Following the treatment, we 
assessed the plant’s stress response by evaluating its morphology, yield, photosynthetic parameters, pigment 
levels, stress markers, and mineral content. Additionally, changes in the soil microbiome were monitored 
through 16S rRNA amplicon sequencing and measurements of microbial enzyme activity. Plants under drought 
stress showed reduced growth and photosynthetic activity, along with increased stress markers compared to 
controls, confirming activation of stress response mechanisms. In contrast, the soil microbiome demonstrated 
greater resilience, maintaining stable community diversity despite the drought conditions. Notably, a decrease in 
the abundance of Gemmatimonadota was observed, along with an increase in arylsulfatase activity in drought- 
stressed soils. Our results emphasise the complexity of interactions between soil, microorganisms and drought, 
highlighting that plants are generally more sensitive to drought than their associated soil microbiomes. These 
results could serve as a valuable basis for future studies focused on screening and understanding the role of 
drought-tolerant bacteria that could provide potential solutions to improve crop resilience.

1. Introduction

The global increase in temperatures and alterations in atmospheric 
processes (Yoro and Daramola, 2020) are driving human-induced 
climate change, which is resulting in a heightened frequency and 
severity of extreme weather events such as heatwaves, floods, wildfires 
and droughts (Seneviratne et al., 2021; Clarke et al., 2022). The eco
nomic repercussions of these extreme weather events are particularly 
pronounced in the identified "vulnerable sectors", with the agricultural 
sector standing out as one of the most susceptible to climate change, as it 

is very sensitive to weather conditions, such as rising temperatures and 
fluctuating rainfalls (Anderson et al., 2020; Frame et al., 2020; Forster 
et al., 2023; Rawat et al., 2024). Given the potential negative impacts of 
climate change on agricultural productivity (Anderson et al., 2020; 
Gomez-Zavaglia et al., 2020; Malhi et al., 2021; Huđ et al., 2023), 
growing concerns about future food availability have highlighted the 
need to prioritize research on how climate change affects plant growth 
and development to ensure the stability of global food systems in the 
future.

At the same time, healthy and asymptomatic plants engage in close 

☆ This article is part of a special issue entitled: “Deciphering Plant Stress Signaling Networks: Implications for Resilience and Microbiome Interactions” published at 
the journal Plant Stress.

* Corresponding author.
E-mail address: ipetric@irb.hr (I. Petrić). 
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interactions with a diverse range of microbes inhabiting soil compart
ment, including bacteria, archaea, and protists, forming taxonomically 
complexed microbial assemblies that influences plant health, growth, 
and productivity. While plants have evolved their own mechanisms to 
cope with most biotic and abiotic stresses, they also heavily depend on 
their microbial partners to survive and defend against abiotic stresses, 
which are increasingly exacerbated by climate change (Bogati and 
Walczak, 2022; Ge et al., 2023; Omae and Tsuda, 2022). Studies using 
systematic culture of plant microbiota and experiments with 
microbiota-free plants in the laboratory conditions have shown that 
microbiota play a role in disease resistance, stress tolerance, nutrient 
uptake, and plant development (Ginnan, 2020; Liu et al., 2024). 
Studying the effects of extreme weather events on agriculture should not 
be therefore viewed solely from the perspective of plants but should also 
account for the intricate relationship between plants and associated 
microbes, which is still rarely studied.

Of the different extreme weather events drought is considered as one 
of the key climate alteration parameter affecting plant growth 
(Tramblay et al., 2020; Khan and Gilani, 2021; Bogati and Walczak, 
2022). Drought is a fused and complex type of stress causing simulta
neously changes in soil, plants and microbial communities that affect 
each other. For plants, drought stress is a combination of water stress, 
osmotic stress, salt stress and nutrient stress (Omae and Tsuda, 2022), to 
which they respond with mechanisms such as stomatal closure to reduce 
water loss, osmotic adjustment through the accumulation of 
stress-related molecules like proline, and enhanced production of anti
oxidants to mitigate oxidative damage (Hura et al., 2022). They also 
modify root growth to access deeper water sources and adjust hormone 
levels to regulate stress responses and conserve resources (Hura et al., 
2022).

In addition to plants, drought stress also impacts the complex mi
crobial communities in the soil, affecting their structure, activity, 
physiology and abundance, often resulting in a decrease in microbial 
abundance (Siebielec et al., 2020; Abdul Rahman et al., 2021; Bogati 
and Walczak, 2022). Additionally, drought conditions can lead to an 
increase in sporulation rates and a decrease in enzymatic activities. 
These changes ultimately result in reduced nutrient cycling (Luo et al., 
2017) and changes in microbial ecosystem services (Bogati and Walczak, 
2022; Omae and Tsuda, 2022; Zuccarini et al., 2023).

Brassica plants (Brassica oleracea var. capitata f. alba) are known for 
their ability to adapt to varying environments and are widely cultivated 
across the globe (Šamec et al., 2017). Their versatility and high nutrient 
content, combined with their essential role in human nutrition, under
line their global importance. The growth and yield of our model plant 
white cabbage have been shown to be affected by drought (Maggio et al., 
2005; Seidel et al. 2017), classified it as a moderately drought-sensitive 
plant. Despite this sensitivity, white cabbage has been shown to tolerate 
limited water availability to a certain extent (Pavlović et al., 2018), 
although the exact resilience mechanisms are not yet fully understood. 
Evidence suggests that hormones such as salycilic acid, abscisic acid, 
indole-3-acetic acid, some cytokinis (isopentenyladenine, cis-zeatin) 
and precursor of active brassinosteroids typhasterol, naturally pro
duced by plants in response to stress, play a role in drought resistance in 
cabbage (Pavlović et al., 2018); however, greater attention should be 
directed toward plant-associated microbes and their influence on the 
redundancy of host physiology. During water scarcity, plants depend 
significantly on their microbiome to carry out critical processes, such as 
nutrient absorption and adaptation to stress (Ait-El-Mokhtar et al., 
2023).

Research investigating plant-soil-associated microbiota under 
drought conditions remains relatively sparse, with a notable gap in 
studies examining the soil microbial communities associated with white 
cabbage specifically under drought stress. Despite the growing recog
nition of the crucial role microbiota play in plant resilience to envi
ronmental stressors, the interactions between drought conditions and 
soil microbial dynamics in cabbage cultivation have yet to be thoroughly 

explored. This lack of focused research limits our understanding of how 
these microbial communities may contribute to drought tolerance in 
such economically significant crops, especially under future climate- 
change scenarios.

In this study, we conducted an experiment simulating a 13-day 
drought in a growth chamber using white cabbage and native soil 
microbiome. The aim of this experiment was to elucidate the effects of 
drought stress on plant health and on the structure and function of the 
microbial community in the soil. The effects of the drought on the plant 
were investigated by measuring various parameters such as plant yield, 
proline levels, polyphenolic content, pigments, and photosynthetic 
performance in both drought-stressed and drought-free plants. We also 
investigated the soil microbiome by high-throughput sequencing of the 
16S rRNA gene amplicons from the soil RNA gene pool and measured 
extracellular enzyme activities in soil of β-glucosidase, glucosaminidase 
and aryl-sulfatase We were interested in the direction of the microbiome 
profiling, enzyme activity change and effects in cabbage physiology on 
the onset of the drought.

2. Methods

2.1. Plant and soil material

White cabbage (Brassica oleracea var. capitata f. alba) cultivar ’Var
aždinski’ was selected as a model plant for the experiment. Plants were 
produced from seeds in the greenhouse of the University of Zagreb 
Faculty of Agriculture (Croatia) by planting seeds into a substrate 
(Klasmann Substrate 1, Germany). Post-germination plants were culti
vated for the next 3 weeks (20 days) i.e. until they developed 3 to 4 
leaves (corresponding to BBCH growth stage 14). A total of 14 container 
seedlings were transplanted into a vegetation pots filled with the 
collected soil (1 plant per pot) and cultivated to acclimatised in the soil 
for next 13 days, developing 5 to 7 leaves. The soil collection took place 
in March 2021 on agricultural land near Zagreb, Croatia (suburb Jaku
ševec, 45.756962 N, 16.029497 E) and was fertilized with mineral fer
tilizer (NPK 15–15–15) in a dose of 800 kg/ha. Corn was sown on the soil 
used for the research before the collection. In corn production the 
standard plant protection program was used. Additional Supplementary 
Table 2 includes the information regarding mechanical soil composition.

2.2. Experimental design

The drought experiment was carried out at the University of the 
North (Koprivnica, Croatia) in a controlled climate chamber (MLC, PHC 
Europe, B.V., Amsterdam, Netherlands), in which the plants were placed 
in vegetation pots. Before starting the drought experiments, the plants 
were acclimatized in the chamber for 7 days. The plants were divided 
into two groups: vegetation pots designated as controls (n = 7) and those 
under drought (n = 7). For optimal growth, it’s usually best to give 
Brassica seedlings their own space or plant them at a sufficient distance 
in larger containers. Thus, each Brassica plant should be grown in a 
separate pot or at sufficient spacing in the field to avoid competition for 
resources. Therefore, we cultivated each plant in an individual 
container, with one plant per container, as shown in Fig. 1. The con
tainers were 12 cm high and had a diameter of 15 cm, and we did not 
have any edge plants. After acclimatization, a 13-day drought experi
ment began. All plants were grown under the following conditions: 16/8 
h light/dark; 20 ◦C / 80–85 % humidity (day); 21 ◦C / 65 % humidity 
(night); PPFD 120 μmol⋅m− 2⋅s− 1. In the control group, pots were 
watered every other day with 200 mL per pot, while drought was ach
ieved by not watering the pots for the entire duration of the experiment. 
All measurements and sample collections were conducted at the end of 
the experiment (day 13).

I. Babić et al.                                                                                                                                                                                                                                    Plant Stress 14 (2024) 100683 

2 



2.3. Plant samples

2.3.1. Morphological characteristic and yield
At the 13th day of the experiment, we counted the number of leaves 

and measured the fresh weight of the above-ground parts of the plants to 
determine yield per fresh weight. All samples were then freeze-dried, 
and their mass was recorded again to express the results in terms of 
dry weight.

2.3.2. Measurements of photosynthetic parameters and pigments
Photosynthetic parameters were measured in both control and 

drought-stressed plants using Plant Efficiency Analyzer (Handy PEA, 
Hansatech, UK) after 30 min of dark adaptation. The levels of chloro
phyll a, chlorophyll b, total chlorophyll, and carotenoids were measured 
using a modified version (Šamec et al., 2014.) of the Lichtenthaler and 
Buschmann method (2001). The results were expressed in milligrams 
per gram of dry weight (mg/g dw).

2.3.3. Measurements of prolin and polyphenolc content
For proline analysis, 30 mg of freeze-dried tissue was extracted in 70 

% ethanol, following our previously published protocol (Linić et al., 
2019). The extract was mixed with a reaction mixture containing 1 % 
ninhydrin [w/v], 60 % acetic acid [v/v], and 20 % ethanol [v/v], then 
heated at 95 ◦C for 20 min. Proline concentration was then determined 
by measuring absorbance at 520 nm using a UV–VIS spectrophotometer. 
A proline standard was used to create the calibration curve, and the 
results were expressed as micromoles of proline per milligram of dry 
weight (µmol/g dw).

The total content of polyphenols, phenolic acids, flavonoids, and 
flavanols was determined spectrophotometrically using methods previ
ously optimized and described for white cabbage (Šamec et al., 2014.). 
Calibration curves were created using standards of gallic acid (GA), 
caffeic acid (CA), and catechin (C) for the quantification of total poly
phenols, phenolic acids, flavonoids, and flavanols, respectively. The 
results were expressed as milligram equivalents: total polyphenols in mg 
GAE /g dw, phenolic acids in mg CAE g/ dw, flavonoids as mg CE g/ dw, 
and flavanols in µg CE /g dw.

2.4. Soil samples

2.4.1. Soil sampling for molecular and enzymatic analysis
After removing the plant́s aerial parts, rhizosphere soil was collected 

from the thin, fibrous roots and thoroughly mixed with the surrounding 
bulk soil in a ratio of 1:1 (details in Senko et al., 2024). Soil from each 
vegetation pot was collected individually, with soil parameters detailed 
in Supplementary Table 1. According to mechanical soil composition, 
the soil used in the investigation was silt loam (Supplementary Table 2). 
The collected soil was then stored at − 80 ◦C until further molecular and 
enzymatic analyses.

2.4.2. Enzyme assay
The potential activity of hydrolytic enzymes in collected soils was 

determined by the spectrophotometric method, adapted from the work 
of Jackson et al. (2013). The activity of β-glucosidase, arylsulfatase and 
N-acetyl-β-glucosaminidase was measured fluorometrically using sub
strates (Sigma-Aldrich, St Louis, MO, USA) as indicated in Table 1. 
Briefly, for each sample 3 g of soil sample was taken and mixed with 7.5 
mL of acetate buffer (50 mM, pH 5.5; ratio soil:buffer = 1:2.5). From 
each sample of soil-buffer suspension, four technical replicates (100 µL) 
were transferred to a microtiter plate and mixed with 100 µL of sub
strate. Soil-buffer suspension mixed with sterile distilled water and ac
etate buffer mixed with substrates were used as negative controls. For 
the sample control, 100 µL of the soil-buffer suspension was mixed with 

Fig. 1. Morphological characteristics of control (n = 7; top right) and stressed (n = 7; bottom right) plants and their molecular responses: proline content (a), total 
polyphenolic content (b), total flavonoid content (c), and total phenolic acid content (d).

Table 1 
Linked substrate used for enzyme assay.

Substrate Enzyme Dissolvent

4-Nitrophenyl beta-D- 
glucopyranoside

β-glucosidase acetate buffer 
(50 mM, pH 
5.5)

potassium 4-nitrophenyl sulfate arylsulfatase acetate buffer 
(50 mM, pH 
5.5)

4-Nitrophenyl N-acetyl-β-D- 
glucosaminide

N-acetyl- 
β-glucosaminidase

acetate buffer 
(50 mM, pH 
5.5)
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100 µL of substrate after the reaction was stopped. For the substrate 
control, 100 µL of substrate was mixed with 100 µL of the soil-buffer 
suspension after the reaction was stopped. The incubation time for 
determining the activity of β-glucosidase and arylsulfatase was 3 h at 37 
◦C and for the activity of N-acetyl-β-glucosaminidase 4 h at 37 ◦C. The 
reaction was stopped by adding 25 µL NaOH (0.25 M) and 25 µL CaCl2 
(0.25 M) and mixing well. The plates were centrifuged at 2500 x g for 8 
min to pellet soil particles. The fluorescence intensity was measured at 
410 nm with a microplate reader (Infinite M Nano, Tecan).

2.4.3. RNA extraction, reverse transcription and sequencing
Total RNA was extracted from all soil samples using the Rneasy 

PowerSoil Total RNA Kit (QIAGEN, Germany) according to the manu
facturer’s instructions. Total RNA concentration was determined by a 
Qubit® 2.0 Fluorometer (Invitrogen, Life Technology). Extracted RNA 
was reverse transcribed into cDNA using the PrimeScript™ RT reagent 
Kit (TaKaRa, Dalian, China). The quantity and quality of the cDNA 
samples was assessed by agarose gel electrophoresis (band intensity and 
absence of smearing). The cDNA was stored at − 80 ◦C for further 
analysis.

To compare microbial community composition in drought-stressed 
soil to that of the control, cDNA samples were sent to Novogene (UK). 
PCR amplification of the V4 region of 16S rRNA gene was performed 
using standard primers 515F (5′- GTGCCAGCMGCCGGTAA-3′) and 806R 
(5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 2011) on a 
NovaSeq platform. As positive processing control an internal sample was 
used (Novagene), while ultrapure water was used in negative controls.

2.4.4. Sequence processing and taxonomic annotation
The raw amplicon reads were filtered, trimmed, and clustered into 

unique amplicon sequence variants (ASVs) using the ’Quantitative In
sights Into Microbial Ecology 2′ (QIIME2) software, release 2022.8 
(Estaki et al., 2020). Briefly, raw, demultiplexed paired-end fastq files 
were imported into QIIME2 using the manifest file. Imported sequences 
were demultiplexed, and denoised and merged using DADA2 (q2-dada2) 
plugin (Callahan et al., 2016). DADA2 automatically learned the error 
model directly from the data by correcting substitution and insertion/
deletion errors per base based on the quality scores assigned to each 
sequence, resulting in accurate discrimination between true biological 
variation and sequencing errors. Additionally, the DADA2 pipeline 
enabled the automatic identification and removal of chimeric sequences 
during the denoising step by using a consensus approach. This method 
compared the sequences within the dataset to detect chimeric sequences 
resulting from the combination of two parent sequences during PCR 
amplification. The chimeric sequences were then marked and removed. 
The reads were further truncated at the 5′- and 3′-termini to remove 
sequences below a quality score of 25. The parameters for both forward 
and reverse directions were: trim-left = 19 bps for 5′-termini and 20 bps 
for 3′-termini, trun-len = 200. The DADA2-generated feature table was 
filtered to remove ASVs at a frequency of <10 per sample and appearing 
in less than two samples. Taxonomy was assigned to ASVs using a pre
trained naive Bayes classifier using the Silva 16S database (version 138 
[Quast et al., 2013]), clustered at 99 % similarity using the QIIME2 
feature classifier plugin. After quality control and taxonomic assign
ment, sequences identified as Chloroplast, Mitochondria and Unclassified 
were removed from the dataset. A phylogenetic tree was generated using 
fasttree2 based on mafft alignment of ASVs as implemented in the 
q2-phylogeny plugin (Bokulich, 2024). Raw sequence reads were 
deposited in European Nucleotide Archive (ENA) (https://www.ebi.ac. 
uk/ena) under project accession number PRJEB80325.

2.5. Statistical analysis

Overall statistical analyses and visualisations were performed with R 
Software v.4.0.3. Bacterial diversity (alpha diversity, calculated intra- 
sample) and structure (beta diversity) were analysed using the 

‘phyloseq’ package (McMurdie and Holmes, 2013) and results were 
visualised using the ‘ggplot2’ package (Wickham, 2016) in RStudio. For 
these analyses, the samples were subsampled to a minimum of 33,872 
reads per sample. This threshold was set by the smallest total read count 
of sample S2 from drought group (Supplementary Table 3) leaving all 14 
samples for the diversity analyses, as the generated rarefaction curve 
was saturated (Supplementary Fig. 1). Alpha analysis included observed 
number of ASVs, Shannon’s diversity and Pielou’s evenness, which were 
compared using Kruskal-Walli’s analysis non-parametric test. To 
compare the soil microbiota among the control and drought group (i.e. 
beta-diversity), a Weighted and Unweighted UniFrac principal co
ordinates analysis (PCoA) was performed using the packages ‘phyloseq’ 
and ‘ggplot2’. Beta diversity was tested with Permutational multivariate 
analysis of variance (PERMANOVA) with 999 permutations (function 
‘adonis2’ using the ‘vegan’ package). Based on the assigned microbial 
taxonomy data using the Silva database in QIIME2, the average relative 
abundance on phylum and family levels was calculated for each sample 
and used for further analysis and for visualisation with the ‘ggplot2’ 
package. To determine the bacterial representatives most likely to 
explain differences between control and drought soil, linear discrimi
nant (LDA) effect size (LEfSe) analysis was performed with the ‘micro
biomeMarker’ package (Cao et al., 2022) with an alpha value for 
Wilcoxon tests that was set at 0.05 and a logarithmic LDA score thresh-ld 
that was set at 3.0 (Segata et al., 2011). Finally, shared and unique ASVs 
between drought and control group were determined by using Venn 
diagram, which was visualized by ‘VennDiagram’ package (Chenand 
Boutros, 2011).

3. Results

3.1. Morphological characteristics, yield, content of proline and 
polyphenolic compounds

Drought treatment significantly inhibited plant growth, as indicated 
by the reduced yield and lower leaf count (Fig. 1, Panel A). On average, 
drought-stressed plants produced only 8 healthy leaves, compared to 13 
leaves in the control group. This reduction in leaf number was accom
panied by a 3.4-fold decrease in yield for the drought-stressed plants 
compared to the controls.

The activation of stress-related mechanisms in plants was further 
evidenced by the elevated levels of proline and polyphenolic compounds 
(Fig 1, Panel B). In drought-stressed plants, proline levels increased by 
28-fold, while total polyphenols, total flavonoids, and total phenolic 
acids showed significantly increase of 1.5-fold, 1.6-fold, and 1.4-fold, 
respectively.

3.2. Photosynthetic capacity and pigment content

To assess the response of photosynthesis to drought stress, photo
synthetic pigments and related parameters were measured (Fig. 2A-D). 
We observed a significant decrease in chlorophyll a, chlorophyll b, and 
total chlorophyll content under drought stress, while carotenoid levels 
remained stable. The notable reduction in chlorophyll b resulted in an 
increased chlorophyll a/b ratio, indicating stress. Additionally, drought 
stress led to a marked decrease in several photosynthetic parameters, 
including F0, Fm, VK, TR0/ABS, TR0/RC and φP0/(1-φP0), while ψE0/(1- 
ψE0) increase significantly.

3.3. Enzymatic activity in soil samples

Changes in the activity of microbial hydrolytic extracellular enzymes 
in correlation to the drought stress are represented in Fig. 3. During a 13- 
day drought period, the activities of beta-glucosidase and aryl-sulfatase 
exhibited increases of 4.44 % and 47.19 %, respectively, while the ac
tivity of glucosaminidase decreased by 17.35 %. Notably, the changes in 
beta-glucosidase and β-glucosaminidase activities were not statistically 
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significant (Kruskal-Wallis test: P = 0.67; P = 0.89). In contrast, the 
increase in aryl-sulfatase activity was statistically significant (Kruskal- 
Wallis test: P = 0.01).

3.4. Analysis of the soil bacterial diversity

Using sequencing technology, a total of 947,488 raw reads were 
obtained from 14 soil samples collected in the drought experiment 
study. This dataset included 7 control samples and 7 drought-affected 
samples. After applying the DADA2 processing method (Callahan 
et al., 2016), followed by quality assessment and taxonomic filtering of 

the resulting table, 621,218 merged reads were obtained from all 14 
samples and a total of 2,661 amplicon sequence variants (ASVs) were 
identified. The number of raw reads and the final counts for each soil 
sample are detailed in Supplementary Table S2.

To analyze the soil microbial diversity between the control and 
drought soil group, three alpha diversity indices were used: the Pielou’s 
evenness index, the Shannon’s diversity index and the taxonomic rich
ness index (observed number of ASVs) (Fig. 4A-C). According to Pielou’s 
evenness index and Shannon’s diversity index (Figs 4A and B), both soil 
groups had similar species richness and evenness of the soil bacterial 
community, with a mean value of 9.09 and 0.90 for the control group 

Fig. 2. Photosynthetic pigments (Panel A) and photosynthetic parameters (Panel B) in control (n = 7) and drought (n = 7) stressed plants. 
*chlorophyll a (chl a); chlorophyll b (chl b); total chlorophylls (chls); total carotenoids (car); F0 – Fluorescence intensity at 20 s, when all PSII RCs are assumed to be 
open; Fm - Maximal fluorescence intensity when all PSII RCs are close; VK – relative variable fluorescence at K step; VL – relative variable fluorescence at L step; TR0/ 
ABS - Maximum quantum yield of primary photochemistry; the probability that an absorbed photon will be trapped by the PSII RC and will reduce one QA; ABS/RC – 
Absorption flux per active RC; DI0/RC – Dissipation flux per active RC; TR0/RC – Trapping flux per active RC; ET0/RC – Electron transport flux per active RC; γRC/(1- 
γRC) - Density of RC on chlorophyll a basis; φP0/(1- φP0) - Flux ration trapping per dissipation; contribution due to the light reactions for primary photochemistry.; 
ψE0/(1-ψE0) - Electron transport beyond QA-; contribution due to the dark reactions from QA- to PC; PIabs - Performance index (potential) for energy conservation 
from photons absorbed by PSII to the reduction of PSI end acceptors.

Fig. 3. Activity of extracellular enzymes in the soil depending on the treatment (control (n = 7) vs. drought (n = 7)). Activity is expressed as the mean value of 4 
technical replicates of absorbance at 410 nm (A410 nm). Asterisks indicate significant differences between control and drought groups at P ≤ 0.01.
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and 9.15 and 0.90 for the drought group, respectively, with no signifi
cant difference found between the two groups for either index (Kruskal- 
Wallis test: Shannon’s diversity - P = 0.3379 and Pielou’s evenness - P =
0.848). The taxonomic richness index showed that both soil groups had 
a similar number of ASVs (control – 1073 ASVs vs. drought – 1153 ASVs 
on average), and no significant difference was found between the two 
(Kruskal-Wallis test: P = 0.2248) (Fig. 4C). A list of the values of all three 
alpha diversity indices for each sample is presented in the Supplemen
tary Table S4.

Beta diversity plots - Unweighted and Weighted UniFrac principal 
coordinate analysis (PCoA) (Fig. 4D-E) showed no differentiation among 
soil bacterial samples after the 13 days of drought stress (PERMANOVA: 

weighted UniFrac distances, Adonis, F = 1.16, R2 = 0.08844, P = 0.17; 
and unweighted UniFrac distances, Adonis, F = 0.5172, R2 = 0.04132, P 
= 0.758).

3.5. Analysis of the composition of the soil bacterial community

The core soil microbiota, defined as ASVs present in both control and 
drought soil, consisted of 2,152 ASVs (Fig. 5A), representing 82 % of the 
total ASVs detected. The control soil consisted of 169 ASVs and drought 
soil consisted of 302 ASVs, i.e. representing 6 % and 12 % of total ASVs, 
respectively. The community structure of soil bacteria exhibited high 
diversity at the phylum level under both normal watering and drought 

Fig. 4. Soil bacterial diversity plots representing control sample group (n = 7; blue color) under normal water treatment and drought sample group (n = 7; brown 
color) after 13-day drought stress. Three alpha diversity indices – (A) the Pielou’s evenness index, (B) the Shannon’s diversity index and (C) the taxonomic richness 
index (observed number of ASVs). Beta PCoA diversity analyses of microbiomes between different sample groups: (D) unweighted UniFrac and (E) weighted UniFrac.
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stress conditions (Fig. 5B). The top ten bacterial phyla identified in both 
soil sample groups in order based on the most abundant to least were: 
Proteobacteria, Actinobacteriota, Planctomycetota, Chloroflexi, Acid
obacteriota Gemmatimonadota, Myxococcota, Verrucomicrobiota, 
Aratimonodota and Bacteridota. Among these, Proteobacteria, Actino
bacteriota, and Planctomycetota emerged as the dominant phyla in both 
groups, followed by Chloroflexi, Acidobacteriota and Gemmatimona
dota, which together accounted for >80 % in samples (Fig. 5C). Dif
ferences in the abundance of bacterial communities at the phylum level 
were observed between the two soil sample groups due to a 13-day 
drought stress. In the drought-affected soil, the relative abundances of 
Proteobacteria, Chloroflexi, Acidobacteriota and Verrucomicrobiota 
were slightly higher compared to the control soil, with percentages of 
28.66 %, 9.54 %, 8.47 %, and 3.12 %, respectively, versus 26.97 %, 8.08 
%, 7.3 % and 2.4 % in the control. Contrary, Actinobacteriota and 

Gemmatimonadota were less abundant in the drought-affected soil 
showing values of 24.73 % and 2.51 %, respectively, compared to 27.39 
% and 6.41 % in the control soil.

At the family level, the top 25 bacterial families with relative 
abundance greater than 1 % in both soil sample groups are represented 
on Fig. 5C. Notably, in both soil sample groups, there was a high number 
of families with a relative abundance of <1 %, which were classified as 
Other, accounting for 29.59 % in control group and 33.06 % in drought 
group. The ten most abundant bacterial families, each with a relative 
abundance >3 % in both soil sample groups were Gemmataceae, Iso
spheraceae, Pyrinomonadaceae, Nitrosomonadaceae, Oxalobacter
aceae, Comamonadaceae, undetermined family from order Gaiellales, 
Solirubrobacteraceae, TK10 and Gemmatimonadaceae. We evaluated 
whether these predominant bacterial families exhibited significantly 
different abundances in relation to the treatment status of the two soil 

Fig. 5. (A) Venn diagram showing an overlap of ASVs in the control sample soil (n = 7; blue) and drought sample soil (n = 7; brown), including the percentage and 
number of ASVs shared between the two groups. Bar plot of the relative abundance of: (B) the Top 10 bacterial phyla and (c) the Top 25 families in control and 
drought-stressed soil groups. Phyla not included in the top 10 were pooled and marked as “Other”. Families with an overall abundance of at least 1 % are shown, 
while the remaining families were pooled and marked as “Other”.
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sample groups. Only the Gemmatimonadaceae family showed a signif
icantly lower abundance in the drought soil sample (P < 0.05, Supple
mentary Table S5, Fig. S2).

3.6. Bacterial taxa profiling for the 13-day drought stress

LEfSe analysis was conducted to identify unique microbial taxa 
significantly associated with drought-affected soil compared to control 
soil. A total of 12 biomarkers were identified, with LDA scores of ≥ 3, as 
illustrated in Fig. 6. The LDA analysis of bacterial community reveled 2 
biomarkers for control soil and 10 biomarkers for drought soil. In control 
soil, the highest-scoring bacterial biomarkers were from the families 
Gemmatimonadaceae and Comamonadaceae (specifically the genus 
Ramilibacter). Conversely, in drought soil, the top-scoring bacterial 
biomarker belonged to several families, including Frankiaceae (genera 

Frankiales, Jatrophihabitans), Myxcocaceae (genus P3OB-42), Sol
imonadaceae (genus Alkanibacter), Caulobacteraceae (genera Caulo
bakter and Asticcacaulis), as well as Unclassified Bacilli, Unclassified 
Rhodanobacteraceaceae, Acidobacteraceae (genus Granulicella) and 
Nocardioidaceae (genus Aeromicrobium).

4. Discussion

In order to gain a comprehensive understanding of the effects of 13 
days of drought stress on the plant holobiont, this study examined the 
responses of white cabbage (Brassica oleracea var. capitata f. alba) and 
the associated soil microbiome to this climatic extreme. We specifically 
assessed changes in plant physiology and growth alongside shifts in 
microbial community structure and enzymatic activities. Through this 
holistic approach, we aimed to emphasize the integral role of the 

Fig. 6. Bacterial biomarkers with LDA scores of ≥ 3 in control (n = 7; blue colour) and drought-affected soil (n = 7; grey colour).
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microbiome in mitigating abiotic stress in plants. Additionally, our 
findings open avenues for harnessing microbial interactions as a strategy 
to improve plant tolerance in increasingly unpredictable climatic 
environments.

At the end of the experiment, the morphological characteristics of 
the plants (Fig. 1, Panel A) clearly showed clear signs of drought stress. 
Subsequent measurements supported these observations, revealing that 
white cabbage experienced a notable reduction in its yield along with 
increased levels of proline and polyphenolic compounds. These changes 
indicate the activation of the plant́s adaptive mechanisms in response to 
drought conditions. Previous studies have already reported that the in
crease in proline and polyphenolic compounds serves as an adaptation 
mechanism to drought in white cabbage (Pavlović et al., 2018; 
Cvetković et al., 2019). Although the decrease in F0 indicates that plants 
can protect their photosynthetic apparatus from damage caused by 
drought, the decrease in Fm values suggests that the plants still experi
ence stress under these conditions (Zhang et al., 2014; Chauhan et al., 
2023). This finding is further corroborated by the significantly lower 
maximum quantum yield of primary photochemistry (TR0/ABS) 
observed in drought-treated plants (Barboričová et al., 2022; Serôdio & 
Campbell, 2021). The decrease in TR0/RC implies reduced trapping of 
absorbed excitation energy, indicating a decreased capacity to utilize 
available energy for primary photochemistry. Since there was no change 
in functional antenna size (ABS/RC), it can be assumed that the 
decreased functionality of PSII comes from lower energy feed from ox
ygen evolving complex (OEC). This is further supported by decreased 
variable fluorescence at K step (VK), which suggests inactivation of OEC 
(Dabrowski, et al., 2019; Antunović Dunić et al., 2023). In addition, light 
reactions for primary photochemistry (jP0/(1-jP0)) decreased, but effi
ciency of dark reactions from QA

- to PC (yE0/(1-yE0)) were shown to be 
increased what additionally confirmed lower energy feed From OEC to 
QA but managed to increase the potential for energy conversion between 
PSII and PSI (Krüger et al., 2014). This increase of yE0/(1-yE0) caused 
unaffected PIabs under drought conditions, which suggested increased 
tolerance to drought stress (Antunović Dunić et al., 2023; Begović et al., 
2020). These results were expected, as white cabbage has been identi
fied as having moderate drought tolerance compared to other Brassica 
species (Pavlović et al., 2018). This tolerance is attributed to an 
increased accumulation of plant hormones such as auxins, cytokinins, 
abscisic acid, and salicylic acid, coupled with a decrease in 
brassinosteroids.

To examine the response of plant-associated soil microbiota under 
drought conditions, we focused on a detailed analysis of the soil mi
crobial communities associated with white cabbage. By examining both 
the composition and functional diversity of these microbial populations, 
we aimed to uncover the resilience of the soil microbial community in 
the face of drought. Limited research indicates that drought generally 
causes a decrease in enzymatic activity in soil (Bogati and Walczak, 
2022; Zuccarini et al., 2023). Under drought conditions, the mobility of 
microorganisms, nutrients, and enzymes is reduced, which can lead to 
decrease of microbial biomass. However, if specific substrate is not 
limiting for the microbial community in soil, reduced mobility caused by 
drought may cause the increase in enzyme activity and organism’s 
growth rate (Zuccarini et al., 2023). Our results demonstrated that a 
13-day drought period did not significantly affect the microbial enzy
matic activity of β-glucosidase or N-acetyl-β-glucosaminidase; however, 
an increase was observed for aryl-sulfatase. Soil aryl-sulfatase plays a 
critical role in sulfure (S) cycling, as it is primary responsible for hy
drolyzing organic sulfate esters into inorganic sulfate (Singh et al., 
2021). Since organic matter is the main source of sulphate esters, soils 
rich in organic matter, especially during the rainy seasons, tend to have 
higher concentrations of this enzyme (da Silva et al., 2021). In a notably 
study on this topic, Acosta-Martinez et al. (2014) found that 
aryl-sulfatase activity increased following a drought period when rain
fall resumed, which is in contrasts with our results. Acosta-Martinez 
et al. (2014) attributed this increase to enhanced soil moisture and 

temperature conditions that promote microbial community growth, 
subsequently boosting activity of aryl-sulfatase. Different response of 
aryl-sulfatase activity suggests that S mineralization is more closely 
related to the dynamics of active microbial communities, whose di
versity can vary greatly due to the drought conditions in these soils. 
Interestingly, research by Singh et al. (2021) on the microbial commu
nities of rhizospheric soil in drought-affected areas planted with Cym
bopogon flexuosus (lemongrass) found that aryl-sulfatase did not show 
any clear pattern with the soil properties, including drought. However, 
they did observe a significant correlation between aryl-sulfatase activity 
and the available S content in the soil. Drought could affect the growth 
of certain microbial groups that contribute to increased activity of this 
enzyme. Differences in findings could be also contributed to the differ
ences in the duration of drought conditions. In the present study, a 
drought period of 13 days was investigated, while the study by Acos
ta-Martinez et al. (2014) examined much longer drought durations (>30 
days). Therefore, it is possible that during a 13-day drought, 
aryl-sulfatase activity increases as the bacterial community responds to 
the newly created environmental stress. In contrast, prolonged drought 
may lead to the decline of microbial communities, resulting in decreased 
activity of this enzyme.

In our next approach, we used RNA amplicon sequencing, a powerful 
tool for examining the structure and functional dynamics of soil mi
crobial communities (Schostag et al., 2019; Epelde et al. 2015). Unlike 
traditional DNA-based approaches that only reveal the presence of mi
crobial species, RNA sequencing provides insight into the actively 
expressed genes, offering a real-time snapshot of microbial activity. This 
allows us to specifically detect active members of the microbial com
munity that have adapted to drought conditions. Ultimately, these 
populations may play a crucial role in supporting sustainable agriculture 
under drought conditions. In general, the diversity of microorganisms in 
our soil samples was high, with a total of 29 phyla and 257 families 
identified. Proteobacteria, Actinobacteriota, Plantomycetota, Chloro
flexi, Acidobacteriata stood out as the five most represented/dominated 
genera (26.97–28.66 %, 27.39–24.73 %, 12.53–12.46 %, 8.08–9.54 %, 
7.03–8.47 %, respectively). This result is mostly comparable to the 
universal diversity and composition of the rhizosphere microbiome of 
plants, as these phyla are recognized as dominant prokaryotic repre
sentatives (Dastogeer et al., 2020). Notably, variations in microbial 
composition have been observed between rhizosphere microbiome and 
the surrounding soil. It is known that the diversity and composition of 
bacterial communities in soils are primarily influenced by the species of 
the host plant and the properties of the soil (Ling et al., 2022). In a study 
focusing on microbial communities in the rhizosphere and surrounding 
bulk soil of Chinese cabbage (Brassica campestris) in the karst area, the 
most abundant bacterial phyla identified in the rhizosphere were Pro
teobacteria, Acidobacteriota, Actinobacteriota and Bacteroidota. In 
contrast, the surrounding soil predominantly featured Proteobacteria, 
Acidobacteriota, Chloroflexi and Actinobacteriota (Wei et al., 2023).

Our study demonstrated that, overall, the diversity of the bacterial 
community (as assessed by both alpha and beta diversity statistics) was 
resilient to the effects of a 13-day drought stress condition. However, 
comparison of the abundances of different bacterial phyla revealed 
significant effect of the drought on the populations of the gram-negative 
bacteria, particularly those belonging to the phylum Gemmatimona
dota, and the family Gemmatimonodaceae. Gemmatimonadota are the 
eighth most abundant bacterial phylum in soils, accounting for about 
1–2 % of soil bacteria worldwide, and is frequently associated with 
plants and the rhizosphere (Mujakić et al., 2022). Interestingly, the 
highest proportion of Gemmatimonadota have been found in agricul
tural soils, followed by deserts, indicating adaption to dry environments 
(Zeng et al., 2016). However, severe drought conditions may modify 
microbial community structure, size and activity in the soil (Bogati and 
Walczak, 2022), with a more pronounced negative impact on 
Gram-negative bacteria. This is attributed to their thinner peptidoglycan 
layers in the cell wall. A decrease in the abundance of 
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Gemmatimonadota phyla was also observed by Ochoa-Hueso et al. 
(2018) in meadow soil subjected to an extremely dry period, lasting 
several years. In contrast, a study examining the cotton rhizosphere 
(Gossypium hirsutum cv. Jin668) under controlled greenhouse conditions 
reported an increase in the abundance of Gemmatimonadetes (classes 
within the genus Gemmatimonadota) under drought conditions (Ullah 
et al. 2019). These contrasting results highlight the complex and 
context-dependent responses of microbial communities to drought and 
suggest that different environmental conditions and plant species can 
significantly influence the abundance and behavior of certain microbial 
taxa.

LEfSe analysis allowed us to identify specific soil bacterial pop
ulations that may serve as biomarkers for drought conditions. Out of 8 
families and 10 genera identified, the family Frankiaceae, particularly 
the genera Frankiales and Jatrophihabitans, showed best biomarker po
tential (LDA scores 3.81 and 3.58, respectively). Frankiaceae are gram- 
positive, spore-forming, nitrogen-fixing actinobacteria commonly found 
in soil (Normand et al., 1996). Interestingly, Frankial and Jatrophihabi
tans are key genera that support sesame healthy growth during bacterial 
wilt, a prevalent disease of sesame which alters bacterial community 
composition in rhizosphere soil (Wang et al., 2024). Among the Frank
iaceae, Frankia is unique for its ability to fix nitrogen (N) (Sharma et al., 
2023), significantly improving plant growth, biomass, shoot and root N 
content, and survival rates after transplanting in degraded lands (Diagne 
et al., 2013). These findings suggest that the family Frankiaceae 
(particularly genera Frankiales and Jatrophihabitans) could be a good 
biomarker for drought stress in soils.

Given all together, 13-day drought stress in a climate chamber 
resulted with interesting responses of soil microbial community that 
should be investigated further. First of all, statistically significant in
crease in aryl-sulfatase activity suggests that even a short 13-day 
drought period can enhance the growth rate of certain bacterial 
groups. This increase in enzyme activity may result from lower mobility 
in drought-affected soil and improved access to available sulphur. Sec
ondly, further research into prolonged drought conditions could reveal 
how bacterial communities, especially the Gemmatimonodaceae family, 
adapt to such stress. Finally, it would be interesting to investigate 
whether the family Frankiaceae serves as a distinctive biomarker within 
microbial communities in agricultural soils impacted by drought stress.

5. Conclusions

In this paper, we present, for the first time, data on the impact of a 
13-day drought stress – a significant environmental stressor – on the soil 
microbial community associated with the model plant, white cabbage 
(Brassica oleracea var. capitata f. alba). Our research results show that 
short-term drought stress did not significantly damage the soil micro
biome. In contrast, the white cabbage experienced considerable stress, 
as evidenced by reduced growth and increased levels of proline and 
polyphenolic compounds. These results suggest that while the soil 
microbiome exhibits resilience to short-term drought, the same condi
tions can adversly effect plant health. This highlights the complex in
teractions between the soil, microorganisms and plants in the 
environment. Notably, drought-resistant families such as Frankiaceae 
(especially the genera Frankiales and Jatrophihabitans) could possibly 
help the plant to survive imposed drought stress. Finally, it is important 
to emphasize that drought can alter the production and activity of mi
crobial soil enzymes affecting the functioning of the entire soil 
ecosystem (Zuccarini et al., 2022). Our findings indicate an increase in 
the activity of aryl-sulfatase, suggesting that certain enzymes may be 
sensitive to climate-induced environmental changes.
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Rapacz, M., Wójcik-Jagła, M., Pawluśkiewicz, B., Bąba, W., Brestic, M., 2019. 
Exploration of chlorophyll a fluorescence and plant gas exchange parameters as 
indicators of drought tolerance in perennial ryegrass. Sensors 19 (12), 2736. https:// 
doi.org/10.3390/s19122736.

Dastogeer, K.M.G., Tumpa, F.H., Sultana, A., Akter, M.A., Chakraborty, A., 2020. Plant 
microbiome – an account of the factors that shape community composition and 
diversity. Curr. Plant Biol. 23, 100161. https://doi.org/10.1016/j.cpb.2020.100161.

Diagne, N., Arumugam, K., Ngom, M., Nambiar-Veetil, M., Franche, C., Narayanan, K.K., 
Laplaze, L., 2013. Use of Frankia and actinorhizal plants for degraded lands 
reclamation. Biomed Res. Int. 2013 (1), 948258. https://doi.org/10.1155/2013/ 
948258.

Estaki, M., Jiang, L., Bokulich, N.A., McDonald, D., González, A., Kosciolek, T., 
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