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Drought is one of the major abiotic stresses affecting plant growth, with serious 

negative consequences for crop yields worldwide. Among these crops, coffee is 

severely injured by water deficiency. Despite its economic importance, very little 

is known about the molecular mechanisms governing coffee responses to water 

deficit. In the present work, a total of 288 members of the homeobox (HB) gene 

family were identified in the genome of the Coffea Arabica Brazilian Coffee 

Genome Project database. In silico analysis allowed to determine the expression 

pattern of 33 HD genes. Among them, three genes (CaZHD4, CaHB1-like2 and 

CaHB12) were found to be up-regulated by osmotic stress in the database. 

Expression analyses revealed that CaHB12 is highly up-regulated in the leaves and 

lateral roots of Coffea arabica plants under moderate and severe water deficit 

conditions even after 10 days of drought induction. Functional characterization of 

transgenic Arabidopsis plants constitutively expressing CaHB12 resulted in 

increased tolerance to water deficit at different developmental stages and increased 

tolerance to salt stress during seed germination. To gain further insights into genes 

modulated by the ectopic expression of CaHB12, a RNA-Seq was performed 

revealing that classical drought-responsive genes were mostly repressed, 

suggesting that other mechanisms likely contribute to the tolerant phenotype 

exhibited by CaHB12-expressing plants, such as the pathway signalled by heat 

shock proteins, reactive oxygen species and heat shock transcription factor 

signalling pathways. Moreover, to provide further support for the involvement of 

CaHB12 in drought stress tolerance, three independent soybean transgenic lines 

overexpressing CaHB12 were employed in this study. Accordingly, at a 

physiological level, the constitutive expression of CaHB12 promotes the regulation 

of stomatal conductance and antioxidant activity under drought conditions, 

suggesting that this gene plays a key role in plant responses to water deprivation 

and can confer tolerance to drought stress. Our data suggest that CaHB12 is a 

positive regulator of the stress response in coffee plants and indicate that this gene 

is a potential candidate for biotechnological approaches. 
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1. Introduction 

Brazil is the largest coffee producer worldwide, and coffee ranks among the 

top 20 most valuable commodities in Brazil (FAOSTAT, 2023). Water deficit 

caused by drought is considered one of the biggest problems affecting growth 

efficiency in coffee cultures. The climate change scenarios predict a drastic 

decrease (50%) in the global area suitable for coffee production by 2050 

(Koutouleas et al., 2022). Although a period of moderate water deficit is considered 

important for flower induction in coffee plants, prolonged limited water conditions 

can lead to early leaf senescence and reductions in leaf area and grain size (Carr, 

2001). Moreover, the fruit development of Coffea arabica seems to be quite 

sensitive to water deficit (Damatta and Ramalho, 2006). The Brazilian Coffee 

Genome Project initiated in 2002 generated useful tools for the study of coffee 

genes (Vieira et al., 2006). A total of 37 EST libraries were sequenced, containing 

samples of three coffee species (Coffea arabica, Coffea canephora and Coffea 

racemosa) and covering an extended variety of tissues, developmental stages and 

environmental conditions, including abiotic stresses (Vieira et al., 2006). 

Few studies have shed light on coffee molecular response mechanisms to 

water deficit (Alves et al., 2017; Phillips et al., 2017; Santos et al., 2021; Fernandes 

et al., 2021; Marques et al., 2022). Expression analysis of carotenoid biosynthetic 

pathway genes suggested that activation of the xanthophyll cycle in young leaves 

of coffee trees may be involved in the adaptation process to drought (Simkin et al., 

2008). Fernandes et al. (2021), after transcriptomic analysis of C. arabica cv. Icatu 

(Icatu) and C. canephora cv. Conilon clone CL153 (CL153), revealed a 

predominance of protective genes (more in CL153) associated with antioxidant 

activities, embracing including genes involved in water deficit and desiccation, 
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such as LEA and aspartic proteases (Fernandes et al., 2021). The transcriptional 

up-regulation elicited by a severe water deficit was proposed to trigger a genotype-

specific response involving reticuline oxidase genes in CL153 and heat shock 

proteins in C. canephora (cv. CL53) and C. arabica (cv. Icatu), respectively 

(Fernandes et al., 2021). Both coffee species, C. arabica and C. canephora, exhibit 

different mechanisms to induce drought tolerance, and C. canephora has been 

suggested as being the most tolerant to prolonged and severe water deprivation, 

and this ability reflects directly on their ROS and reactive nitrogen species (RNS) 

content and the antioxidative apparatus recruited during acclimation (Damatta et 

al., 2018; Santos et al., 2021; Marques et al., 2022). Another strategy preventing 

oxidative damage to the photosynthetic machinery is apparently the accumulation 

of the RuBisCO (RBSC1) protein, as observed in leaves of C. canephora var. 

Conilon subjected to water stress (Marraccini et al., 2011). Although influenced by 

different factors, some families of transcription factors are considered closely 

related to responses to drought. A total of 83 transcription factors were found to be 

involved in the plant response to drought in Coffea spp. Most of them were up-

regulated (Fernandes et al., 2021). Similarly, a study aimed at the identification of 

candidate genes in C. canephora revealed the expression patterns of two HD-Zip 

(CcHDZ1 and CcHDZ2) genes in leaves of drought-tolerant (14 and 120) and 

drought-sensitive (22) cultivars during water deficit acclimation (Marraccini et al., 

2012). CcHDZ1 and CcHDZ2 are induced under water stress, indicating   a possible 

role for HD-Zip genes in molecular responses to water deficit in coffee. The 

transcriptional basis of stress memory induced by drought in C. canephora was 

investigated by Guedes and collaborators. Among the transcription factors 

identified as drought stress memory genes, two HD-Zip, putative homologues of 

AtHB7, were found, genes Cc08_g16780 and Cc02_g01010 (Guedes et al., 2018). 

The HD-Zip superfamily of transcription factors (TFs) is unique to plants 

and is characterized by the presence of a homeobox (HD) associated with a 

juxtaposed leucine zipper motif (LZ) (Ruberti et al., 1991; Schena and Davis et al., 

1992). At present, four subfamilies of HD-Zip proteins can be distinguished (HD-
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Zip I, II, III and IV) (Mukherjee et al., 2009). The HD-Zip I subfamily is further 

subdivided into nine clades (α, β1, β2, γ, δ, ε, ζ, φ1 and φ2) based on sequence 

similarity and the intron‒exon structure of the encoding genes (Agalou et al., 2008; 

Henriksson et al., 2005). These transcription factors were resolved in a new 

phylogenetic tree according to the architecture of their carboxy and amino termini 

(Arce et al., 2011). Transcriptomic analysis revealed that HD-Zip genes are 

strongly responsive to drought stress in Coffea spp. (Fernandes et al., 2021, Guedes 

et al., 2018). The Arabidopsis genes AtHB7 and AtHB12 are the best-characterized 

members within the γ-clade. Strong up-regulation of these two genes was observed 

during osmotic stress conditions and exogenous treatment with ABA (Olsson et al., 

2004). AtHB12 is preferentially expressed in leaves and stems, whereas AtHB7 in 

roots at early developmental stages (Re et al., 2014). During the vegetative stage, 

AtHB12 is involved in determining cell size, and at reproductive stage as a negative 

regulator of inflorescence emission by acting on the pathway mediated by 

gibberellin (Lee and Chan, 1998; Hur et al., 2015; Son et al., 2010). Another 

property of AtHB12 described in the literature is its inducibility by various abiotic 

stresses (Li et al., 2022).  HaHB4 is a well-characterized divergent sunflower γ-

clade member. Arabidopsis plants expressing HaHB4 exhibit a water stress-

tolerant phenotype (Dezar et al., 2005). Microarray analysis suggested that HaHB4 

down-regulates genes related to ethylene biosynthesis and ethylene signalling 

pathways, generating a senescence delay (Manavella et al., 2006). Similarly, the 

overexpression of Coffea arabica HB12 (CaHB12), the gene characterized in this 

work, in cotton confers a significant increase in plant tolerance to water deficit, 

corroborating its potential for plant biotechnology (Basso et al., 2021). The first 

technology of genetic engineering lines adapted for drought tolerance was a 

transgenic soybean expressing HaHB4, called HB4 and developed by Verdeca, 

which displays an improved performance of tolerance to drought (Bergau, 2019; 

Ribichich et al., 2020). Currently, this same technology is present in transgenic 

wheat, which exhibits similar nutritional composition and an enhanced 

performance under water deficit conditions (Ayala et al., 2019; Gonzalez et al., 
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2019). Several studies have identified and characterized homeobox genes in a wide 

range of plant species, including nonconventional species, such as sesame, 

bamboo, poplar, eucalyptus, and physic nut (Wei, 2019; Xu et al., 2019; Hou et al., 

2021; Zhang et al., 2020, Tang et al., 2019). The involvement of HD-Zip encoding 

genes in soybean responses to drought and salinity has been well described, with 

Gmdhz32 and Gmhdz72, AtHB12 homologous, emerging as crucial genes at both 

vegetative and also reproductive developmental stages (Chen et al., 2014; 

Bhattacharjee et al., 2015). 

In this study, we identified and classified 34 coffee HB genes retrieved from 

the Brazilian Coffee Genome Project database (Vieira et al., 2006). In silico 

analyses allowed the identification of three coffee HB genes, which were 

predominantly expressed in water deficit and salt stress libraries. Expression 

profiles of these genes were validated in the leaves and lateral roots of coffee plants 

during water deficit conditions. CaHB12, an HD-Zip I γ-clade, was quickly 

induced, especially in lateral roots, suggesting that this TF might play a role in the 

primary coffee water deficit response. We obtained transgenic Arabidopsis and 

soybean plants expressing CaHB12 exhibiting increased tolerance to water 

deprivation compared to their respective controls. RNA-Seq analyses indicated that 

the mechanism by which CaHB12 confers drought tolerance to transgenic plants is 

not related to conventional ABA- dependent routes but to other pathways such as 

heat shock responses. 

 

 

2. Results 

2.1 Identification, annotation, and phylogenetic analysis of coffee 

homeobox genes implicated in the water deficit response 

 To understand the evolutionary relationship of the homeobox gene family 

among coffee and related species, we used all genome data available from three 

Coffea species (Asterids), including an allotetraploid Coffea arabica and its 

parental diploid C. canephora and C. eugenioides, tree core Rosids, such as 
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Arabidopsis thaliana, Gossypium hirsutum (cotton), and Glycine max (soybean), 

and two monocots, such as Oryza sativa (rice) and Setaria viridis (Figure 1). The 

identification and annotation of the homeobox genes showed 288 in C. arabica, 

132 in C. eugenioides, 81 in C. canephora, 111 in A. thaliana, 312 in G. hirsutum, 

281 in G. max, 109 in O. sativa, and 100 in S. viridis (Supplementary Table 1). 

Arabidopsis and soybean were the only plant species studied here containing 

members from a set of 14 distinct classes already identified in the plant genome. 

(Bhattacharjee et al., 2015; Mukherjee et al., 2009). To improve communication 

concerning gene nomenclature, we adopted the Arabidopsis closest related 

homeobox gene name to classify coffee homeobox genes, as in the case of CaHB12 

(Ca_66_88.11.1) (Figure 1C). 

To gain a better understanding of the evolutionary relationships of HB 

genes among plant species, 1,414 HB genes were used to construct a phylogenetic 

tree based on the HD domain. The maximum likelihood phylogenetic analysis 

among three coffee species and five other angiosperm species revealed that at least 

one member of each of the 14 classes was identified in coffee-related species 

(Figure 1A). However, we did not find any member for PINTOX in either C. 

eugenioides or C. arabica species or for PHD, NDX, or LD in either C. canephora 

or C. arabica, indicating a putative loss of those members in coffee species or an 

incomplete genome sequence available from the first draft genome. To achieve a 

better resolution of the coffee HB gene classification, a separate phylogeny was 

constructed for each family (Supplementary Figures 1, 2, 3, and 4, Supplementary 

Table 2), and the HD-Zip I proteins were subdivided into nine clades (α, β1, β2, γ, 

δ, ε, ζ, φ1 and φ2) (Figure 1B), according to the nomenclature of Agalou et al. 

(Agalou et al., 2008). Comparing diploid Coffea species, C. eugenioides contains 

many more members for each homeobox class than C. canephora, such as for 

superclasses HD-Zip, BEL, and DDT, which correlates with the coding sequences 

available thus far (Supplementary Table 1). The tetraploid C. arabica also contains 

many more members (HD- Zip I, HD- Zip II, HD- Zip III, PLINC, WOX, KNOX, 

and DDT) than the sum of both diploid Coffea species, which also correlated with 
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the total coding sequences available for those species. Exceptions to this rule 

involve both HD- Zip IV and BEL classes. In cotton, half of the classes (HD- Zip 

I, HD- Zip II, HD- Zip III, KNOX, BEL, DDT, and PHD) contain up to 3 to 5x 

genes related to Arabidopsis. Interestingly, G. hirsutum species did not contain 

members of the PINTOX and SAWADEE classes. On the other hand, rice and S. 

vidiris have a similar number of members for each class, showing a highly 

conservative evolution of the homeobox gene family in monocots. 

2.2 Exploring the Diversity and Expression Patterns of Homeobox 

(HB) Genes in Coffee  

A total of 56 coffee ESTs (36 contigs and 20 singletons) were recovered 

from the Brazilian Coffee Genome Project database (BCGP), and the presence of 

HD was confirmed in 20 contigs and 13 singletons (33 genes) (Supplemental Table 

1). The scarcity of expressed HD genes could be attributed to the restricted dataset 

of the BCGP, which was the sole data source available at the time of the study. 

Other domains typically associated with HD were also confirmed in some coffee 

sequences. The protein sequence alignment of the HD regions identified in coffee 

allowed the construction of a well-supported phylogenetic tree (data not shown), 

presenting high bootstrap values among the distinct HB families. The phylogenetic 

analysis revealed that HB families are present in coffee ESTs, except for DDT, 

PHD, LD, PINTOX, SAWADEE, and NDX (Supplemental Table 2). Among the 

recovered coffee sequences, two were classified as WOX, seven as KNOX, six as 

BEL, five as PLINC, seven as HD- Zip I, three as HD- Zip II, two as HD- Zip III, 

and one as HD- Zip IV. Interestingly, most of the EST sequences were related to 

C. arabica, while only two ESTs (Contig7385 [HD-Zip I] and 

CA00_XX_CB1_036_E08_MC_F [PLINC]) were similar to C. canephora 

sequences (Supplementary Table 1). 

After the classification of coffee HB sequences, a digital expression 

analysis was performed, exploiting the information available in the Brazilian 

Coffee Genome Project database (Figure 2) (Vidal et al., 2010; Vieira et al., 2006). 

Coffee HB genes showed a range of expression profiles, which were induced in a 
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wide variety of tissues and experimental conditions. Multiple expression profiles 

were observed for most of the contigs, except for CaHAT14 (HD- Zip II - 

Contig10070), which presented reads exclusively in the embryogenic callus library 

(EA1), and CaKNAT3 (KNOX - Contig8161), which presented reads exclusively 

in seedlings grown with the arachidonic acid library (AR1). For the selection of the 

target genes, we focused on the analysis of genes expressed in the water deficit 

(SH) or salt stress (CS1) libraries. Three genes, CaZHD4, CaHB1-like2, and 

CaHB12, were chosen for further analysis based on their distinctive expression 

patterns in SH and CS1 according to in silico data. 

 

2.2 Expression analysis reveals that CaHB12 is modulated by water 

deficit conditions 

RT-qPCR analyses were conducted for HD gene expression in leaves and 

secondary root samples of the six-month-old C. arabica cultivar “Catuaí 

Vermelho” submitted to water deficit (Figure 3). Samples were collected 2, 5 and 

10 days after watering was stopped, which corresponds to average water potentials 

(Ψw) of -0.27 MPa, -1.05 MPa, and -4.45 MPa, respectively. CaZHD4, CaHB1-

like2, and CaHB12 expressions were up-regulated by water deficit. Similar results 

were observed in the C. arabica cultivar “Bourbon Amarelo” (data not shown). 

The early response to water deficit was stronger in roots than in leaves for the three 

genes (Figure 3A and B). The CaHB12 gene showed the most remarkable 

expression pattern and the strongest induction. Low expression of CaHB12 was 

observed in nonstressed leaves and lateral roots, followed by a striking induction 

after 2 days of stress treatment, when the Ψw of stressed plants was slightly different 

from that of control plants. A marked difference was observed in the expression 

patterns of CaHB12 in stressed leaves and lateral roots. While gradual and 

continuous expression of CaHB12 was observed during the stress treatment in 

leaves (Figure 3A), expression peaked during the early stages of water deficit in 

lateral roots, which was maintained at high levels during the remaining treatment 

(Figure 3B). Even under severe stress conditions after 10 days of stress treatment 
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(average of Ψw = -4.45 MPa), the expression of CaHB12 remained high, both in 

drought-stressed leaves and lateral roots. 

 

2.4 Characterization of CaHB12 and subcellular localization 

The full-length CaHB12 cDNA sequence is composed of sequences from 

two singletons, CA00_XX_FR1_002_G03_MC_F (containing the HD and LZ 

domains) and CA00_XX_SH1_047_H05_EM_F (containing the C-terminal 

region), of the Brazilian Coffee Genome Project database. The CaHB12 CDS is 

693 bp in length and encodes a CaHB12 protein of 236 amino acids (aa). Analysis 

of the predicted protein sequence revealed that the HD was located between aa 24 

and 94, and the homeodomain-associated leucine zipper was located between aa 

89 and 133 (Supplementary Figure 5). The CaHB12 C-terminal domain (CTD) 

comprises 102 aa after LZ and is similar in size to AtHB12 (106 aa) and MtHB1 

(108 aa), in contrast to AtHB7 (127 aa) and HaHB4 (64 aa) (Supplementary Figure 

6A). A moderate identity (51% to 59.33%) was observed in the alignment of the 

HD-LZ domain from CaHB12 and the abiotic stress-related HD-Zip I proteins 

AtHB7, AtHB12 (A. thaliana), MtHB1 (Medicago truncatula) and HaHB4 

(Helianthus annus) (Supplementary Figure 6B). Much lower identity values (11 to 

20%) were noticed in the alignment of the CTD region (Supplementary Figure 6C). 

The C-terminal region (CTR) of CaHB12, which encompasses the final amino acid 

residues of the protein, contains two Trp residues in conserved positions and is 

made up of three aromatic, two acidic and five hydrophobic residues juxtaposed to 

a neutral residue (Ser) described as being an AHA-motif (Arce et al., 2011), which 

is also longer (nine aa) than the CTRs of AtHB7, AtHB12 and MtHB1 (six aa) and 

HaHB4 (four aa) (Supplementary Figure 6A). 

Transient expression analyses were carried out to confirm the nuclear 

localization of CaHB12. Coffee leaves were bombarded with a construct carrying 

the complete CaHB12 CDS fused to GFP driven by the 35S promoter 

(CaMV35S:CaHB12:GFP). The GFP signal was detected in the nuclei (Figure 4C 

and F), while in cells transformed with the control vector (CaMV35S:GFP), the 
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GFP signal was also located in the cytoplasm (Figure 4B and E). Sequence analysis 

using PSORT software (Nakai et al., 1999) identified a monopartite nuclear 

localization signal (NLS) of the KRKR type between aa 24 and 29. To test whether 

this would be a functional NLS, a construct was prepared that lacked the first 30 

aa (CaMV35S:CaHB12tru:GFP). Cells transformed with this construct did not 

show a GFP signal in the nucleus, confirming that the information for nuclear 

localization is contained within the first 30 aa (Figure 4D and G).  

 

2.5 A. thaliana transgenic lines expressing CaHB12 (CaHB12-OE) are 

more tolerant to water deficit  

Since routine coffee transformation protocols are not available (Mishra and 

Slater, 2012; Mishra, 2022), a heterologous expression system was chosen to 

investigate whether the expression of CaHB12 confers drought tolerance to 

transgenic plants. Three independent lines of A. thaliana, here denominated as 

CaHB12:OE-A, -B and -C containing a single insert of CaHB12, were obtained 

and selected for analysis. The expression of CaHB12 in these plants was confirmed 

through RT-PCR and homozygous T3 generation seeds and plants, which were 

used in drought and salt tolerance experiments (Figure 5A). Transgenic plants 

constitutively expressing CaHB12 apparently showed the same morphology as 

wild-type plants under physiological conditions. Water deficit tolerance was 

evaluated during three different developmental stages using three different 

approaches. In the first approach, malondialdehyde (MDA) values were used to 

monitor the stress levels of the seedlings. Plants belonging to the transgenic lines 

expressing CaHB12 exhibited less membrane lipid peroxidation than wild-type 

plants when subjected to water deficit conditions in PEG-treated plates (-1.2 MPa) 

(Figure 5B). The transgenic line C showed the lowest level of MDA (~37 nmol/g), 

followed by lines B and A, which presented averages of 40 and 41 nmol/g, 

respectively. In the second approach, transgenic and wild-type plants in transition 

from vegetative to reproductive growth were subjected to a rapid and abrupt stress, 

in which watering was withheld until permanent wilting symptoms were observed 

in wild-type plants. The plants were then rehydrated, and survival rates were 
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measured after 48h. Transgenic lines showed the same trend during assays, with an 

average survival rate approximately 29% higher than that of wild-type plants 

(Figure 5C). The third approach was carried out with plants in the transition from 

the reproductive to the fruit set phase. After 30 days of regular watering, plants 

were subjected to slow and continuous dehydration and irrigated with a small 

quantity of water until obvious wilting symptoms were permanent in wild-type 

plants. As observed in the case of rapid and abrupt stress, 48 h after rehydration, 

transgenic plants showed survival rates approximately 87% higher than wild-type 

plants (Figure 5D). 

All transgenic lines displayed a significant increase in germination rates 

when sown on growth media supplemented with 150 mM NaCl when compared to 

the wild-type (Supplementary Figure 7A). Moreover, MDA values of transgenic 

plants under saline stress (100 mM NaCl) revealed lower levels of lipid 

peroxidation than wild-type plants (Supplementary Figure 7B). The better 

performance of transgenic lines is shown in Supplementary Figure 7C. Because 

ABA biosynthesis is stimulated by high salt, stress tolerance was also evaluated 

using 10-day-old seedlings. No significant differences in salt tolerance between 

transgenic and wild-type plants were observed when seedlings were transferred 

from MS medium to the equivalent supplemented with 150 mM NaCl after 7 days 

(data not shown). These results suggest that the differential performance is limited 

to the germination stage. Experiments using distinct ABA concentrations (1 and 5 

µM) were performed to investigate whether CaHB12-OE lines were ABA 

insensitive. All transgenic lines were more sensitive than the wild-type to ABA at 

1 µM and presented comparable responses at 5 µM (Supplementary Figure 7D,E). 

 

2.6 Global expression analysis of CaHB12-OE plants uncovers the 

mechanism of tolerance 

To better understand the function of CaHB12 and the downstream genes 

regulated by its expression, transcriptome analyses were carried out by RNA-Seq 

with 10-day-old seedlings of the transgenic line CaHB12-OE-B and wild-type lines 
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grown under normal growth conditions. A total of 96,620,876 cleaned reads were 

obtained in the four sequenced libraries (two transgenic and two wild-type) 

(Supplementary Table 3). After mapping reads against the reference genome, 

18,598 genes were further used for gene expression analyses. CaHB12 was 

detected only in the transgenic libraries. A total of 203 genes were differentially 

expressed (FDR<0.05) in the transgenic plants compared to the wild-type 

genotype, with 124 genes induced and 79 genes repressed due to the presence of 

the transgene (Figure 7, Supplementary Table 4). The expression patterns of nine 

out of ten genes were confirmed by RT-qPCR (Supplementary Figure 8). 

 To explore the different annotation classes of genes deregulated by the 

ectopic expression of CaHB12 in A. thaliana, we identified overrepresented 

crossed information about transcription factors (TF), GO terms and metabolic 

pathways. The enrichment analysis of the GO terms identified several terms related 

to abiotic stress up-regulated in plants overexpressing CaHB12, such as the 

response to heat, response to high light intensity, and responses to reactive oxygen 

species and hydrogen peroxide. Interestingly, the terms “response to abscisic acid” 

and “response to salt stress” were enriched, but most of the genes were down-

regulated in plants overexpressing CaHB12 (Figure 7A). The analysis showed that 

the terms “response to abscisic acid” and “response to salt stress” share several 

down-regulated genes, such as COR15A (AT2G42450), RD22 (AT5G25610), 

ADH (AT1G77120), and pEARL1 (AT4G12480), among others (Figure 7B). In 

addition, several up-regulated genes were also shared among the terms response to 

hydrogen peroxide, reactive oxygen species and heat, such as ATHSP17.4 

(AT3G46230), ATHSP17.6A (AT1G59860) and HSP17.6II (AT5G12020) (Figure 

7B - Supplementary Table 5).  Regarding metabolic pathways, we identified 12 

enriched KEGG pathways in the DEG set, being nine identified in down- and 5 in 

up-regulated genes (Figure 7C and Supplementary Table 6), in which MAPK 

signalling pathway (map04016) and protein processing in endoplasmic reticulum 

(map04141) were the pathways with the most significant p value. 
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Regarding hormone responses affected by CaHB12 expression, ABA-

responsive genes related to seed germination were induced (AT1G75750-GASA1, 

AT3G02885-GASA5), while ABA-responsive genes related to drought were 

repressed (AT5G25610-RD22, AT5G59310-LTP4) in plants overexpressing 

CaHB12. The transcription factor WRKY70 (AT3G56400), an activator of 

jasmonic acid (JA) genes, was also found to be repressed. Regarding ethylene 

processes, an ERF transcription factor family and TEM1 (AT1G25560), a known 

ethylene repressor, were found to be repressed. Taken together, these results 

suggest crosstalk between JA and ethylene stimuli (e.g., AT4G17490-ERF6 and 

AT4G23600-CORI3, important for ethylene precursor formation). Other genes, 

previously, were also repressed (AT3G08770-LTP6, AT2G41240-BHLH100, and 

AT5G25610-RD22) (Supplementary Table 4). 

Additionally, we retrieved from scientific literature genes reported as 

memory and non-memory (Ding et al., 2012), other ABA related genes (Thonglim 

et al., 2023) and transcription factors differentially expressed (Supplementary 

Figure 9 and table 7). Memory genes presented no differential expression and 

among non-memory genes, just the COR15A (AT2G42540) was detected as 

differentially expressed. Also, we analysed the expression of other ABA related 

genes and no differential expression was detected. In the set of 10 transcriptional 

factors detected as differentially expressed, 7 showed down-regulation and only 

HD-like (AT4G03250), AGL24 (AT4G24540) and HSFA2 (AT2G26150) were up-

regulated. Interestingly, HD-like belongs to the same family of the gene studied 

here and HSFA2 is a heat shock factor previously reported to drive transcriptional 

memory after heat stress conditions in Arabidopsis (Friedrich et al., 2021). 

Systems biology representation of protein‒protein interaction (PPI) of the 

genes modulated by the overexpression of CaHB12 is composed of 130 nodes and 

324 interactions (Figure 8), a network in which three modules were detected. 

Module 1 is enriched with genes related to defence responses, oxidative stress and 

chitin biological processes. Module 2 is enriched with triterpenoid biosynthesis, 
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root development and oxidation‒reduction processes. Finally, module 3 was 

associated with response to abiotic stresses, reactive oxygen species, hydrogen 

peroxide, protein complex oligomerization and cellular response to unfolded 

proteins (Supplementary Table 8). 

 

2.7 Water deficit-responsive microRNAs 

Given that microRNAs (miRNAs) are a class of regulatory noncoding 

RNAs and have been associated with different types of stresses, including ABA-

dependent and ABA-independent pathways (Khraiwesh et al., 2012; Xia et al., 

2020), the small RNA (sRNA) fraction of 35S:CaHB12 transgenic plants was also 

analysed in comparison to wild-type plants. A total of 55,405,921 reads were 

sequenced in the two wild-types and transgenic plants, of which 2,883,452 mapped 

to 65 known Arabidopsis miRNA genes belonging to 52 families (Supplementary 

Table 9). Some miRNA isoforms were also detected for several genes, but usually 

with a lower number of reads than the major reference variant (Supplementary 

Table 9). The targets of all identified sequences were predicted, and as expected, 

miRNAs belonging to the same family had highly similar predicted targets 

(Supplementary Table 10). 

A total of 12 miRNA families were significantly differentially expressed 

between wild-type and transgenic plants (Figure 6C, Supplementary Table 11). 

miRNA genes known to be involved in several aspects of plant development were 

directly or indirectly induced by CaHB12 expression. Such miRNA genes 

participate in processes, such as vegetative phase change (miR156 and miR159) 

(Alonso-Peral et al., 2010; Wu et al., 2009), leaf polarity identity (miR166) 

(Rhoades et al., 2002), regulation of cell proliferation (miR396) (Liu et al., 2009), 

establishment of stem cell competence (miR394) (Knauer et al., 2013), molecular 

signalling responses to phytohormones (miR167 and miR171) (Llave et al., 2002; 

Yang et al., 2006) and homeostasis of the RNA silencing machinery (miR162) (Xie 

et al., 2003). In addition, all aforementioned miRNAs have been associated with 

drought, salt or other types of abiotic stresses in A. thaliana and other plant species 
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(Ding et al., 2013; Gentile et al., 2015; Xia et al., 2020). In turn, miR827 and 

miR395 have been associated with oxidative stresses (Kant et al., 2011; Liang et 

al., 2010) and were induced and repressed in transgenic plants, respectively. One 

biotic stress-related miRNA (miR773) (Li et al., 2010) and one recently evolved 

gene in the Arabidopsis lineage (miR822) (Allen et al., 2004) were also induced in 

response to CaHB12 overexpression. 

 

2.8 CaHB12-OE soybean plants limit the decrease in stomatal 

conductance and CO2 assimilation under water deprivation 

To gain further insights into the functionality of CaHB12 and substantiate 

its use as a tool for achieving water deficit-tolerance in crops, we transformed 

soybean (Glycine max) plants with the construct 35:CaHB12 and characterised the 

overexpressing lines. 

In this study, 1,200 soybean embryos underwent bombardment and 

subsequent in vitro regeneration into plantlets using the Imazapyr herbicide for 

transformant selection, resulting in the acclimatization of 235 plants in a 

greenhouse. The confirmation of transgene insertion and expression was conducted 

through conventional PCR and ELISAs. Ten independent T0 events were obtained, 

with a transformation efficiency of approximately 0.8%. Among these, three 

independent events (CaHB12:OE-1, -2 and -3) were selected for further 

generations (Supplementary Figure 10). Gas exchange parameters were analysed 

under well-watered and drought conditions for CaHB12-OE T3 lines 1, 2, and 3, 

as well as non-transformed (NT) plants. Under normal conditions, no significant 

differences were observed, but under water restriction, CaHB12-OE lines exhibited 

a minor reduction in net CO2 assimilation rate (AN) and slightly higher stomatal 

conductance (gs) compared to NT plants (Figure 9A-C). After rehydration, all 

genotypes fully recovered gs and transpiration (E), with CaHB12-OE lines 

maintaining a higher AN compared to NT plants (Figure 10D). AN/Ci curves 

demonstrated the adjustment of photosynthesis during stress treatment, revealing 
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that photosynthesis in CaHB12-OE lines was less limited than in NT plants under 

water restriction (Figure 9E-H). Interestingly, photosynthetic parameters, such as 

Vcmax, Jmax, and TPU, were less negatively affected by water deficit in CaHB12-

OE-2. Additionally, the maximum quantum efficiency of PSII (Fv/Fm) remained 

unaffected, while the actual quantum yield of photosystem II (φPSII) showed 

variations across genotypes and treatments (Supplementary Figure 11A-C). The 

study suggests that the overexpression of CaHB12 enhances drought tolerance in 

soybean, impacting photosynthetic performance under stress conditions. 

2.9 CaHB12-OE soybean plants increase the activity of antioxidant 

enzymes to cope with water deficit 

Principal Component Analysis (PCA) was conducted to comprehensively 

understand the impact of water deprivation on the physiology of CaHB12-OE and 

non-transformed (NT) plants. PC1 and PC2 explained significant variations, 

accounting for 26.1% and 20.4% in the control, 33.2% and 21.7% in water 

restriction treatment, and 30.6% and 16.7% in rehydration treatment, respectively. 

Under well-watered conditions, NT plants were characterized by higher 

chlorophyll, carotenoid, and malondialdehyde (MDA) contents, while CaHB12-

OE plants exhibited lower values (Supplementary Figure 11A). CaHB12-OE was 

distinguished by higher Fv/Fm, ascorbate peroxidase (APX) activity, and non-

photochemical quenching (NPQ). During drought treatment, increased antioxidant 

activity, particularly catalase, in CaHB12-OE, associated with positive variations 

in transpiration (E) and actual quantum yield of photosystem II (ϕPSII), separated 

them from NT plants. This distinction was more pronounced in CaHB12-OE-2. 

Rehydration led to higher NPQ and carotenoid contents in NT plants. Proline and 

MDA contents, commonly used indicators of drought tolerance, did not directly 

associate with water deficit tolerance in transgenic plants. The MDA content 

increase triggered by water deprivation was similar across genotypes, followed by 

a recovery trend upon rehydration. Water deficiency induced a significant increase 

in leaf proline content mainly in NT plants, tending to reach well-watered levels 
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after rehydration (Figure 11B). Curiously, CaHB12-OE lines showed decreased 

chlorophyll and carotenoid contents in leaves but exhibited no penalties for 

photosynthetic activity (Supplementary Figure 13A-D). 

 

3 Discussion 

There are controversies in the literature about the evolutionary history of 

HD- Zip genes and their distribution between different kingdoms. However, there 

is a consensus that they encode a family of transcription factors implicated in 

various biological processes in plants, especially processes in response to drought 

and salinity stresses (Ariel et al., 2007; Wei et al., 2019; Hou et al., 2021). HB is 

composed of 60 amino acids and was originally characterised as a conserved 

element found in genes encoding TFs. The full picture of plant genomes recently 

allowed the classification of plant HD-containing proteins into 14 families: HD- 

Zip (subfamilies HD-Zip I, II, III and IV), PLINC, WOX, NDX, DDT, PHD, LD, 

PINTOX, SAWADEE, KNOX and BEL (Mukherjee et al., 2009). In the present 

study, we identified 288, 132, and 81 coffee homeobox genes using the C. arabica, 

C. eugenioides, and C. canephora databases, respectively, and included a list of 

diploidy (Arabidopsis), tetraploidy (cotton and soybean), and outgroup (rice and 

Setaria) plant species for comparative and robustness analysis (Figure 1 and 

Supplementary Table 1). 

Similar to other members of the HD- Zip I family, CaBH12 is stress 

responsive. The localization of the CaHB12 protein in the nucleus of coffee cells 

is in accordance with its TF function. The nuclear localization of other HD- Zip I 

members has already been shown (M. Dai et al., 2008; Deng et al., 2006; Wang et 

al., 2005; Zhang et al., 2012). Coffee NLS was identified at the beginning of the 

HD, similar to what has been described for the HD- Zip I protein CPHB7 from 

Craterostigma plantagineum (Deng et al., 2006). Coffee CaHB12 (KRKR) and 

Craterostigma CpHB7 (KKRR) NLS also shared sequence similarities, with a 

lysine (K) in position one (P1) and basic residues in P2 and P4. 
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Arce et al. (2011) showed that the C-terminal domain (CTD) of HD- Zip I 

proteins of diverse plant species contains conserved regions in which several motifs 

were identified, some of which were demonstrated to be functional (Hofer et al., 

2009; Sakuma et al., 2010). One of these is the AHA activation motif (aromatic, 

large hydrophobic, acidic context) first found in HSF (Treuter et al., 1993). Such 

motifs were shown as functional transactivation domains in HD-Zip I TFs (Capella 

et al., 2014). On the other hand, sunflower HaHB4 has an atypical AHA motif, 

presenting a basic aa next to the acidic region, which is possibly related to its 

inhibitory activity (Arce et al., 2011). The CTR of CaHB12 seems to follow the 

same trend as AtHB7, AtHB12 and MtHB1, with a high acidic and hydrophobic 

content juxtaposed to a neutral residue. However, most of the DEGs in the 

transgenic line were down-regulated, as observed in HaHB4-overexpressing 

Arabidopsis plants (Manavella et al., 2006). CaHB12 has a longer CTR with a 

higher content of acidic and hydrophobic aa compared to AtHB7, AtHB12, MtHB1 

and HaHB4. Further work must be performed to elucidate the role of CaHB12 

CTR. 

In addition to the characterization of the Homeobox family in C. arabica/C. 

canephora and the functional characterization of the CaHB12 protein, we also 

showed that transgenic A. thaliana constitutively expressing CaHB12 exhibited a 

significant increase in drought tolerance at different developmental stages. These 

results are consistent with those previously described, corroborating the function 

of CaHB12 in the plant response to drought stress and revealing its potential 

biotechnological application (Basso et al., 2021). When stress was slowly and 

continuously imposed, similar to field conditions, transgenic CaHB12-OE 

Arabidopsis showed higher survival rates than in rapid and abrupt water stress 

experiments. This approach is much more valuable for the selection of genes with 

biotechnological potential (Bhatnagar-Mathur et al., 2008). 

We also demonstrated that CaHB12-OE soybean plants can cope better with 

drought stress than NT plants through stomatal and photosynthesis regulation 

without causing irreversible biochemical damage. Transgenic lines exhibited a 
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decrease in stomatal closure, causing photosynthesis to be less affected under water 

deprivation, as evidenced by the AN, Vcmax and Jmax values. These responses 

were accompanied by an increase in antioxidant activity but not by variations in 

chlorophyll content. After rehydration, CaHB12-OE lines showed a significant 

better recovery than NT plants, which demonstrated a higher demand for the 

dissipation of excessive energy due to restrictions in CO2 assimilation through the 

xanthophyll cycle (Jahns and Holzwarth, 2012). Interestingly, cotton plants 

overexpressing CaHB12 also presented minor stomatal limitations under drought 

stress, favouring CO2 fixation capacity, and no alterations in chlorophyll content. 

These plants also presented lower leaf abscission and enhanced assimilation and 

water use efficiency (WUE) under stress, and these physiological effects were 

equally observed in A. thaliana CaHB12-OE (Basso et al., 2021; Ré et al., 2014; 

Alves-Ferreira et al., 2012). Similarly, soybean plants overexpressing another HD-

Zip I gene from sunflower showed enhanced transpiration, which may contribute 

to increased WUE and a delay in leaf senescence as a consequence of a reduction 

in ethylene biosynthesis (Waltz et al., 2015; Ribichich et al. 2020; Winck et al., 

2022). Similar effects were also observed in transgenic wheat expressing HaHB4 

(Gonzalez et al., 2019). This latter characteristic was not observed for CaHB12-

OE soybean lines, possibly because drought stress was imposed in the reproductive 

stage, and the end of the stress coincided with the final stages of soybean 

development when leaves started to drop. Additionally, the proline content, an 

osmotic adjustor whose accumulation is positively correlated with drought 

tolerance in soybean (Nguyen et al., 2020; Pham et al., 2020), was higher in NT 

plants than in CaHB12-OE lines under drought treatment. A higher proline 

accumulation in NT plants could mean a response to signals of drought stress that 

are not present in CaHB12-OE plants due to its protective effect (Szabados and 

Savouré, 2010). 

To further understand the function of CaHB12 in drought tolerance, we 

identified and characterized the genes modulated by the overexpression of CaHB12 

in Arabidopsis, which, interestingly, revealed that several members of known water 
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stress regulatory routes were down-regulated in CaHB12-OE, including traditional 

drought stress marker genes, such as RD22 (AT5G25610). These results suggest 

that enhanced drought tolerance triggered by CaHB12 overexpression occurs 

through an ABA-independent pathway. 

As mentioned above, among the several repressed genes belonging to the 

group of water deficit-induced responses, RD22 was one of them, a gene from the 

caleosin family known to be a positive regulator of drought tolerance and an ABA-

responsive gene that participates in the control of stomatal aperture, production of 

secondary compounds, regulation of ROS accumulation, ABA-mediated inhibition 

of germination and ABA stress signalling (Aubert et al., 2011; Phillips et al., 2017, 

Aubert et al., 2010). Interestingly, AtHB7 and AtHB12 expression is inducible by 

ABA treatment and hydric resource availability in Arabidopsis, and these proteins 

can regulate themselves and other ABA-dependent pathway elements (Olsson et 

al., 2004; Ré et al., 2014). In addition, other genes related to seed germination in 

response to ABA stimulus presented different regulation patterns, with the GASA1 

and EM1 genes up-regulated and GASA5 down-regulated (Zhang and Wang, 2011; 

Tezuka et al., 2012). Although transgenic seedlings expressing CaHB12 did not 

seem to be ABA insensitive (Additional file 4), the increased salt tolerance 

observed during seed germination could still be related to this hormone. 

In addition to the heat shock TF (HSF) ATHSFA2, eight heat shock proteins 

(HSPs) were induced in the presence of CaHB12. This HSF was first identified as 

high-light and heat stress responsive (Vierling, 1991; Nishizawa et al., 2006; 

Schramm et al., 2006) and as responsive to chilling stress and exogenous treatment 

with H2O2 (Nishizawa et al., 2006). More recently, HSFA2, which, together with 

HSFA3, composes a complex, was characterized as transcriptional memory after 

heat stress (Friedrich et al., 2011) which can positively influence H3K4 hyper-

methylation, an important biological change involved with epigenetic modulations 

and priming response to stresses. Some miRNAs associated with heat (miR156, 

miR166) and H2O2 (miR827) stresses were also induced in transgenic lines (Figure 
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8) (Li et al., 2011; Stief et al., 2014). Transgenic A. thaliana and rice plants 

overexpressing class A2 HSFs presented enhanced tolerance to heat stress and high 

salinity, indicating a conserved mechanism in distinct plant species (Ogawa et al., 

2007; Yokotani et al., 2008). The literature reports that ATHSFA2 is not only able 

to regulate HSP expression but also regulates the expression of several antioxidant 

enzymes, such as GST, GR, POX and APX (Zhuang et al., 2018; Scharf et al., 

2012). Therefore, it is likely that HSFs and HSPs could also enhance drought 

tolerance due to substantial overlapping of osmotic response mechanisms (Knight 

and Knight, 2001). Accordingly, the physiological impacts on transgenic soybeans 

harbouring the 35S:CaHB12 construct, such as its unaltered chlorophyll content 

and effects on stomatal aperture, suggest that the tolerance to drought is not ABA-

mediated but rather an antioxidative response mediated by heat shock proteins, a 

hypothesis supported by the enhanced antioxidant enzyme activities observed in 

CaHB12-OE soybean events and confirmed by transcriptomic analysis in 

transgenic Arabidopsis, which exhibited increased expression of, for example, a 

chloroplastic superoxide dismutase (ATSOD2) as well as its activator ATCCS 

(Figure 9). The overexpression of ATHSP17.6A, for instance, a potential target of 

ATHSFA2, was able to induce enhanced tolerance to salt and osmotic stress (Sun 

et al., 2001). The literature provides evidence that the response mechanism 

activated by HSPs and HSFs in Arabidopsis by the ectopic expression of CaHB12 

is probably conserved in coffee (dos Santos et al., 2011; Marraccini et al., 2012). 

CcHSP1 transcripts, for example, accumulated in the leaves of Coffea canephora 

during water deficit acclimation (Marraccini et al., 2012). In parallel, the up-

regulation of HSPs is related to tolerance to drought and heat, as reported in 

transgenic tobacco and rice lines, where overexpression of NtHSP70 and 

OssHP17.7 enhanced tolerance to heat as well as drought in transgenic plants 

(Udvardi et al. 2007; Sato and Yokoya, 2008). In agreement, the overexpression of 

OsTF1L, a member of HD-Zip in rice, promotes an increase in survival rates and 

lignin accumulation and a strong induction in drought-related gene expression, 

such as HSP70, CYP450 and AP2, supporting our transcriptomic data (Bang et al., 
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2018). Our data suggest that the expression of CaHB12 evokes protecting proteins, 

including HSPs and antioxidant enzymes, which reduces intracellular oxidative 

stress. Moreover, this inhibits the downstream ABA signalling cascade 

corroborated by the down-regulation of RCAR9, a regulatory component of the 

ABA receptor (Figure 9). In addition, several genes reported to be deregulated by 

drought and salt stresses and even ABA treatment exhibit clear alterations in this 

expression pattern in CaHB12 transgenic lines, such as COR15A, RCAR9, PCC1 

and the HSP gene family (Kilian et al., 2007; Winter et al., 2007). 

The two most significant overrepresented pathways, MAPK signalling 

pathway and protein processing in endoplasmic reticulum are well-recognized 

pathways to be involved with plant drought stress. MAPK signalling cascade works 

as an early signaling network through the regulation of ROS in response to drought 

stress (Majeed et al., 2023). Regarding protein processing in endoplasmic 

reticulum, this pathway is important for storing misfolding proteins, which this 

misfolding can result in non-functional proteins and the accumulation of these non-

functional proteins in other cellular components can cause intracellular damage 

(Manghwar and  Li, 2022). Both pathways reinforce the phenotype observed by the 

up-regulation of CaHB12. 

The responses to salicylic (SA) and jasmonic (JA) acid stimuli, as well as 

to ethylene stimuli, were generally repressed in CaHB12-OE Arabidopsis. The 

relationship of HD- Zip genes with jasmonate has already been reported in tobacco; 

for example, NtHD9 and NtHD12 regulate jasmonate signalling (Zhang et al., 

2023). Although JA-related genes were induced in HaHB4 plants (Manavella et al., 

2008), ethylene-related genes were down-regulated (Manavella et al., 2006). The 

group of genes modulated in CaHB12-OE and HaHB4-OE Arabidopsis presented      

a small overlap (Supplementary Figure 6A), for instance, only three ethylene-

related genes are repressed in CaHB12-OE and HaHB4-OE plants (AP2, ERF-3 

and ERF-2). However, several genes with similar functions were found to be down-

regulated in CaHB12-OE and HaHB4-OE, indicating a similar mode of action of 

CaHB12 and HaHB4 to trigger drought tolerance (Supplementary Figure 6B). 
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The involvement of DREB and SnRK genes in the crosstalk between ABA-

dependent and ABA-independent pathways has been extensively characterized. In 

addition, the literature reports the relationship of other TFs implicated in this 

convergence step (Agarwal et al., 2010; Yoshida et al., 2014; Hu and Yu., 2013; 

Ma et al., 2019). Interestingly, the overexpression of CaHB12 in transgenic cotton 

promotes a significant increase in drought tolerance mediated by a fine modulation 

in ABA-related gene expression, although no significant differences in ABA 

content were observed in transgenic lines when compared to NT (Basso et al., 

2021). Similarly, the heterologous expression of AtHB6 in maize also enhances 

drought tolerance, reduces MDA levels after rewatering, promotes the activities of 

ROS scavenging enzymes and induces the gene expression of members of the 

ABA-dependent pathway (Jiao et al., 2022). Curiously, AtHB12 plays a crucial role 

in ABA signalling, acting specifically in the coordination of the ABA-dependent 

pathway through the regulation of transcription of AtPP2Cs and AtSnRK2.3s (up-

regulated) and the AtPYR/PYL gene family (down-regulated) (Olsson et al., 2004; 

Valdes et al., 2012). Comprehensive analysis of mutant lines, such as transcriptome 

and proteome analyses, should provide further insights into transcriptional 

networks under stress conditions and highlight this crosstalk during stress 

signalling. 

The results presented here, together with the reported literature, indicate 

that delayed senescence could contribute to increased drought and salt tolerance 

conferred by CaHB12. Among the ethylene-related set of genes, RAV1 is a TF that 

positively regulates leaf senescence in Arabidopsis (Woo et al., 2010) and leads to 

retardation of lateral root development (Hu et al., 2004). The observed repression 

of RAV1 is, therefore, consistent with a more exuberant root system, which has 

been related to increased drought tolerance in coffee plants (Pinheiro et al., 2005). 

Other genes associated with root growth and development were induced in 

CaHB12-OE plants, e.g., THAS1, CYP708A2 and CYP705A5. Although no 

differences were observed in root growth in CaHB12-OE plants, it cannot be 

excluded that CaHB12 leads to increased root growth under appropriate 
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physiological conditions. 

 

 

4. Conclusions 

The coffee HD-Zip I γ-clade gene, CaHB12, encodes a nuclear-localized 

protein, significantly up-regulated in the leaves and lateral roots of Coffea arabica 

under water deficit conditions. RNA-Seq analysis of CaHB12-overexpressing 

Arabidopsis indicates that the HSF and HSP signalling pathways play a major role 

in the enhanced drought tolerance conferred by CaHB12. Furthermore, 

overexpression of CaHB12 also confers increased drought tolerance in both 

soybean and cotton, suggesting conservation of these pathways across distantly 

related species. Notably, the ectopic expression of CaHB12 did not result in any 

discernible morphological changes in Arabidopsis or soybean, underscoring the 

gene's potential as a target for enhancing stress tolerance in crops. 

 

5. Methods 

5.1 Identification of coffee homeobox genes 

A local A. thaliana HB database was created as a result of repeated surveys 

of The Arabidopsis Information Resource (http://www.arabidopsis.org/index.jsp), 

including searches against the TAIR10_cdna_20101214 file using the local 

BLASTN tool. A total of 110 sequences of Arabidopsis were used to conduct local 

BLASTN against the rice genome database (http://rice.plantbiology.msu.edu/) and 

the Brazilian Coffee Genome Project database 

(http://www.lge.ibi.unicamp.br/cafe/) using the search parameter matrix 

BLOSUM62 and an e-value of 0.111 as the cut-off. 

5.2 Bioinformatics analysis of homeobox genes in Coffea and related plant 

species 
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The homeobox sequences from three coffea plant species (Coffea arabica, 

C. canephora, and C. eugenioides), Arabidopsis thaliana, Gossypium hirsutum, 

Glycine max, Oryza sativa, and Setaria viridis were obtained from the public 

databases World Coffee Research (https://worldcoffeeresearch.org; Scalabrin et 

al., 2020), Coffee Genome Hub (https://coffee-genome.org; Denoeud et al., 2014), 

NCBI GenBank 

(https://www.ncbi.nlm.nih.gov/genome/73741?genome_assembly_id=418179), 

TAIR (https://www.arabidopsis.org), and Phytozome v12.0 

(https://phytozome.jgi.doe.gov/pz/portal.html). 

All A. thaliana 110 and O. sativa 110 Homeobox genes previously identified 

(Mukherjee et al., 2009) were downloaded from TAIR and Oryza sativa v7_JGI 

from Phytozome v12.0 and used as bait to search against three coffea plant species, 

Arabidopsis, cotton, soybean, rice, and the Setaria genome and proteome database. 

All protein recovery sequences from these plant species were analysed in the 

PFAM v33.1 (https://pfam.xfam.org; Mistry et al., 2021) and SMART 

(http://smart.embl-heidelberg.de; Letunic et al., 2021) databases. All those 

sequences containing the Homeodomain (PF00046 and SM000389) typical of HD- 

Zip I, HD- Zip II, HD- Zip III, HD- Zip VI, WOX, PHD, DDT, SAWADEE, LD, 

PINTOX, POX, and NDX classes, containing the ZF-HD_dimer (PF04770) typical 

of the PLINC class, and containing KNOX1 (PF03790 and SM001255), KNOX2 

(PF03791 and SM001256), and/or Homeobox_KN (PF05920) typical of KNOX I 

and KNOX II classes, were kept for the following analysis. 

All multiple sequence alignments were conducted using Multiple Sequence 

Comparison by Log-Expectation (MUSCLE) 

(https://www.ebi.ac.uk/Tools/msa/muscle/; Madeira et al., 2019) using default 

settings. Phylogenetic analysis was estimated using the Maximum Likelihood 

(ML) method at PhyML 3.0 (Guindon et al., 2010) and using Smart Model 

Selection (SMS) (Lefort et al., 2017) to select the best model, such as the VT+G+F 

model of sequence evolution and aLRT branch support testing (Anisimova and 
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Gascuel, 2006). The phylogenetic tree was visualized using iTOL software 

(https://itol.embl.de; Letunic and Bork, 2019). 

5.3 In silico expression analysis 

For in silico expression analysis, the number of sequence reads computed 

for each gene in several C. arabica libraries from the Brazilian Coffee Genome 

Project database was normalized by the total number of reads in each library. The 

expression values were used as input for Cluster and Tree View software (Eisen et 

al., 1998; Page, 1996). Only libraries presenting reads for at least one of the 

putative coffee HB genes were considered for the analysis (Additional file 8). 

5.4 Isolation of RNA and cDNA synthesis 

Total RNA isolation from coffee leaves or lateral root tissue samples, as 

well as DNase I (Invitrogen by Life Technologies, California, USA) treatments and 

cDNA synthesis, were carried out as previously described (Cruz et al., 2009). 

5.5 Quantitative RT-PCR (RT-qPCR) 

The RT-qPCRs were performed in triplicate and carried out on the 7500 

Fast Real-Time PCR platform (Life Technologies, California, USA), according to 

Cruz et al. (2009), using primers C11116F, C11116R, C11933F, C11933R, 7747F 

and 7747R for CaHB12, CaHB1-like2 and CaZHD4 expression analyses, 

respectively (Supplementary Table 11). Primer amplification efficiency and cycle 

threshold (Ct) values were calculated using Miner software (Zhao and Fernald, 

2005). Ct values were converted to normalized relative quantities using qBase 

v1.3.5 software (Hellemans et al., 2007). Specific reference genes were used for 

data normalization of drought-stressed leaves and roots as previously described 

(Cruz et al., 2009) (Supplementary table 11). 

5.7 Subcellular localization  

Complete and truncated coffee CaHB12 CDS were amplified using the 

HB12NcoF and HB12NcoR and the HB12Nco-truF and HB12NcoR primer pairs, 
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respectively, which contained NcoI restriction sites (Supplementary Table 11). 

Fragments were fused in frame to green fluorescent protein (GFP) and cloned under 

the control of a double cauliflower mosaic virus 35S promoter 

(CaMV35S:CaHB12:GFP or CaMV35S:CaHB12tru:GFP) into the pGJ280 vector 

(Willige et al., 2009). Fully expanded leaves of C. arabica were bombarded with 

Biolistic® PDS-1000/He (BIO-RAD) equipment with 3 mg of 1 µm gold particles 

(BIORAD) coated with 15 µg of plasmid DNA obtained from a large-scale 

extraction with the NucleoBond® Xtra Midi/Maxi kit (Macherey-Nagel, Düren, 

Germany). Coffee leaves were subsequently immersed in water and transferred to 

a growth chamber (18 h light/6 h dark) for 16 h. GFP fluorescence was analysed 

after 16 h using a Nikon Eclipse TE2000-U/D-Eclipse C1 confocal microscope. 

Images were captured with EZ-C1 v 3.20 software (Nikon, Düsseldorf, Germany). 

5.8 Generation of transgenic plants 

Arabidopsis thaliana 

The full-length CaHB12 coding sequence (CDS) was amplified using 

primers GW11116/11116mon (Supplementary Table 11) and cloned into the entry 

vector pENTR®D-TOPO. Then the insert was recombined with the binary vector 

pB2GW7. Electrocompetent Agrobacterium tumefaciens (strain GV3101) cells 

were transformed with the recombinant binary vector pB2GW7 (Karimi et al., 

2002) containing the construction CaMV35S:CaHB12. Twelve A. thaliana plants 

(Col-0) were transformed using the floral dip procedure (Desfeux et al., 2000). The 

T2 plants presenting 100% herbicide resistance (glufosinate ammonium salt - 10 

μg.mL-1) were selected, and the T3 seeds were used in stress tolerance assays. The 

expression of CaHB12 was verified by RT‒PCR, and actinII was used as a 

reference, using primers GW11116 and 1116mon for CaHB12 and Ath_ActinII-F 

and Ath_ActinII-R for ActinII (Supplementary Table 11). 

Glycine max 

Seeds from the G. max Conquista Embrapa (Brazil) variety were soaked in 
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70% ethanol for 2 min, decontaminated with 2.5% sodium hypochlorite for 20 min, 

and incubated in sterile water for 16 h at room temperature under dark condition. 

Then, embryonic axes were excised and used for biolistic transformation, as 

described by Rech et al. (2008).The cassette used for soybean transformation was 

engineered for the overexpression of the coding sequence of HB12 gene from 

Coffea arabica under the control of the G. max strong constitutive ubiquitin-

conjugating enzyme gene promoter (pUceS8.3), including its 5′-untranslated 

region (UTR) (Fragoso et al., 2022) The screening of transgenic plants was 

performed across generations by PCR analysis (primers HB12.Gm.F and 

HB12.Gm.R, Supplementary table 11) and semiquantitative indirect Enzyme 

Linked Immunosorbent assays (ELISA), as described by Basso et al. (2021) 

(Supplementary Table 11).  

5.9 Plant growth conditions and stress treatments 

Coffea arabica 

The C. arabica cultivar “Catuaí Vermelho IAC44” was grown in a 

greenhouse located at the Universidade Federal do Rio de Janeiro (22° 54' 10'' 

S/43° 12' 27'' W – Rio de Janeiro – Brazil) in large trays containing 20 plants each 

(temperature: 21± 2 °C and natural photoperiod). Control plants received 500 mL 

of water that was poured directly into the tray at 1-day intervals. The water potential 

(ψw) of each plant was measured at predawn with a Scholander-type pressure 

chamber. Water deficit was induced by withholding water for 10 days. Samples of 

fully expanded leaves (third pair) and lateral roots were collected after 2, 5 and 10 

days. Experiments were performed in duplicate (June/2006 and June/2007, 12 ±1 

h/light and 12 ±1 h/dark), and each sample was composed of leaf or root material 

from five plants. All samples were immediately frozen in liquid nitrogen and kept 

at -80 °C for RNA isolation. 

Arabidopsis thaliana 

Wild-type and transgenic T3 lines of A. thaliana expressing coffee 
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homeobox CaHB12 were grown in a growth chamber at 22 °C (± 2 °C) under a 

photoperiod of 18 h light/6 h dark. 

To mimic water deficit conditions, PEG8000 (polyethylene glycol)-infused 

plates were used to reduce the water potential of the culture medium to -1.2 MPa 

(Verslues and Bray, 2004). Plants were sown on half-strength MS (Murashige and  

Skoog, 1962) supplemented with 6 mM 2-(N-morpholino)ethanesulfonic acid 

(MES) buffer (pH 5.7) for 20 days. Thirty plants of each genotype were transferred 

to PEG-treated plates and plates without PEG treatment. Plant material was 

collected seven days after transfer, frozen in liquid nitrogen, and stored at -80 °C 

for malondialdehyde (MDA) quantification. Two biological replicates were 

evaluated for each genotype. 

For water deficit assays conducted in soil, four seeds of a given genotype 

were sown directly in 100 g of soil in 8x7 cm pots (Dezar et al., 2005). Rapid water 

deficit was imposed by stopping watering after the first pair of leaves was apparent 

until permanent wilting symptoms were observed in wild-type plants. All 

experiments were conducted in duplicate using 98 wild-type plants and 64, 32 and 

64 plants of transgenic lines CaHB12-OE 1-3 respectively. A continuous water 

deficit was imposed 30 days after the first pair of leaves was apparent. One 

millilitre of water per day was then added to each pot until wilting symptoms were 

observed in wild-type plants. All experiments were conducted in duplicate in 64 

wild-type plants and 56 plants of each transgenic line. In both experiments, the 

number of survivors was counted 48 h after rehydration. 

For salt stress assays, plants were sown on MS medium supplemented with 

100 mM (four plates with 50 seeds each) and 150 mM (two plates with 50 seeds 

each) NaCl (Liu et al., 2009). Germination rates were determined seven days after 

transferring to the plates. Only individuals with roots completely inserted in the 

culture medium were considered positive for germination. In each experiment, 

three sets of 10 plants were frozen in liquid nitrogen and stored at -80 °C for MDA 

measurements. Control plants were grown in MS medium without NaCl. 

Glycine max 
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Seeds representing the T3 self-pollinated offspring of three independent 

transgenic lines and seeds from non-transformed (NT) plants were germinated in 

5-L pots filled with a mixture of clay soil, sand, and Vivatto commercial substrate 

(Technes, Sao Paulo, Brazil) (3:1:1), supplemented with NPK 4-14-8 fertiliser. 

Plants were grown in a greenhouse at 28°C ± 7 and 75% humidity, under natural 

light regime. The experiment was carried out in a completely randomised design 

with six replicates. Plants were watered to soil field capacity (FC) every other day 

until reaching the reproductive (R3) stage, when water was withheld. The analyses 

were performed in well-watered plants before water suspension, considered as 

control condition, in drought-stressed plants at 15 % FC for 15 days, and in plants 

rehydrated for five days. Soil relative humidity was monitored daily with the HS2 

HydroSense II soil moisture sensor (Campbell Scientific, Shepshed, UK). Lateral 

leaflets from the first fully expanded young trifoliate leaf from the top of the plant 

were collected at each analysis point, immediately frozen in liquid nitrogen, and 

stored at − 80 °C for further assays. 

5.10 Evaluation of physiological and biochemical variables 

The first fully expanded young trifoliate leaf from the top of the soybean 

plant was used for phytochemical analyses. Gas exchange and fluorescence 

measurements were performed simultaneously from 8:00 am to 12:30 am on the 

central leaflet with the portable open-flow gas exchange system (LI-6400XT, LI-

COR, Nebraska, USA) attached with an integrated fluorescence chamber head (LI-

6400-40, LI-COR Inc.), using saturating photosynthetic photon flux density of 

1,000 μmol photons m−2 s−1 and CO2 concentration of 400 ppm. The following 

parameters were determined: net CO2 assimilation rate (AN), stomatal conductance 

(gs), intercellular CO2 concentration (Ci), transpiration (E), steady-state 

fluorescence (Fs), maximum fluorescence during a light-saturating pulse (Fm’), 

and minimal fluorescence during a light-saturating pulse (Fo’). At 8:00 pm of the 

same day, the maximum (Fm) and minimal (Fo) fluorescence were determined in 

dark-adapted leaflets. All measurements followed procedures described by Genty 

et al. (1989). Chlorophyll a fluorescence variables were calculated as Maxwell and 
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Johnson (2000). AN/Ci curves were measured between 2 and 4 pm using saturating 

photosynthetic photon flux density of 1,000 μmol photons m−2 s−1 and CO2 

concentration varying from 50 to 1,600 µmol mol-1. Electron transport rate 

(JMAX), maximum ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) 

carboxylation rate (VCMAX), and triose phosphate utilization rate (TPU) were 

calculated from AN/Ci curves, as described by Farquhar et al. (1980). 

Pigments were extracted from 100 mg of leaf tissue in 1 mL of ethanol. The 

chlorophylls a, b and carotenoids contents were calculated as described by Porra et 

al. (1989). The activity of the antioxidant enzymes SOD, APX and CAT were 

determined in six biological samples and three technical replicates following 

previously described protocols (Giannopolitis and Ries, 1977; Nakano and Asada 

1981; Havir and McHale 1987). Membrane damage was measured for soybean and 

Arabidopsis by determination of malonyl dialdehyde (MDA) content, which is a 

marker of lipid peroxidation, from 100 mg of grounded leaf, according to Cakmak 

and Horst (1991). Lipid peroxidation in Arabidopsis transgenic lines was 

determined by measuring the MDA content in seedlings using the thiobarbituric 

acid (TBA) test (Kotchoni et al., 2006). 

5.11 Transcriptome sequencing and analysis (RNA-Seq and sRNA-Seq) 

Whole transcriptome deep sequencing on the Illumina Hi-Seq platform was 

performed for two biological replicates of wild-type (Col-0) and transgenic 

(CaHB12-OE) genotypes. 

Total RNA was extracted from pools of 50 seedlings harvested 10 days after 

germination with a RNeasy® Plant Mini Kit (Qiagen). Total RNA (4 and 10 μg) 

was used for mRNA and sRNA library construction, respectively. The sequencing 

reaction was performed by Fasteris SA (Switzerland). Regarding sRNA-seq, six 

libraries were produced, since an additional technical replicate was obtained for 

one wild-type and one transgenic library. Such technical replicates were analysed 

as one by averaging their reads for each condition (wild-type or transgenic 

libraries).The read quality in all libraries was assessed using FastQC ver. 0.11.5 
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(Andrews, 2010), followed by a cleaning step in which Trimmomatic ver. 0.38 

(Bolger et al., 2014) software using the following parameters: sensitive detection 

of Illumina adapters by 2:30:10, sliding windows of four bases to eliminate bases 

with a quality (Q) less than 15, and reads with a length less than 50 were discarded. 

As a final library quality control step, we ran FastQC software over the cleaned 

libraries for comparison with the raw libraries. 

Each cleaned library was mapped against the A. thaliana genome 

(ARAPORT 11) using STAR v. 2.7 (Dobin et al., 2013) software with default 

parameters. The count step of reads mapped to the features (genes) was performed 

with HTSeq ver. 0.11.2 (Anders et al., 2015) software. Only the reads mapped 

uniquely over the genes were used for the differential expression analysis step. 

For the differential expression analysis, we discarded genes with low 

expression (CPM row sum < 1). EdgeR ver. 3.36 (Robinson et al., 2010) statistical 

software package for R was used to carry out the differential expression analysis. 

Leading analysis was used for quality control (Supplementary Figure 14) and a 

Fisher-like exact test based on a negative binomial common dispersion was 

estimated, and then, a moderate dispersion estimate was obtained for each tag (e.g., 

each gene for the RNA-Seq data and each miRNA family for the sRNA-Seq data) 

through its weighted individual dispersion (prior.n=10, trend=FALSE) (Robinson 

and Smyth, 2007; Robinson and Smyth, 2008). Next, Fisher-like exact tests based 

on negative binomial distribution were conducted to test whether group means 

(wild type versus transgenic) were significantly different from one another. P 

values were adjusted for multiple tests with Benjamini‒Hochberg correction 

(Benjamini and Hochberg, 1995) to control the false discovery rate (FDR). Genes 

were considered differentially expressed with FDR<0.05. 

To identify which gene ontology (GO) terms and KEGG pathways which 

were enriched in the set of differentially expressed genes, up- and down-regulated 

genes separately, a set-based enrichment was performed using a custom R script 

based on Fisher’s exact test. GO terms were considered overrepresented based on 

an FDR threshold of less than 0.05, and KEGG pathways based on p value with the 
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same value. For visualization of enriched features, we used the ggplot2 ver. 3.3.5 

(Wickham, 2016) R package to build bubble charts and Cytoscape ver. 3.7.2 

(Shannon et al., 2003) to build a network of enriched GO terms and their associated 

DEGs. 

String database ver. 11 (Szklarczyk et al., 2019) was used to retrieve the 

interactions of DEGs from A. thaliana. The graphical representation of the network 

was built with Cytoscape. 

Lastly, genes of interest previously reported as drought responsive (memory 

and non-memory, and ABA) and differentially expressed transcriptional factor 

genes had their expression analysed. For memory and non-memory genes we 

retrieved them from Ding et al. (2012), ABA related genes from Thonglim et al. 

(2023) and transcription factors from PlantTFDB (Jin et al., 2017). 

 The transcriptional profile of selected genes was determined by RT-qPCR 

as aforementioned (see 5.4 and 5.5 items).  Linear data were normalized to the 

mean cycle threshold (Ct) of AT1G05850 and AT4G34270 (Czechowski et al., 

2005). 

miRNA identification 

miRCat software (plant version) was initially used to align all 18- to 24-nt-

long sRNAs sequenced to the A. thaliana TAIR 9 genome using default parameters 

(Moxon et al., 2008). All putative miRNA precursor sequences extracted from the 

genome by the miRCat software were mapped against the redundant set of 18- to 

24-nt-long sRNAs using the Bowtie software (Langmead et al., 2009). The Bowtie 

output was filtered with an in-house filter tool (FilterPrecursor) to identify 

candidate sequences as miRNA precursors. The software scans the data and 

identifies patterns of one or two blocks of perfect matching sRNAs that correspond 

to where mature and/or star miRNA sequences align (Kulcheski et al., 2011). The 

filtering was performed with the following default parameters. FilterPrecursor`s 

source code can be downloaded at http://code.google.com/p/filter-

precursors/downloads/list. The resulting files, containing the 18- to 24-nt sRNAs 

mapped to the putative miRNA precursors, were then visually inspected using 
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Tablet software (Milne et al., 2010). Sequences having the expected pattern of 

sRNA mapping to their respective precursors were checked by the RNA folding 

tool from the UEA sRNA toolkit (Moxon et al., 2008) using default parameters. 

The following criteria were used to define a good miRNA candidate: no more than 

four unpaired nucleotides between the putative mature and star sequences, of which 

no more than three nucleotides were consecutive and no more than three 

nucleotides were without a corresponding unpaired nucleotide in the near 

complementary sequence within the hairpin structure (Meyers et al., 2008). 

miRNAs were then classified according to BLAST searches against the miRBase 

database (Griffiths-Jones, 2004). 

The targets of the predicted miRNAs were identified in the A. thaliana 

genome with psRNATarget software (Dai et al., 2018) using the following 

parameters: maximum expectation value: 3; multiplicity of target sites: 2; and 

nucleotide range of central mismatch for translational inhibition: 9–11. Candidate 

sequences were annotated based on BLASTN and PFam searches (Punta et al., 

2012). 
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Figures 

 

Figure 1 - The phylogenetic trees were generated using full-length amino acid 

sequences from three coffee species (Coffea arabica, C. canephora, and C. 

eugenioides) and five angiosperms (Arabidopsis thaliana, Gossypium hirsutum, 

Glycine max, Oryza sativa, and Setaria viridis), and statistical confidence was 

assessed by an aLRT branch. (A) Phylogenetic tree showing 14 classes labelled 

of homeobox gene family, as described based on Mukherjee et al., (2009). (B) HD-

Zip I phylogenetic tree showing nine clades (α, β1, β2, δ, ε, γ, ϕ1, ϕ2, and ζ), as 

described in Agalou et al. (2008), highlighting the γ clade in blue. (C) Phylogenetic 

tree of the γ clade from HD-Zip I from eight plant species studied here and HaHB4 

from Helianthus annuus (sunflower) showing the gene code and gene name, as 

described for Arabidopsis and rice (Mukherjee et al., 2009), for cotton (Zhang et 

al., 2016), for soybean (Chen et al., 2014), and for S. italica (Chai et al., 2018). The 
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scale bars indicate the number of substitutions per site. For simplicity, the original 

code gene for each species (Supplemental Table 1) was substituted as follows: the 

underline present in C. arabica and C. canephora code was removed. Detailed 

information about the code and classification of genes is available in Supplemental 

Table 1. 

 

Figure 2 – In silico expression profile and phylogenetic relationships of coffee 

homeobox genes. Columns indicate the included libraries, and squares indicate the 

expression of each homeobox sequence. CS1: individual cells resuspended in 

mannose, NaCl and KCl solution; SH2: field-grown plants under hydric stress; 

FB2: flower buds (stages 1 and 2) - short; RT8: Roots and individual cells 

suspended in aluminium presence; FB1: flower buds (stages 1 and 2) - long; FR1: 

green unripe fruits- long ; CB1: individual cells treated with benzothiadozole and 

brassinosteroids; RX1: infected branches (Xylella spp.);  CA1: Non-embryogenic 

callus;  LV5: orthotropic branches shoot tips (young plants); EA1: embryogenic 
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callus; AR1: Leaves treated with arachidonic acid; BP1: root and leave’s cells 

suspension; SS1: tissue of field-grown plants; SI3: germinating seeds; IC1: non-

embryogenic leaves; LV9: plagiotropic branches leaves – short (mature plants) ; 

FR2: green unripe fruits- short; embryogenic leaves;  LV4: orthotropic branches 

leaves – long (young plants) ; RM1: Leaves of plants infested with Leucoptera spp. 

and Hemileia spp.; CL2: hypocotyls treated with benzothiadozole; SI2: ‘not 

described’; LV8: plagiotropic branches leaves – long (mature plants)  The colour 

scale indicates the level of expression of each sequence according to the software 

package ComplexHeatmap, which was used for data visualisation. Singletons 

expressions are given by the library from which they were isolated as represented 

by an asterisk (*). 

 

 

 

Figure 3 - Modulation of CaHB12, CaHB1-like 2 and CaZHD1 expressions 

under water stress conditions in the leaves (A) and roots (B) of coffee plants. 

The Y-axis represents the relative levels of gene expression obtained by qPCR on 

a logarithmic scale. The X-axis represents the number of days of water suspension. 

The expression levels of GAPDH, S24 and UBQ10 were used for data 

normalization in leaves, while UBI9, AP47 and S24 were used for data 

normalization in the roots. The asterisk denotes a statistically significant difference 
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between the expression levels of the genes in water stress conditions compared to 

control (p<0,05). 

 

 

Figure 4 - Subcellular localization of CaHB12. (A) Graphic scheme of the 

CaHB12 CDS. The nuclear location signal (NLS) KRKR is represented by the 

black box, and the homeodomain and leucine zipper are represented by grey boxes. 

Primer annealing sites used for amplification of the complete and truncated 

CaHB12 CDS (lacking the NLS) are represented by black arrows. Visualization of 

CaHB12 fused to green fluorescent protein (GFP) in coffee (C. arabica) leaves is 

shown in the lower panels (B-G). (B) Fluorescent pattern resulting from 35S:GFP 

expression. (C) and (D) Fluorescent pattern of expression from 35S:CaHB12:GFP 
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with complete and truncated CaHB12 CDS (lacking the NLS), respectively. B-D: 

green filter. E-G: Green plus red filters. Transient expression was observed 24 h 

after bombardment. Scale bars = 10 μm. 

 

 

Figure 5 - Water deficit experiments. (A) PCR detection of the transgene 

CaHB12 in arabidopsis events. (B) MDA levels after PEG (-1.2 MPa) treatment. 

(C) Survival rates of Arabidopsis plants submitted to rapid and abrupt water stress 

treatment. (D) Survival rates after slow and continuous water stress treatment. 

Survival rates (S), given as percentages (%), were measured two days after 

rewatering. G – genotypes; NT – nontransgenic; A, B and C – CaHB12-OE 
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transgenic lines. The asterisk denotes a statistically significant difference between 

the plant lines (p<0,05). 

 

 

 

Figure  6 - Summary of differentially expressed genes of Arabidopsis thaliana 

expressing CaHB12-OE. (A) Number of DEGs separated by down- and up-

regulated genes. (B) Volcano plot of all genes identified as DEGs (FDR < 0.05) 

with symbol annotation. (C) Fold change (in logarithmic scale) of all identified 
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miRNA families plotted against the logarithmic scale of average reads per million. 

miRNA families with significant differential expression between wild-type and 

transgenic lines are highlighted in red. 

 

Figure 7 - Enriched GO categories within the set of up- and down-regulated 

differentially expressed genes. (A) Functional enrichment indicating the 

overrepresented GO categories after a hypergeometric test using Fisher’s exact test 

[FDR < 0.05]. Darker tones indicate a higher fold change between transgenic and 
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wild-type lines. (B) Graph representation of genes annotated with the enriched GO 

terms. Green diamonds represent the GO terms, and the circle represents the genes 

coloured yellow (induced) or blue (repressed). (C) Graphical representation of 

overrepresented KEGG pathways identified in up- and down-regulated genes 

datasets in Arabidopsis thaliana overexpressing CaHB12. 

 

Figure 8 - Systems biology representation of protein‒protein interaction (PPI) 

for the DEGs identified in Arabidopsis thaliana mutants expressing CaHB12-

OE. Nodes represent the genes in which yellow indicates induced expression and 
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blue indicates repressed expression. Border colours are module notations from 

network topological analysis, and each module was submitted to GO term 

enrichment analysis. Module 1: enriched with defence response and oxidative 

stress biological processes; module 2 with triterpenoid biosynthesis, root 

development and oxidation‒reduction processes; and module 3 with response to 

abiotic stresses, reactive oxygen species, hydrogen peroxide, protein complex 

oligomerization and cellular response to unfolded protein. 

 

Figure 9 – Gas exchange and photosynthetic variables of CaHB12-OE soybean 

events (1,2 and ) and non-transformed (NT) plants under drought-

rehydration treatments. (A) Net CO2 assimilation rate per unit leaf area (AN). (B) 
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Stomatal conductance (gs). (C) Transpiration (E). (D) Intercellular CO2 

concentration (Ci). Different capital letters indicate significant differences among 

treatments (well-watered, drought and rehydration) of a same genotype (transgenic 

lines and NT plants), while lower-case letters indicate significant differences 

among genotypes in the same treatment by Tukey-Kramer HSD (p ≤ 0.05). Error 

bars represent standard errors of the mean (N=6). (E-H) N/Ci curves of (E) NT 

plant and CaHB12-OE lines (F) 1 (G) 2 and (H) 3. White and black circles indicate 

data of well-watered and drought-stressed plants, respectively. 

 

 

Figure 10 – Functional characterization of CaHB12-OE soybean events (1, 2 

and 3) and non-transformed (NT) plants under drought-rehydration 

treatments. (A) Malondialdehyde (MDA) and (B) proline content in CaHB12-OE 

lines (1, 2 and 3) and non-transformed (NT) plants under different watering 
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treatments.  (C-E) Antioxidant enzyme activity in CaHB12-OE lines and non-

transformed plants under different watering treatments. (C) Superoxide dismutase 

activity (SOD). (D) Ascorbate peroxidase activity (APX).  (E) Catalase (CAT).  

Different capital letters indicate significant differences among genotypes under 

different watering treatments (well-watered, drought and rehydration), while 

lower-case letters indicate significant differences among different genotype in the 

same treatment by Tukey-Kramer HSD (P ≤ 0.05). Error bars represent standard 

errors of the mean (N=6). 

 

 

Graphical abstract 
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Highlights 

• Many transcription factors are implicated in regulation of gene expression 

in plants responses to drought, one of them is the homeobox domain (HD).  

• CaHB12 gene, a HD of Coffea arabica, increases the survival rate and 

regulates the drought tolerance. 

• CaHB12 revealed clear effects on stomatal conductance and antioxidant 

activity. 

• CaHB12 plays a crucial role in the acquisition of drought tolerance and has 

biotechnological potential.  
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