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Abstract

Background and aims Hakea prostrata (Proteaceae)
is a highly phosphorus-use-efficient plant native to
southwest Australia. It maintains a high photosyn-
thetic rate at low leaf phosphorus (P) and exhibits
delayed leaf greening, a convergent adaptation that
increases nutrient-use efficiency. This study aimed to
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provide broad physiological and gene expression pro-
files across leaf development, uncovering pathways
leading from young leaves as nutrient sinks to mature
leaves as low-nutrient, energy-transducing sources.
Methods To explore gene expression underlying
delayed greening, we analysed a de novo transcrip-
tome for H. prostrata across five stages of leaf devel-
opment. Photosynthesis and respiration rates, and
foliar pigment, P and nitrogen (N) concentrations
were determined, including the division of P into five
biochemical fractions.

Key results Transcripts encoding functions asso-
ciated with leaf structure generally decreased in
abundance across leaf development, concomitant
with decreases in foliar concentrations of 85% for
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anthocyanins, 90% for P and 70% for N. The expres-
sion of genes associated with photosynthetic function
increased during or after leaf expansion, in parallel
with increases in photosynthetic pigments and activ-
ity, much later in leaf development than in species
that do not have delayed greening. As leaves devel-
oped, transcript abundance for cytosolic and mito-
chondrial ribosomal proteins generally declined,
whilst transcripts for chloroplast ribosomal proteins
increased.

Conclusions There was a much longer temporal
separation of leaf cell growth from chloroplast devel-
opment in H. prostrata than is found in species that
lack delayed greening. Transcriptome-guided analysis
of leaf development in H. prostrata provided insight
into delayed greening as a nutrient-saving strategy in
severely phosphorus-impoverished landscapes.

Keywords Hakea prostrata - Phosphorus - Leaf
development - Delayed greening - Photosynthesis -
Ribosomes

Introduction

Southwest  Australia has severely nutrient-
impoverished soils (Turner and Laliberté 2015).
These soils are particularly low in soluble inorganic
phosphate (Pi), which is the only form of phosphorus
(P) available to plants and is essential for plant
growth (Lambers 2022). The region is also a
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biodiversity hotspot with extremely high levels of
plant species richness and endemism (Hopper and
Gioia 2004). A prominent plant family on the most
P-impoverished soils of southwest Australia is the
Proteaceae (Lambers et al. 2015b). Proteaceae are
generally considered to be non-mycorrhizal. Instead,
several traits that contribute to high P-use efficiency
(PUE) have evolved in the Proteaceae that allow them
to thrive in soils that are too low in P for mycorrhizal
associations to be effective (Lambers et al. 2015a).
Hakea prostrata is a member of the Proteaceae and
is a model Australian species for high nutrient-
use-efficiency studies because of its high PUE and
widespread distribution in southwest Australia. It is
an endemic, prostrate or upright non-lignotuberous
shrub that grows 1 to 3 m high and is typically
found on sandy soils, laterite, loam, or gravel in
woodlands, heath, granite outcrops or coastal dunes
(Fig. 1) (Western Australian Herbarium 1998).
Like many Proteaceae, H. prostrata has a very low
P concentration in mature leaves with an average
of about 0.3 mg P g~! dry weight in plants in their
natural habitat (Lambers et al. 2012; Sulpice et al.
2014; Wright et al. 2004). This value is among the
lowest 20% of mature leaf P concentrations recorded
in a dataset encompassing 750 plants worldwide
(Wright et al. 2004). The nitrogen (N) concentration
in mature leaves of H. prostrata is also low at an
average of 12.7 mg P g~! dry weight (Sulpice et al.
2014) compared to a range of 8.7 to 40.9 mg P g~!
dry weight in C; plant species (Reich et al. 1997).
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Fig. 1 Hakea prostrata
growing in its natural habi-
tat in southwest Australia.
a) Flowers coloured white-
cream (upper left) or red
(lower left) appear between
July and October (West-
ern Australian Herbarium
1998). The species has
delayed greening of young
leaves (upper right) and
produces small fruits (lower
right) that bear two seeds.
b) A sprig of new growth
showing delayed green-

ing of the newly emerged
leaves. Immature leaf stages
1 to 5 above and Mature
(M) leaves below the termi-
nal bud scale scar (arrow)
are indicated

Hakea prostrata shares many of the high PUE
traits found in other Proteaceae. It forms cluster
roots, which are dense clusters of short determi-
nate lateral roots that release carboxylates that
mobilise soil-sorbed Pi and greatly aid P acquisi-
tion (Shane and Lambers 2005). Furthermore, H.
prostrata has fast rates of photosynthesis despite
its very low leaf P concentration (Lambers et al.
2012, 2015b). These fast photosynthetic rates at
low leaf P concentrations are due in part to the
preferential allocation of P to photosynthetically-
active mesophyll cells, low levels of P-rich rRNA
and the replacement of phospholipids with other
lipids during leaf development (Hayes et al. 2018;
Lambers et al. 2012; Sulpice et al. 2014).

Delayed leaf greening is another PUE trait
exhibited by H. prostrata and other Proteaceae
(Kuppusamy et al. 2014, 2021; Lambers et al.
2012). The delayed leaf greening trait is a highly
convergent adaptation found in many plant fami-
lies, including shade-tolerant species and plants
growing in full sun (Kursar and Coley 1992b;
Lambers et al. 2012; Sulpice et al. 2014). Delayed
greening of leaves in these species coincides with
delayed photosynthetic competence (Kursar and

3 \4‘} Hakea prostrata

Coley 1992a; Lambers et al. 2012). Young leaves
of plants with delayed greening, including H. pros-
trata, are often pale yellow or reddish-brown due
to high concentrations of anthocyanin pigments
coupled with a low concentration of chlorophyll
(Kuppusamy et al. 2021; Miyazawa et al. 2003;
Sulpice et al. 2014). Chlorophyll concentrations
and photosynthetic competence do not increase
until after full leaf expansion (Kuppusamy et al.
2021; Kursar and Coley 1992a; Lambers et al.
2012). Thus, nutrient use in H. prostrata, particu-
larly of P and N, is prioritised first to developing
leaf structure in the youngest leaf stages before
being re-prioritised to photosynthesis in maturing
leaf stages (Kuppusamy et al. 2021; Sulpice et al.
2014). The spreading of nutrient use across leaf
development is thought to minimise the risk of los-
ing valuable nutrients in young leaves to herbivory
(Kursar and Coley 1992c¢). In the case of H. pros-
trata and other plants that grow in highly P-impov-
erished soils, the trait is also a strategy for the
efficient use of scarce P (Kuppusamy et al. 2021;
Lambers et al. 2015a). Amongst plant species with
delayed leaf greening, including H. prostrata, a
high flavonoid abundance is also likely to protect
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young leaves against herbivory, fungal infections
and cellular damage from high light intensities
(Close and Beadle 2003; Hughes et al. 2007; Kup-
pusamy et al. 2021; Kursar and Coley 1992a, c;
Woodall and Stewart 1998).

A deeper analysis of delayed leaf greening in
H. prostrata has shown that in addition to high
levels of anthocyanins and low levels of chloro-
phylls, young leaves have low levels of carote-
noids and carbohydrates (Kuppusamy et al. 2021;
Sulpice et al. 2014). Furthermore, photosynthetic
enzymes such as Rubisco only increase in abun-
dance when the leaf is fully expanded (Sulpice
et al. 2014). As leaves develop from young
to mature, the total P concentration declines
strongly (Kuppusamy et al. 2021; Lambers et al.
2012). The inorganic P concentration remains
fairly constant, and nearly all of the decline is
from P that is esterified into organic forms (Kup-
pusamy et al. 2021). In mature leaves, the concen-
trations of esterified and inorganic P are similar.
The predominant form of esterified P in leaves is
generally nucleic acids such as rRNA (Veneklaas
et al. 2012). In several species of Banksia (Pro-
teaceae) and Hakea, the population of rRNAs in
leaves shifts from being dominated by cytosolic
rRNA in young leaves to being either equalised
with or slightly dominated by plastid rRNA in
mature leaves (Sulpice et al. 2014). This shift in
rRNA population is thought to underlie a change
in ribosome population to support chloroplast
biogenesis later in leaf development after much
of the cytosolic protein needed for the production
of leaf structure has been synthesised (Lambers
et al. 2015b). However, the dominance of cyto-
solic rRNA in young leaves was not observed in
H. prostrata (Sulpice et al. 2014), presumably
because the shift occurred at an earlier stage of
leaf development than was sampled in the study.

Current knowledge on the mechanisms underlying
delayed greening is supplied by physiological and
biochemical studies (Kuppusamy et al. 2021; Kursar
and Coley 1992b; Lambers et al. 2012; Miyazawa
et al. 2003; Sulpice et al. 2014; Vogado et al. 2022).
In the Proteaceae, the study by Kuppusamy et al.
(2014) began to uncover gene networks and expres-
sion patterns involved in lipid remodelling dur-
ing delayed greening. Developing these concepts
further, we hypothesised that the expression of H.
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prostrata genes involved in the development of pho-
tosynthetic functions such as chlorophyll biogenesis
and carbon fixation would increase in later stages
of leaf development as the expression of genes
involved in cell division and expansion declined.
We also hypothesised that the expression of genes
encoding cytosolic ribosomal proteins would
decrease over leaf development, while those encod-
ing plastid ribosomal proteins would increase, con-
sistent with the pattern of rRNA abundance found in
the majority of Proteaceae examined (Sulpice et al.
2014). To address these hypotheses, we constructed
a reference transcriptome for H. prostrata and used
differential gene expression analysis to examine
gene expression patterns across five stages of leaf
development that were clearly distinguished by dif-
ferences in leaf morphology. The resulting analysis
and transcriptome resource provides valuable insight
into delayed greening as a nutrient-saving strategy in
H. prostrata and likely other Proteaceae that exhibit
delayed greening.

Materials and methods
Sample collection from plants grown in hydroponics

Hakea prostrata plants were grown in a glasshouse at
the University of Western Australia, Perth, Australia
to provide hydroponically-grown white root, cluster
root, and mature leaf samples for the H. prostrata ref-
erence transcriptome. Six-month-old soil-grown H.
prostrata plants propagated from cuttings of a single
mature plant (Nuts about Natives, Karnup, Western
Australia) were transferred to hydroponics supple-
mented with 1, 10 or 50 uM inorganic phosphate (Pi)
with five individuals per Pi treatment, as described
by Kuppusamy et al. (2014). Conditions of growth
included average minimum and maximum tempera-
tures of 14°C (night) and 22°C (day), with an aver-
age maximum light intensity of 820 mmol m™2 s~
(70% transmission) occurring between 12 noon and 2
pm. The relative humidity varied from 47% (day) to
66% (night). Cluster roots were harvested from plants
grown at 1 uM Pi approximately 1, 4, 7 and 12 days
after emergence. These four stages ranged in devel-
opment from just emerging to mature (Shane et al.
2003). All samples were snap-frozen in liquid nitro-
gen (N,) and stored at -80°C.
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Collection of leaves from wild plants

Leaves were harvested from five naturally-occurring
H. prostrata plants at the UWA Field Station, Shen-
ton Park, Western Australia (31.9496 S, 115.7973
E) to provide different leaf stage samples for the H.
prostrata reference transcriptome and replicated RNA
libraries for differential expression analysis across
leaf development. Leaves of the same stage from
three newly-emerged flushes on a single plant were
pooled together to form a replicate and snap-frozen
in liquid N,. Five replicates of each leaf stage were
harvested from each of the five plants. Immature
leaves were designated stage 1 (2% to 10% fully-
expanded, soft and reddish), stage 2 (20% to 60%
fully-expanded, soft and reddish), stage 3 (60% to
90% fully-expanded, soft and greenish-reddish in col-
our) and stage 4 (fully-expanded, stiff but somewhat
malleable and bright green (Fig. 1b). Mature leaves
were the youngest of the fully-expanded hard, green
leaves in the flush immediately preceding the flush
harvested for immature leaf stages (Fig. 1b). Frozen
leaves were ground under liquid N, and stored at
-80°C until analysis.

Photosynthetis, dark respiration and pigment
determination

Net CO, assimilation at 1800 umol quanta m=2 s~'
and dark respiration in the absence of light after
1 h of dark acclimation were measured on at least
four intact, attached leaves from each replicate plant
using a portable gas-exchange system (LI-6400
with LI-6400-02B red-blue light source, LI-COR,
Lincoln, NE, USA) at ambient CO, concentration
(400 pmol mol™!) and temperature (20°C to 25°C).
Leaves similar to those used for gas exchange were
sampled, snap frozen in liquid N, and ground under
liquid N, using a mortar and pestle. To determine
chlorophylls a and b and carotenoid concentrations,
approx. 20 mg ground leaf material was extracted
by adding 2 mL 100% methanol, mixing and incu-
bating at 4°C overnight in darkness. The concentra-
tions of extracted pigments were determined spectro-
photometrically (Multiscan Spectrum Plate Reader,
Thermo Scientific, Scoresby, Australia) using the
wavelengths and equations described in literature
(Wellburn 1994). For determining leaf anthocya-
nin concentration, 50 mg of the leaf material ground

under liquid N, was mixed with 500 pL 1% (v/v)
acetic acid and homogenised (Precellys 24 Tis-
sue Disruptor, Bertin Technologies, Montighy-le-
Bretonneux, France) for three cycles of 30 s each
at 4500 rpm. The supernatant was cleared by cen-
trifugation at 21,000 g for 15 min (twice) and antho-
cyanin concentrations determined using a modified
pH-differential method (Wrolstad et al. 2005). Spec-
trophotometric absorbance was measured (Multiscan
Spectrum Plate Reader) and concentrations were cal-
culated using the molar absorptivity of the cyanidin-
3-glucoside (¢ =26,900 L mol~' cm™') in the sample
(Giusti and Wrolstad 2001). Cyanidin-3-glucoside
was chosen, since it is the most common anthocyanin
in plants (Francis and Markakis 1989).

Determination of leaf N, P and P fractions

Leaf material was harvested into liquid N, and stored
at -80°C until freeze-dried for 7 days (VirTis Bench-
top ‘K’; New York, NY, USA). Freeze-dried material
was ground to a fine powder using a zirconium ball
mill (Geno/Grinder; Spex SamplePrep, Metuchen,
NJ, USA). Total leaf N was determined in a 30 mg
subsample by combustion (Vario Macro Combus-
tion Analyser; Elementar Analysensysteme GmbH,
Langenselbold, Germany). A 150 mg subsample
was used to determine total P after the conversion
of esterified P to Pi by acid digestion (Matusiewicz
and Golik 2004). A final 50 mg subsample was used
to determine P present in nucleic acid, phospholipid,
metabolic P (small metabolites+Pi) and residual P
fractions as described (Yan et al. 2019).

RNA extraction

Frozen leaf powder (100 mg) was mixed with 700 uL
of 100 mM Tris—HCI, pH 8, 500 mM LiCl, 10 mM
EDTA, 1% (w/v) lithium dodecyl sulfate, 5 mM dithi-
othreitol, 0.5% (w/v) polyvinylpyrrolidone, and 0.5%
(w/v) polyvinylpolypyrrolidone. Following the addi-
tion of 350 pL of Fruit-mate (Takara Biotechnology,
Kusatsu, Shiga, Japan), samples were vortexed well.
After several chloroform:isoamyl alcohol (24:1)
extractions, RNA was concentrated by isopropanol
precipitation, followed by another precipitation of the
resuspended RNA from 2 M LiCl. The RNA pellet
was washed with 2 M LiCl followed by two washes
with 70% (v/v) ethanol, air dried, and resuspended
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in 20 pL of RNase-free water. After the removal of
contaminating DNA (RQ1 DNase; Promega Corpo-
ration, Madison, WI, USA), the RNA concentration
was determined by fluorometry (Qubit 3, Invitrogen,
Carlsbad, CA, USA). RNA quality was assessed using
spectrophotometry (NanoDrop 1000 Thermo Fisher
Scientific Waltham, MA, USA) and capillary electro-
phoresis (LabChip GX Touch 24, HT RNA Reagents,
24 DNASK/RNA/CZE Chip HT DNA, PerkinElmer,
Waltham, MA, USA).

Transcriptome sequencing for plants grown in
hydroponics

The three highest-quality RNA preparations, based on
A260/A280 ratio and RNA integrity number (RIN),
for each analogous organ or cluster root develop-
mental stage were pooled. This produced three pools
for white roots (one pool for each level of Pi during
growth), three pools for mature leaves (one pool for
each level of Pi during growth), and five pools for
cluster roots (one pool for each developmental stage
0, 1, 4, 7 and 12 days post-emergence) to give a
total of 11 RNA pools. Each pool was sequenced to
give 100 bp paired-end reads (Illumina HiSeq 2000,
[lumina, San Diego, CA, USA) by LGC Genomics
GmbH (Berlin, Germany), leading to 11 RNAseq
libraries each containing between 33.3 M and 63.0 M
reads (Table S1).

Transcriptome sequencing for plants grown in their
natural habitat

Only the leaves of four of the five plants were used
for RNA preparation, and stage 5 leaves were omit-
ted from the transcript analysis because they were
physiologically very similar to stage 4 leaves. Three
out of four RNA replicates from each leaf develop-
mental stage (one to mature) that had the highest
quality based on A260/A280 ratio and RIN value
was selected for individual library preparation and
sequencing. Libraries for RNAseq were prepared
from 1 pg RNA according to the manufacturer’s
instructions (TruSeq Stranded Total RNA Kit with
Ribo-Zero Plant, Illumina, San Diego, CA, USA).
The libraries were quantified by fluorometry (Qubit
3, Invitrogen, Carlsbad, CA, USA), and then qual-
ity assessed (LabChip GX Touch 24 with HT DNA
HiSens Dual Protocol Reagents using a 24 DNA
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Extended Range Chip, PerkinElmer, Waltham, MA,
USA). Libraries were sequenced as 150 bp paired-
end reads (Illumina HiSeq 3000/4000, Illumina,
San Diego, CA, USA) by the Australian Genome
Research Facility (Melbourne, VIC, Australia), lead-
ing to 15 libraries each containing between 12.4 M
and 55.2 M reads (Table S1).

De novo transcriptome assembly and annotation

All RNAseq read libraries from leaf and root sam-
ples of hydroponically-grown plants and the leaf
developmental series of plants in their natural habi-
tat were combined to construct a reference de novo
transcriptome assembly for H. prostrata. lllumina
RNAseq paired-end reads were analysed using
FastQC (v0.11.9, https://www.bioinformatics.babra
ham.ac.uk/projects/fastqc/) for quality control.
Reads with erroneous kmers were corrected using
rCorrector (v1.0.4, Song and Florea 2015) and
low-quality bases and adapters were trimmed with
Trim-galore! (v0.6.6, https://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/). Trimmed
reads were assembled in Trinity (v2.12.0, Grabherr
et al. 2011). The draft assembly was assessed by
mapping RNAseq reads back to the transcriptome
using HISAT2 (v2.2.1, Kim et al. 2019). Contigs
were searched by Basic Local Alignment Search
Tool (BLAST, blastn v2.6.0+, Altschul et al. 1990)
with the SILVA database for rRNA (138.1 LSU
and SSU NR99, Quast et al. 2012), and Arabidop-
sis chloroplast and mitochondrial genome sequences
(NC_000932.1, NC_037304.1) to identify rRNA,
chloroplast and mitochondrial DNA sequences.
Contigs with e-values less than 1e™!° were deemed
rRNA, chloroplast, or mitochondrial sequences and
removed from the transcriptome (Geng et al. 2021).
Putative peptide sequences encoded by the
assembled transcripts were predicted using Trans-
Decoder (v5.5.0, Haas et al. 2013). Predicted pep-
tide sequences were then searched for sequence
similarity to known protein sequences using
BLAST (blastp v2.6.04) with the Swiss-Prot
database (v2022_02, Figueira et al. 2015) and
HMMER (hmmscan v3.3.2, Eddy 2011) with the
Pfam database (v34.0, El-Gebali et al. 2019), only
keeping hits that had e-values less than le™>. Con-
taminant non-plant sequences were identified and
removed by searching against the National Center
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for Biotechnology Information (NCBI) Non-Redun-
dant (NR) database (Sayers et al. 2021) with DIA-
MOND BLAST (v2.0.9, Buchfink et al. 2021). Only
sequences where the top hit was an Embryophyta
(land plants) sequence were retained. Due to the
large number of H. prostrata individuals used to
generate the transcriptome, representative peptide
sequences were extracted by clustering sequences
using CDHIT (v4.8.1, Fu et al. 2012) with a 95%
identity threshold. The extracted peptide sequences
were annotated using the Trinotate (v3.2.2, Grabherr
et al. 2011) pipeline including BLAST sequence
hits (blastp and blastx), Pfam domains (HMMER
hmmscan v2.3), signal peptide predictions (Sig-
nalP v4.1, Petersen et al. 2011) and transmembrane
domains (TMHMM v2.0c, Krogh et al. 2001). Pep-
tide sequences were also annotated with gene ontol-
ogy (GO) terms using both blastp and Interproscan
results (Blast2GO basic, Conesa and Go6tz 2008).
KEGG orthology (KO) identifiers were obtained for
pathway analysis (EggNOG-mapper v2, http://eggno
g5.embl.de, Huerta-Cepas et al. 2019). A reference
transcriptome for expression quantification was gen-
erated by extracting transcripts corresponding to
the peptide sequences. Transcriptome and peptide
sequences were assessed for completeness after each
filtering step using BUSCO (v5.1.2, Manni et al.
2021) with the embryophyta_odbl0 transcriptome
or protein databases for the embryophyta_odb10 lin-
eage. The final set of selected annotated non-redun-
dant sequences will be referred to as transcripts in
the reference transcriptome from here on.

Differential expression and co-expression analysis of
transcripts

Transcript expression abundance was determined and
quality checked before differential expression analy-
sis. The expression of transcripts in the reference
transcriptome was quantified using Kallisto (v0.46.2,
Bray et al. 2016) through the align_and_estimate_
abundance.pl script in Trinity (v2.12.0, Grabherr
et al. 2011). Transcript abundance among organ sam-
ples and among replicates from the leaf developmen-
tal series were compared by constructing violin plots
of transcript abundance distributions for representa-
tive samples with ggplot2 (Wickham 2016) using log
normalised transcripts per million (TPM) estimates.
Transcript profiles were compared using a principal

component analysis (PCA) graph generated with the
PtR script in Trinity (v2.12.0, Grabherr et al. 2011)
using counts per million estimates.

Differential expression of transcripts among the
leaf developmental stages was tested using DESeq2
(ver. 1.30.1, Love et al. 2014) within R Studio (R
studio version 1.4.1106, R version 4.0.4,R Core
Team 2022; RStudio Team 2021). Raw transcript
counts were normalised using regularised logarithm
transformation (rlog) and differential abundance was
tested using Wald test with default parameters (Love
et al. 2014). Contrasts among leaf developmental
stages were established to view any pairwise sig-
nificance. Gene transcripts with a False Discovery
Rate (FDR) adjusted P-value (< 0.05) and a fold-dif-
ference >2 (log, FoldChange <-1 or>1) were con-
sidered to represent differentially expressed genes
(DEGs). Co-expression profiles for the DEGs were
identified and assigned using hierarchical cluster-
ing of the mean rlog-transformed transcript counts
(Perseus, v1.6.15.0, Tyanova et al. 2016) after nor-
malising the matrix with z-scores. Sub-cellular loca-
tion of genes encoding ribosomal subunit proteins
was predicted (TargetP — v2.0, Armenteros et al.
2019). Fisher’s exact test with Benjamini—Hoch-
berg adjusted P-values (<0.05) was used to calcu-
late enrichment for up-regulated and down-regulated
ribosomal subunit transcripts in the assigned cat-
egorical data Location (cellular) and Group (co-
expression) (Tyanova et al. 2016).

Gene ontology term, KEGG pathway enrichment and
pigment biosynthesis analyses

The current version of the GO OBO file was down-
loaded (format version 1.2, release/22-03-2022,
Ashburner et al. 2000; Consortium 2021) and used
for GO term over-representation analysis of the
reference H. prostrata transcriptome (BiNGO ver-
sion 3.0.3, Maere et al. 2005) on an open-source
platform (Cytoscape version 3.8.2, Shannon et al.
2003). The default Hypergeometric test and Ben-
jamini and Hochberg P-value adjustment method
were used. Gene ontology terms for co-expressed
DEGs were consolidated into representative clus-
ters (GOMCL, Wang et al. 2020). For primary
clustering, the default settings were used including
the similarity index of the Overlap coefficient. The
-gosize parameter was set to 2000 to exclude very
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high-level GO terms. Similarity score distributions
were retrieved to identify sub-clustering poten-
tial. Primary clusters that had a similarity score
distribution value of less than 50% (P >0.5) were
analysed by sub-clustering. The -gosize param-
eter was reduced to 500 for sub-cluster analysis to
reveal finer detail. Over-representation analysis of
KEGG orthology (KO) IDs assigned to groups of
DEGs in comparison to transcriptome-wide anno-
tations was done for KEGG pathway enrichment
(clusterProfiler v4.66 R, Wu et al. 2021). Pathways
enriched for DEGs were subsequently filtered to
remove non-plant pathways (KEGGREST, Tenen-
baum and Maintainer 2022). For transcriptomic
analyses of pigment biosynthesis, the GO terms of
GO0:0009718 (anthocyanin-containing compound

1)
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Fig. 2 Leaf photosynthesis and dark respiration activities and
pigment concentrations across leaf development in Hakea
prostrata. a) Photosynthesis (gross CO, assimilation). b) Dark
respiration (gross CO, release by dark acclimated leaves). ¢)
Foliar chlorophyll a (Chl a), chlorophyll b (Chl b) and carot-
enoid concentrations. The chlorophyll a : chlorophyll b ratio
for each stage of leaf development is shown over the bars, and
d) Foliar anthocyanin concentrations. Leaf development stages
(Fig. 1) tested were stages 1 to 5 and mature for photosynthesis
measurements, stages 2 to 5 and mature for dark respiration,
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biosynthetic process), GO:0015995 (chlorophyll
biosynthetic process) and GO:0016117 (carotenoid
biosynthetic process) were used to retrieve anno-
tated sequences. The TPM values for the retrieved
functions were then used to create ridge plots to
map gene expression density across leaf develop-
ment (R Core Team 2022; RStudio Team 2021).

Results

Photosynthesis and pigment dynamics across leaf
development

Photosynthetic carbon assimilation activity increased
progressively in developing leaves of H. prostrata,

b
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and stages 1 to 4 and mature for all pigment determinations.
Stage 5 leaves were omitted because they were physiologically
similar to mature leaves. Data are means + standard error (n=3
plants, with at least four measurements per plant) except for a)
where n=2 plants for stage 4 leaves, which were not included
in statistical analysis, and b) where n=6 to 8 plants. Signifi-
cant differences between stages were tested by ANOVA fol-
lowed by Tukey HSD significance test. Different upper-case
letters indicate significant differences between stages (P <0.05)
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with a significant increase between stage 1 leaves
and nearly fully-expanded stage 3 leaves (Fig. 2a).
During the visible ‘greening’ phase from rust-col-
oured stage 3 leaves to deep-green mature leaves,
there was another twofold increase in photosynthetic
carbon assimilation activity (Fig. 2a). In contrast to
photosynthetic activity, dark respiration was indistin-
guishable in leaf stages 2 to 4 (stage 1 could not be
measured), but was significantly lower in stage 5 and
mature leaves than in younger leaves (Fig. 2b). Photo-
synthesis and dark respiration activities were approxi-
mately balanced in stage 2 leaves, likely favouring
dark respiration in stage 1 leaves. Therefore, stage 3
leaves had net carbon assimilation activity, despite
the lack of a distinct green colour to the eye.

Foliar concentrations of chlorophyll a were higher
than the concentrations of chlorophyll b and carot-
enoids (Fig. 2c¢) at each stage of H. prostrata leaf

Fig. 3 Changes in total
phosphorus (P), total
nitrogen (N), and P fraction
concentrations over leaf
development in Hakea
prostrata. a) foliar P
concentration, b) foliar N
concentration, ¢) foliar N :
P ratio, d) concentration of
different foliar P fractions,
and e) percentage of total
foliar P in various fractions.
Colour key on panel indi-

Q
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o

cates immature leaf stages = 209~
1 through 5, mature leaves o
(M), and old leaves (O). 5o 1.
Data are means =+ standard T o
. © E
error (n=3to 5). Sig- C =g
nificant differences between a:.s
stages and fractions were S g
tested by ANOVA followed £g o
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(@]
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test. Different upper-case
letters indicate significant
differences between stages
(P<0.05).Ind and e,
different lower-case letters
indicate significant differ-
ences between P fractions
within the same leaf stage
(P<0.05)
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development. The concentration of each pigment type
was indistinguishable from stages 1 to 4 (Fig. 2c).
However, as the leaves progressed from stage 4 to
maturity there was an almost twofold increase in
chlorophyll a concentration and a slight increase in
carotenoid concentration (Fig. 2¢). Chlorophyll b con-
centration was indistinguishable across all leaf devel-
opmental stages. In contrast to photosynthetic pig-
ments, foliar anthocyanin concentrations decreased
across leaf development, being significantly higher in
stage 1 and 2 leaves than in stage 4 and mature leaves
(Fig. 2d).

Phosphorus and nitrogen dynamics over leaf lifetime
in Hakea prostrata

As leaves aged from the very youngest immature
stage 1 to the oldest leaves on the plant, the total P
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and N concentrations both declined (Fig. 3). The P
concentration declined about 90% from stage 1 to
mature and old leaves. Each of the major P-contain-
ing biochemical fractions also had a declining trend
over the assessed leaf lifetime. Nucleic acids were by
far the main P fraction in the youngest three stages,
followed by phospholipids. In stage 1 leaves, there
was nearly 3.5-fold more P in nucleic acids than in
phospholipids (Fig. 3d). However, by stage 4, the
metabolic pool became the largest P pool as the other
P pools declined in abundance. Unlike the other P
pools, the metabolic P pool did not decline strongly
until late in leaf development at the transition from
stage 5 to maturity (Fig. 3d). The concentration of
leaf N decreased by about 70% from stage 1 to stage
4 but was then indistinguishable from stage 4 to old
leaves (Fig. 3b). The N : P ratio in young leaves was
about 12 and did not change significantly across leaf
development. However, the ratio increased approxi-
mately twofold to 30 between stage 5 and mature
leaves, and reached 40 in old leaves (Fig. 3c). These
results highlight a priority to recycle P over N from
the mature and old leaves.

De novo transcriptome assembly and annotation for
Hakea prostrata

A transcriptome for H. prostrata was assembled and
annotated to analyse changes in gene expression over
leaf development. Stage 5 leaves were omitted from
the transcriptome and from further analyses as they
were physiologically similar to mature leaves. Raw
reads were corrected and trimmed, reducing the num-
ber of reads to between 11.4 M and 59.8 M reads per
library (Table S2). After filtering, 97.9% of reads had
quality scores above 20 and 93.1% had quality scores
above 30, indicating high quality for the RNAseq
data. Assembly of the trimmed reads de novo pro-
duced a draft transcriptome that contained 678,635
transcript sequences and covered a total length of
602 Mb (Table S3). The mapping rates of reads to
the transcriptome for samples from hydroponically-
grown H. prostrata ranged from 81.5% to 88.9%,
while the mapping rates for leaf samples from plants
in their natural habitat ranged from 98.8% to 99.8%.
Removal of ribosomal RNA, chloroplast, and mito-
chondrial sequences left 672,206 assembled sequence
contigs with a total length of 596 Mb. A total of
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274,228 putative peptide sequences were predicted
in this draft transcriptome. Removal of non-Embry-
ophyta and redundant sequences left 53,710 peptide
sequences that corresponded to 51,697 unique tran-
scripts in the transcriptome. These 51,697 transcripts
were then extracted as a reference transcriptome for
H. prostrata. The 51,697 transcripts gave a complete
BUSCO score of 97.2%, indicating high quality for
the reference transcriptome. Each filtering step was
validated by calculating BUSCO scores and assembly
statistics (Table S3).

The overall transcript distribution of individual
leaf, root and cluster root samples was compared to
determine the validity of measuring transcript expres-
sion using this reference H. prostrata transcriptome.
The overall expression profile of transcripts in TPM
did not differ substantially among the several repre-
sentative samples used to create the transcriptome
(Fig. S1). Transcripts with high and low expression
were similarly distributed and the proportions did
not differ greatly among the samples. Thus, the H.
prostrata reference transcriptome was a representa-
tive reference for all samples used in its construc-
tion, including those from the leaf developmental
series. Furthermore, a PCA graph demonstrated that
the individual transcript expression patterns in leaves
were distinct when compared to those of roots and
cluster roots (Fig. S2). The PCA also demonstrated
that each leaf developmental stage was distinct from
every other stage and that there was a progression
in expression patterns over leaf development from
stage 1 to mature leaves. Moreover, the three repli-
cates of each leaf developmental stage were closely
associated in the PCA. Thus, the H. prostrata refer-
ence transcriptome and the samples representing leaf
developmental stages were suitable for further analy-
sis of differential gene expression patterns across leaf
development.

Differential gene expression across leaf development

Pairwise comparisons among all leaf stages of the
average expression levels for the 51,697 transcripts
in the H. prostrata reference transcriptome identi-
fied 18,374 DEGs (FDR < 0.05, log, FoldChange <-1
or>1) (Table S4). Among these, 16,861 DEGs were
differentially expressed between stage 1 leaves and
another leaf developmental stage (Fig. 4). At some
point in leaf development, a total of 10,338 DEGs
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a

Stage 3

Stage 4

Stage 2 Mature

Fig. 4 Overlaps in the number of differentially expressed
genes (DEGs) that had significantly a) lower or b) higher rela-
tive expression compared with the stage 1 leaves of Hakea
prostrata (FDR <0.05, log, Fold Change <-lor>1). The per-

had lower relative expression in comparison to stage
1 leaves (Fig. 4a), whilst 6,523 DEGs had higher
relative expression after stage 1 (Fig. 4b). Within the
16,861 DEGs, 358 DEGs had both higher and lower
expression levels relative to stage 1 at some later
point in leaf development. These 358 DEGs either
increased or decreased in expression compared to
stage 1, and then changed significantly in the oppo-
site direction at some later time in leaf development.
Unsurprisingly, the total number of DEGs compared
to stage 1 leaves increased as leaves developed.

Functional associations enriched in co-expression
profiles during leaf development in Hakea prostrata

Hierarchical clustering of the 18,374 DEGs showed
two distinct expression groups, designated G1 and
G2 (Fig. 5a). Group GI1 contained 7,205 DEGs that
showed a general increase in relative expression with
leaf development, while group G2 contained 11,169
DEGs that showed a general decrease in relative
expression. The DEGs of group G1 were divided
into seven co-expression sub-groups, Gl.1 to G1.7
(Fig. 5a, b). Sub-groups G1.1 to G1.5 had more than
500 DEGs each (Fig. 5b). Sub-groups G1.6 and G1.7
had fewer than 100 DEGs each and were excluded
from further analysis. The DEGs of group G2 were
divided into co-expression sub-groups G2.1 to G2.5.
Co-expression profiles G1.3 and G2.5 (Fig. 5b) likely
included the 358 DEGs that had both higher and

count

b

Stage 3

Stage 4

Stage 2 Mature

centage (%) of genes within each diagram that are within each
overlap group is shown. Significance was determined using the
default settings in DESeq2 based on Wald’s test (n=3 plants
for each leaf stage)

lower expression at some point in leaf development
compared to stage 1 leaves.

The DEGs in group G1, which generally increased
in expression across leaf development, were enriched
in GO functions associated with plastids and car-
bon metabolism, both consistent with the increase in
photosynthetic competence (Fig. 2a). Other enriched
functions were ion and long-chain fatty-acid trans-
port, and protein remodelling (Fig. 6a, c). The DEGs
in group G2, which generally decreased in expression
across leaf development, were enriched in GO terms
for functions associated with cell division, DNA rep-
lication, regulation of gene expression, and lipid and
carbohydrate metabolism (Fig. 6b, d).

Gene ontology term enrichment analysis explor-
ing the 10 main co-expression profiles offered a
more detailed identification of the functional pro-
cesses that changed during leaf development. We
focussed first on DEGs that increased in expression
as leaves developed. The DEGs within co-expres-
sion groups G1.4 and G1.5 reached peak expression
earliest, at stage 3, generally maintained expression
in stage 4, before decreasing to varying degrees
in mature leaves (Fig. 5b). These two groups of
DEGs were both particularly enriched for functions
involved in establishing cell structure, particularly
cell wall biosynthetic processes, DNA metabo-
lism and general metabolic functions (Table SS5e,
f). Group G1.5 also included a number of func-
tions associated with photosynthesis. The genes in
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Fig. 5 Co-expression pat-
terns among differentially
expressed genes (DEGs)
during leaf development

in Hakea prostrata. a)
Hierarchical clustering for
18,374 DEGs from low
(blue) to high (red) expres-
sion across the leaf stages
shown at the top. Intensity
is based on z-score values
for rlog transformed tran-
script counts. Groups G1,
containing sub-groups G1.1
to G1.7, and G2, containing
sub-groups G2.1 to G2.5,
are shown on the left of the
panel. b) Co-expression
profiles for each sub-group
in G1 and G2. The number
of DEGs in each expres-
sion pattern is given in
parentheses
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group G1.2 increased in expression throughout leaf
development, reached peak expression at stage 4,
which was maintained in mature leaves (Fig. 5b).
These DEGs were enriched in GO terms related to
photosynthesis, including functions associated with
plastid biosynthesis and carbohydrate metabolism,
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along with functions around photorespiration, such
as serine metabolism and peroxisomes (Table S5c).
The DEGs in group Gl.1 increased strongly in
expression late in leaf development, between stage
4 and mature leaves (Fig. 5b.). These genes were
enriched in GO terms associated with carbohydrate
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binding, kinases, organic nitrogen catabolism (con-
sistent with N recycling, Fig. 3b), iron/sulfur cluster
binding and ion transport (Table S5b).

The two largest groups of DEGs that declined in
transcript abundance during leaf development were
G2.3 and G24 (Fig. 5). The DEGs in group G2.4
declined in expression earlier in leaf development,
between stages 2 and 3. The genes in group G2.4 were
mainly associated with the transfer of genetic informa-
tion, including GO terms such as chromatin assembly,
transcriptional regulation, RNA processing, nucleolus,
ribosome biogenesis, and ribosomal RNA and trans-
fer RNA metabolism (Table S5j). Other functional
associations enriched in this group were cell cycle,
developmental processes and hormone signalling.
The DEGs in group G2.3 maintained peak expres-
sion until approaching full leaf expansion at stage 3
before declining by stage 4. The DEGs in group G2.3
included genes associated with carbohydrates, ribose-
phosphate, lipid and fatty acid metabolisms, cell-
wall modification, Golgi function, cytoskeleton and
microtubule-based processes (Table S5i). The decline
in expression of genes associated with mitochondrion
may relate to the lower dark respiration activity in
stage 5 and mature leaves compared to younger leaves
(Fig. 2b). There was also a decline in expression of
genes involved in the biogenesis of anthocyanins and
the photosynthetic pigments (Fig. S3) that was con-
sistent with the decline in anthocyanin concentration
and peak of photosynthetic pigment concentration
during leaf development (Fig. 2).

Leaf development in Hakea prostrata involves
up-regulation of energy transduction and
down-regulation of cellular development functions

Within the DEGs of group G1, whose transcript
abundance generally increased across leaf develop-
ment, there was an overall enrichment in pathways
associated with photosynthesis. These pathways
encompassed pigment metabolism, including carot-
enoid biosynthesis, light harvesting, photosynthetic
carbon metabolism, including carbon fixation, the
pentose phosphate pathway and glyoxylate metabo-
lism of photorespiration, as well as starch and sucrose
metabolism (Table 1). These increases in transcript
abundance were consistent with the increase in pho-
tosynthetic activity across leaf development (Fig. 2a).
There was also an over-representation of functions

associated with N and sulfur metabolism, biosyn-
thesis of phenylpropanoids and cofactors, as well as
plant hormone signal transduction (Table 1). In con-
trast, the pathways enriched in DEGs from group G2,
which generally decreased in transcript abundance
as leaves developed, were largely associated with
cell proliferation. These pathways were associated
with DNA replication and repair, biosynthesis and
metabolism of nucleotides for DNA and RNA, RNA
degradation and ribosomes (Table 1). There appeared
to be antagonistic enrichment of DEGs associated
with the pathways for starch and sucrose metabo-
lism in both group G1 and group G2 (Table 1).
There were 32 unique identifiers that were linked to
starch and sucrose metabolism, with isoforms for 24
of these identifiers shared between both increasing
and decreasing DEGs. For example, genes encoding
enzymes necessary for converting cellulose to cello-
dextrin and then to cellobiose were among both the
GI1 and G2 profiles. Overall, enrichment analysis of
functions assigned to KEGG pathways strengthened
the perspective gained from the GO term enrichment
analysis on co-expression groups (Fig. 6) (Table 1).

Ribosome dynamics during leaf development in
Hakea prostrata

In relation to the delayed greening syndrome exhib-
ited by H. prostrata, the ribosome pathway was the
most significantly enriched KEGG pathway for DEGs
in group G2, which generally exhibited a decrease
in transcript abundance during leaf development.
DEGs belonging to groups G2.4 and G2.1 were also
enriched for GO terms associated with ribosomes
(Fig. 7, Table S5g, j). We explored the dynamics of
genes encoding ribosomal subunits across H. pros-
trata leaf development, focussing on potential differ-
ences among ribosomes located in the cytosol, mito-
chondria and chloroplasts.

There were 346 transcripts annotated as encod-
ing ribosomal subunit proteins within the H.
prostrata reference transcriptome (Table S6).
Of these, the majority encoded cytosolic subu-
nits, while chloroplast and mitochondrial subu-
nits were encoded by 14% and 10% of transcripts,
respectively. There were 292 ribosomal subunit
transcripts expressed in leaves. Interestingly, this
included all of the mitochondrial subunit tran-
scripts and all but one of the chloroplast subunit
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A
GO # Gene #B Largest GO term (xn, p-valnef GO term with smallest p-value (x/n, p-vnlucg: Most connected GO term (¥n, p-vnlue;:
169 1592 response to chemical plastid plastid
(303/1677, 1.2E-3) (622/1675, 0E-100) (622/1675, 0OE-100)
169 1425 cellular catabolic process iron-sulfur cluster binding organic acid metabolic process
(333/1968,29E-2) (110261, 1.7E-24) (341/1679, 9.9E-9)
165 1071 carbohydrate metabolic process cellular carbohydrate metabolic process carbohydrate metabolic process
(392/1855, 2E-12) (221/768, 1.2E-21) (392/1855, 2E-12)
GL.C4 51 535 ion transport active transmembrane transporter activity ion transport
(293/1559, 1E-4) (228/1158, 5.5E-5) (293/1559, 1E-4)
10 185 endopeptidase activity ATP-dependent peptidase activity idase activity
(140/766, 3.3E-2) (32/62, 7.6E-10) (140/766, 3.3E-2)
4 169 protein modification by small protein conjug biquitin-like protein fi activity protein modification by small protein conjugation
(167/937,4E-2) (126/667,1.9E-2) (167/937,4E-2)
3 145 lyase activity Iyase activity fructose-bisphosphate aldolase activity
(145/751,4.7E-3) (145/751,4.7E-3) (7/15,29E-2)
, 17 isomerase activity cis-trans isomerase activity isomerase activity
(116/560, 1.3E-3) (38/126, 1.8E-4) (116/560, 1.3E-3)
2 99 oxidoreductase activity, acting on CH-OH group...  oxidoreductase activity, acting on CH-OH group.. oxidoreductase activity, acting on CH-OH group..
(99/490, 7.3E-3) (99/490, 7.3E-3) (99/490, 7.3E-3)
15 77 microbody microbody long-chain fatty acid t ransport
(62/247,2.8E-4) (62/247,2.8E-4) (8/15, 6.8E-3)
109 2061 carbohydrate metabolic process structural molecule activity cellular component biogenesis
(551/1855, 3.3E-10) (267/604, 1.1E-28) (499/1696, 1.4E-8)
0 1721 ATP-dependent activity DNA replication chromosome
(497/1773, 8.5E-6) (107/237,4.3E-12) (200/539, 7.6E-12)
134 1615 lipid metabolic process rbohydrate derivative metabolic process hyd: ivati boli s
(442/1688, 9.7E-3) (420/1260, 1.3E-15) (420/1260, 1.3E-15)
cellular component assembly microtubule-based process cell cycle
C2o8 197 138 (281/952,3.9E-5) (207/367, 8.6E-41) (286/664, 1.7E-28)
1580 nitrogen compound transport Golgi apparatus cellular localization
(449/1762,4.8E-2) (443/1133,2.1E-32) (446/1514,9.3E-8)
524 transcription regulator activity) DNA-binding transcription factor activity sequence-specific DNA binding
(408/1454, 6.3E-5) (356/1238, 2.9E-5) (241/856, 3.1E-3)
438 response to chemical response to hormone to chemical
(435/1677,19E-2) (220/724, 5.6E-5) (435/1677,1.9E-2)
104 response to external stimulus negative regulation of leculs bolic process negative regulation of metabolic process
(222/779, 2.7E-3) (180/603,9.1E-4) (186/626,9.1E-4)
343 developmental process cellular developmental process maintenance of root meristem identity
(335/1187,2.4E-9) (112/2685, 2E-10) (6/8,2.6E-2)
188 mRNA binding mRNA binding mRNA binding

(188/674, 1.6E-2)

(188/674, 1.6E-2)

(188/674, 1.6E-2)
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«Fig. 6 Gene Ontology (GO) term enrichment for co-expres-
sion groups of differentially expressed genes (DEGs) created
by GOMCL for a) and ¢) group G1 (generally increased in
expression during leaf development) and b) and d) group G2
(generally decreased in expression during leaf development)
from Fig. 5. The GO term clusters were ranked by the num-
ber of DEGs within them. a) Group G1 network and b) Group
G2 network. Each colour represents a unique cluster. A darker
shaded node (circle) represents a lower P-value (<0.05). Node
size represents the number of genes in the test set that were
assigned to that GO term. “Number of GO terms within the
cluster. BNumber of genes in each cluster. “x = number of
genes in the test set, n = number of genes associated with a
GO term in the reference set

transcripts, but only 80% of the cytosolic subunit
transcripts in the reference transcriptome (Table S6).
Of the 292 leaf ribosomal subunit transcripts, 75%
were differentially expressed during leaf develop-
ment. This included about 77% of both cytosolic and
chloroplast subunit transcripts found in the leaf, but
only 62% of the mitochondrial transcripts (Table S6).
Hierarchical clustering separated the ribosomal sub-
unit DEGs into 52 up-regulated genes and 168 down-
regulated genes across leaf development (Fig. 8).

To determine trends for subunits targeted to dif-
ferent cellular locations, as well as their respec-
tive expression patterns, an enrichment analysis
was performed based on the two clades in Fig. 8
(Table S7). Chloroplast ribosomal subunit genes
were significantly enriched in the set that was
up-regulated during leaf development (P <0.05)
(Table S7). The transcripts for all 36 of the up-
regulated chloroplast subunit genes belonged to
group G1.2, which had a large increase in expres-
sion between stages 3 and 4. Unsurprisingly, this
co-expression pattern was also highly enriched with
DEGs associated with the GO term plastid, consist-
ent with the increase in photosynthetic competence
across leaf development (Fig. 2a). In contrast, dif-
ferentially-expressed cytosolic ribosomal subunit
genes were significantly enriched among the down-
regulated group of ribosomal DEGs (P <0.05)
(Table S7). The majority of these genes belonged to
co-expression group G2.4, which contained almost
twice the number of ribosomal subunit genes as
group G2.3 (Table S7). Nineteen of the 21 DEGs
encoding mitochondrial ribosomal subunit proteins
decreased in expression across leaf development
(adjusted P=0.064, Table S7), consistent with the
decrease in dark respiration (Fig. 2b).

Discussion
Transcriptome assembly and quality

The H. prostrata reference transcriptome compared
favourably in quality and size to other recent plant
transcriptome assemblies. The 51,697 representa-
tive transcripts from white roots, cluster roots, and
leaves was roughly twice the approximately 27,000
protein-coding genes found in A. thaliana (Jiao and
Schneeberger 2020). The larger set of H. prostrata
transcripts was most likely due to heterozygosity
in this outcrossing diploid species. The number of
transcripts was similar to the 59,063 transcripts gen-
erated for a leaf transcriptome from Banksia hooke-
riana (Proteaceae) (Lim et al. 2017) and the 67,004
transcripts generated for a young leaf and flower
transcriptome from Grevillea juniperina (Proteaceae)
(Damerval et al. 2019). Our H. prostrata reference
transcriptome had a higher score of 97% complete
BUSCOs (57.4% single-copy, 39.8% duplicated) than
the G. juniperina transcriptome (85% complete: 75%
single-copy, 10% duplicated). This difference was
likely due to the inclusion of root and mature leaf
RNAseq libraries in the H. prostrata transcriptome.
The BUSCO score for H. prostrata also compared
well to the BUSCO score for the recently published
transcriptome of wild peanut (Arachis glabrata)
roots, stems, leaves, flowers and pods (93% complete:
29% single-copy, 64% duplicated) (Zhao et al. 2021).
Overall, these results indicated that the H. prostrata
reference transcriptome was a suitable resource for
examining changes in functional enrichment during
leaf development and would be useful for the identifi-
cation of genes expressed in leaves, roots and cluster
roots in H. prostrata.

The development of photosynthesis machinery is
concomitant with delayed leaf greening

Whilst a general increase in expression of genes
encoding photosynthetic machinery appears nec-
essary during leaf development in both monocots
and dicots (Andriankaja et al. 2012; Li et al. 2010;
Wang et al. 2014), the refined co-expression pat-
terns for H. prostrata gave insights into the delay
in reaching photosynthetic maturity that typified
delayed-greening in this species (Fig. 9). Leaves of
delayed-greening species take longer to reach peak
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Table 1 Enriched KEGG pathways (P<0.05) among differ-
entially expressed genes (DEGs) showing a general increase
(group G1) or decrease (group G2) in relative transcript abun-
dance during leaf development. Pathways were identified using

clusterProfiler and enrichment tests performed using the Over-
Representation Analysis algorithm. The denominator for the test
gene ratios was 984 for G1 and 1500 for G2. The denominator
for the background (entire transcriptome) gene ratio was 2537

KEGG pathway ID Pathway description Genes in test  Genes in tran- Benjamini-Hoch-
set scriptome berg adjusted
P-value

KEGG pathways enriched in group G1
ko00195 Photosynthesis 30 33 1.10E-07
ko00500 Starch and sucrose metabolism 28 32 1.60E-06
ko00940 Phenylpropanoid biosynthesis 18 18 2.90E-06
ko00906 Carotenoid biosynthesis 16 17 1.30E-04
ko00630 Glyoxylate and dicarboxylate metabolism 23 29 3.60E-04
ko00196 Photosynthesis—antenna proteins 12 112 3.80E-04
ko01200 Carbon metabolism 56 93 5.00E-04
ko04146 Peroxisome 28 39 7.00E-04
ko04075 Plant hormone signal transduction 29 43 2.80E-03
ko01240 Biosynthesis of cofactors 68 125 4.50E-03
ko00910 Nitrogen metabolism 11 13 1.90E-02
ko00040 Pentose and glucuronate interconversions 12 15 2.40E-02
ko00710 Carbon fixation in photosynthetic organisms 17 24 2.40E-02
ko00030 Pentose phosphate pathway 13 17 2.80E-02
ko00920 Sulfur metabolism 11 14 4.00E-02

KEGG pathways enriched in group G2
ko03010 Ribosome 98 114 2.40E-08
ko01250 Biosynthesis of nucleotide sugars 34 37 5.00E-04
ko00520 Amino sugar and nucleotide sugar metabolism 37 41 5.00E-04
ko03018 RNA degradation 39 48 3.00E-02
ko03030 DNA replication 28 33 3.60E-02
ko03430 Mismatch repair 19 21 4.00E-02
ko00500 Starch and sucrose metabolism 27 32 4.00E-02

chlorophyll concentration than leaves of most crop
species (Kursar and Coley 1992b). The results from
H. prostrata indicate that this is also likely to be the
case for many other chloroplast functions. Moreo-
ver, in a recent comparison of developing leaves in
tropical plants, Vogado et al. (2022) showed that
young leaves of delayed-greening species had sig-
nificantly lower photosynthetic rates than those of
species exhibiting green flushes of young leaves,
as was the case in H. prostrata. Amongst ‘green-
flushing’ species, one study in A. thaliana seedlings
showed that photosynthetic machinery was func-
tional just 14 h following de-etiolation (Pipitone
et al. 2021). In Triticum aestivum (wheat), a strong
onset of chloroplastic biogenesis and photosynthetic

@ Springer

activity occurred in leaf cells at approximately
1.5 days of age (Loudya et al. 2021). These analy-
ses demonstrated two distinct phases of cell devel-
opment, with early plastid proliferation preceding
chloroplast development in both A. thaliana and T.
aestivum (Loudya et al. 2021; Pipitone et al. 2021).
This cell development pattern may also occur in H.
prostrata, but over a much longer time frame than
in those green-flushing species (Fig. 9).

In H. prostrata, the largest co-expression group
of DEGs that showed increased expression during
leaf development (group G1.2) was up-regulated
throughout the development of immature leaves.
The increase in expression for this group was par-
ticularly strong between stages 2 and 4. This
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resents a unique cluster, with the darker shade of a node (cir-
cle) representing a lower P-value and thereby higher signifi-
cance (P <0.05). Node size represents the number of genes in
the test set that were assigned to that GO term

expression pattern, therefore, described genes that
showed up-regulation during the visible ’greening’
phase. The up-regulation of these genes overlapped
with the decrease in leaf anthocyanin concentration
after stage 2 and ended before the increase in both
chlorophyll a and carotenoid concentrations between
stage 4 and mature leaves. Given the changes in leaf
pigments, coupled with the increase in photosyn-
thetic capacity throughout leaf development, it was
not surprising, then, that the GO term plastid was
both the most enriched and most connected term in
cluster 1 of this expression profile. This large clus-
ter contained over 25% of DEGs that were in this
co-expression group and comprised GO terms for
increased plastid and photosynthetic functioning.
These functions included carbohydrate biosynthesis
associated with carbon metabolism, as well as chlo-
roplast genetic information processing. Therefore,
the transcript profiles aligned strongly with the find-
ing that young H. prostrata leaves have negligible
rates of photosynthesis and approximately 50% of
the chlorophyll a concentration of mature leaves. As
would be expected for a C; plant, functions associ-
ated with photorespiration were also enriched among
group G1.2. These functions would be necessary to
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Fig. 9 Transcript expres-
sion patterns for key
cellular processes involved
in delayed leaf greening in
Hakea prostrata. The tran-
script abundance pattern for

Photosynthesis

each process from Fig. 5

(61.2)

is shown, with the group

designation in parentheses. Plastid

Pigment Biosynthesis

Cell Division
(G2.4)

Created with BioRender.com
(61.2)

(61.2)

PSII

Nucleus

(61.2)

Photosynthetic
Carbon Fixation

(61.2)

Chloroplast

Cytosol

complement an increase in Calvin cycle activity in
this C; plant (Wingler et al. 2000).

Linking transcriptional reprogramming to phases of
leaf development

The leaf developmental stages that we sampled pro-
vided a good transcriptomic background for detailed
analysis of the transition from emergence to matu-
rity for H. prostrata leaves. The stage 1 leaves were
collected approximately 1 to 3 days after the lamina
had emerged from the primordia, suggesting that the
expanding leaf was still undergoing primary morpho-
genesis with the majority of cells undergoing prolif-
eration through division (Bar and Ori 2014; Nelis-
sen et al. 2016). In A. thaliana, the transition from
the cell division phase to the expansion phase occurs
when leaves are about 20% fully expanded (Beem-
ster et al. 2005). This level of expansion coincides
with the smallest stage 2 leaves we collected for H.
prostrata, suggesting that stage 2 leaves were already
beyond the transition from the cell division and into
the expansion phase. We assume that cells in the near-
fully-expanded leaves of stage 3 would be predomi-
nantly at the end of the expansion phase, while those
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in fully-expanded stage 4 leaves would be beyond
the expansion phase and in a maturation phase. The
cells in the mature leaves from the previous flush of
growth, then, would be mature. It is important to keep
in mind that the leaf stages examined represented
a mixture of cells at different stages of develop-
ment, with those near the tip of the leaf being more
advanced than those nearer the base (Donnelly et al.
1999). Thus, the patterns of gene expression observed
represent an average of all events occurring within the
entire leaf, even when most cells were in one phase.
Three co-expression patterns showed only down-
regulation across leaf development. Therefore, the
DEGs with these patterns might serve primarily in
determining the developmental structure of the leaf.
These three DEG groups had a clear progression in
their down-regulation, starting after stage 2 (group
G2.4), after stage 3 (group G2.3) or after stage 4
(group G2.2). The cohort of DEGs that declined in
expression earliest in leaf development (group G2.4)
likely included genes no longer needed once the cell
division phase ended (Fig. 9). Supporting this idea
was the finding that GO terms involved in the cell
cycle were some of the most enriched in this group of
DEGs. The continual decline in expression suggested
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that transition from cell division to expansion may
still be occurring beyond stage 2. Thus, in H. pros-
trata, as in A. thaliana, the transition to a stage of
secondary morphogenesis in leaf cells may occur at
a cell-cycle arrest front, which remains fixed for a
period of time, before making a fairly rapid progres-
sion towards the base of the leaf (Andriankaja et al.
2012). Other GO terms enriched among the G2.4 co-
expression profile largely surrounded genetic infor-
mation processing, protein biogenesis and hormone
signalling. The inclusion of hormone signalling was
consistent with auxin signalling being involved in the
cell cycle transition phase (Kalve et al. 2014). Cell
expansion may be linked to chloroplast retrograde
signalling within A. thaliana leaves (Andriankaja
et al. 2012). Hakea prostrata therefore provides an
opportunity to dissect this link more precisely, given
the extended time over which the transition occurs.
Functions enriched amongst the DEGs that
declined in expression after stage 3 (group G2.3)
likely highlighted cellular development processes
that were no longer needed once H. prostrata leaves
reached full expansion. These processes included
organelle development, particularly mitochondria
and Golgi apparatus, as well as cytoskeletal, cell wall
and all associated membranes. The finding that these
genes remained close to peak expression until stage 3
supported the view that the transition between expan-
sion and maturation of cells in H. prostrata leaves is
at stage 3. The inclusion of mitochondrial develop-
ment in this group of genes was consistent with the
late decline in dark respiration that was observed dur-
ing leaf development. The DEGs that showed a major
decline in expression between fully-expanded, bright
green leaves and mature leaves (group G2.2) encom-
passed GO terms enriched for functions involved in
cell-wall biogenesis. The production of cellulose
during this transition would contribute greatly to the
increased rigidity of stage 4 leaves compared with
stage 3 leaves, and the continued need for these func-
tions as stage 4 leaves increased in rigidity in this
sclerophyllous species. The GO terms with the larg-
est number of DEGs within the co-expression pat-
tern G2.2 were involved in cytoskeletal protein bind-
ing. This cluster included GO terms associated with
actin filament-based processes and actin-cytoskeleton
organisation, which suggested that the construction
of the cytoskeleton, which supports the movement

of chloroplasts and other organelles, was completed
before full leaf maturity (Wada and Kong 2018).

Ribosome dynamics across Hakea prostrata leaf
development

The strong decrease in nucleic acid P concentration
from stages 1 to 4 of leaf development suggested
that there was a strong decrease in rRNA concentra-
tion during this phase since most nucleic acid P is
found in rRNA (Veneklaas et al. 2012). The likely
reduction in rRNA abundance, coupled with the ribo-
some pathway being the most significantly enriched
KEGG pathway amongst DEGs decreasing in expres-
sion during leaf development, was associated with a
clear shift in expression of genes encoding specific
organellar ribosomal subunit proteins in developing
leaves of H. prostrata. Generally, expression of genes
encoding both cytosolic and mitochondrial riboso-
mal subunits declined during development, whilst
expression of genes encoding chloroplast ribosomal
subunits increased in expression (Fig. 9). This shift
between cytosolic and plastidic ribosome components
was captured by Sulpice et al. (2014) at the rRNA
level for all six species of Proteaceae that they exam-
ined, except H. prostrata. This exception was likely
due to the H. prostrata leaves in that study being sam-
pled later in leaf development compared to the other
five species, when rRNA levels had already shifted.
Thus, it is likely that the species of Hakea and Bank-
sia examined by Sulpice et al. (2014) also undergo a
similar shift in the expression of genes involved in the
production of ribosomal subunits during leaf develop-
ment. The decreased expression of genes encoding
ribosomal subunits and the decrease in rRNA abun-
dance was closely paralleled by a decrease in leaf N
concentration in H. prostrata, supporting the previous
suggestion that part of the decrease in leaf N concen-
tration was due to breakdown of cytosolic riboso-
mal subunit proteins and recycling of the released N
(Sulpice et al. 2014).

Ribosomal proteins are essential components
for cell division and expansion in leaf develop-
ment. This has been particularly well demon-
strated in numerous mutant studies of ribosomal
proteins in A. thaliana (Schippers and Mueller-
Roeber 2010). These experiments included orga-
nellar proteins, with a growing number of specific
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mitochondrial and chloroplast ribosomal proteins
found to be involved in multiple developmental
processes (Robles and Quesada 2017, 2022; Rom-
ani et al. 2012). The expression patterns during
leaf development exhibited by genes encoding H.
prostrata ribosomal subunits differed in important
points from the patterns seen in A. thaliana, which
may underlie some of the differences in the cell
division and expansion programs seen between
these two plants. Transcripts encoding chloroplast
ribosomal proteins in H. prostrata were enriched
among DEGs that increased in expression at each
sampled stage through leaf development. The
majority of these DEGs belonged to group G1.2
and had peak expression in fully-expanded stage
4 and mature leaves of H. prostrata. In contrast,
A. thaliana genes encoding chloroplast riboso-
mal proteins generally decreased in expression as
leaves entered the expansion phase, before increas-
ing somewhat in expression again, but not to their
maximal levels, after the leaves matured (Schip-
pers and Mueller-Roeber 2010).

Genes encoding cytosolic ribosomal subunit
proteins generally decreased in expression across
all four immature stages of H. prostrata leaf
development. Moreover, transcript abundance
for most genes encoding cytosolic subunit pro-
teins in mature H. prostrata leaves remained well
below their initial expression levels in young
leaves. Arabidopsis thaliana genes encoding
cytosolic ribosomal proteins also show a fairly
rapid decrease in expression during the transi-
tion from cell division to cell expansion (Beem-
ster et al. 2005; Schippers and Mueller-Roeber
2010). In contrast to H. prostrata, though, most
genes encoding cytosolic ribosomal proteins in
A. thaliana returned to peak expression in mature
leaves (Schippers and Mueller-Roeber 2010).
Therefore, the decline in abundance of cyto-
solic ribosomal subunit transcripts may occur at
a somewhat later stage of leaf cell development
in H. prostrata than in A. thaliana and there was
less reliance on enhanced translation in older
long-lived leaves of H. prostrata than in older
short-lived leaves of A. thaliana.

The majority of DEGs encoding mitochondrial
ribosomal subunits in H. prostrata had a similar
decrease in expression across leaf development to that
of the cytosolic subunits, generally paralleling the
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decrease in dark respiration activity. Genes encoding
mitochondrial ribosomal subunits in A. thaliana do
not have a uniform trend but are variable in expres-
sion during leaf development (Schippers and Mueller-
Roeber 2010). Thus, there was a co-ordinated down-
regulation of mitochondrial ribosomal subunit genes
during leaf development in H. prostrata that is largely
lacking in A. thaliana.

Overall, the expression dynamics for H. prostrata
genes encoding ribosomal subunits had a clear trend
moving out of the growth phase and into the photo-
synthetically-active phase of leaf development. These
results support conclusions of Sulpice et al. (2014)
that delayed leaf greening provides a P-saving mecha-
nism in highly P-efficient H. prostrata. This mecha-
nism was enabled by the progressive transition of
protein synthesis machinery from cytosolic and mito-
chondrial ribosomes toward chloroplast ribosomes,
integrated with other processes that transitioned in
an ordered manner through leaf development in H.
prostrata.
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