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Abstract 
Shoot meristems contain stem cells and they sustain growth and development of above-
ground tissues in land plants. The HAIRY MERISTEM (HAM) family genes, encoding GRAS-
domain transcriptional regulators, play essential roles in control of shoot meristem 
development and stem cell homeostasis in several flowering plants. Similar to other GRAS 
proteins, the C-terminal regions of HAM family proteins across land plants are conserved, 
containing signature motifs that define the GRAS domain. In contrast, the N-terminal regions 
of HAM family proteins display substantial divergence in sequence and length. Whether the 
variable and divergent N-termini are required for the conserved functions of HAM proteins is 
unknown. Our recent work showed that CrHAM—the HAM homolog in the fern Ceratopteris 
richardii was able to replace the role of type-II HAM genes in Arabidopsis, maintaining 
established shoot apical meristems and promoting the initiation of new stem cell niches. Here, 
we provide additional information and show that CrHAM contains a much longer N-terminal 
region compared to Arabidopsis HAM proteins, which is conserved among different fern 
HAM homologs. The deletion of this region largely compromises the ability of CrHAM to 
replace the function of Arabidopsis HAM proteins in shoot meristems. These new data 
together with previous results suggest that, although lacking the sequence conservation 
among HAM homologs from different plant lineages, the N-termini are important for the 
conserved functions of HAM family proteins.  
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Main text 
In land plants, shoot meristems sustain organogenesis and shape shoot architecture,1, 2 and the 
GRAS domain HAIRY MERISTEM (HAM) family members play essential roles in control of 
the initiation and maintenance of shoot meristems in several dicot plants.3-9 In the monocot 
plant maize, one HAM family member is preferentially expressed in the core region of shoot 
apical meristem (SAM) and is also involved in SAM development10. Our recent work further 
dissected the evolution history of the HAM family and showed the conserved regulatory 
mechanism underlying HAM expression and the conserved functions of the HAM family 



members in land plants.11 The C-terminal regions of HAM family proteins are conserved and 
contain five signature motifs: LHR I, VHIID, LHR II, PFYRE and SAW,11, 12 as do other 
GRAS-domain proteins.13, 14 In contrast to the conserved C-terminal regions, the N-terminal 
regions of HAM family proteins are highly variable in length and sequence, and no conserved 
domain or motif has been identified in these regions.7, 11 Whether these variable N-terminal 
regions are required for functions of HAM family proteins is largely unknown.  
 
To address this question, we further examined the CrHAM gene from the fern Ceratopteris 
richardii in this study, because ferns are sister to seed plants, sharing derived traits such as 
vascular systems and true leaves, and ferns also develop independent gametophytes similar to 
other seed-free plant lineages.15 In addition, our recent work showed that the 
pAtHAM2::YPET-CrHAM expression cassette rescued the Arabidopsis ham123 mutant,11  
demonstrating that CrHAM was able to replace the function of HAM1-3 in Arabidopsis 
SAMs. Interestingly, based on the alignment result,11 we found that CrHAM had a much 
longer N-terminal sequence compared to Arabidopsis HAM proteins (Fig. S1). This N-
terminal region contained the conserved amino acid residues that were shared among the 
HAM homologs from three fern species examined (C. richardii, P. vittata, and S. cucullata) 
(Fig. 1 and Fig. S2).     
 
We generated a truncated CrHAM (hereafter referred as CrHAM-C), lacking 1131 base pairs 
that encoded the first 377 amino acid residues from the N-terminal region but maintaining the 
conserved microRNA 171 (miR171) binding site (5’-GATATTGGCGCGGCTCAATCA-3’) 
(Fig. 2A and Notes S1). We then used the similar strategy described previously 11, 16 to explore 
the function and regulation of CrHAM-C in Arabidopsis. Specifically, we generated a 
pAtHAM2::YPET-CrHAM-C reporter, in which the YPET-CrHAM-C was driven by the 
promoter and 3’ terminator from Arabidopsis HAM2. We then transformed this new reporter 
into the Arabidopsis ham123 mutant. Through the confocal imaging, we found that the 
pAtHAM2::YPET-CrHAM-C reporter showed a concentration gradient from the epidermis to 
the deep cell layers in the SAMs (Fig. 2B-D), which was similar to previously reported 
expression patterns of pAtHAM2::YPET-AtHAM2 11, 16, 17 and pAtHAM2::YPET-CrHAM 11. 
This result was consistent with our previous finding that the miR171 binding site played a 
conserved role in shaping the HAM expression pattern,11 and it also indicated that the 
truncation of CrHAM did not affect its expression pattern in Arabidopsis SAMs.  
 
We then characterized the phenotypes of the transgenic plants and we found that 
pAtHAM2::YPET-CrHAM-C failed to fully rescue the meristem defects in the ham123 mutant 
(Fig. 3A-C and Fig. 4A-B). The CLV3 expression pattern in the pAtHAM2::YPET-CrHAM-C 
in ham123 plant (Fig. 3C) was different from that in wild type (Fig. 3A). The ectopic 
expression of CLV3 in the rib meristem of the pAtHAM2::YPET-CrHAM-C in ham123 SAM 
(Fig. 3C) was similar to that previously observed in the ham123 mutant (Fig. 3B) 5, 8, 11, 16. 
Moreover, compared to the wild type control (Fig. 4A), the pAtHAM2::YPET-CrHAM-C in 
ham123 plants showed reduced shoot branching and the defects in the initiation of new stem 
cell niches (Fig. 4B). Thus, the deletion of N-terminus largely compromised the ability of 
CrHAM to fully rescue the ham123 mutant phenotype. These analyses suggested that 



although lacking the sequence conservation among HAM homologs from different plant 
lineages, N-terminal regions are important for functions of HAM family members in control 
of stem cell homeostasis. 
 
Materials and Methods 
Sequences of the HAM homologs from Ceratopteris richardii (CrHAM), Pteris vittata 
(PvHAM), Salvinia cucullata (ScHAM), Arabidopsis thaliana (AtHAM1-4), Pinus pinaster 
(PpiHAM), and Physcomitrella patens (PpHAM) were included in our recent study.11 
Sequence alignment was performed using MAFFT with E-INS-I and default settings.18 The 
Arabidopsis ham123 (ham1ham2ham3) mutant was previously described.5,7 The CrHAM-C 
coding sequence was amplified from the cDNAs of C. richardii wild-type strain Hn-n19 with 
the primers 5’-ATGTCGCCTTCCATCCAGGTA-3’ and 5’-
TCAAGGTCCCCATGCAGATG - 3’. The pAtHAM2::YPET-CrHAM-C expression cassette 
was generated using the method described,11 including the same promoter and 3’ untranslated 
sequence of Arabidopsis HAM2 used in the pAtHAM2::YPET-AtHAM2 and pAtHAM2::YPET-
CrHAM reporters.11 The pAtHAM2::YPET-CrHAM-C was introduced into the pMOA34 
binary vector,20 and the pMOA34 pAtHAM2::YPET-CrHAM-C construct was transformed into 
the ham123 mutant through the floral dip method.21 More than three independent transgenic 
lines have been identified, which showed the comparable expression patterns in the SAMs 
and comparable growth phenotypes. The confocal imaging of pAtHAM2::YPET-CrHAM-C 
was performed as previously described5, 11, 16, 17, 22. For RNA in situ hybridization, plants were 
grown in short days at 22°C and harvested at 27 days after germination, the same condition 
described in the recent study11. RNA in situ hybridization in the SAMs from different 
genotypes was performed using the identical procedures described11, and at least three 
biological replicates showed similar results. For the observation of axillary shoot 
development, plants were initially grown under the same short-day conditions and then 
transferred to continuous light at 22°C as described11. The expression pattern and phenotypic 
characterization of the full-length CrHAM transgenic line (pAtHAM2::YPET-CrHAM in 
ham123) were published11. The image showing the ham123 mutant grown in the same 
condition (shown in Figure 4) was published recently11. Schematic diagrams of protein 
domain structures were generated using DOG 2.0.23 The conserved motifs (LHR I, VHIID, 
LHR II, PFYRE and SAW) were defined based on the previous studies.11-12  
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Figure legends 



 

Figure 1. Alignment of HAM homologs from three fern species. Cr: Ceratopteris 
richardii; Pv: Pteris vittata; Sc: Salvinia cucullata. 
 



 
 

Figure 2. The expression of a truncated CrHAM protein (CrHAM-C) in Arabidopsis 
shoot apical meristems. (A) Schematic diagram showing the full-length CrHAM protein and 
the truncated CrHAM protein lacking the N-terminal 377 amino acids (CrHAM-C). (B-D) 
Confocal imaging of pHAM2::YPET-CrHAM-C in the SAM of the ham123 mutant, from 
orthogonal view (B), and transverse section views in L1 (C) and corpus (D). Green: YPET-
CrHAM-C; Purple: PI (Propidium iodide) stain. Scale bars: 20 µm. 
 

 
Figure 3. Functional analysis of CrHAM-C in Arabidopsis SAMs. (A-C) RNA in situ 
hybridization to CLV3 mRNAs in the SAMs of Arabidopsis wild type Ler (A), ham123 
mutant (B), and the ham123 mutant expressing pHAM2::YPET-CrHAM-C (C). Scale bars: 
100 µm. 
 

 
Figure 4. Functional analysis of CrHAM-C during Arabidopsis axillary shoot 
development. (A-B) Images of branches initiated from the base of the cauline leaves in the 
Arabidopsis Ler wild type (A) and the ham123 mutant expressing pHAM2::YPET-CrHAM-C 
(B). Arrows indicate the branches that are normally initiated from the base of the cauline 



leaves. Asterisks indicate the absence of branches initiated from the base of cauline leaves. 
The plants (A-B) were grown in the same condition. Scale bar: 1 cm. 
 
Figure S1. Schematic diagram showing the full-length CrHAM protein and Arabidopsis 
HAM proteins. 
 
Figure S2. Alignment of HAM homologs from different land plant species. Cr: 
Ceratopteris richardii; Pv: Pteris vittata; Sc: Salvinia cucullata; At: Arabidopsis thaliana; 
Ppi: Pinus pinaster; Pp: Physcomitrella patens. 
 
Notes S1. Nucleotide sequences of CrHAM and CrHAM-C. 
 
References 
1. Meyerowitz EM. Genetic control of cell division patterns in developing plants. Cell 1997; 88:299-
308. 
2. Gaillochet C, Lohmann JU. The never-ending story: from pluripotency to plant developmental 
plasticity. Development 2015; 142:2237. 
3. David-Schwartz R, Borovsky Y, Zemach H, Paran I. CaHAM is autoregulated and regulates 
CaSTM expression and is required for shoot apical meristem organization in pepper. Plant Sci 2013; 
203-204:8-16. 
4. Han H, Liu X, Zhou Y. Transcriptional circuits in control of shoot stem cell homeostasis. Curr 
Opin Plant Biol 2020; 53:50-6. 
5. Zhou Y, Yan A, Han H, Li T, Geng Y, Liu X, et al. HAIRY MERISTEM with WUSCHEL 
confines CLAVATA3 expression to the outer apical meristem layers. Science 2018; 361:502. 
6. Zhou Y, Liu X, Engstrom EM, Nimchuk ZL, Pruneda-Paz JL, Tarr PT, et al. Control of plant 
stem cell function by conserved interacting transcriptional regulators. Nature 2015; 517:377. 
7. Engstrom EM, Andersen CM, Gumulak-Smith J, Hu J, Orlova E, Sozzani R, et al. Arabidopsis 
homologs of the petunia hairy meristem gene are required for maintenance of shoot and root 
indeterminacy. Plant Physiol 2011; 155:735-50. 
8. Schulze S, Schäfer BN, Parizotto EA, Voinnet O, Theres K. LOST MERISTEMS genes regulate 
cell differentiation of central zone descendants in Arabidopsis shoot meristems. Plant J 2010; 64:668-
78. 
9. Stuurman J, Jäggi F, Kuhlemeier C. Shoot meristem maintenance is controlled by a GRAS-gene 
mediated signal from differentiating cells. Genes Dev 2002; 16:2213-8. 
10. Satterlee JW, Strable J, Scanlon MJ. Plant stem-cell organization and differentiation at single-cell 
resolution. Proc Natl Acad Sci U S A 2020; 117:33689-99. 
11. Geng Y, Guo L, Han H, Liu X, Banks JA, Wisecaver JH, et al. Conservation and diversification 
of HAIRY MERISTEM gene family in land plants. Plant J 2021. 
12. Tian C, Wan P, Sun S, Li J, Chen M. Genome-wide analysis of the GRAS gene family in rice and 
Arabidopsis. Plant Mol Biol 2004; 54:519-32. 
13. Geng Y, Cai C, McAdam SAM, Banks JA, Wisecaver JH, Zhou Y. A de novo transcriptome 
assembly of Ceratopteris richardii provides insights into the evolutionary dynamics of complex gene 
families in land plants. Genome Biol Evol 2021; 13. 



14. Bolle C. Chapter 19 - Functional Aspects of GRAS Family Proteins. In: Gonzalez DH, ed. Plant 
Transcription Factors. Boston: Academic Press, 2016:295-311. 
15. Plackett ARG, Di Stilio VS, Langdale JA. Ferns: the missing link in shoot evolution and 
development. Front Plant Sci 2015; 6. 
16. Han H, Geng Y, Guo L, Yan A, Meyerowitz EM, Liu X, et al. The Overlapping and Distinct 
Roles of HAM Family Genes in Arabidopsis Shoot Meristems. Front Plant Sci 2020; 11. 
17. Han H, Yan A, Li L, Zhu Y, Feng B, Liu X, et al. A signal cascade originated from epidermis 
defines apical-basal patterning of Arabidopsis shoot apical meristems. Nat Commun 2020; 11:1214. 
18. Katoh K, Kuma K-i, Toh H, Miyata T. MAFFT version 5: improvement in accuracy of multiple 
sequence alignment. Nucleic Acids Res 2005; 33:511-8. 
19. Hickok LG, Warne TR, Slocum MK. Ceratopteris richardii: Applications for Experimental Plant 
Biology. Am J Bot 1987; 74:1304-16. 
20. Barrell PJ, Conner AJ. Minimal T-DNA vectors suitable for agricultural deployment of transgenic 
plants. Biotechniques 2006; 41:708-10. 
21. Clough SJ, Bent AF. Floral dip: a simplified method for Agrobacterium -mediated transformation 
of Arabidopsis thaliana. Plant J 1998; 16:735-43. 
22. Geng Y, Zhou Y. Confocal Live Imaging of Shoot Apical Meristems from Different Plant 
Species. JoVE 2019:e59369. 
23. Ren J, Wen L, Gao X, Jin C, Xue Y, Yao X. DOG 1.0: illustrator of protein domain structures. 
Cell Research 2009; 19:271-3. 
 
 


